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The recent progress in chemical synthetic methodologies has facilitated the fabrication of discrete
plasmonic nanoparticles exhibiting chiral characteristics on their surface. In comparison to conventional
gold nanorods (NRs), such structures possess strong plasmonic circular dichroism response, making
them highly suitable for various applications involving circularly polarized light. Although the intrinsic and
extrinsic chirality of chiral nanostructures produced by the assembly with chiral ligands have been
explored both experimentally and theoretically, the investigation into the influencing factors of the
intrinsic and extrinsic chirality of discrete chiral Au NRs (dc-Au NRs) has been relatively limited. Herein,
we conducted a comprehensive investigation using full-wave electromagnetic simulations to explore the
influence of various structural parameters (such as helical depth, width, and numbers of the helical
pitches) on the intrinsic and extrinsic chirality of dc-Au NRs. Additionally, we examined the chiral surface
plasmon resonance coupling and the corresponding chiral near-field by studying the cross-like
assembly of dc-Au NR dimers. These findings serve as valuable guidance for future experimental and
theoretical research on chiral plasmonic nanostructures and their applications involving circularly
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comparison to the isotropic metallic NPs, Au NRs exhibit tunable
LSPR peaks and enhanced electromagnetic field.'*™

1 Introduction
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Plasmonic nanostructures have gained significant attention in
various fields of research and application, owing to their
exceptionally small mode volume and ability to achieve strong
light-matter interaction even at ambient temperatures.'”
Under the light excitation, surface plasmon resonance (SPR)
can overcome the limitation of optical diffraction and concen-
trate the electromagnetic field to nanoscale. Thus, the electro-
magnetic field surrounding plasmonic metal nanoparticles
(NPs) is significantly enhanced, leading to surface-enhanced
Raman scattering,”® photocatalysis,”® photothermal therapy,’
and so on. Among these, anisotropic plasmonic NPs, particularly
Au nanorods (NRs), exhibit dual SPR peaks along the transverse
and the longitudinal axis (TSPR and LSPR), respectively. In
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Chirality refers to any object that cannot be superimposed
onto its mirror image through symmetric operations such as
translation or rotation. The chiral object and its mirror-image
counterpart are referred to as two enantiomers, which are able to
change the incident degree of excited polarized light. Interest-
ingly, the combination of chirality with SPR results in the genera-
tion of plasmonic circular dichroism (PCD), which is manifested
in the extinction spectra of these systems due to the strong
coupling between chiral excitons and SPR."*™® Furthermore,
the near-field associated with chiral SPR exhibits asymmetry and
dependence on circular polarization, distinguishing from the near-
field surrounding achiral metal nanostructures.'®* Later, by merit
of the chiral near-field, numerous circular-polarization applications
have been demonstrated, such as asymmetric photocatalysis,** >®
enantiomeric sensing or surface-enhanced Raman scattering,
cancer therapy,> > etc. There are two types of chirality involving
intrinsic chirality and extrinsic chirality based on the sensitivity of
chiral response to the oblique light.**® While the intrinsic chirality
is insensitive to the change of incident light, the extrinsic chirality
varies significantly when the incident light changes at certain
angles. Due to advances in the synthetic methodologies in wet-
chemistry, discrete chiral metallic nanostructures exhibiting strong
chiroptical response, stability and durability have been fabricated
in world-famous labs.***® While the chiral response of discrete
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chiral nanostructures is often attributed to the chiral surface
features, the spectra measured experimentally often suffer from
the ensemble average effect due to the inhomogeneous shapes of
the synthesized nanoparticles and their random orientations with
respect to the probe beam. Thus, it is imperative to undertake a
comprehensive study on the intrinsic and extrinsic chirality of
discrete chiral nanostructures and analyze how the intrinsic chir-
ality can be preserved in the presence of ensemble average.
Recently, several groups have tried to obtain dimers of
discrete chiral nanostructures in order to reveal the coupling
of chiral SPR.*”*® In one of our previous works,*’ we developed
seed-mediated growth methods using the amino thiols and
L-cysteine (t-cys) or p-cysteine (p-cys) for the fabrication of discrete
chiral Au NRs (dc-Au NRs), and built a simple model of dc-Au NRs.
Yang et al. have fabricated the AuCu chiral hetero-nanostructures
using the discrete chiral Au nanoparticles as the seeds. By
controlling the experimental parameters, Cu nanodomains were
selectively grown on the tips of discrete chiral Au nanoparticles.
The authors simulated the near-field enhancements of AuCu
chiral hetero-nanostructures.”” Zhou and his colleagues have
studied the chiroptical performance of assembled dc-Au NRs with
DNA origami experimentally.*® Unfortunately, restricted by the
thickness of DNA origami, the interparticle distance between two
dc-Au NRs exceeded several tens of nanometers, weakening the
coupling of their chiral SPR that they claimed in their work. In our
previous work, we have obtained the side-by-side assembly of dc-
Au NRs, exhibiting enhanced chiroptical response and blue-
shifted PCD peaks."> However, despite the significant progress
in the field of dc-Au NRs, detailed studies on the influence of
structural parameters on the chiroptical responses of distinct and
assembled dc-Au NRs are still lacking. In addition, the under-
standing of intrinsic and extrinsic chirality based on the discrete
and self-assembled dc-Au NRs need to be further demonstrated.
Furthermore, the comprehensive experimental and theoretical
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investigations into the coupling of chiral SPR should be
strengthened.

Herein, we carry out a systematic study on the dependence
of structural parameters (e.g, light incidence, helical depth,
width and turning number of the helical pitches) on the intrinsic
and extrinsic chirality of dc-Au NRs through full-wave electro-
magnetic simulations. Then, the 3D cross-like assembly of dc-Au
NR dimers is studied for the chiral SPR coupling and the derived
chiral near-field. Our results provide insights into the structure—
performance relationship and can guide the rational design and
application of chiral metallic nanostructures.

2 Experiment and theory
2.1 Synthesis and PCD of dc-Au NRs

In our experiment, we follow the protocol reported in our earlier
studies to control the generation of chiral morphology of Au NRs
by using 1-cys and p-cys molecules (Fig. 1a), and present the
detailed experimental procedures in the ESL{ Transmission
electron microscopy (TEM) images clearly depict the presence of
chiral features on the surface of the synthesized dc-Au NRs.
Specifically, the utilization of the r-cys (p-cys) molecules results
in the chiral growth of a left-handed (right-handed) geometry on
the surface (Fig. 1b) and thus will be denoted as 1.-Au NR (p-Au NR)
in the following. The measured extinction spectra show similar
features of both types of NRs with double peaks around 520 nm
and 780 nm (Fig. 1c), which can be attributed to TSPR and LSPR,
respectively. The measured PCD spectra show the typical bisignate
features around the wavelengths of these SPR with negative and
positive couplets for the 1-Au NR and p-Au NR (Fig. 1d). In
addition, we note that the PCD peaks at the wavelength of the
TSPR are slightly larger than those at the wavelength of the LSPR.

2.2 Theoretical model of dc-Au NRs

To understand the PCD of dc-Au NRs, we carry out full-wave
electromagnetic simulations by using the commercial COMSOL
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Fig.1 Morphology and characterization of dc-Au NRs. (a) Schematic
diagram of growth procedure of L.-Au NR and p-Au NR using L-cys and
p-cys molecules, respectively. (b) TEM images of synthesized L-Au NR (i)
and p-Au NR (i), showing right- and left-helical features on the metal
surface (inset), respectively. (c) and (d) Measured extinction spectra (c), and
PCD spectra (d) of L-Au NR (solid line) and p-Au NR (dashed line).
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software, which solves the Maxwell’s equation using the finite-
element method, and utilizes the Au dielectric function from
the experimental data of Johnson and Christy.>® More details
on the COMSOL modeling are provided in Fig. S1 (ESIt). The
extinction cross-section Ag = Ag. + Aapg iS the sum of the
scattering cross-section Ay and the absorption cross-section

1
Agps. The former Ay, = I_”sSSCdS can be calculated by integrat-
)

ing the Poynting vector S, of the scattered light over a surface s
around the nanoparticle, and the latter A,ps = [[[QdV can be
calculated by integrating the power loss intensity Q over the
volume V of the nanoparticle. Here, I, is the intensity of the
incident light. From the extinction cross-section A%, — A% for
the left- and right-polarized incident light, we can determine
the circular dichroism as their difference CD = AL, AX,.

3 Results

3.1 Influence of NR orientations relative to light incidence

The measured extinction and PCD spectra, as shown in Fig. 1c
and d, do not directly correspond to those of dc-Au NRs
(although highly desired), and suffer actually from the ensem-
ble average due to the inhomogeneity of the synthesized NRs,
and more importantly the random orientation of dc-Au NRs
with respect to the incidence of the left-/right-polarized light.
To illustrate the latter point, in Fig. 2, for the case of p-Au NR,
we study theoretically the dependence of the extinction and
PCD spectra on the orientation of the dc-Au NRs relative to the
incidence of the left-/right-polarized light. Similar results for
the L-Au NR are shown in Fig. S2 (ESIf).

To understand the results, we can project the light polariza-
tion onto the direction parallel and perpendicular to the long
axis of the Au NRs and find that the projections do not depend
on the azimuth angle ¢ but critically on the polar angle 6
(Fig. S3, ESIt). More precisely, the projection along the NR long
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Fig. 2 Influence of orientation of b-Au NR to the light incidence on the
PCD response. (a) Schematic of the incident left-/right-polarized light
along the negative z-axis, and the dc-Au NRs with orientation specified by
the polar angle 6 and azimuth angle ¢. The NRs have a length of 57.5 nm
and half-axis of 20 nm along the short axis, respectively, and the chiral
feature on the surface has a radius of 15 nm and a helical depth about
10 nm. (b) and (c) Calculated extinction (b) and PCD (c) spectra for 6 = 0°,
10°, 20°---180° and ¢ = 0°. The results for fixed 0 do not show significant
dependence on the angle ¢. (d) and (e) Calculated extinction (d) and PCD
(e) spectra by integrating the spectra for the angle 6 = 0°,--180°, ¢ =
0°,---360°, which resemble the experimental results shown in Fig. 1c and d.
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axis increases as the angle 0 approaches 90°. As a result, for a
given 0 and varying ¢, we do not observe significant changes in
the extinction and PCD spectra (not shown). In contrast, for
given ¢ = 0° and increasing 6 from 0° to 90°, we observe the
significant increase of the extinction and PCD at the LSPR
wavelength, and the unchanged results at the TSPR wavelength
(Fig. 2b and c), all of which can be attributed to the increased
excitation of the LSPR mode with the enhanced field along the
NR long axis. By integrating the spectra for the angle 0 =
0°%---180°% ¢ = 0°---360°, we obtain the orientation-averaged
extinction and PCD spectra (Fig. 2d and e). These results are
consistent with the experimentally measured results (Fig. 1c
and d). This result suggests the importance of the orientation-
averaged effect in the interpretation of the experimental results,
and such an effect might be verified using more advanced
techniques to detect the chiral response of single-metallic
nanostructures in the future. In addition, we also find that
the width of the peaks and dips in the simulation is much
narrower than that in the experiment, which can be attributed
to the influence of the geometric inhomogeneity of NR, espe-
cially the change of the aspect ratio of NR. Note that the LSPR
wavelength is very sensitive to the aspect ratio, as confirmed
using the simulated extinction and PCD spectra for dc-Au NRs
with different aspect ratios (Fig. S4, ESIt). It can be found that,
with the increase of the aspect ratio, the TSPR almost remains
almost unchanged, but the LSPR red-shifts dramatically. In
addition, the LSPR also red-shifts in the PCD spectra, but its
intensity does not change significantly. This also confirms that
the chirality of dc-Au NRs comes from the intrinsic chirality and
the extrinsic chirality merely changes the response strength.

3.2 Influence of the chiral surface of Au NRs

In the above simulations, we find that the averaged extinction
spectra and the PCD spectra are very similar to the Au NR
spectra with the light incidence angle 6 = 45°. Thus, we can
calculate all the spectra under such illumination conditions in
the following simulations, in order to estimate orientation-
averaged results qualitatively, as measured in the experiment.
Since the PCD of dc-Au NRs mainly arises from the chiral
feature on the metal surface, it is necessary to understand
how the geometry of this feature affects their PCD performance
(Fig. 3). The model of dc-Au NRs with typical thread grooves is
specified in Fig. 3a. Then, the effect of structure parameters
(i.e., depth (d), width (w) and turn number (n) of grooves) on the
extinction and PCD spectra of dc-Au NRs are systematically
investigated). Upon increasing n of the helical pitches, we
observed minimal changes in the extinction spectra (Fig. S5,
ESIt) and a slight weakening of the PCD spectra (Fig. 3b) at
longer wavelengths as well as the constant PCD at shorter
wavelengths. In order to better study the effect of structural
parameters on the optical activity, we increase the width of the
groove, w from 28 nm to 32 nm. As a result, the extinction due
to LSPR has a significant blue-shift from 820 nm to 750 nm
(Fig. 3¢), and the extinction due to TSPR has a red-shift. At the
same time, the dips or peaks of PCD also show a blue-shift, and
the intensity of PCD weakens significantly (Fig. 3d). When the
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Fig. 3 Influence of chiral feature on Au NRs surface on PCD response. (a) Schematic of thread grooves on Au NRs surface, specified by the groove depth

d, width w, and turning number n. (b) Calculated PCD for d = 10 nm, w =

30 nm and increasing n = 3, 4 (red and black lines). (c) and (d) Calculated

extinction (c) and PCD spectra (d) for n = 3, d = 10 nm, and increasing w = 28, 30, 32 nm (black, red and blue lines). (e) and (f) Calculated extinction (e) and
PCD spectra (f) for w = 30 nm, n = 3, and increasing d = 9, 10, 11 nm (black, red and blue lines). In (c) and (d) and remaining panels, the solid and dashed
lines represent the NRs with left- and right-handed surfaces. Here, the incident light forms an angle of 45° with respect to the long axis of the NR.

groove depth d increases from 9 nm to 11 nm, the extinction
and PCD due to LSPR become red-shifted and enhanced, while
those due to TSPR almost remain constant (Fig. 3e and f). If
these dc-Au NRs are equated with smooth-surfaced Au NRs, we
expect that the increase in the groove depth and the decrease in
the groove width not only increase the effective aspect ratio of
NR, but also make the chiral characteristics more pronounced,
which explains the red-shift of LSPR as well as the increase in
intensity. In addition, in Fig. S6 (ESIt), we present the spectra
of the achiral Au NRs with the smooth surface and observe
the blue-shift of the LSPR and no obvious optical activity.
Therefore, the helical feature on the surface of dc-Au NRs
causes the red-shift of LSPR and the appearance of the PCD
response, i.e. the domination of the intrinsic chirality.

3.3 Chiral SPR coupling of assembled dc-Au NRs

The above simulations provide important insights into the PCD
response of dc-Au NRs. Experimentally, we can also synthesize

(a) LCP RCP (b)

600 800
Wavelength (nm)
Fig. 4 Influence of illumination conditions on the PCD performance of
self-assembled dc-Au NRs. (a) Schematic of the incident left-/right-
polarized light along the negative z-axis, and self-assembled dc-Au NRs
with orientation specified by the polar angle 6 and azimuth angle ¢. (b)
Simulated PCD spectra of those dc-Au NR dimers for 6 = 0°, 45°,---180°
and given ¢ = 90°.
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dimers by coupling two dc-Au NRs for the further investigation
on their chiral SPR coupling. More TEM images and experi-
mental results of this structure are shown in Fig. S7 and S8 of
the ESL.{ Using appropriate screening techniques, it will be
possible to obtain a collection of such dimers in the future.
Compared with dc-Au-NRs, the self-assembled dc-Au NRs can
form hybrid plasmons through near-field coupling, and the
SPR can be tuned over a larger wavelength range by controlling
the relative positions of the NRs. In addition, in the past
decade, 3D chiral structures constructed with assembly of
DNA or DNA origami templates have become very mature, but
most of their basic constructed metallic units are non-chiral.
There are a few research studies on 3D chiral structures
constructed via assembly of metal plasmonic NRs with intrinsic
chirality. Zhou et al. recently have successfully produced such a
3D structure via assembly of dc-Au NRs with DNA origami.*®
Inspired by these studies, we construct an equivalent model,
as shown in Fig. 4a. The angle between the two -Au NRs is 45°.
We can project the light polarization to the direction parallel
and perpendicular to long axis of the Au NRs and find that
different azimuth angles ¢ and polar angles 6 have different
effects on the PCD spectra, which indicated the greater sensi-
tivity of the PCD of dimeric structures. As an example, we
consider the azimuth angle ¢ = 90°, and the polar angle 0 =
0°,45°,- - -180°. At the polar angle 6 = 0° or § = 180°, the incident
light is parallel to the self-assembled dc-Au NRs, which leads to
the dominance of intrinsic chirality, the PCD of self-assembled
dc-Au NRs is similar to that of dc-Au NR. When polar angle 6 =
45°, 90°, 135°, the symmetry of the system composed of self-
assembled dc-Au NRs and oblique incident light is disrupted,
resulting in the formation of extrinsic chirality. Thus, the PCD
spectra show obvious extrinsic chirality (Fig. 4b). As shown in
Fig. S9 (ESIY), the similar peaks and dips occur for the dimers
of achiral Au NRs, which indicates the dominance of the
external PCD. In addition, the difference between partial

This journal is © The Royal Society of Chemistry 2024
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enlarged drawing at 500-600 nm confirms the existence of
intrinsic chirality. When we keep the polar angle 6 unchanged
and change azimuth angle ¢, we find that the PCD result is
consistent with Fig. 4b. In addition, we find that for the polar
angle 0 = 0° and the azimuth angle ¢ = 0°, the results were very
similar to Zhou’s experiment. In order to better compare with
Zhou’s experimental results, we calculate spectra under this
illumination conditions in the following simulations.

As illustrated in Fig. 5a, for better description, we classified
the assembled chiral structure “DH” (dexter-handed) and “LH”
(laevus-handed) according to the direction of vertical incidence
of light, i.e. the clockwise and counterclockwise rotation direc-
tion of the dc-Au NRs, respectively. They are composed of two -
Au NRs or two p-Au NRs, separated by distance S. Here, the
center—center distance S = 44 nm corresponds to a gap distance
(G) of 4 nm (Fig. S10, ESIT). The angle between the two dc-Au
NRs is 45°. Fig. 5b and c show the extinction spectra and PCD
spectra for self-assembled dec-Au NRs with gap distance 40 and
4 nm. From the extinction spectra of the latter system, we can
see four resonance peaks at 520 nm (/,), 620 nm (4,), 750 nm
(43) and 820 nm (4,).

To illustrate the nature of the SPR at these wavelengths,
Fig. 5e (Fig. S11, ESI{) shows the corresponding electric field
distribution at wavelengths /3, A4, (41, 4,) for the DH/LH. For
illuminations at 44, 4,, the electric field of the whole particle is
almost zero, and it only has value on the edges of the groove.
Since the surface electric field distribution of self-assembled
dc-Au NRs does and does not concentrate at the gap shown in
the Fig. S1la and b, ESL7 respectively, the corresponding
plasmons can be attributed to the transverse plasmon of
individual particles, and the transverse plasmon of coupled
particles. In contrast, the electric field is relatively larger

View Article Online

Paper

through the body, and becomes zero at some parts of groove
edges for the illumination at 43, 4, (Fig. 5¢). A dc-Au NR firstly
was regarded as a dipole, according to the plasmon hybridiza-
tion theory, when two dc-Au NRs are separated by a few
nanometers, their SPR will become strong coupling leading to
generation of two hybrid resonance modes with different
energies.>> One mode is low-energy bonding mode corres-
ponding to /A4, and another mode is a high-energy anti-
bonding mode corresponding to 1 (Fig. 5d). These hybridized
modes represent the symmetric and asymmetric combination
of two dipolar plasmon resonances. When the wavelength is 43,
LCP and RCP in the same structure show obvious symmetrical
electric field distribution and strong dipolarity, while in LCP
(RCP), DH structure and LH structure show horizontal mirror
symmetry, which is a feature of the anti-bonding mode (panel
(i) in Fig. 5¢). For A4, LCP and RCP exhibit obvious asymmetric
distribution under the same structure, and the LH (DH) struc-
ture under LCP and the DH (LH) structure under RCP exhibit
vertical mirror symmetry, which is a characteristic of the
bonding mode (panel (ii) in Fig. 5¢).*” As shown in Fig. S12
(ESIY), the same electric field is observed in the dimers of the
achiral Au NRs, which indicates the dominance of the external
PCD here. From the PCD spectra in Fig. 5c¢, we can also see the
four resonant peaks, and mirror symmetry for both configura-
tions. Note that the PCD here is much stronger than that for
individual particles. In addition, we also demonstrate the sur-
face charge distribution of self-assembled dc-Au NRs, which is
very similar to the electric field distribution (Fig. S13, ESIT).
In the Fig. S14 (ESIt), we show the extinction spectra and
PCD spectra at different separations G. As G increases, the
coupling between the two dc-Au NRs weakens, and the PCD at
Ay decreases and disappears eventually. In addition, the
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Fig. 5 Chiral response of self-assembled dc-Au NRs. (a) Schematic diagram of the self-assembled dc-Au NRs, where the left-handed and right-handed
configuration are named as LH and DH, respectively. (b) and (c) Show the extinction spectra and PCD spectra for self-assembled dc-Au NRs with distance
S =80, 44 nm (red and black lines). Here, the distance S refers to the center-center distance between two nanorods, and the actual gap distance G = S —
2 x D can be achieved by subtracting two times of the short-axis radius D. The solid and dashed lines represent the DH/LH, and the incident light forms
an angle of 0° with respect to the long axis of the NR. (d) Diagrams of bonding mode and anti-bonding mode. (e) Electric field distribution of the DH and

LH structures for the bonding mode and anti-bonding mode.
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difference between /; and /, becomes smaller. For G = 40 nm,
the feature at A; disappears and that at 4, becomes blue-shifted
and its intensity decreases, which is consistent with Zhou'’s
experimental results (Fig. 3 of ref. 48). Furthermore, we have
also studied the DH composed of two p-Au NRs and the LH
composed of two r-Au NRs in the Fig. Sidc (ESIt). After
comparison of the PCD spectra, we confirm again that the
PCD at 4, is mainly determined by the intrinsic chirality of the
composed dc-Au NRs, while the PCD at /5 and /4, is determined
by extrinsic chirality.

4 Conclusions

In this manuscript, we have synthesized dc-Au NRs using the
seed growth method assisted by r-cys and p-cys molecules and
characterized their morphology with TEM and their optical
response with extinction and PCD spectra. By modeling these
dc-Au NRs with full-wave electromagnetic simulations, we
studied theoretically the influence of the NR orientation, and
reproduced qualitatively the experimental results, highlighting
the importance of the ensemble average effect. By changing the
geometry of grooves, we found that the red-shift of extinction
peaks and PCD responses corresponding to LSPR can be
roughly attributed to the modified effective aspect ratio, and
the chiral feature with a large size would lead to the more
pronounced chiral response. Furthermore, by coupling two dc-
Au NRs, the PCD feature became richer due to the formation of
hybrid plasmon modes, and this feature can be actively tuned
by controlling the relative positions of the two NRs. All in all,
our study provided insights into the origin of PCD from chiral
feature on the metal surface, and the interplay of PCD with
those due to arrangement of coupled chiral NRs. As a result, it
might guide further experimental and theoretical studies in
this research direction.
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