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The major purpose of this research project is to develop a method for
amplifying chiral light-matter interactions using bottom-up-based 3D chiral nanoparticles as
mediators. Conventional chemical synthesis methods have an unavoidable weakness in that it is
difficult to spontaneously break mirror symmetry and make chiral structures, and the diversity of
structures that can be obtained is limited. This study attempted to overcome these limitations based

on the recent advance of chiral nanoparticle synthesis using a chirality transfer mechanism and
in-depth analysis on the chirality of the local electromagnetic field of the plasmonic
nanostructure. During the research period, we succeeded in 1) investigation a mechanism for the
generation of a strong chiroptical signal of the plasmonic helicoid nanoparticle and 2) nanoscale
coupling between chiral nanoparticles and molecules.
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Investigating the chirality of matter and its related phenomena has been a central part of understanding
various asymmetric physical and chemical phenomena in natural organisms, catalysis reaction, light
polarization, and electronic spins. In particular, the light-matter interaction of chiral material is directly
related to its three-dimensional geometry and has been adopted to probe the structural changes at the
molecular level. For example, polarization-based "chiroptical” spectroscopy, such as circular dichroism
(CD), has been used for the investigation of biomolecular structures. However, since the chiroptical signals
originating from the molecules are 10 to 102 times smaller than its absorption, detection of the chiroptical
signa itself from the tiny amount of target molecule is extremely difficult. Therefore, a method for
amplifying chiral light-matter interactions is required for the ultrasensitive measurement of chiroptical
signal.

In order to improve this situation, chiral plasmonic nanostructure can be adopted to enhance the
chiroptical signal of the molecule. The key role of the chiral plasmonic nanostructure isto generate a“chiral
hotspot” by twisting the light energy and phase locally around the nanostructure. Theoretical [Cohen et al.,
PRL 104, 163901 (2010)] and experimental [Kadodwala et al., Nat. Nanotech. 5, 783-787 (2010)] studies
have already demonstrated that the chiral light-matter interaction can be locally controlled to amplify the
originally weak chiroptical signal. However, the most important but still challenging part of this research
is to efficiently generate chiral structure in nanoscale and to maximize the chiroptical effect of desired
handedness.

We focused on the possibility to manipulate the chirality of light in the nanometer level using the
bottom-up synthesistechnology of colloidal metal nanoparticles. Conventional chemical synthesis methods
have an unavoidable weakness in that it is difficult to spontaneously break mirror symmetry and make
chiral structures, and the diversity of structures that can be obtained is limited. This study attempted to
overcome these limitations based on the recent advance of chiral nanoparticle synthesis using chirality
transfer mechanism and in-depth analysis on the chirality of local electromagnetic field of the plasmonic
nanostructure. During the research period, we aimed on (1) Investigation of amechanism for the generation
of astrong chiroptical signal of the plasmonic helicoid nanoparticle and (2) Nanoscale coupling between
chiral nanoparticles and molecules.

(1) Investigation of a mechanism for the generation of a strong chiroptical signal of the plasmonic helicoid
nanoparticle

Plasmonic metal nanostructure can dynamically control the light-matter interaction dueto thelocalized
photonic environment near the surface such as significant enhancement of intensity, phase delay, and
chirality of electromagnetic fields. Our gold “helicoid” nanoparticle, synthesized under the enantioselective
interaction between peptide and metal surface [Ahn et al., Nature 556, 360 (2018)], can be an efficient
platform to generate and amplify the chiroptical response due to its highly twisted chiral nanostructure. In
order to prove this capability, we demonstrated strong chirality of local electromagnetic field using scanning
near-field microscopy technique and finite-difference time domain (FDTD) simulation.

As an effort to investigate the enhancement effect of this local

chiral field, we designed two-photon-induced photoluminescence ,{

(TPI-PL) experiment using the gold helicoid nanoparticle (Fig. 1). _ Helicoid AP ¢ DN

Without using any secondary emitters, the gold nanoparticle can 7 =

produced a broad emission in a visible wavelength range (A>400nm) "¢ s ‘ : - :

due to the two-photon-induced interband absorption and subseguent } Two-photon induced
% photoluminescence

radiative recombination of intrinsic gold material. This intrinsic
emission of gold, which is basically achiral, could be modulated by
the influence of the local electromagnetic field which has strong
intensity and chirality. To evaluate the chiroptical response, we
carefully analyzed the polarization state of emitted light.

(>400 nm)

Fig 1. Chira Two-photon-induced
photoluminescence of gold helicoid
nanoparticle.

(2) Nanoscale coupling between chiral nanoparticles and molecules.

The coupling of molecular targets with a confined field created by plasmonic nanostructure can
strongly affect the optical response of the original molecule, such as significant enhancement of intensity,
phase delay, and local chirality. We studied the chiroptical property of molecule-nanoparticle coupled
system using chiral helicoid gold nanoparticles. Using agold helicoid nanoparticle as a host, a dye molecule
was conjugated on the surface of the nanoparticle. To provethe strong chiral light-matter interaction of gold



helicoid nanoparticle, we used a dye molecule with achiral molecular structure which showed no chiroptical
responses by itself. Using the coupled system of achiral dye and gold helicoid nanoparticle, we evaluated

circular polarization state of emitted light.

In addition to the gold helicoid nanoparticle, we developed chiral coupling method using even achiral
nanostructure. We used anisotropic nanostructure, such as rectangle, as a host of strong chiral light-matter

interaction. Although the overal response
averages to zero due to the structure is
achiral, our previous researches [ACS
Photonics 2018, 5, 4, 1486-1492] and recent
numerical simulation (Fig. 2) reveal that this
anisotropic structure provide an
exceptionally large contrast between left
circular polarization (LCP) and right circular
polarization (RCP) modein alocal area (Fig.
2a,b). Based on this knowledge, we adopted
plasmon-induced localized photochemical
reaction to realize a precise light-matter
coupling in the chiral hotspot.
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Fig 2. (ab) Plasmon mode of nanocuboid under RCP (&) and LCP (b)
excitation. (c) Corresponding local g-factor distribution showing chiral
hotspots.

(2) Investigation of a mechanism for the generation of a strong chiroptical signal of the plasmonic helicoid

nanoparticle

To evaluate the chiroptical property of gold helicoid
nanoparticle, we utilized the nearfield polarimetry technique
[ACS Photonics 2018, 5, 4, 1486-1492] which can measure
thelocal contrast of LCPand RCPfield intensity at 10 ~ 50 nm
nearfield  polarimetry
measurement, the gold helicoid nanoparticle showed strong
chirality of electromagnetic field, asindicated in Fig. 3a. This
result was also proved in the finite difference time domain

resolution. According to the

(FDTD) simulation (Fig. 3b), which shows that the chiral

hotspot was generated at the chiral gap structures on the

particle surface.

Based on this chiral hotspot of local
electromagnetic field, we succeeded to observe
the generation of high-purity circularly
polarized light from the intrinsic emission of
gold nanoparticles. TPI-PL imaging (Fig. 4b,c)
and spectroscopy (Fig. 4d) on a single particle
clearly show that the polarization state of
emission was strongly biased to RCP with the
g-factor of ~1.1 at 638nm (Fig. 4€). A survey
on fifteen different chiral particles reveals that
amaximum and average g-factor was about 1.4
and 0.7, while the achiral (cubic) nanoparticle
has no chiroptical response. To the best of our
knowledge, the g-factor observed in this
research is one of the highest records of
circularly polarized emission using chiral
plasmonic nanoparticle.

The physical origin of the strong chiral
light emission was also studied. Our numerical
simulation clearly shows that 1) loca
confinement of excitation mode which is
mainly active on the bottom-side chiral
nanogap structure (Fig. 4f), 2) contrast between
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Fig 3. (8) Neafield polarimetry measurement of
single helicoid nanoparticle. (b) Difference of
electric field distribution between LCP and RCF
mode.
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Fig 4. (8) SEM image and (b,c) TPI-PL mapping for LCP (b) and RCF
(c) emission of a single helicoid nanoparticle. (d,e) TPI-PL (d) and
corresponding luminescence g-factor (€) spectra of a single helicoid
nanoparticle. (f,g) Local field distribution at excitation (f) and emission
(g9) wavelengths. (h) Overlap of excitation and emission field

distribution.

LCP and RCP plasmonic mode at emission wavelength (Fig. 4g), and 3) strong dissymmetry of spatial
overlap of these excitation and emission mode biased to RCP emission (Fig. 4h). Thisanalysiswell explains
the exceptional performance of chiral light emission that occursin the gold helicoid nanoparticle.



(2) Nanoscale coupling between chiral nanoparticles and molecules. a Bon Emssen rf.i'

The coupling of gold helicoid nanoparticle and dye molecule was o
achieved by the simple spin-coating method (Fig. 5a). Rhodamine 6G was PRI AT
used as a dye molecule, which has an achiral molecular structure with ;',“ |
excitation and emission wavelength of 532 nm and 560 nm. To evaluate the “

chiroptical response, we measured the polarization state of emitted light of
this hybrid system. Because of its achira structure, original rhodamine 6G  p .
shows no difference between RCP and LCP emission (Fig. 5b, dotted curve).
On the other hand, the coupling of rhodamine 6G and gold helicoid
nanoparticlesresultsin strong chiral light emission, which was biased to RCP
with the g-factor of ~0.3 at 560nm (Fig. 5b, solid curve). Thisresult suggests
that the chirality of the local electromagnetic field can be effectively
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transferred to nearby molecules, regardiess of the intrinsic chirality of the Fig 5. (a) Shematics and (b) PL
molecule itself. We expect that this technique can provide an effective route spectrum  of nanoparticle-dye

for the amplification of chiral light-matter interaction. hybrid.

In addition, a method for utilizing a chiral hot-spot based on the anisotropic nanoparticle was
developed. Using the chiroptical photopolymerization approach on the surface of plasmonic nanocuboid
particles, we succeeded to produce a chiral hybrid nanostructure that accurately coupled molecular dye and
chiral hot-spots. Due to the large contrast between LCP and RCP mode in rectangular geometry, the local
photopolymerization reaction under the exposure of circularly polarized light selectively produces left- and
right-handed nanohybrid structures (Fig. 6a).

The fabricated chiral nanohybrid structure a e Rcp b d

showed a strong circular dichroism response
in the visible wavelength (Fig. 6b,c). The
polymer layer formed on the surface of the
nanoparticle not only created chira
geometries but served as a matrix for the
chiral light-matter coupling by embedding ] o
secondary materials inside. For example, we n D j B IQ
succeeded to produce a dye-embedded J «| | .
polymer structure that places organic dye
molecules into the chiral hotspot region (Fig. Fig 6. () Chiral nanohybrid structure produced by plasmon-induced
6d). We believe that this approach can photopolymerization_reaction yvith _LCP and RCP iIIL_JminaIion. (b) _CD

- - spectra and (c) far-field CD imaging of left- and right-handed chiral
provide a reproducible method for the ooy () Ghird  nenohybrid  embedding 1 wi% of
nanoscale control of chiral hotspots and thell' e aphenylporphyrin dye molecule.
coupling to target molecules.
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