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Abstract: A recent upsurge of interest has been observed in exploring the chiral nature of nanomaterials and their
assembly. In this work, we conducted theoretical investigations into the optical asymmetry of chiral gold nanorods
(c-Au NRs) helical assemblies within a cholesteric liquid crystal (CLC) host. The research investigated the optical
asymmetry of the assemblies from two perspectives: the enhanced optical asymmetry of the helical assemblies due
to the chiral nature of the c-Au NRs, and the sufficient dynamic modulation ways of the optical asymmetry by
tuning the geometrical properties of the helical assemblies. In the context of post-modulation, the azimuthal
variation has been identified as the most effective factor with a range of 0 to n/3 resulting in a change in the g-factor
up to 0.271, indicating a broaden modulation range by 44.72% at its original base. The silver shell on Au NRs has
been observed to strongly blue-shift the optical asymmetric signal of the helical assemblies, but concurrently reduces
the amplitudes. The findings presented herein not only demonstrate the ground truth method raising the optical
symmetry of c-Au NRs helical assemblies, but also indicates the pathway toward magnifying and dynamically
tuning the optical asymmetry in a large scale.

Keywords: Gold Nanorods, Helical Assembly, Cholesteric Liquid Crystals, Optical Asymmetry

Introduction

Chirality is a fundamental property of matter, manifesting as a natural phenomenon in numerous biological and
chemical systems [1-3]. In comparison to the natural chiral macro- or nano-structures, the artificial assemblies with
the designed chiral properties are of significant value in a number of applications, including optical signal processing
[4], chiral molecule recognition [5-6], photothermal therapy [7], biosensing [8], and others. The exploration of
methods to enhance and modulate the chirality of these assemblies is a crucial aspect of their exploitation. Plasmonic
nanostructures with notable light-matter interactions have emerged as a key component in the creation of chiral
assemblies. Among the various plasmonic nanomaterials, anisotropic gold nanorods (Au NRs), which exhibit dual
tunable localized surface plasmon resonance (LSPR) in their longitudinal and transverse directions [9], have been
identified as a valuable component for the fabrication of assemblies, integrating the functionality of the bulk with
additional tunable properties.

The template-assisted bottom-up method has been utilized to investigate both 2D and 3D Au NRs helical assemblies.
A chiral hybrid superstructure has been previously demonstrated through a hierarchical, cooperative self-
assembly/self-organization process in a multiple-component system comprising gold nanorods, surfactants, and
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phospholipid film [10-14]. The chirality of the fabricated Au NRs helical assemblies has been confirmed by g&‘?t%lﬁémme
dichroism spectrum, and the helical alignment of Au NRs in the hybrid superstructure would resemble!fesogenié 88
molecules in a cholesteric liquid crystalline mesophase, with the Coulomb dipole—dipole interactions between gold
nanorods in such a chiral liquid crystalline-like mesophase giving rise to the plasmonic circular dichroism effect
[15]. Furthermore, evidence has been found that long-range organization of Au NRs in a manner similar to liquid
crystals (LCs) has been established with human islet amyloid polypeptides, and a strong, polarization-dependent
spectral shift and the reduced scattering of energy states with antiparallel orientation of dipoles activated in
assembled helices has increased optical asymmetry g-factors by a factor of more than 4600 [16]. Nevertheless, the
chiral characteristics of these Au NRs helical assemblies are significantly dependent on the templates, and in rare
cases the geometry of Au NRs helical assemblies can be modified by processing temperature, light illumination,
PH and electromagnetic field [17-21]. The dynamic modulation of chiral characteristics remains a challenging. LCs
are an optimal host matrix for the assembly of nanomaterials, and offer the assemblies the potential to dynamically
tune their geometries by pitch, inter-nanorod space and orientation [22-24]. The successful preparation of strip and
helical assemblies in a LC host has been previously demonstrated [25], and in a recent study we reported the helical
assembly of Au NRs in a cholesteric liquid crystal (CLC) host, demonstrating dynamic tuning of the helical
assemblies via UV-triggered processes [26]. However, due to the limited oscillation of the illuminant polarized light
around the helical assemblies, their optical asymmetry change in response to the dynamic geometry modulation is
not significant, which is contrary to the desired results.

Compared to normal Au NRs, the additional artificial intrinsic chirality on Au NRs has been shown to enhance the
oscillation of the polarized light of the illuminant [27, 28]. The intrinsically chiral Au NRs (c-Au NRs) are a previous
alternative of normal Au NRs in helical assemblies to achieve a high optical asymmetry [29-31]. However, the
fabrication of chiral geometry on the surface of Au NRs, especially the programmable fabrication of fine nano-
architectures on Au NRs is extremely difficult. In this research, we used computer-aided design technology to
fabricate c-Au NRs and theoretically study their geometry-dependent intrinsic chirality by means of FDTD
simulation, and then we tried to fabricate helical assemblies in a CLC host and study the intrinsic chirality
transformation of c-Au NRs into helical assemblies. We proposed the method in fabricating highly optically
asymmetric c-Au NRs helical assemblies and revealed the modulation rules of optical asymmetry in helical
assemblies from the aspect of inter-nanorod space, azimuthal variations and rotation in both side-by-side fashion
and end-to-end fashion.

Results and Discussion

The extinction of Au NRs is inherently anisotropic in both the longitudinal and transverse directions. Our previous
study demonstrated that reducing the distance between Au NRs and incorporating the additional Au NRs in helical
assemblies resulted in a decrease in the longitudinal extinction signals and an increase in the transverse extinction
signals, as well as the increase in CD signals and g-factors. We believe the anisotropy in the extinction of Au NRs
is an essential sign to understand the chiral characteristics of Au NRs and their assemblies, and here we determine
an extinction anisotropy factor (Ae) of Au NRs and their assemblies as followings to evaluate their chiral

characteristics,

Ae =1 —1ezerl gy

e +er’

where e is the intensity of longitudinal extinction signal, and es is the intensity of transverse extinction signal.
Therefore, when the Au NRs are longitudinally perpendicular to the polarization direction of the incident light, it

means that in the extinction spectra e; > ey, we will have
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and when the Au NRs are longitudinally parallel to the polarization direction of the incident light, it means that in

the extinction spectra ey > e;, we will have

Ae = 2. (3)

e ter

Therefore, Ae is in the range 0-1, and the Ae approaching to 1 indicates that an extremely large extinction
anisotropy in Au NRs. To further verify the generality and applicability of the proposed Ae in relation to chiral
characteristics, the extinction, CD, g-factor characteristics of 29 different Au NRs with different aspect ratios and
their corresponding helical assemblies in a CLCs host were simulated under different pitches. The resulting curve
relationship between the Ae and the asymmetric g-factor is shown in Fig. 1. The simulation results demonstrate that,
for both Au NRs with different aspect ratios and the corresponding helical assemblies, an increase in optical
asymmetry value is accompanied by an increase in the asymmetric g-factor corresponding to each pitch, which is
strongly consistent with our expectations. It can therefore be concluded that the Ae is general and universal, and

can be further extended to the characterization of optical asymmetry of c-Au NRs, and we always have

g — factor~Ae =1 — % 4
In this way, we employed the Ae to assess the chiral characteristics of c-Au NRs from the perspectives of rotational
segments and twist angle, with the objective of identifying the most suitable c-Au  NRs for the fabrication of
helical assemblies exhibiting dynamically tunable optical asymmetries. In addition to the well-known wrinkled
surface of c-Au NRs, the intrinsic chiral characteristics of these nanorods were firstly evaluated from the perspective
of the twist angle, as illustrated in Fig. S1. The Au NRs (aspect ratio by 3.73, 56 nm in length x15nm in diameter)
are longitudinally divided into 1000 units in order to facilitate the smooth absorption of the twisting force and to
enable them to withstand the formation of surface wrinkles. As shown in Fig. S1a, it was observed that the increase
of the twist angle on c-Au NRs had a negligible impact on their surface morphology and volume, and the volume
of the c-Au NR remains at approximately 100% until the twist angle reaches 6m. As the volume of Au NRs is a
significant indicator of their extinction characteristics, the extinction spectra of c-Au NRs were confirmed to remain
largely unchanged, with their transverse LSPR (t-LSPR) signals located at ~507 nm and longitudinal LSPR (I-LSPR)
signals located at ~932 nm (Fig. Slc,d). Despite the minimal volume alteration of c-Au NRs and the largely

Published on 18 August 2025. Downloaded by Y unnan University on 8/23/2025 9:46:26 PM.

unchanged extinction characteristics, a slight fluctuation in Ae is evidently seen from Fig. S1e. It can be seen that
a reduction in Ae becomes apparent when the twist angle reaches 5m/4 and the lowest recorded value of Ae is
observed at 4m twisting, after which it recovers to its initial high level at 11@/5. These results demonstrate that the
slight change in Ae is negatively caused by twisting Au NRs, and greatly is in stark contrast to the findings reported
in the recent literatures [26].
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Fig. 1. (a) is the schematic of a 11-Au NRs helical assembly in the CLC-host. The g-factor of Au NRs helical
assemblies as illustrated in (b), (c), (d) and (e) is contingent on the pitch of the helical assembly and the aspect ratio
of the Au NRs, and the aspect ratio of Au NRs in (b), (¢), (d) and (e) is 2.5 (40 nm in length x16 nm in diameter),
3.9 (78 nm in length x 20 nm in diameter), 5.05 (101 nm in length x 20 nm in diameter) and 6.73 (101 nm in length
x 15 nm in diameter), respectively.

In addition to the rotational segment, which is defined as the artificial equal-fractions at the tips of the gold nanorods.
The c-Au NRs with 4 rotational segments are in cubic bar shape as shown in Fig. S2a, and it is seen that as the
number of rotation segments was increased, the c-Au NRs became more rounded in shape and the corresponding
volume increased gradually (Fig. S2b). When the rotational segments reach 15, the fabricated c-Au NRs exhibit a
volume that is approaching to that of the normal one. As with the aforementioned results, the extinction spectra of
the c-Au NRs with regard to the increase of rotational segment, is found to exhibit a gradual blue shift and increase
in intensity due to their inherent volume-extinction characteristics as shown in Fig. S2¢,d. The extinction anisotropy
change was evaluated in relation to the rotation segments by referencing the intensities of the t-LSPR and I-LSPR
signals, and it can be seen that due to the notable expansion of the I-LSPR signals and minimal alteration of the t-
LSPR signals with respect to increasing rotational segments result in a remarkable increase of the Ae as shown in
Fig. S2e. This indicates that the increase of rotation segments in c-Au NRs will induce the enhancement of their

intrinsic chiral characteristics.
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Fig. 2. (a) The function of the rotational segment on the Au NRs (aspect ratio by 3.73, 56 nm in length x15 nm in
diameter) with an intrinsic twist angle of 2n. The function of the twist angle on the Au NRs with an intrinsic
rotational segment of (b) 4 and (c) 8. The correspondingly calculated Ae according to equation 2 as a function of
(d) twist angle and (e) rotational segment.

Although the rotation segment and twist angle of a c-Au NR contribute to the tuning of its chiral characteristics,
neither the twist angle nor the rotational segment visibly distinguish a programmable Au NR from a normal one in
their optical asymmetric view. Furthermore, the combined function of these two parameters remains less well-
defined. Accordingly, the combined function between the twist angle and the rotational segment is being
investigated with regard to the morphological alteration of the Au NRs and the corresponding optical asymmetry.
As illustrated in Fig. 2a,b, the dual functions of twist angle and rotational segments on Au NRs resulted in the
typical observed wrinkles on the surface, and the wrinkles became narrower as the twist angle or rotational segments
increase. By comparing the c-Au NRs twisted with the same angle but in 4 rotational segments and 8 rotational
segments as shown in Fig. 2b,c, it was observed that a large number of rotational segments was able to induce a
greater number of narrower wrinkles on Au NRs, resulting in a more rounded appearance. The modification of the
volume of Au NRs by dual function between twist angle and rotational segments results in alterations to the
extinction characteristics of the fabricated c-Au NRs and the accompanying extinction anisotropy. The variation in
Ae in response to the twist angle at a given rotational segment is shown in Fig. 2d, and it can be observed that when
the Au NR is modulated with 4 rotational segments, there is a significant fluctuation in Ae with the highest value
of 0.1298 attained at the twist angle of 7n/2. As the number of rotational segments is increased continuously, the
fluctuation of Ae in response to the twist angle is reduced, although there is an overall increase in Ae, and the
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greatest Ae is typically observed at a twist angle of either 3n/2 or 2. The increase in Ae due to rotational segments
is observed to decline when the rotational segments get as many as 12, indicating that a polygonS$Hajred/AU R385
is preferable for achieving high extinction anisotropy compared to a round one. This phenomenon is particularly
evident in Fig. 2e, which demonstrates that when the number of rotational segments reach 12, all the c-Au NRs with
different twist angles exhibit a similar Ae. The observed increase in Ae can be attributed to the rise in charge
oscillations caused by wrinkles, and the fusion effect of the twist angle and rotational segments has been
demonstrated to be an effective means of generating intrinsic chirality in c-Au NRs.
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Fig. 3. (a) The schematics of a 407.16 nm helical assembly includes 5, 13 and 18 c-Au NRs (aspect ratio by 3.73,
56 nm in length X15 nm in diameter), and (b-d) the changes in optical asymmetry that are caused by incorporating
c-Au NRs into the helical assembly by 5, 7,9, 11, 13, 15, 17, 18, respectively.

Table 1. Changes in the wavelengths of I-LSPR signals that are caused by the incorporation of c-Au NRs (aspect
ratio by 3.73, 56 nm in length x15 nm in diameter) into the helical assembly.

Helical Au NRs c-Au NRs
Assembly | 4;_;spr A Ai_Lspr A
5 1.5343 NA 1.1224 NA
7 1.7769 | 0.2426 | 1.3215 | 0.1991
9 1.8215 | 0.0446 | 1.4917 | 0.1702
11 1.8258 | 0.0043 | 1.5401 | 0.0484
13 1.7648 | -0.0610 | 1.6125 | 0.0724
15 1.6813 | -0.0835 | 1.6186 | 0.0061
17 1.4824 | -0.1989 | 1.5728 | -0.0458
18 1.6136 | 0.1312 | 1.6151 | 0.0423
Max 1.8258 | 0.3434 | 1.6186 | 0.4962

c-Au NR with an extremely high Ae thus is employed to fabricate helical assemblies in a CLC host to investigate
their ability of optical asymmetry magnification. The c-Au NRs with 4 rotational segments and being twisted at
7m/2 exhibit the highest Ae and were helically assembled in a left-handed fashion under the pitches responding to
the reflection at the extremely large central wavelength among the typical visible wavelengths. Therefore, a series
of helical assemblies as shown in Fig. 3a in a CLC host are created for further investigation. The optical asymmetry
of thus fabricated helical assemblies is shown in Fig. 3b,c,d, and it can be seen that the optical asymmetry of the c-

6/18


https://doi.org/10.1039/d5tc02438b

Page 7 of 19 Journal of Materials Chemistry C

Au NRs helical assemblies is slightly smaller in comparison to the typical Au NRs helical assemblies. Furt&leem%eonme
analogous to the optical asymmetric spectra of the typical Au NRs helical assemblies, the specHit §1ghals m <88
extinction spectra, CD spectra and g-factor spectra of c-Au NRs helical assemblies exhibit a blue-shift and an
increase in magnitude in response to the incremental incorporation of additional c-Au NRs. In addition to the 5 c-
Au NR helical assembly, a maximum blue-shift of longitudinal localized surface polarization resonance (I-LSPR)

in extinction spectra of up to 147 nm is observed when the c-Au NRs in the helical assemblies are increased to 18

as shown in Fig. 3b and Table 1. Meanwhile, the g-factor of the 18 c-Au NR helical assemblies is magnified to a
value of 0.606, as shown in Fig. 3d. This is attributed to the concomitant reduction in the inter-nanorods spacing
within the helical assemblies under the absolute pitch. Moreover, it has been seen that the optical asymmetric signals

of c-Au NR helical assemblies exist a slight rightward shift in comparison to those of normal Au NR helical
assemblies. In particular, the longitudinal localized surface plasmon resonance (I-LSPR) signal in the extinction
spectra of an 18 c-Au NR helical assembly is observed to be located at 1022 nm, exhibiting a red-shift of 181 nm

in comparison to the signal observed in the extinction spectra of a normal Au NR helical assembly.
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Fig. 4. (a) The schematic illustrates the process of pitch modulation in an 18-c-Au NRs helical assembly with the
pitch tuned from 407.16nm to 339.30nm and 271.44nm, respectively. (b) and (e), (c) and (f), (d) and (g) illustrate
the change in extinction, CD, and g-factor in response to pitch modification of Au NRs and c-Au NRs helical
assemblies, respectively.

The modification of the geometry has a significant impact on the interaction between light and c-Au NRs, which in
turn induces a change in the optical asymmetry of the helical assemblies. Herein, the pitch of the helical assembly
was modified to 339.36 nm and 257.25 nm, respectively, in comparison to the original 407.16 nm, in order to
investigate the impact of geometry on optical asymmetry as shown in Fig. 4a. In comparison to the typical Au NRs
helical assembly, the negative signals observed in the CD and g-factor spectra as shown in Fig. 4c¢,f,d,g that are
indicative of the distinctive I-LSPR signals in the extinction spectra (Fig. 4b,e) decrease in intensity and shift to a
longer wavelength in response to the modification of pitch. By tuning the pitch of the c-Au NRs helical assembly
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to 252.30 nm from 407.16 nm, a reduction of 12.06% in the g-factor has been achieved, compared with th\%‘e&:’l/}%lcllggme
of typical Au NRs of 4.36%. This evidence substantiates that the intrinsic chirality of Au NRs repreSeiits’sne ot 88
efficacious features that endow the helical assembly with geometry-dependent optical asymmetry. Furthermore, it
can be demonstrated that the optical asymmetry of the c-Au NRs helical assembly can be significantly altered by

modifying the pitch of the helical assembly.
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Fig. 5. NFEDs profiles of the 18 c-Au NRs helical assemblies were subjected to pitch modulation under illumination

with LCP and RCP light at the corresponding wavelengths of t-LSPR and I-LSPR modes, respectively.

A salient optical property of metal nanoparticles is their capacity for substantial local electromagnetic field
enhancement. The underlying physical principle pertains to the phenomenon of surface plasmon resonance (SPR)
in metal nanoparticles when exposed to incident light. This interaction gives rise to the generation of a strong
electromagnetic field in the immediate vicinity of the particles, leading to the formation of what is commonly
referred to as "hot spots". As demonstrated in Fig. 5, when the helical assemblies were exposed to the wavelengths
of the t-LSPR modes, their near-field enhancement distributions (NFEDs) were found to be indistinguishable under
illumination. This finding is analogous to that observed in Au NRs helical assemblies, as reported in the existing
literature, and indicates that the field distribution was the same in both the near-field and far-field under LCP and
RCP light excitation. In contrast to the NFEDs of Au NRs helical assemblies as shown in Fig. S3, which exhibited
significant asymmetries in both distribution and magnitude under LCP and RCP light excitation, the c-Au NRs
helical assemblies demonstrated a notable similarity in their NFEDs under illumination at the wavelengths of the 1-
LSPR modes. It was additionally found that the field enhancement is not limited to a few hot spots, but covers a
wider range in three-dimensional space. In comparison to normal Au NRs, the intrinsic chirality of c-Au NRs stems
from their geometric asymmetry, which lacks mirror symmetry when rotated or translated, inducing a chiral optical
response. These responses directly modulate the distribution of electromagnetic fields. Importantly, this chirality
introduces phase gradients in the near-field distribution, thereby altering the conditions for constructive interference
and hot spot generation. In c-Au NR helical assemblies, asymmetric inter-nanorod spacing or twist angles lead to
directional field enhancement along specific axes. Consequently, hot spots are localized at chiral 'hinge' regions
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rather than at symmetric midpoints, a spatial bias governed by chiral dipole—dipole interactions, whereby phase
mismatch between mirror-image configurations suppresses the formation of symmetric hot spots? Fufthetore, 68
hierarchical c-Au NR assemblies, the intrinsic chirality at each scale modulates the local field enhancement. This
results in hot spot distributions that cascade across length scales, generating complex spatial patterns that are
unattainable with normal Au NRs helical assemblies. The uniform enhancement of the field allows for light-matter
iterations at varying positions, while the extensive field effect serves to mitigate the dissipation triggered by the
surface plasmon resonance phenomenon induced by incident light on c-Au NRs. Consequently, this process has
been shown to establish a higher modulable optical asymmetry [32].
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Fig. 6. The optical asymmetry changes in an 18 c-Au NRs helical assembly with a pitch of 407.16nm at different
azimuths of helical axis. (a) The extinction spectra changes and the corresponding changes observed from the (b)
magnitude and (c) wavelength of I-LSPR signals. (d) The g-factor changes and the corresponding changes observed
from the (e) magnitude and (f) wavelength of the bisignate signals.

Table 2. The magnitude changes of the positive signals in the g-factor spectra of an 18 c-Au NRs helical assembly
with a pitch of 407.16nm at different azimuths of helical axis.

Helical Au NRs c-Au NRs
Assembly | g-factor | A | g-factor | A
0 0.647 NA 0.606 NA

/36 0.660 | 0.013 | 0.570 | -0.036
/18 0.640 |-0.020 | 0.572 | 0.002
/12 0.660 | 0.021 | 0.576 | 0.004

/9 0.651 | -0.009 | 0.547 | -0.029
5n/36 0.679 | 0.028 | 0.517 | -0.030
/6 0.675 | -0.004 | 0.545 | 0.028

Tn/36 0.672 | -0.003 | 0.471 | -0.074
2n/9 0.594 | -0.078 | 0.449 | -0.022
/4 0.590 | -0.004 | 0.443 | -0.006
5n/18 0.588 |-0.002 | 0.412 | -0.031
117/36 0.563 | -0.025 | 0.385 | -0.027
/3 0.542 | -0.021 | 0.335 | -0.050

The azimuthal variation-dependent optical asymmetry has been observed in helical assemblies of gold nanoparticles
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on DNA origami [33]. However, in our previous study, we observed that the optical asymmetry of typical AuNRs
helical assemblies exhibited a relatively constant dependence on the azimuthal variation of helical 288etibliésRwithi 568
a 0-m/6 range, and the azimuthal variation-induced g-factor curves demonstrated a consistent wavelength
dependence without discernible change in visible magnitude. This is primarily attributable to the discrepancy in
asymmetries between the helical assemblies and the polarizing light field, which is a consequence of azimuthal
variation. Herein, the azimuthal variation has been increased up to ©/3 and the optical asymmetry change of helical
assemblies is recorded and compared as shown in Fig. 6 and Fig. S4. By maintaining a continuous orientation of
the azimuthal axis of the typical Au NRs helical assembly from n/6, it was observed that the magnitude of the
extinction signals (Fig. 6a,b), CD signals (Fig. S4a,b), and the bisignate signals in the g-factor spectra (Fig. 6d,e)
were significantly reduced, but the wavelengths of the signals remained almost at their initial location as shown in
Fig. 6¢,f and Fig S4c. Upon reaching an azimuthal variation of 7/3, a notable change of 0.271 in the magnitude of
the negative signal as shown in Fig. 6d,e in the g-factor spectra was observed. In comparison to typical Au NRs
helical assemblies, the dependence of the g-factor on azimuthal variation in c-Au NRs helical assemblies is
significantly amplified by intrinsic chirality. It is evident that both the bisignate signals in the g-factor spectra are
significantly altered by a m/6 azimuthal variation as shown in Fig. 6e, indicating that a considerably larger
modulation range has been attained. Moreover, in comparation to typical c-Au NRs helical assemblies, the azimuthal
variation induced much even greater changes regarding bisignate signals in g-factor spectra, and the change data of
the positive signal are shown in Table 2. It can be seen from Table 2 that, although the initial g-factor of c-Au NR
is smaller than that of Au NR, the relative change of g-factor of c-Au NR is larger than that of Au NR during the
gradual change from 0 to n/3 azimuth. Upon reaching an azimuthal variation of /3 for the c-Au NRs, a change of
0.271 and 0.137 in the magnitudes of the aforementioned signals in the g-factor spectra was observed, indicating
that the intrinsic chirality on Au NRs has induced an overall azimuthal axis-dependent optical asymmetry in the

helical assembly, and shows a better optical asymmetry modulation effect in the azimuth dynamic change.
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Fig. 7. (a) The schematic of an 56nmx15nm (aspect ratio by 3.73) c-Ag@Au NR and an 18 c-Ag@Au NRs helical
assembly in CLC host. (b) and (c) are the changes in the extinction and g-factor of c-Ag@Au NRs helical assembly
that are caused by incorporating c-Au NRs into the helical assembly by 5, 7,9, 11, 13, 15, 17, 18, respectively. (d)
and (e) illustrate the changes in extinction and g-factor in response to pitch modification of the 18 c-Ag@Au NRs
helical assembly from 407.16nm to 339.30nm and 271.44nm, respectively.

In comparison to Au NRs, Ag@Au NRs with a silver shell (Ag-shell) are reported to have the blue-shifted extinction
characteristics, and are believed to have advanced applications within the UV-Vis wavelength. Herein, c-Ag@Au
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NRs with a fixed length and diameter of 56 nm and 15 nm, respectively, have been employed for helical @%@eﬂ?‘}gnm
construction. Prior to the construction of the c-Ag@Au NRs helical assemblies, a comprehensivé exaniiidtron Gfe8
the thickness of the Ag-shell was conducted, and the results indicated a significant impact on the extinction
performance. As demonstrated in Fig. S5a, the LSPR and TSPR signals in the extinction spectra are substantially
diminished as the diameter of the Au NR is reduced, while the thickness of the Ag-shell is increased. This
phenomenon can be attributed to the fact that the local surface plasmon resonance nature of gold is more pronounced
than that of silver. The extinction anisotropy of the c-Ag@Au NRs was screened by equation 2, and it was found
that the highest extinction anisotropy at ~0.153 was achieved when the thickness of the Ag-shell reached 4 nm as
evidenced in Fig. S5b. In parallel with the c-Au NRs helical assemblies as shown in Fig. 4, c-Ag@Au NRs helical
assemblies were constructed and the optical asymmetric performance of the helical assemblies was investigated, as
illustrated in Fig. 7a,b,c and Fig. S7. In comparison to Au NRs helical assemblies, a significant blue-shift of the
optical asymmetric spectra has been observed from c-Ag@Au NRs helical assemblies, and the intensity of the
extinction signal, CD signal and g-factor signal all diminished a lot. It is noteworthy that the blue-shift of the signals,
induced by the diminution of the inter-nanorods space, has been facilitated by the Ag-shell. This is evidenced by
the I-LSPR signal blue-shifting by approximately 58 nm in comparison to the 49 nm shift observed in the c-Au NRs
assemblies. In addition to the optical asymmetry change subjected to the pitch modulation, it could be seen from
Fig. 7d,e that the g-factor has been originally located at 0.4608 when the p=407.16nm, turned to 0.4 714 when the
pitch was 339.30nm and became 0.4513 when the pitch was 271.44nm, respectively. This indicates a modulation
range of g-factor by 4.26% in c-Ag@Au NRs helical assembly, which thus drives to a conclusion that the Ag-shell
diminished the optical asymmetry of helical assembly. In terms of light-matter interaction, similar to c-Au NRs
helical assemblies, both c-Ag@Au NRs helical assemblies exhibited analogous NFEDs in response to the exposed
circularly polarized light at the t-LSPR wavelength, irrespective of the chirality of the light as shown in Fig. S6.
However, when the helical assemblies were exposed at the I-LSPR wavelength, the c-Ag@Au NRs helical assembly
exhibited brighter NFEDs and was distinguishable from the c-Au NRs helical assembly, indicating that thus the
tunable optical asymmetry has been reduced. The response difference between c-Ag@Au NRs helical assemblies
and c-Au NRs helical assemblies under the irradiation at their [-LSPR wavelength is attributed to the stability of the
c-Ag shell plasmon mode due to its low dissipation [34-36], and the coupling between the c-Au core and c-Ag shell
leads to the passivation of photon trapping and a decrease in LSPR.
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Fig. 8. The optical asymmetry changes in an 18 c-Ag@Au NRs helical assembly with a pitch of 407.16nm at
different azimuths of helical axis. (a) The extinction spectra changes and the corresponding changes observed from
the (b) magnitude and (c) wavelength of I-LSPR signals. (d) The g-factor changes and the corresponding changes
observed from the (e) magnitude and (f) wavelength of the bisignate signals.
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Table 3. The magnitude changes of the positive signals in the g-factor spectra of an 18 c-Ag@Au NRs helical

View Article Online
assembly with a pitch of 407.16nm at different azimuths of helical axis. DOI: 10.1039/DSTC02438B
Helical c-Au NRs c-Ag@Au NRs
Assembly | g-factor | A g-factor | A
0 0.606 NA 0.461 NA

/36 0.570 | -0.036 | 0.436 | -0.025
/18 0.572 | 0.002 | 0.436 | 0.000
/12 0.576 | 0.004 | 0.442 | 0.006

/9 0.547 |-0.029 | 0.429 | -0.013
5n/36 0.517 |-0.030 | 0.405 | -0.024
/6 0.545 | 0.028 | 0.395 | -0.010

Tn/36 0471 |-0.074 | 0.364 | -0.031
2n/9 0.449 |-0.022 | 0.349 | -0.015
/4 0.443 | -0.006 | 0.326 | -0.023
5n/18 0.412 |-0.031 | 0.297 | -0.029
117/36 0.385 |-0.027 | 0.270 | -0.027
/3 0.335 | -0.050 | 0.232 | -0.038

In addition to the optical asymmetry of the c-Ag@Au NRs helical assemblies, it was found that both extinction and
the g-factor are much weaker, and their azimuth of helical axis-dependent optical asymmetry exists over a much
smaller modulation range in comparison to the c-Au NRs helical assemblies, as illustrated in Fig. 8 and Fig. S9. In
a similar manner, a reduction in the magnitude of the extinction signals (Fig. 8a,b), CD signals (Fig. S9a,b), and
the bisignate signals in the g-factor spectra (Fig. 8d,e) were clearly observed, and the wavelengths of the signals
remained almost at their initial location as shown in Fig. 8c,f and Fig S9¢, during the continuous orientation of the
azimuthal axis of the typical c-Ag@Au NRs helical assembly until /3. The original g-factor of c-Ag@Au NRs
helical assemblies was found to be 0.461, which decreased by 0.145 in comparison to that of c-Au NRs helical
assemblies as shown in Table 3. Furthermore, during the azimuthal variation from 0 to 7/3, a notable change of
0.229 in the magnitude of the negative signal in the g-factor spectra was observed (see Fig. 8d,e), which is a decrease
of more than 30% in comparison to the modulation range of c-Au NRs helical assemblies. These observations
indicate that the reduced extinction anisotropy by the Ag shell has passivated the light-helical assembly interaction,
and that the core Au NRs dominate the response of the c-Ag@Au NRs helical assemblies with optical anisotropy
modulation. Furthermore, we investigated the alterations in the optical asymmetries of the c-Au NRs helical
assemblies by varying turns and azimuthal angles with the findings illustrated in Fig. S10, Fig. 9 and Fig. S11. As
shown in Fig. S10a, it can be seen that with an increase in the number of helical turns, both the t-LSPR and I-LSPR
signals in the extinction spectrum demonstrate a gradual rise, accompanied by a significant broadening and
suppression of the signals. The amplitudes of the signals in response to the helical assemblies with three and five
turns are approximately three and five times higher, respectively, than that observed at one turn. This is due to the
fact that the shielding effect of the stacked c-Au NRs in helical assemblies with increasing turns significantly
enhances their extinction response to incident light. In comparison to the signals in the extinction spectra, the
bisignate signals in the CD spectra reached a maximum when the number of turns was increased to 3 as shown in
Fig. S10b. It was also found that the subsequently continuous growth of the turn in the helical assemblies resulted
in a decline in the amplitude of the bisignate signals, which is attributed to a reduction in the flux of the irradiating
polarized light as evidenced by the extinction characteristics. Additionally, the g-factor was also seen to decrease

with an increase in the number of turns as shown in Fig. S10c.

The optical asymmetry of helical assemblies was found to be contingent upon the orientation of the helical axis as
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shown in Fig. 9 and Fig. S11. The rotation of the helical axis of the three-turn assembly resulted in a slight I\./%(\;/I}A%Fcig%mme
in extinction, accompanied by an initial decline in the CD signals and g-factors followed by a Iatéril firicrease g 388
depicted in Fig. 9a-f and Fig. S11a-c. This demonstrates that the optical asymmetry of the c-Au NRs helical
assemblies can function as a mechanism for dynamical tunability beyond that observed in Au NRs. A detailed
examination of the g-factor changes reveals that the alteration in g-factor in response to the helical axis orientation
alternation from 0 to 77/36 is as significant as 47.72% spanning a range from -0.505 to 0.264 as shown in Table 4.
In comparison to the three-turn helical assembly, the orientation of the helical axis of the five-turn assembly induced
a notable increase in extinction, CD, and g-factor as shown in Fig. 9g-1 and Fig. S11d-f. However, the region in
which the g-factor undergoes dynamical change has been reduced. The aforementioned observations illustrate that
super helical assemblies comprising a considerable number of c-Au NRs have induced additional features of

dynamically tunable optical asymmetry, superimposed upon the alternation in helical axis orientation.
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Fig. 9. The optical asymmetry changes of 18 c-Au NRs helical assemblies with a pitch of 407.16nm in 3 turns and
5 turns, respectively, at different azimuths of the helical axis. (a) The extinction spectra changes and the
corresponding changes observed from the (b) magnitude and (c) wavelength of I-LSPR signals in 3 turns helical
assemblies. (d) The g-factor changes and the corresponding changes observed from the (e) magnitude and (f)
wavelength of the bisignate signals in 3 turns helical assemblies. (g) The extinction spectra changes and the
corresponding changes observed from the (h) magnitude and (i) wavelength of 1-LSPR signals in 5 turns helical
assemblies. (j) The g-factor changes and the corresponding changes observed from the (k) magnitude and (I)
wavelength of the bisignate signals in 5 turns helical assemblies.
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Table 4. The magnitude changes of the positive signals in the g-factor spectra of an 18 c-Ag@Au NRs helical

assembly with a pitch of 407.16nm at different azimuths of helical axis and turns. DOI: 10 1039/D5TC024368
Helical 1 Turn 3 Turns 5 Turns
Assembly | g-factor | A | g-factor | A | g-factor | A
0 -0.600 NA -0.505 NA -0.269 NA
/36 -0.583 | 0.017 | -0.271 | 0.234 | -0.300 | -0.031
/18 -0.577 | 0.006 | -0.317 | -0.046 | -0.298 | 0.002
/12 -0.577 | 0.000 | -0.297 | 0.020 | -0.286 | 0.012
/9 -0.567 | 0.010 | -0.273 | 0.024 | -0.272 | 0.014
5n/36 -0.566 | 0.001 | -0.264 | 0.009 | -0.267 | 0.005
/6 -0.435 | 0.131 | -0.316 | -0.052 | -0.316 | -0.049
Tr/36 -0.460 | -0.024 | -0.326 | -0.010 | -0.346 | -0.030
Ojiantou7n/36 0.140 0.179 0.077

Conclusion

Interplay between intrinsic chirality and engineered hot-spot spatial arrangements in c-Au NR helical assemblies
constitutes a significant research frontier, bridging fundamental plasmonic and applied sensing. Understanding how
structural asymmetry dictates near-field localization enables unprecedented control over light—matter interactions,
driving innovations in enantioselective sensing, multiplexed detection, and integrated chiral photonics. We
emphasize that helically redistributed near-field enhancements-induced by intrinsic chirality-are optimally suited
for chiral-selective plasmonic sensing when resonantly coupled to analyte responses, as demonstrated by
enantioselective detection in twisted plasmonic lattices and superlattice-based meta-surfaces. Furthermore,
embedding c-Au NR helical assemblies within CLC-hosts establishes a versatile modulation platform. This system
leverages the inherent dynamic geometric reconfigurability of the helical assemblies within CLCs to amplify and
manipulate geometry-dependent optical asymmetry, thereby enabling precise phase and amplitude control of optical
signals. These findings collectively support the applicability of such architectures in next-generation sensing and
photonic integration platforms. This work has clearly demonstrated a specific example of constructing Au NRs in a
CLC host with the widely tunable optical asymmetry. Prior to the theoretical investigation on helical assembly, a
selection law of the appropriate Au NR in correlation with extinction characteristics to enlarge the modulation range
of optical asymmetry in helical assemblies has been demonstrated. This factor has been named extinction anisotropy
factor-Ae, and strongly dependents on the magnitudes of extinctive signals. According to this selection law, in this
research the most suitable Au NR for constructing the helical assembly with a wide dynamical modulation range of
optical asymmetry was identified as a c-Au NR with 4 rotational segments and being twisted by 77/2. During the
optical asymmetry investigation, the c-Au NRs helical assembly exhibits red-shifted optical asymmetric behavior,
which contains 18 NRs at the pitch of 407.16 nm, in comparison to the normal Au NRs helical assembly, and the
magnitude of the signals has been found to decrease slightly. Despite these changes, the dynamical modulation
change of g-factor in responding to the pitch and azimuthal variation has been found to be surprisingly extended. A
5.3% expansion of modulation range in g-factor was observed when the pitch of the c-Au NRs helical assembly was
reduced to 339.30 nm (in comparation to the original base at the pitch of 407.16 nm), and a further extension to the
modulation range of g-factor was achieved by 12.06% when the pitch of the c-Au NRs helical assembly was reduced
to 252.30 nm, indicating 3 times larger than that of normal Au NRs helical assembly. Furthermore, the helical axis
of the c-Au NRs helical assembly was tuned from 0 to n/3 resulted in a 0.271 change in g-factor. This indicates an
expanded modulation range of 44.72% at its original base. Ag shell is sufficient to resist the red-shift of optical
asymmetric signals; however, this also leads to a decrease in the magnitude of signals, primarily due to the extinctive
characteristic difference between the Au core and the Ag shell. Moreover, by increasing the helical turns of
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assemblies to 3, the optical asymmetric signals dominate the highest value, and a modulation of g-factor vl:‘)‘;& 0. ‘LZ%WE
when the azimuths of helical assembly was tuned from 0 to 7/36. The superiority of c-Au NR in mi¥#gnifytag opticatee
asymmetry modulation has been also approved in head-by head assemblies, in which the modulation range of g-
factor has been confirmed as 0.321, indicating an expansion of 21% in comparison to that of normal Au NRs helical
assembly. The findings in this research indicate a possible way to construct helical assembly with a wide and tunable
optical asymmetry, and the example of helical assemblies constructed here greatly approved our proposed Au NR
selection law and our estimation. The findings in this research indicate a possible way to construct helical assembly
with a wide and tunable optical asymmetry, and the example of helical assemblies constructed here greatly approved
our proposed Au NR selection law and our estimation, and our future work will prioritize atomistic simulations of

NFEDs coupling and scalable fabrication techniques to translate these concepts into practical devices.
Experiment

c-Au NRs Helical Assemblies Modeling: A novel approach to modelling intrinsic c-Au NRs (aspect ratio by 3.73,
56 nm in length x15 nm in diameter) in simulation by twist angle and the rotation segment is proposed here, which
differs from the conventional approach adopted to date [29, 37]. Specifically, in the course of the investigation of
isolated c-Au NR in C4D (R20, Maxon Computer Gmbh, Germany), it was established that the twist angle changes
from 0 to 5w, and the rotation segments are in the range from 4 to 25.

The hypothesis is that c-Au NRs self-assemble helically within a CLC host under the pitch of 407.16 nm, analogous
to the assembly of LC molecules in a side by side fashion as indicated by experimental results obtained previously
[26]. It is anticipated that these helical assemblies of c-Au NRs will possess an identical pitch to that of the CLC
host, thereby giving rise to a pitch variation amongst the c-Au NRs helical assemblies in conjunction with the
stimuli-induced dynamical changes of the CLC host. However, during the process of dynamic pitch tuning, the
inter-nanorods distance between the c-Au NRs remains at the initial gap, as it can only be modified by varying the
blending concentration.

Finite difference time domain (FDTD) simulations: In FDTD simulation (8.15.736 Linux, Lumerical FDTD
Solutions, Canada), two Total Field Scattered Field (TFSF) light sources, generating circular polarization, were
positioned vertically above the helical assemblies of c-Au-NRs. The vibration planes of the two light beams were
perpendicularly arranged, thereby illuminating the geometric center of the c-Au-NRs helical assemblies along the

Published on 18 August 2025. Downloaded by Y unnan University on 8/23/2025 9:46:26 PM.

negative Z-axis. In order to achieve left-handed or right-handed circularly polarized light (LCPL and RCPL), one
of the light beams must be shifted by n/2 or -n/2 in its phase, respectively. It is recommended that the uniform
refinement-mesh composed full-field scattered light sources are employed to enhance the accuracy of the
simulations. In this instance, a refinement-mesh with a grid resolution of 2 nm in all directions was employed in
front of the sources. Extinction spectra, CD spectra and g-factor of the c-Au-NRs helical assemblies were obtained
through post-calculations of the recorded absorption and scattering beams by two analysis groups. The simulation
region was created based on the varying dimensions of the c-Au-NRs helical assemblies. The XY plane was in
periodic boundary condition, but in the Z direction it employed a perfectly matched layer (PML). During the
simulations, the background permittivity was maintained at 1.634 (liquid crystal, E7), the temperature was 300 K,
and the conformal variant of mesh refinement was set to 0. The simulations were terminated when the field strength
in the simulation region dropped to 1e-6 or when the maximum simulation time of 3500 femtoseconds was reached.
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