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Chapter 1

Introduction: Chiral Chemistry of Inorganic Nanocrystals

1-1. Nanoscale chirality in inorganics.

Chirality is one of the most fascinating occurrences in the natural world and plays a crucial role in
the fields of chemistry, biology, pharmacology, and medicine. The majority of chiral chemistry has
been based on molecular science, ranging from small organic molecules, polymers, supramolecular
assemblies, to metal complexes. Chirality is manifested in inorganic systems as well. A variety of

9,10

inorganic crystals, such as quartz,'* cinnabar,’* NaClOs,> selenium,”® and tellurium®'° are known as

chiral minerals with chiral crystalline structures. Since these minerals appear as a racemic mixture in
nature, researchers have made efforts to synthesize them with controlled handedness.*”*

Arelatively new field linking the properties of chirality with inorganic nanomaterials has emerged
in 1998 with the first demonstration of optical activity in gold nanoclusters stabilized by L-glutathione
as a chiral ligand, whereby circular dichroism (CD) was measured in electronic transitions of the
inorganic gold core.!" Many groups have subsequently reported the successful synthesis of optically
active metal nanoclusters through the use of various chiral ligands, indicating the transfer of chiral
information from the ligand to the nanocluster core.'?"!” A milestone in the field was the determination
of the crystal structure of Aui02(p-MBA )44 (p-MBA = para-mercaptobenzoic acid), which showed a
chiral pattern for the arrangement of the gold—sulfur staple motifs on the cluster surface despite the
use of the achiral ligand (Figure 1-1a).'® Interestingly, the asymmetric pattern of the ligands around
the achiral Au core could generate a strong Cotton effect in CD.!” Similarly, optical activity was also
observed in Auzg(SR)20, Auzs(SR)24, and Auso(SR)24 (SR = achiral thiolate ligand) nanoclusters with a
chiral arrangement of achiral ligands (Figure 1-1b).2°2* Unlike bulk systems, the gold nanoclusters
with the intrinsic chirality adopt lower symmetry chiral structures that would minimize their total
energies.'>? Optical activity in metal nanoclusters can thus stem from a chiral electronic interaction
between chiral ligands and achiral core or an intrinsically chiral atomic arrangement.?®?’ This
proposed concept motivated researchers towards an enantioselective synthesis of other inorganic

nanomaterials.
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Figure 1-1. (a) Crystal structure of the Auip2(p-MBA )44 cluster. Au, orange; sulfur, yellow; other,
gray; the five dimetric staples are highlighted in green.'” (b) Crystal structure and CD spectra of

the enantiomeric Auss(SR )24 cluster.?® Aucore, yellow; AUadatom, Orange; sulfur, green.

1-2. Chiral semiconductor nanocrystals.

Semiconductor colloidal quantum dots (QDs) with size-dependent optical properties have been
intensively studied for decades. The use of chiral stabilizing molecules has opened an exciting avenue
in the area of QD research. In 2007, the first chiral semiconductor QDs, CdS QDs capped with
penicillamine (Pen), were prepared by the use of microwave-induced heating in the presence of
racemic (rac), D-, and L-Pen as stabilizers.”® CD studies of these QDs have shown that D- and L-Pen
stabilized QDs exhibited mirror image CD spectra, whereas the QDs with the rac mixture showed a
negligible signal (Figure 1-2a).%® The density functional theory (DFT) calculations of these electronic
states have demonstrated that CD over 300 nm is associated with near-surface cadmium atoms that are
enantiomerically distorted by chiral Pen ligands, while the QD core is found to remain undistorted and
achiral (Figure 1-2b).2° Later, chiral CdSe QDs,**3? CdTe QDs,**** and chiral CdS nanotetrapods**
capped with chiral ligands have been reported. All of the chiral nanostructures showed characteristic
CD responses within the band-edge region of the spectra. From these studies, it was assumed that the
ligand chirality could be translated to chiral surface defects resulting in chiroptical effects in
QDs.?”-3336 This concept of chirally distorted QD shell was confirmed in the experimental works,
where CdTe QDs also exhibited optical activity even after ligand exchange from a chiral cysteine

derivative (MeCys) to achiral 1-dodecanethiol (Figure 1-3).%°
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Figure 1-2. (a) Schematic presentation of the D-penicillamine stabilized CdS QDs and CD spectra
of the D- (blue), L- (green) and rac-penicillamine stabilized CdS QDs.?® (b) top and side views of
optimized cluster model of CdS QDs covered with D-penicillamine.?® (Cd, brown; S, yellow; C,

grey; O, red; N, blue; thin lines, upper CdS layer and penicillamine; solid line, dipper CdS layer)
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Figure 1-3. (a) Schematic illustration of ligand-exchange reaction from chiral to achiral ligand. (a)
UV-vis absorption spectra of D-MeCys-capped CdTe QDs (dotted line) and dodecanthiol-capped
CdTe QDs (solid line) after ligand exchange from D-MeCys.*° (b) CD spectra of CdTe QDs before
(dotted lines and after (solid lines) the ligand exchange from D-MeCys (red) and L-MeCys (blue).>°

However, optical activity in QDs can arise from not necessarily only by chiral surface defects but
also by other factors. Balaz and co-workers demonstrated that chiral capping ligands, D- and L-cysteine
(Cys), induced circular dichroism in CdSe QDs with achiral core (Figure 1-4).>” Cys-capped CdSe
QDs prepared from the achiral triphenyl phosphine oxide (TOPO) oleic acid (OA)-capped QDs by
post-synthetic ligand exchange exhibited mirror-image CD spectra in the visible region from 350 to
570 nm in response to the enantiomeric Cys ligands used for the post-synthetic ligand exchange. In
addition, it was found that the CD profile and magnitude varied with the size of CdSe QDs.*® They
have also performed time dependent (TD) DFT calculations showing that the attachment of D- and L-
Cys to the surface of model (CdSe)3 nanoclusters can induce measurable opposite CD signals for the
excitonic band of the nanocluster.*® The origin of the induced chirality is consistent with the electronic

hybridization of highest occupied CdSe molecular orbitals with those of the chiral Cys ligand.?®
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Following this initial work, the phenomenon of induced chiroptical activity in semiconductor QDs has
been intensively studied to manipulate the optical activity of the QDs. The shape of CD spectra
including CD intensity for chiral QDs depends on many factors, including the chemical composition
(CdX X=S, Se, Te),>>*" the size of the QD core,***! QD shape,***>** thickness of the QD shell,*-¢

and coordination modes of the chiral ligands.***"%
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Figure 1-4. (a) Ligand exchange on achiral TOPO/OA-CdSe QDs using enantiomers of cysteine.
Pictures: TOPO/OA-CdSe in toluene (left vial) and cysteine-CdSe in water (right vial).?” (b) CD
spectra of L-cysteine-CdSe (red) and D-cysteine-CdSe QDs (blue) after the ligand exchange. 3’

As explained above, the synthetic methods towards chiral semiconductor QDs are divided into two
types which include direct synthesis in the presence of chiral ligands and post-modification of the QDs
with chiral ligand molecules. Although many theoretical works on their chiral structure have been
constructed to elucidate their optical activity, the absolute structure of chiral QDs has not yet been
revealed. The chiral QDs with optical activity have exhibited many potential applications in the fields
of biology, chemistry, and physics.?”*>> Yet, the optical activity of the currently reported QDs is far
from satisfaction. It is still a challenge to prepare the chiral semiconductor nanoparticles (NPs) with

giant optical activity.

1-3. Intrinsically chiral cinnabar mercury sulfide nanoparticles.

A new class of chiral inorganic NPs has emerged with the first synthetic demonstration by G.
Markovich and co-workers of intrinsically chiral cinnabar (a-HgS) NPs (Figure 1-5), which crystallize
in the chiral trigonal space group P3:21 (or its enantiomorph P3,21).5' The use of the chiral Pen
molecule led to the formation of chiral a-HgS NPs via the transient formation of the achiral phase of
metacinnabar (B-HgS) NPs.>!>3 The enantiomeric molecule is considered to direct the preferential
formation of one-handed cinnabar NPs, controlling the enantiomeric excess of NP ensembles. The
obtained a-HgS NPs exhibit a strong chiroptical response arising from the crystallographic chirality
of the inorganic core (Figure 1-5¢). The dissymmetry factor (Ae/e=AA/A) value in absorption, Zabs



(gabs = Ae/g), was 0.012,°" which was several orders of magnitude larger than the optical activity of
the aforementioned semiconductor QDs (CdS, CdSe, CdTe, and ZnSe) with intrinsically achiral
crystalline systems. This report on the successful synthesis of a.-HgS NPs proposed a new concept of
inorganic NPs on the basis of chiral crystal symmetry groups. Many studies on intrinsically chiral NPs,

such as Se,** Te,** TbPO4-H,0O NPs,> have been succeeding.
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Figure 1-5. (a) Schematic illustration of the opposite Hg-S spirals with a fraction of one spiral
reconstructed inside the frame of the hexagonal unit cell. (b) High-resolution TEM images of the
individual a-HgS NP; arrow marks the c-axis direction of the NP,*! Scale bar is 5 nm. (c) CD

spectra of a-HgS NPs obtained at different molar ratio of D- and L-penicillamine.>!

In more recent works, Ouyang and co-workers achieved the preparation of a-HgS nanostructures
with independently controlled chiral crystalline lattice and chiral twisted morphology (Figure 1-6).%%7
They demonstrated that both the crystallographic and morphological chirality of o-HgS nanotwists
(NTs) have a definitive effect on the CD spectral profiles.’® For the NTs, the CD activity around 540
nm is attributed to the crystallographic chirality, whereas one below 500 nm is determined by the
interplay between chiral morphology and chiral lattice. Later, some other investigations have been
performed to get a fundamental understanding of the optical activity of the a.-HgS NPs because of

their significant CD responses.’>**° Meanwhile, the mechanism of how the crystallographic chirality

in the core of NPs is controlled by surface chiral ligands had yet to be figured out.
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Figure 1-6. (a) Schematic preparation of a.-HgS NTs with both crystallographic and morphological
chirality form a-HgS NPs. (b) High-resolution TEM images of a-HgS NTs with right-handed (left)
and left-handed twisted morphology.*¢

1-4. Objectives and scope of this thesis.

The large variety of chiral inorganic nanomaterials has been emerging for only two decades and
rapidly developed due to their significant chiral properties as discussed above. 2’2>%%33 Nevertheless,
a central question in the field of nanoscale chirality still remains unanswered: How does chirality
transfer operate from a chiral ligand to an inorganic structure? I assumed that difficulty in the
evaluation of detailed structures of such inorganic nanomaterials is the major issue. To the best of my
knowledge, very limited studies have been reported to unveil their chiral structures®® including gold
and silver nanoclusters which afforded single crystals for X-ray analysis.'®** The X-ray crystal
structures have enabled researchers to discuss the origin of chiral structure in the multiscale dimension
in an unambiguous manner. In contrast, the detailed investigations on the structure of semiconductor
NPs have mostly relied on transmission electron microscopy (TEM) since their sizes are suitable for
the technique, and the finite size distribution prevents the formation of single crystals. However, even
the high-resolution imaging technique is unable to shed light on the chiral defect or chiral arrangement
of ligands on the surface, which have been considered to be one of the origins of chirality in NPs. In
this dissertation work, I expected that the NPs composed of cinnabar (a-HgS) with an intrinsically
chiral crystalline system could be an ideal model to discuss how the chirality of surface ligand operates
on the controlled synthesis of chiral NPs and vice versa (how the chirality of the core operates on the
surface ligands). The employment of intrinsically chiral inorganics makes the discussion simpler since
their crystallographic structures adopt either of right- or left-handed chiral atomic arrangement.
Furthermore, the giant chiroptical response originating from the crystallographic chirality is
advantageous to explore the formation and temporal evolution of chiral NPs. It was also reported that
the synthesis of a-HgS NPs proceeds via the transient formation of metastable -HgS which could be

monitored by the absorption spectral change.*! I suppose that this B-to-o. phase transition is a chirality



induction process in the NPs in which the presence of chiral ligands should have an effect.

In the intrinsically chiral nanomaterial systems, the chiral surface can be displayed at a low Miller
index surface. These nanomaterials have attracted much interest as a chiral source, affording
enantioselective processes such as a catalyst.®'** Nevertheless, there are few studies on chirality
transfer from inorganic nanomaterials to adsorbed molecules on their surface.®*%’

This thesis aims to (1) reveal the underlying mechanism to translate chirality of ligand molecules
to HgS NPs, and (2) challenge the chirality transfer from chiral a-HgS NPs to surface ligand molecules.

The study of chiral a-HgS NPs is just at the infant stage with full of potential and challenges.

In 2016, when I started this dissertation research, there was only one report on the chiral a.-HgS NPs,
which described the synthesis of the NPs with unknown enantioselectivity.’! The thesis, therefore,
proceeds first with a discussion of ligand effects on the optical activity and induction of chirality in
HgS NPs (Chapter 2). The arrangement of chiral ligands on the NP surface through bidentate binding
modes facilitates the chiral induction. Interestingly, a slight difference in chemical structures of chiral
ligands with an identical stereochemistry (L-cysteine and N-acetyl-L-cysteine) resulted in the reversal
of chirality in the a-HgS core. This result proposed that the difference in the bidentate coordination
structures of chiral ligands could lead to chirality inversion. Moreover, a chiral memory effect of the
NPs is also demonstrated by the ligand exchange with achiral ligands.

In Chapter 3, the optical activity inversion in the synthesis of a-HgS NPs using even an identical
chiral ligand is shown. This inversion is considered to be triggered by a change in the coordination
structures of N-acetyl-L-cysteine ligand on the NP surface. The mechanism of optical activity inversion
is discussed through experimental and theoretical studies in Chapter 3. It is demonstrated that chiral
molecules bind to the surface with nearly mirror-image configurations, which can give rise to the
preferential formation of a-HgS with opposite handedness.

In Chapter 4, I discuss spontaneous amplification of enantioselectivity of the chiral a.-HgS NPs in
the Ostwald ripening process. It has been assumed that the use of chiral Pen ligand led to the highly
enantioselective formation of a-HgS NPs by various groups.’'>® However, the origin of high
enantioselectivity had been unclear. Given the results in Chapter 3, the use of enantiopure ligands can
not necessarily provide enantiopure o-HgS NPs with identical handedness. A detailed study on the
formation and growth of the HgS NPs was conducted in Chapter 4, leading to a significant finding
that the Ostwald ripening-aided growth amplifies enantioselectivity in the synthesis of a-HgS NPs.

In Chapter 5, I develop a new approach to generate CPL-active materials system composed of
chiral inorganic NPs and achiral luminescent ligands. The achiral molecule adsorbed on the surface of
a-HgS NTs (Figure 1-6) exhibited intense CPL signals, whereas no CPL was observed for the same
ligand bound to the a-HgS NPs with achiral morphology. In addition, the handedness of the CPL can
be controlled not by the crystallographic chirality but by the morphological chirality of the NTs. The

achiral luminescent molecules are considered to be arranged in a chiral manner on the chiral-shaped



NT surface, resulting in CPL generation.
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Chapter 2
The Effect of Surface Ligands on the Optical Activity of HgS Nanoparticles

2-1. Introduction.

Among all the chiral semiconductor NPs so far reported, cinnabar (o.-HgS) NPs have exhibited the
highest magnitude of circular dichroism (CD) signals.! Cinnabar is known as a chiral mineral, which
has been used as a red pigment since antiquity. The surface of bulk cinnabar was used in an
enantioselective synthesis as a heterogeneous chiral initiator in asymmetric catalysis.>® Markovich
and co-workers succeeded in the enantioselective synthesis of a-HgS NPs through the use of the
enantiomeric ligand molecule, penicillamine (Pen).! The chiral ligand is considered to play a role in
the preferential formation of one-handed cinnabar NPs, controlling the enantiomeric excess (ee) of
NPs. There has been no report about the modification in the chemical structure of chiral ligands in the
synthesis of a.-HgS NPs, which can influence the optical activity and/or the NP ee. The chiral a-HgS
NPs gave dissymmetry factor values in absorption, gaps (gas = Ae/g), of 0.012 at the first band-edge
peak position, which is exceptionally larger compared to the gus values of 10#-107° for those of
semiconductor NPs such as CdSe, CdTe, and ZnSe with intrinsically achiral crystalline systems.*®
Given that this immense optical activity is directly related to the chiral crystal core, the chiroptical
property should be preserved even after ligand-exchange to an achiral ligand, exhibiting the more
prominent and obvious chiral memory effect than that demonstrated by the chiral CdTe NPs with
surface-localized chirality.*

In this chapter, I demonstrate the chiral memory effect of a-HgS NPs with a chiral crystal core.
The chiral a-HgS NPs are prepared in the presence of four different enantiomeric ligands in water,
and the effects of the ligand structure on the CD profiles are examined. The surface ligands of these
NPs are then replaced with achiral ligands to investigate the preservation of optical activity. The
robustness of the chiral memory in the chiral HgS core is demonstrated by monitoring the time-course

of CD amplitude at a high temperature.

2-2. The effect of chemical structure of chiral ligand on chiroptical properties of a-HgS NPs.
Four chiral ligands including (D, L)-Pen, (D, L)-cysteine (Cys), N-acetyl-L-cysteine (Ac-L-Cys),
and N-isobutyryl-L-cysteine (Ib-L-Cys) were tested as a capping ligand of HgS NPs (Scheme 2-1).
HgS NPs were prepared in the presence of these chiral ligands, in which the molar ratio between the
Hg ion and ligand was set to 1:1. In addition to D- and L-Pen, which have already been reported to
passivate a-HgS NPs,! the other three chiral ligand systems successfully led to the formation of HgS
NPs with a cinnabar phase. After the addition of thioacetamide, the reaction mixture exhibited a dark-
brown color corresponding to the formation of the metastable achiral phase (B-HgS) confirmed by the

powder X-ray diffraction (XRD) measurement (Figure 2-1a).’ Transmission electron microscopy
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(TEM) observation revealed that the B-HgS NPs have a spherical or polyhedral shape with an average
diameter of 3.6 nm (Figure 2-1b, c¢). The solution color gradually changed from black to orange in a
few hours depending on the ligand structure. The gradual change of color indicates the transformation
of semimetal metacinnabar NPs into cinnabar NPs with bulk bandgaps of zero and 2.2 eV,
respectively.'” The XRD patterns indicate that all the resulting NPs exhibit the cinnabar phase (Figure
2-2). Figure 2-3 shows typical TEM images of a-HgS NPs capped with the enantiomeric ligands.
While the HgS NPs capped with Pen, Ac-L-Cys and Ib-L-Cys possessed similar prolate spherical
shapes with relatively large size distributions having approximate lengths and widths of 10—20 nm
and 5—8 nm, respectively, the Cys-capped NPs exhibited irregularly shaped morphologies. The shape
and size of the NPs with (D, L)-Pen and (D, L)-Cys do not depend on the ligand chirality. The high-
angle annular dark-field scanning TEM (HAADF-STEM) images of the Pen-capped NPs reveal that

each NP is composed of a single-crystalline structure (Figure 2-3a inset).
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Figure 2-1. (a) XRD profile, (b) TEM image and (c) size-distribution of 3-HgS NPs capped D-
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Figure 2-2. XRD profiles of HgS NPs capped with D-Pen (blue), D-Cys (cyan), Ac-L-Cys (red)
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I have performed UV-vis absorption spectra measurements on o-HgS NPs with four ligand systems
(Figure 2-4). The NPs prepared in the presence of Pen, Cys, and Ib-L-Cys gave broad UV-vis
absorption profiles with an absorption edge around 570 nm, while the NPs capped with Ac-L-Cys
exhibited an absorption spectrum with a tail extended to 700 nm, indicating the slight contamination
with B-HgS NPs which could not be detected in the XRD spectrum (Figure 2-2). Compared with the
bandgap of bulk single crystal (2.2 eV), the absorption edge of NPs gave almost no shift, indicating
the negligible quantum confinement effect. A set of enantiomeric ligands exhibited almost identical
absorption features of HgS NPs capped with (D, L)-Pen and (D, L)-Cys. The absorption profiles were
accompanied by an absorption bump at 480, 525, 480 and 480 nm for a-HgS NPs capped with Pen,
Cys, Ac-L-Cys, and Ib-L-Cys, respectively. This difference should be explained by difference in the
NPs electronic structures which are modified in response to the chiral ligand structure.

The a-HgS NPs capped with chiral ligands displayed optical activities in the UV to visible range
below 600 nm (Figure 2-4). Considering that the ligand does not have effective absorbance above 300
nm, the obtained CD features should stem from the optically active HgS NPs. A set of enantiomeric
combination exhibited the mirror-image CD profiles for the Pen- and Cys-capped NPs. The CD
spectral profiles differ from each other depending on the chemical structure of chiral ligands. Both L-
Pen and L-Cys induced the HgS NPs showing a negative Cotton effect in the range of the exitonic
absorption band, suggesting the preferential formation of the a-phase with the same handedness. The
difference in the CD spectral shapes between L-Pen- and L-Cys-capped NPs could result from
difference in the electronic structures in the HgS core with different morphologies (Figure 2-3).
Ouyang and co-workers demonstrated that both the crystallographic and geometric (NP-shape)
chirality of HgS NPs have a distinctive effect on the CD spectral shape.!' The CD activity centering
at 540 nm is attributed to the crystallographic chirality, whereas one below 500 nm is mainly
determined by interplay between chiral morphology and chiral lattice. The difference between the Pen-
and Cys-capped HgS NPs in NP-morphologies might be responsible for the difference in the CD
profiles below 500 nm.!! The a-HgS NPs with Pen- and Cys-ligands gave similar maximum [gabs|
values of 0.012 and 0.010, respectively, at around 550 nm. The optical activity should be a result of
unequal populations between right- and left-handed a-HgS cores. Since the |gavs| value is proportional
to the ee value of the NPs, the similar |gabs| values indicate the similar ee values of Pen- and Cys-
capped HgS NPs. The HgS NPs capped by Ib-L-Cys gave a CD signal with a negative first Cotton
effect similar to that obtained for L-Pen capped NPs with higher amplitude (|gas| = 0.016). The Ib-L-
Cys can induce the formation of a larger enantiomeric ee of a-HgS NPs. This result suggests that
chemical structures of chiral ligands give an effect on enantiopurity of the resulting NPs.

Interestingly, the use of Ac-L-Cys reversed the CD response with respect to that of L-Pen-capped
HgS NPs despite an identical stereochemistry of these chiral ligands (Figure 2-4). Both ligands gave

a-HgS NPs with similar prolate spherical shapes and similar UV-vis absorption profiles, whereas they
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exhibit CD spectra in mirror images to each other with varying degrees of amplitude. This result
suggests that each ligand led to the preferential formation of an enantiomorphic a-phase with a
handedness opposite to each other. The maximum gaps value was estimated to be 0.005 at 550 nm for
the Ac-L-Cys capped HgS NPs, which is small considering the chirality of the crystallographic systems.
The HgS NPs with Ac-L-Cys are therefore most likely composed of both handed enantiomorphic NPs
with a smaller ee than that for L-Pen-capped NPs. The inversion of chirality by surface ligands with
an identical stereochemistry has already been reported for the CdS and CdSe NPs utilizing the same
ligands as in this study (L-Pen and Ac-L-Cys)."> These ligands are supposed to bind to the
semiconductor in a bidentate manner using thiolate and either of carboxylate, amine or acetyl-carbonyl
groups.'>” ! Theoretical study has demonstrated that the difference in the preferred bidentate binding
modes on the CdSe NPs could give quasi-mirror image CD spectra.'? The arrangement of chiral
ligands on the HgS core surface through bidentate binding modes most likely facilitated the phase
transition from the achiral B-phase to chiral a-phase, and the delicate equilibrium between several
binding modes should determine the preferred handedness in the chiral a-phase. In this stage, there is
no information on the bidentate binding modes of chiral ligands on the HgS surface. However, I could
predict that Ac-L-Cys molecules adopt a different binding arrangement compared to L-Pen, L-Cys and

Ib-L-Cys, which is discussed in the following chapter.
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Figure 2-4. Absorption and CD spectra of HgS NPs capped with (a) D- and L-Pen, (b) D- and L-
Cys, (¢) Ac-L-Cys and (d) Ib-L-Cys.

The use of achiral ligands such as 3-mercaptopropionic acid (MPA) and 2-aminoethanethiol (AET)
could not lead to the a-phase but preserved the B-phase with an absorption profile extended over 750
nm (Figure 2-5). Even heating these solutions at 80 °C could not induce the a-phase but gave irregular
aggregates as the participate. These ligands could not attain the bidentate coordination while ensuring
water-dispersibility. Several considerations thus led to the conclusion that bidentate binding modes of

chiral ligands play an important role in the chirality induction of HgS NPs.
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Figure 2-5. Absorption spectra of HgS NPs capped with MPA (grey) and AET (black).

2-3. Chiral memory effect of a-HgS NPs

To explore a.-HgS NPs ability to preserve chirality, original hydrophilic chiral ligands of the NPs
were displaced by an achiral ligand, 1-dodecanethiol (DT), using an established phase transfer
procedure.* The solution of DT was added to aqueous solutions of a-HgS NPs capped with (D, L)-Pen
and (D, L)-Cys, and then shaken vigorously over 12 hours to allow DT to replace the hydrophilic
ligands. The DT-capped HgS NPs were stably soluble in chloroform. I confirmed the ligand exchange
with '"H NMR measurement. The DT-capped HgS NP ligand exchanged from D-Cys gave broad signals
similar to those observed for DT-capped Au NPs!'® and no signal corresponding to D-Cys'> was found
(Figure 2-6). I have found that a-HgS NPs before and after the ligand-exchange possess the identical
UV-vis absorption profiles (Figure 2-7a,d), indicating that the NPs maintained the cinnabar crystalline
phase. Figure 2-8 show typical TEM images of the ligand-exchanged HgS NPs. The size of NPs
apparently decreased after ligand-exchange. In particular, the average long-axis length decreased from
15.1 to 6.6 nm, resulting in the round shape of the ligand-exchanged NPs. This result indicated that
the absorption spectral profiles were almost independent of the NP size and also confirmed that the
negligible quantum confinement effect was operative on these HgS NPs. The decrease in the NP size

may be due to chemical etching of HgS core with the excess amount of thiol molecule (DT)."”
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exchange from (D, L)-Pen (a, b, ¢) and (D, L)-Cys (d, e, f), respectively. The NPs before ligand-

exchange from D-isomer and L-isomer are represented blue and red, respectively. The NPs after

ligand-exchange from D-isomer and L-isomer are represented cyan and purple, respectively.

20



&

Figure 2-8. (a, b) TEM and (c) STEM images of HgS NPs after ligand exchange from (a, c¢) Pen

and (b) Cys, respectively.

Both NPs ligand exchanged form D- and L-isomers should have the identical ligand composition
on the NP surface and possess chiral a-HgS cores covered with achiral DT molecules. The DT-capped
HgS NPs preserved the optical activity with an identical sign of Cotton effect at around 550 nm to
those of NPs before the ligand-exchange (Figure 2-7b,e), thus demonstrating the preservation of the
chiral crystalline system in the NP core. The XRD patterns of the ligand exchanged NPs can be
assigned to the chiral cinnabar phase (Figure 2-9). Hence, I concluded that the NPs preserved the chiral

cinnabar crystalline structure even with the achiral ligand.
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Figure 2-9. XRD profiles of HgS NPs before (blue) and after (red) ligand-exchange from D-Pen.

The shape of CD spectral profiles over 400 nm is mostly preserved for DT-capped NPs ligand-
exchanged from (D, L)-Pen, while the those below 400 nm are quite different from each other (Figure
2-7b), suggesting the contribution of chiral geometry and/or the chiral surface states in this CD spectral
region.!! Because the TEM characterization revealed an achiral sphere shape of ligand-exchanged NPs
(Figure 2-8a,b), geometrical contribution to optical activity should be negligible. The HAADF-STEM
image of a DT-capped HgS NP clearly indicated the less crystallinity and more crystalline defects
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compared to that of Pen-capped ones (Figure 2-8c). This result can explain the difference in the CD
features below 400 nm after the ligand-exchange. It should be noted that free cysteine derivative
ligands displayed CD signals only below 300 nm. The CD signals originated from an interaction
between the chiral ligand and semiconductor QDs can be observed over 400 nm, which were several
orders of magnitude lower than the CD response of chiral a-HgS NPs.!” Thus, the difference in the
ligand arrangement after the ligand-exchange was almost negligible in the gus spectra (Figure 2-7c¢,f).

To gain more quantitative understanding of their chiroptical properties, 1 evaluated the
dissymmetric factor gays of ligand-exchanged HgS NPs. In Figure 2-7, the |gabs| values of DT-capped
HgS NPs were about 0.006 and 0.004 after the ligand exchange from (D, L)-Pen and (D, L)-Cys,
respectively. Although the dissymmetry factors decreased from the original values, those values are
still high compared to those of chiral ligand-coated semiconductor NPs with intrinsically achiral
crystalline. The electronic hybridization between chiral ligands and semiconductor cores can be taken
into no account as a reason for the decrease of gaps values because of induced optical activity with the
Zabs values in the range of 107 to 10712131 [t is worth noting that the NP size decreased due to ligand
exchange accompanied by chemical etching. Some investigations of the size-dependent optical
activity of semiconductor NPs with chiral ligands have been previously reported which show that the
smaller NPs exhibited the larger g.»s values, suggesting surface-dominant chirality.?® On the other hand,
the dissymmetry factor gans of the intrinsically chiral a-HgS NPs represents the chiroptical response
per one a-HgS crystalline unit. Obviously, the g value is independent on the NP size.!! The chemical
etching can reduce the NP size and disturb the chiral crystalline atomic arrangement at the HgS core
surface, which is observed as the emergence of a broad peak at 20° in the XRD spectrum corresponding
to the amorphous phase (Figure 2-9). The HAADF-STEM image showed the amorphous phase along
the perimeter of the DT-capped HgS NPs (Figure 2-8c), suggesting less crystallinity compared to the
NPs before ligand-exchange. Due to the high surface-to-volume ratio in the NPs, the loss of chiral
cinnabar crystalline layer should give rise to the decrease in the magnitude of gas values. Even the
amorphous phase should have distinct absorption properties, contributing to the term of extinction
coefficient (¢) but not to the CD activity (Ag) in the gabs value.

To study the influence of the chemical etching on the decrease of the optical activity, I employed
oleylamine (OAm) as an achiral ligand molecule. The amine group in OAm has a relatively lower
binding constant to a semiconductor core surface compared to thiol group, leading to the suppression
of chemical etching even in the presence of an excess of OAm. By ligand exchange from Pen to OAm
under the same conditions as above, OAm-capped HgS NPs dispersed solutions were obtained. The
XRD measurement indicated the maintained cinnabar phase of the ligand-exchanged HgS NPs and
the almost absence of amorphous phase due to the negligible peak around 20° (Figure 2-10a). The
TEM images of the OAm-capped NPs demonstrated no obvious change in the size and shape after
ligand exchange (Figure 2-10b,c). All these results confirmed that negligible chemical etching
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occurred after ligand exchange from (D. L)-Pen to OAm. As shown in Figure 2-11, no meaningful
change was observed in absorption and CD spectra after the ligand exchange. The OAm-capped HgS
NPs gave the similar |gabs| values (0.016) around 550 nm with those of the original enantiomeric Pen-

capped HgS NPs, owing to the absence of the amorphous phase.
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Figure 2-10. (a) XRD profiles of OAm-capped HgS NPs. TEM images of HgS NPs after ligand

exchange from (b) D-Pen and (c) L-Pen.
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Figure 2-11. (a) UV-vis, (b) CD and (c) gavs spectra of HgS NPs before and after ligand exchange
from (D, L)-Pen. The NPs before ligand-exchange from D-isomer and L-isomer are represented
blue and red, respectively. The NPs after ligand-exchange from D-isomer and L-isomer are

represented cyan and purple, respectively.

To obtain further insight into the robustness of the intrinsically chiral structure of a-HgS NPs, I
investigated the thermal stability of the CD intensity for the NPs with chiral L-Cys and achiral DT.
The DT-capped HgS NPs were prepared through the ligand-exchange from L-Cys, and then the
reaction product was dispersed in 1,1,2,2-tetrachloroethane (TCE). The time course of relative CD

amplitude at 540 nm was monitored for the aqueous solution of L-Cys-capped HgS NPs kept at 80 °C
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and the DT-capped HgS NPs in the solution of TCE at 100 °C (Figure 2-12b). The annealing treatment
has no influence on the UV-vis spectral shape of the NPs (Figure 2-12a), indicating the stability of
cinnabar phase in the NP cores. The heat treatment led to a gradual decrease of the CD response for L-
Cys-capped HgS NPs, while that for DT-capped HgS NPs maintained almost 90% of the initial
intensity over 12 h. The finding indicated that the chiral ligand-capped HgS NP undergo a racemization
reaction, which involves the inversion of the handedness of the chiral crystalline structures.
Surprisingly, the chirality of DT-capped NPs was preserved even in the absence of chiral ligands and
at a higher temperature. Considering that achiral ligand-capped Ausg nanoclusters with an intrinsic
chiral arrangement of a small number of gold atoms showed thermal racemization at moderate
temperatures (40—70 °C),>'* the activation energy to the racemization of the HgS NPs should be
reasonably high. This result also could exclude the racemization of NPs as a reason for the decrease
in the gabs values after the ligand exchange to DT. In this stage of study, I expect that the higher
dispersion stability of the DT-capped NPs may be related to the enhancement compared to that for the
Cys-capped NPs. Short-chained water-soluble thiols were reported to possess weak passivation
capability to nanocrystal cores,?* resulting in the irreversible formation of precipitates after thermal

treatment.
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Figure 2-12. (a) Absorption spectral change of HgS NPs capped with L-Cys and DT before and
after the heat treatment. (b) Time course of CD intensity at 540 nm for Cys- (blue) and DT-capped
HgS NPs (red).

2-4. Conclusions.

Mercury sulfide NPs were prepared in the presence of water-soluble thiols as capping ligands.
Chiral thiol ligands, cysteine-based derivatives, successfully afforded the formation of chiral cinnabar
phase from the achiral metacinnabar phase, leading to optically active NPs. A slight modification in
the chemical structures of chiral ligands with an identical stereochemistry (L-form) resulted in the

reversal of chirality in the a-HgS core. This finding suggests that the preferential handedness of chiral
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a-HgS core can be determined by ligand binding geometry (coordination mode) on the NP surface.
Considering the use of achiral thiols preserved the B-phase of the HgS NPs, I proposed that bidentate
binding modes of chiral ligands play an important role in the induction of chirtality in HgS NPs.

I demonstrated that the chiral crystalline structure of the HgS cores was preserved after the ligand-
exchange by achiral ligands, DT and OAm. The dissymmetry factor of the DT-capped NPs decreased
by almost half, which could be attributed to the amorphous phase formed by the chemical etching.
Meanwhile, the ligand exchange performed with OAm successfully suppressed this etching even in
the presence of an excess of OAm, resulting in almost complete preservation of optical activity in o-
HgS NPs. The chiral crystalline phase was robust enough to be preserved even at high temperature in
the absence of the chiral ligand. The chiral memory effect has important implications for future
applications of the a-HgS NPs, e.g., for chiral sensing and symmetric catalyst. In Chapter 5, I actually
employed chiral a-HgS NPs as a chiral template to generate CPL property of an achiral fluorescent

surface ligand.
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2-5. Experimental; Synthesis of o-HgS NPs and ligand-exchange from chiral ligands to 1-
dodecanthiol (DT) and oleylamine (OAm).

HgS NPs were prepared and purified according to the method reported by Markovich and co-
workers. An aqueous solution of Hg(NO3), (100 mM, 0.9 mL) was diluted with water (3.0 mL), and
then an aqueous solution of a chiral ligand (100 mM, 0.9 mL) was added. The resulting mixture was
stirred at room temperature for a few minutes, and its pH value was increased slowly to approximately
11.5 by the dropwise addition of aqueous NaOH (1 M, 0.4 mL). The addition of an aqueous
thioacetamide solution (100 mM, 0.9 mL) led to the immediate appearance of a dark brown color
corresponding to the formation of HgS NPs with the metastable B-phase. The reaction mixture was
stirred in the dark for 24 h at room temperature for the synthesis of Pen-capped HgS NPs. The synthesis
of Cys-, Ac-L-Cys- and Ib-L-Cys-capped HgS NPs needed further stirring at 50 °C for over 3 h.
Acetone was then added to precipitate the HgS NPs from the reaction solution. The NPs were collected
by centrifugation for 5 min at 5 000 rpm and then redissolved in water. HgS NPs were purified by
repetitive dispersion-reprecipitation cycles using water and acetone.

Original hydrophilic chiral ligands of a-HgS NPs were displaced by 1-dodecanethiol (DT) and
oleylamine (OAm) using an established phase transfer procedure. An aqueous solution of the NPs (1
mL) was mixed with 1 mL of DT and OAm followed by the addition of 1 mL of acetone. The reaction
mixture was stirred vigorously at 50 °C for over 2 h. The transfer of NPs to the organic phase was
easily detected by its color change. After phase transfer, the organic phase was carefully collected and
mixed with methanol, followed by centrifugation at 5 000 rpm for 5 min. The NPs were washed two
times with methanol after redispersed in a drop of chloroform. As a result, the a-HgS NPs can be

dispersed well in chloroform and optical properties were measured.

2-6. Experimental; Characterization.

UV-vis absorption spectra were collected at room temperature using a Jasco V660
specraphotometer. CD spectra were recorded at 25 °C using Jasco J-725 spectropolarimeter equipped
with a single position Peltier temperature control system. Conditions were as follow: scanning speed
200 nm/min, data pitch 1.0 nm and bandwidth 4 nm. A quartz cuvette with a 1 cm path length was
used for all UV-vis and CD experiments. Samples for TEM and STEM were prepared by drop-cast of
a solution of HgS NPs onto carbon-coated copper grids and dried in vacuum. TEM and HAADF-
STEM imaging was performed on a JEOL JEM-2200FS electron microscope and Hitachi HD-2700,
respectively. X-ray diffraction data was collected using a Rigaku RINT-TTR III/NM X-ray

diffractometer.

26



2-7. References.

1

10

11

12

13

14

15

A. Ben-Moshe, A. O. Govorov, G. Markovich, Enantioselective Synthesis of Intrinsically Chiral
Mercury Sulfide Nanocrystals, Angew. Chem., Int. Ed. 2013, 52, 1275-1279.

B. Pal, S. Ikeda, B. Ohtani, Photoinduced Chemical Reactions on Natural Single Crystals and
Synthesized Crystallites of Mercury(IlI) Sulfide in Aqueous Solution Containing Naturally
Occurring Amino Acids, Inorg. Chem. 2003, 42, 1518-1524.

H. Shindo, Y. Shirota, K. Niki, T. Kawasaki, K. Suzuki, Y. Araki, A. Matsumoto, K. Soai,
Asymmetric Autocatalysis Induced by Cinnabar: Observation of the Enantioselective Adsorption
of a 5-Pyrimidyl Alkanol on the Crystal Surface, Angew. Chem., Int. Ed. 2013, 52, 9135-9138.
T. Nakashima, Y. Kobayashi, T. Kawai, Optical Activity and Chiral Memory of Thiol-Capped
CdTe Nanocrystals, J. Am. Chem. Soc. 2009, 131, 10342—-10343.

S. A. Gallagher, M. P. Moloney, M. Wojdyla, S. J. Quinn, J. M. Kelly, Y. K. Gun’ko, Synthesis
and spectroscopic studies of chiral CdSe quantum dots, J. Mater. Chem. 2010, 20, 8350-8355.
M. Wojdyla, S. A. Gallagher, M. P. Moloney, Y. K. Gun’ko, J. M. Kelly, L. M. Magno, S. J. Quinn,
I. P. Clark, G. M. Greetham, M. Towrie, Picosecond to Millisecond Transient Absorption
Spectroscopy of Broad-Band Emitting Chiral CdSe Quantum Dots, J. Phys. Chem. C 2012, 116,
16226-16236.

V. A. Gérard, M. Freeley, E. Defrancq, A. V. Fedorov, Y. K. Gun’ko, Optical Properties and In
Vitro Biological Studies of Oligonucleotide-Modified Quantum Dots, J. Nanomater. 2013,
463951.

J. E. Govan, E. Jan, A. Querejeta, N. A. Kotov, Y. K. Gun’ko, Chiral luminescent CdS nano-
tetrapods, Chem. Commun. 2010, 46, 6072—6074.

R. W. G. Wckoff, Crystal Structures 1, Interscience Publishers: New York, 1963.

H. Wang, J. J. Zhu, A sonochemical method for the selective synthesis of alpha-HgS and beta-
HgS nanoparticles, Ultrason. Sonochem. 2004, 11, 293-300.

P.-P. Wang, S.-J. Yu, A. O. Govorov, M. Ouyang, Cooperative expression of atomic chirality in
inorganic nanostructures, Nat. Commun. 2017, 8, 14312.

J. K. Choi, B. E. Haynie, U. Tohgha, L. Pap, K. W. Elliott, B. M. Leonard, S. V. Dzyuba, K. Varga,
J. Kubelka, M. Balaz, Chirality Inversion of CdSe and CdS Quantum Dots without Changing the
Stereochemistry of the Capping Ligand, 4ACS Nano 2016, 10, 3809-3815.

Y. -S. Park, A. Dmytruk, I. Dmitruk, A. Katsuya, M. Takeda, N. Ohuchi, Y. Okamoto, N. Kaji, M.
Tokeshi, Y. Baba, Size-Selective Growth and Stabilization of Small CdSe Nanoparticles in
Aqueous Solution, ACS Nano 2010, 1, 121-128.

S. D. Elliott, M. P. Moloney, Y. K. Gun’ko, Chiral Shells and Achiral Cores in CdS Quantum
Dots, Nano Lett. 2008, 8, 2452-2457.

V. A. Kuznetsova, E. Mates-Torres, N. Prochukhan, M. Marcastel, F. Purcell-Milton, J. O’Brien,

27



16

17

18

19

20

21

22

23

24

A. K. Visheratina, M. Martinez-Carmona, Y. Gromova, M. Garcia-Melchor, Y. K. Gun’ko, The
Effect of Chiral Ligand Concentration and Binding Mode on Chiroptical Activity of CdSe/CdS
Quantum Dots, 4CS Nano 2019, 13, 13560-13572.

G. Canzi, A. A. Mrse, C. P. Kubiak, Diffusion-Ordered NMR Spectroscopy as a Reliable
Alternative to TEM for Determining the Size of Gold Nanoparticles in Organic Solutions, J. Phys.
Chem. C 2011,115, 7972-7978.

F. Hidalgo, C. Noguez, How to control optical activity in organic—silver hybrid nanoparticles,
Nanoscale 2016, 8, 14457—-14466.

U. Tohgha, K. K. Deol, A. G. Porter, S. G. Bartko, J. K. Choi, B. M. Leonard, K. Varga, J. Kubelka,
G. Muller, M. Balaz, Ligand Induced Circular Dichroism and Circularly Polarized Luminescence
in CdSe Quantum Dots, ACS Nano 2013, 7, 11094-11102.

U. Tohgha, K. Varga, M. Balaz, Achiral CdSe quantum dots exhibit optical activity in the visible
region upon post-synthetic ligand exchange with D- or L-cysteine, Chem. Commun. 2013, 49,
1844-1846.

A. Ben-Moshe, D. Szwarcman, G. Markovich, Size Dependence of Chiroptical Activity in
Colloidal Quantum Dots, ACS Nano 2011, 5, 9034-9043.

I. Dolamic, S. Knoppe, A. Dass, T. Biirgi, First enantioseparation and circular dichroism spectra
of Au38 clusters protected by achiral ligands, Nat. Commun. 2012, 3, 798.

S. Knoppe, I. Dolamic, T. Biirgi, Racemization of a Chiral Nanoparticle Evidences the Flexibility
of the Gold—Thiolate Interface, J. Am. Chem. Soc. 2012, 134, 13114-13120.

S. Malola, H. Hikkinen, Chiral Inversion of Thiolate-Protected Gold Nanoclusters via Core
Reconstruction without Breaking a Au—S Bond, J. Am. Chem. Soc. 2019, 141, 6006—-6012.

Y. Taniguchi, T. Takishita, T. Kawai, T. Nakashima, End-to-End Self-Assembly of Semiconductor
Nanorods in Water by Using an Amphiphilic Surface Design, Angew. Chem., Int. Ed. 2016, 55,
2083-2086.

28



Chapter 3
Optical Activity Inversion of Chiral Mercury Sulfide Nanoparticles Induced by

Chiral Ligand Coordination Alternation

3-1. Introduction.

Chirality is one of the most fascinating characteristics in nature and is also an important research
subject in a variety of fields ranging from astronomy to chemical science. Extensive research has been
conducted on chirality-related phenomena such as chiral transfer, transcription, amplification,
recognition, memory, and inversion in organic molecular systems. Typically, a variety of the systems
including helical polymers and supramolecular assemblies' exhibited the inversion of optical activity
without reconstructing covalent bonds. Slight perturbation such as heat, solvents and chemicals can
induce the helix inversion in such non-covalently stabilized chiral systems. Chiral inversion was also
induced in the gold nanoclusters through ligand exchange with the opposite enantiomer® or
rearrangement in a surface staple structure.>* Meanwhile, ligand coordination on the NP-surface plays
a more decisive role in the chirality induction in the semiconductor NPs systems.”!! Even the use of
ligands with the same stereochemistry but different chemical structures gives opposite responses in
CD spectra, in which enantiomeric binding arrangements on the NP-surface were considered
responsible for the reversal of optical activity.”**!! These results motivate me to explore in situ chirality
inversion in NPs with an identical ligand system by triggering a change in the coordination structure
on the NP-surface. As elucidated in Chapter 2, chiral thiol ligands successfully afforded the formation
of the chiral cinnabar phase (a-HgS), leading to optically active NPs. Moreover, a slight modification
in the chemical structures of chiral ligands with an identical stereochemistry (L-form) resulted in the
reversal of chirality in the a-HgS core. In this Chapter, I describe the observation of optical activity
inversion in the synthesis of a-HgS NPs using an identical chiral thiolate ligand. The aqueous solution
of HgS NPs synthesized in the presence of N-acetyl-L-cysteine (Ac-L-Cys) gave the first positive
Cotton effect, which progressively decreased to eventually become a negative one with heating at 80
°C. The mechanism of optical activity inversion is discussed through experimental study and

calculations.

3-2. Optical activity inversion of chiral HgS NPs with N-acetyl-L-cysteine.

I prepared HgS NPs by a colloidal precipitation method in the presence of Ac-L-Cys according to
the procedure as described in Chapter 2-6."""!* The addition of thioacetamide to an aqueous solution
of mercury ions and Ac-L-Cys molecules was accompanied by the immediate appearance of dark
brown color corresponding to achiral B-HgS NPs with a cubic zincblende structure. The solution color
gradually changed to orange in 2 hours through heat treatment at 80 °C. The NPs gave broad UV-vis

absorption profiles with an absorbance band at 470 nm (Figure 3-1a), suggesting the transformation
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to the thermodynamically favorable o phase. The a-HgS NPs capped with Ac-L-Cys exhibit a CD
spectrum showing a positive first Cotton effect (Figure 3-1b). The dissymmetry factor gu.ns value was
estimated to be 1.7x107 at 550 nm, which is smaller compared to those for Cys- and Pen-capped HgS
NPs (|gabs|=1.0x102and 1.2x1072, respectively).'!*> In Chapter 2, I concluded that the small gans value
for the HgS NPs with Ac-L-Cys is attributed to the formation of both handed enantiomorphic NPs with
a smaller enantiomeric excess (ee) than that for L-Pen-capped NPs. As described in Chapter 4, the
enantiopure o-HgS NPs afford the |gans| value as high as 0.021, the |gabs| value of 1.7x107 for the NPs
capped with Ac-L-Cys corresponds to ee value of 0.08. The uneven population between the HgS NPs
exhibiting positive- and negative-CD signals around 550 nm, hereafter referred to a”-HgS and a-
HgS NPs, respectively, is thus responsible for the observed CD activity in the HgS NP system. The
extended heating treatment at 80 °C led to the gradual decrease in the CD intensity followed by the
reversal of the CD profile, giving the negative first Cotton effect after 10 h heating (Figure 3-1b). The
saturation of the change in absorption and CD spectra appeared after 36 h heating and the minimum
gabs value reached to —1.6x107° (Figure 3-1c), corresponding to the ee value of —0.08. The major
component NPs before and after the optical activity inversion have opposite chirality in the HgS cores
capped with an identical chiral ligand, showing a diastereomeric relationship. The fact is reflected in
the non-mirrored CD characteristics of the NPs before and after the CD inversion.!! Temperature
treatment has no significant influence on the UV-vis spectral shape of the NPs, indicating that the NPs
maintained the cinnabar crystalline phase (Figure 3-1a). In association with this CD spectral change,
an increase in the absorbance was observed, suggesting an increase in the number and/or size of NPs.
This increase is accompanied by the inversion of relative population between o)-HgS and o()-HgS

NPs.
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Figure 3-1. Time-dependent (a) UV-vis and (b) CD spectra of HgS NPs upon heating at 80 °C. (c)

Evolution of gas values at the CD peak position upon heating.
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Powder X-ray diffraction (XRD) verified the chiral cinnabar phase of the Ac-L-Cys capped HgS
NPs before and after the CD inversion (Figure 3-2). We confirmed the maintenance of the cinnabar
phase, which is consistent with the UV-vis spectra in Figure 3-1a. Figure 3-3a,c show typical TEM
images of NPs after 2 h and 60 h heating. The both NPs possessed the same prolate spheroidal shape,
whereas the average NP size showed a slight increase in the width from 7.2 to 9.5 nm and the length
from 13.8 to 18.8 nm. This result also supported the continuous growth of the NPs upon heating at 80
°C. The size distribution of the NPs changed from 21.5 to 24.2 % after the heating treatment for 60 h
(Figure 3-3b, d). The broadening in the size distribution along with the growth of NPs is characteristic
of the Ostwald ripening process.!* The HAADF-STEM images clearly illustrated that the HgS NPs

before and after the CD inversion are composed of a single-crystalline structure.
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Figure 3-2. XRD profiles of Ac-L-Cys capped HgS NPs before (2 h heating) and after (60 h heating) the CD

inversion.
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Figure 3-3. (a, ¢) TEM and STEM (inset) images and (b, d) size distribution of HgS NPs after (a, b) 2 h and
(c, d) 60 h heating.

In this chapter, I hypothesize three mechanisms for the inversion of relative population between
aM-HgS and a)-HgS NPs (Figure 3-4). The first one is that the formation of the a”-HgS NP is
followed by that of the kinetically favored a”-HgS NP (Figure 3-4(1)). The second mechanism
involves the ripening process, in which the aY-HgS NPs are consumed to dissolve into monomers for
the growth and/or formation of a)-HgS NPs (Figure 3-4(2)). The third one is the inversion of the
handedness of the chiral crystalline structure in a single NP (Figure 3-4(3)). To elucidate the underlying
mechanism of the optical activity inversion of a-HgS NPs, a few control experiments have been
performed. The prepared a"-HgS NPs were purified to remove the unbonded Ac-L-Cys ligand
molecules and unreacted ionic species (Hg*" and S*). The heating treatment at 80 °C on the purified
NPs solution could not induce the CD inversion (Figure 3-5a). However, the free Ac-L-Cys molecules
were added to the purified solution, and the similar inversion of optical activity was observed (Figure
3-5b). These experiments suggest that the CD inversion is not predominantly attributed to the first
mechanism (Figure 3-4(1)). It is known that excess ligand molecules facilitate the ripening reaction of
inorganic nanoparticles,'* and more plausible explanation for the inversion is the second mechanism
(Figure 3-4(2)). As mentioned, the broadened size distribution of the NPs after 60 h heating also

supported the occurrence of the ripening reaction accompanied by the CD inversion. The different
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stability between the o”- and a.)-HgS NPs can allow the ripening process and be associated with the
different mode of surface passivation by the ligand molecules. The third mechanism should involve
the change or inversion in the chiral atomic arrangement in a single HgS NP. Unfortunately, there is
no direct information on this mechanism and observable intermediate state. Biirgi and co-workers
demonstrated the thermal racemization of achiral ligand-capped Ausg nanoclusters with an intrinsic
chiral arrangement of a small number of gold atoms.®> Since this racemization corresponded to an
intramolecular atomic rearrangement of the nanocluster, no acceleration of the reaction was found in
the presence of an excess amount of ligand molecules. However, in the current system, when Ac-L-
Cys was added to the purified a(P-HgS NPs solution, the optical activity inversion was observed
(Figure 3-5). It is reasonable to assume no or small contribution of the third mechanism to the CD

inversion of HgS NPs.
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Figure 3-4. Illustration of three possible mechanisms for the inversion of relative population

between a)-HgS and o )-HgS NPs.
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Figure 3-5. CD spectral changes of the purified HgS NPs solution upon heating at 80 °C in (a) the

absence of and (b) presence of the free Ac-L-Cys molecules, respectively.

3-3. Investigation of ligand configuration on the HgS NP surface.

One explanation for the different relative stability between oV- and a?-HgS NPs might be a
difference in the Ac-L-Cys binding mode with Hg>" ions on the NP surface. The Ac-L-Cys ligand at
experimental pH over 11.0 has three moieties as thiolate, carboxylate and acetylcarbonyl functional
groups. Potentially all of them can be coordinated to Hg?" ions on the NP surface, while thiolate has
the strongest affinity to the ions. Thus, Ac-L-Cys can bind to the NP surface via all three groups
(tridentate), or via a combination of thiolate and either of carboxylate (S—COO bidentate) or
acetylcarbonyl (S—Ac bidentate) groups. The tridentate binding would impair the electrostatic
stabilization of the colloidal semiconductor NPs by decreasing the net negative charge on the topmost
surface of NPs, potentially causing their aggregation.” The presence of neighbor ligand molecules
should restrict the number of available surface interaction sites. For these reasons, the possibility of
the tridentate binding mode of Ac-L-Cys was ruled out in this study.!>!'® Two possible combinations
of bidentate binding modes’!>!7 are depicted in Figure 3-6. Importantly, the bidentate coordination
with S—COO and S—Ac are able to give nearly mirror-imaged coordination configurations on the NP
surface. Considering opposite enantiomers of cysteine derivatives, which should show coordination
configuration with mirror image relationship, preferentially induce a-phase with opposite chirality, as
elucidated in Chapter 2, these S—COO and S—Ac bidentate coordination structures could be assumed
to stabilize opposite-handed a-HgS NPs to each other. I hypothesized that the conversion between the

preferential coordination configurations would take place during the CD inversion.
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Figure 3-6. (left) Chemical structure of Ac-L-Cys and (right) possible bidentate coordination of
Ac-L-Cys on the HgS NP surface.

To discuss the role of coordination structure, I also employed N-isobutyryl-L-cysteine (Ib-L-Cys)
as a surface ligand molecule. The bulky isopropyl group in Ib-L-Cys should hamper the coordination
of the amide-carbonyl group to the surface of NPs, which was confirmed by following simulations. I
performed molecular mechanical (MM) simulations on an Ib-L-Cys molecule adsorbed on the (001)
surface of a-HgS via S—Ac and S—COO bidentate coordinations. The former coordination gave a
contact of the isobutyryl group with surface Hg atoms (Figure 3-7a), while the latter coordination
afforded to minimize the steric hindrance between Ib-L-Cys and the HgS surface (Figure 3-7b). Thus
Ib-L-Cys was considered to bind selectively in the S—COO bidentate coordination. The HgS NPs
capped by Ib-L-Cys gave a CD signal with a negative first Cotton effect similar to that of Ac-L-Cys
capped NPs after 36 h heating with a higher amplitude (shown in Chapter 2, gans = —0.016). This result
suggests that the bidentate S—COOQO coordination of L-enantiomer is responsible for the stabilization of

a)-HgS NPs.

Figure 3-7. Calculated model of Ib-L-Cys binding to (001) surface of a-HgS via bidentate (a) S-
Ac and (b) S-COO coordination. Middle: CPK model; Right: side view of the CPK model.
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I performed Fourier transform infrared (FTIR) studies to investigate coordination structures of Ac-
L-Cys on the HgS NP surface. FTIR measurements were carried out at all stages of the CD inversion.
To prepare the samples for the FTIR measurements, the excess ligand molecules were removed by
washing of the NPs aqueous solution with acetone/deionized water several times. In this chapter, I

focus on the peak patterns around 1600 cm™!

associated with amide carbonyl stretching vibration
(v(C=0), amide I) and carboxylate asymmetric one (vas(COO7)) at the higher and the lower
wavenumber, respectively (the full FTIR spectra in Figure 3-8b, d).'"®!” The IR spectrum of HgS NPs
capped with Ib-L-Cys can be a good reference to demonstrate the patterns on the bidentate S—COO
coordination. The free ligand has shown the v(C=0) at 1618 cm™ and the v,(COO") at 1584 cm’!
(Figure 3-8a). A reversal of relative absorbance of these peaks was observed in the spectra of Ib-L-
Cys-capped B- and a-HgS NPs. The peak intensity of vas(COO™) decreased relative to that of v(C=0)
upon the formation of HgS NPs capped with Ib-L-Cys via the S—COO coordination. As shown in
Figure 3-8c, free Ac-L-Cys has a similar peak pattern to that of free Ib-L-Cys corresponding to the
identical molecular framework except for alkyl group. The IR spectrum of Ac-L-Cys-capped B-HgS
NPs was dissimilar to that for Ib-L-Cys-capped B-HgS NPs, indicating the difference in the
coordination structures. Heating treatment for 2 h caused the B-to-a phase transformation, resulting in
the formation of o”-HgS NPs. This gave rise to the negligible change in the peak pattern for Ac-L-
Cys-capped NPs. The IR spectrum of a)-HgS NPs, which was after the CD inversion, displayed a
reversal of relative peak intensity between v(C=0) and v,(COQ"), leading to the similar peak pattern
to that of Ib-L-Cys-capped NPs. This result suggested the preferential bidentate S—COO coordination
of Ac-L-Cys capping structure on the a)-HgS NP surface. Taking into the difference in the peak
pattern before and after the CD inversion into account, it seems plausible that the predominant
coordination structure is the bidentate S—Ac coordination for Ac-L-Cys adsorbed on B- and a)-HgS
NPs. Thus, the IR study clearly demonstrates the change in the preferential coordination of Ac-L-Cys
on the surface of the NPs.

36



@) (b)

3 5 | -
© [
B S
8 gL i
5 c
g 8
3 5 | i
= Qa
< <
1 1 1 L L
1640 1620 1600 1580 1560 1700 1600 1500 1400 1300
Wavenumber /cm 1 Wavenumber/cm ™!
(c) (d) -
- - T T T T
Ac-L-Cys Ac—L-dys
] 1 1 1 1 ] 1
T T T T T T T
3 5
© e F .
-~ -
8 3
& ; i f t i 5
8r a-HgS- ] 8
% L Ac-L-Cys E
< <
L L L L 1
T |}
| . al~)-HgS-_|
Ac-L-Cys |
L 1 1 ) 1 1
1640 1620 1600 1580 1560 1700 1600 1500 1400 1300
Wavenumber/cm ! Wavenumber/cm 1

Figure 3-8. FTIR spectra of Ib-L-Cys and Ib-L-Cys-capped HgS NPs (a, b), and Ac-L-Cys and Ac-
L-Cys-capped HgS NPs (c, d). In (a, ¢), blue line: experimental data, red circle: fitted line, red line:

devised peak.

37



First-principle calculations furthermore support the discussion on the chirality inversion behavior
observed for the synthesis of Ac-L-Cys-capped HgS NPs. For the calculation, the bidentate
coordination structures were constructed on the surface of a-HgS with both handedness. Infinite (001)
surface of both enantiomeric a-HgS crystals (P3121 and P3,21) were employed to compare the relative
stability between possible coordination structures. Four combinations of coordination configurations
and enantiomeric a-phases are possible as shown in Figure 3-9. First-principle calculations estimated
the relative energy differences with respect to these four patterns. The structural optimization clearly
suggested that the S—COO coordination on the o-HgS with the left- and right-handed atomic
arrangement (S—COO-a and S—COO-04gy) are more stable than the S—Ac coordination structures
by more than 40 kcal mol ™. This result is attributed to the fact that the distance of COO™ and Hg is
about 2.15 A, which is shorter than that of Ac and Hg (ca. 2.24 A). Therefore, the COO™ group seems
to form a strong binding to Hg due to its negative charge. From the above calculation together with
the FTIR study, the following explanations are conceivable. The B-HgS NPs with the S—Ac
coordination (S—Ac-P3 NPs) are preferentially formed at the initial stage of synthesis as suggested by
the FTIR study. The S—Ac- NPs are then transformed into S—Ac-o.z NPs, which is more stable than
S—Ac-0uigny NPs and should be a kinetically favored process. The S=COO-a.ig; combination is then
considered more stable than S—COO-oy; by 12.2 kcal mol !, The energy difference associated with
the difference in the coordination structure should drive the shift in the relative populations between
the ayen and ouign NPs with the aid of the ripening process at 80 °C. The kinetics of the thermal
chirality inversion is not simply expressed by the first order one. The evolution of g.s value along
with heating time (Figure 3-1c) cannot be simply fitted by a simple monoexponential function. I do
not exclude the contributions of multiple reaction pathways involving unexplored intermediate states
such as those associated with any other (001) surfaces. In this stage of study, however, the change in
the coordination structure in combination with the B~a and oyep—0ugn phase transformations are
possible to explain the chiral inversion behavior, and the participation of two different S—Ac and

S—COO coordination configurations most likely plays a key role in this inversion.
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3-4. Conclusions.

In this Chapter, I demonstrated the inversion of optical activity in the synthesis of HgS NPs with
an identical capping ligand. The HgS NPs with Ac-L-Cys underwent a continuous decrease in CD
intensity followed by a reversal in CD pattern upon heating at 80 °C. The modulation in the bidentate
ligand coordination configurations of Ac-L-Cys with thiolate and either carboxylate or acetylcarbonyl
groups is most likely responsible for this CD inversion, consistent with the FTIR study. The relative
stability with respect to the coordination configurations on the enantiomeric HgS surface was proposed
with the aid of first-principles calculations, leading a shift in the distributions of NPs formation to
change the relative population of NPs with opposite handedness through the ripening processes. The
present chiral inversion system casts an important insight for the understanding in the roles of chiral
ligands in chirality induction in NPs. I further expect a future expansion of the present study with a

ligand system capable of switching coordination modes in response to external stimuli such as light.
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3-5. Experimental; Synthesis and characterization.

The a-HgS NPs were synthesized according to the procedure as noted in section 2-6, using
Hg(NO3),, thioacetamide, and Ac-L-Cys in deionized water. The heat treatment of aqueous solution
HgS NPs was performed in the synthetic conditions without purification.

UV-vis spectra were measured at room temperature on a Jasco V670 spectrophotometer. CD
spectra were recorded with a Jasco J-725 spectropolarimeter. TEM and HAADF-STEM imaging was
performed on a JEOL JEM-2200FS electron microscope and a Hitachi HD-2700, respectively.
Samples for TEM and STEM were prepared by drop-cast of a solution of HgS NPs onto carbon-coated
copper grids and dried in vacuum. X-ray diffraction data was collected using a Rigaku RINT-TTR
III/NM X-ray diffractometer. FTIR spectra were recorded on a Jasco FT/IR-4000. HgS NPs were
purified by repetitive dispersion-reprecipitaion cycles using deionized water and acetone, respectively,
prior to the FTIR measurement. All solutions of HgS NPs were prepared in D>O. All spectra were
recorded at room temperature with a resolution of 4 cm™ in a cell equipped with CeF, windows with
a 0.15 nm-thick Teflon spacer. Peak positions were determined by the negative peak positions in the
secondary differentiation spectrum after smoothing processes with the Savitzky-Golay method.

Deconvolution and fitting of IR spectra between 1650 and 1550 cm™ using Lorentz functions.

3-6. Experimental; Simulation method.

Herein, I supposed HgS NPs to be large enough to be modeled as a surface and constructed (001)
surface of a-HgS including seven atomic layers. The lattice parameters of a, b, and ¢ were fixed at
4.15 and 8.29, which were based on the X-ray crystal structure data of bulk cinnabar. Initial geometries,
where the Ac-L-Cys molecule was located inside the basic unit cell of the HgS surface, were first
established by molecular force field of Universal and then were optimized by density functional theory
calculation at the PBE level using the Vienna an initio simulation package (VASP) code. The PAW
was employed for Hg, S, C, N, O and H atoms.
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Chapter 4
Amplification of Enantiomeric Excess by Ostwald Ripening Growth in the

Synthesis of Mercury Sulfide Nanoparticles

4-1. Introduction

Surface ligands on colloidal nanoparticles (NPs) play multiple roles in NP chemistry including
surface passivation, solubility control, and surface functionalization through the formation of self-
assembled monolayers (SAMs) on them. Furthermore, the ligands regulate the growth of inorganic
cores through continuous interactions with the topmost surface atoms, controlling the growth rate, size,
shape, and crystal structure of NPs.' As a representative example, the controlled synthesis of
cadmium chalcogenide NPs with different crystalline forms of zincblende and wurtzite was achieved
through varying the type of ligand and controlling reaction temperatures.*’ The surface ligand is
generally considered to interact with the crystalline surface of the core through its polar groups.®!°
More specifically, the use of chiral ligands could form chiral SAMs on the surface of NPs, inducing a
chiral distortion, defect, and atomic arrangement on the surface of the core. Surface-based chirality
serves as one of the origins of optical activity in chiral semiconductor NPs.!!-!3

The chiral a-HgS NPs, first synthesized by Markovich and co-workers, gave a dissymmetry factor
value in absorption, |gabs| (gabs = A€/€), of 0.012, which was larger than those of CdSe and CdTe by 2
orders of magnitude.'® The synthesis of HgS NPs proceeded through the initial formation of
metacinnabar (3-HgS) NPs with an achiral cubic phase which was consequently converted to the chiral
cinnabar a-HgS phase in the presence of chiral thiols (Chapter 2-2).!%!7 Since the achiral thiols could
not afford this phase transition (Chapter 2-2),!” the chiral thiol ligands served as a chiral inducer in the
synthesis of HgS NPs. The enantiomeric binding arrangement of chiral ligands on the NP surface has
been reported to determine the optical activity of CdSe and CdTe NPs with an achiral core.'®?> While
the chiral binding structure of chiral ligands could stabilize the one-handed crystal structure of a-HgS
selectively, an identical chiral ligand could even form different coordination patterns.'”?* An
enantiopure ligand system could stabilize both the right- and left-handed cinnabar structures through
different coordination patterns, which led to an inversion of optical activity in a solution of a-HgS NP
ensembles (Chapter 3).2* The heating treatment of the solution resulted in the shift of NP population
from the initial kinetically stable ones to the thermodynamically stable diastereomeric ones with
opposite handedness.”> Given this experimental result, the use of enantiopure ligands could not
necessarily provide enantiopure HgS NPs with identical handedness. Although the giant optical
activity of HgS NPs may offer promising performance, the control of enantioselectivity or
enantiopurity in the synthesis of chiral NPs still remains an important issue toward applications such
as chiral catalysts.2+2¢

In Chapter 4, I therefore unveil the effect of preparation condition of a-HgS NPs on their optical
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activity. A detailed investigation on the chiral induction suggests the presence of critical size of NPs
for the phase transformation from an achiral cubic to a chiral cinnabar phase. The elevation of
preparation temperature results in the enhancement of optical activity, leading to the maximum |gaps|
value of up to 0.02, which is higher than the reported value for HgS NPs'® using (D, L)-penicillamine
(Pen) by 75%, and the highest value for semiconductor-based chiral NPs reported so far. The effect of
temperature on the evolution of optical activity is discussed based on the Ostwald ripening growth

mechanism, which amplified the enantioselectivity induced by the chiral Pen ligand.

4-2. Size-dependent chiral induction in NPs.

HgS NPs were prepared in an aqueous solution of mercury nitrate and D-Pen ligand upon addition
of thioacetamide at various temperatures in the range of 5—80 °C. The reaction mixture became dark-
brown immediately after the addition of thioacetamide, corresponding to the formation of achiral 8-
HgS NPs (Chapter 2-2). These transiently formed p-HgS NPs were reported to exhibit negligible
optical activity in the visible region.'® The color of the solution turned orange owing to the
transformation into the thermodynamically favored cinnabar phase.'®!” The rate of this phase
transition event varied depending on the preparation temperature. The formation of a.-HgS NPs was
completed within 1 h at 80 °C, whereas it took more than 4 days at 5 °C, which was monitored by a
temporal evolution of absorption spectra (Figure 4-1). The completion of 3-to-o phase transition was
confirmed by the disappearance of light absorption above 570 nm, since the bulk band gap of a-HgS
is 2.2 eV, corresponding to the absorption edge at 564 nm.!” It was noted that even after the absorption
spectral change was almost complete, the CD activity continued to increase. For example, the
disappearance of B-HgS NPs took 3 hours, whereas the increase of the gas value continued until 24
hours after the initiation of NP formation at 25 °C (Figure 4-la-c). Therefore, I identified the
completion of the synthesis of a-HgS NPs by the saturation of the CD spectral change, reaching a
thermodynamically equilibrated state at the given temperature. The powder X-ray diffraction (XRD)
measurements confirmed the formation of the cinnabar phase for NPs prepared in the temperature

range of 5—80 °C (Figure 4-2).
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Figure 4-1. Time evolution of (a) absorption and (b) CD spectra of HgS NPs prepared at various

temperatures. (c) Plots of gas-value of HgS NPs as a function of reaction time.
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Figure 4-2. XRD profiles of D-Pen-capped HgS NPs prepared at 5 °C (blue), 25 °C (grey) and 80
°C (red).

The B-to-a phase transformation in HgS NPs was promoted only in the presence of chiral ligands
(Chapter 2-2).!7 This chiral induction process in the preparation of NPs was investigated at 25 °C using
the absorption spectral change and transmission electron microscopy (TEM) measurements. The
dissipation of B-HgS NPs was monitored by the decrease of absorbance at 600 nm (Figure 4-3), which
led to a rough estimation of metacinnabar content between 100 and 0%. The absorbance at 600 nm
increased for 20 min after the addition of thioacetamide and then decreased continuously. The NPs
purified at 20 min after the addition of thioacetamide possessed the cubic metacinnabar phase (Figure
4-4), corresponding to 100% content of B-HgS NPs. TEM observation revealed that the B-HgS NPs
have a spherical or polyhedral shape with an average diameter of 3.6 nm (Figure 4-5a,b). The content
of B-HgS NPs gradually decreased, which was accompanied by an increase of the average NP size
(Figure 4-5). Consequently, the shape of NPs shifted to a prolate spheroidal shape with the elongation
along the c-axis.?’ A careful analysis of the average NP size clearly suggested the critical size for the
B-to-a transformation. The NPs with 100% -HgS content negligibly included NPs of size larger than
5.5 nm (Figure 4-5b), whereas the NPs after the 100% p-to-a transformation did not possess NPs of
size less than 5.5 nm (average length: 9.8 nm, Figure 4-5j). Between 0 and 100% o-HgS content, the
abundance of NPs larger than 5.5 nm roughly accorded with that of a-HgS NPs estimated by the
absorption spectral change (Figures 4-3 and 4-5). This experimental result indicated that NPs should
grow over 5.5 nm to trigger the B-to-a transformation. In other words, the most stable phase is shifted
from the cubic (metacinnabar) to the trigonal (cinnabar) phase across the NP size of 5.5 nm. Such size-
dependent stabilization of specific crystal structures has been reported for some inorganic compounds
including zirconia and polar metal oxides.?®° Smaller NPs are considered to prefer an isotropic
(cubic) to anisotropic (trigonal) morphology to reduce the effect of increased surface energy with

decreasing NP size.?*
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47



(a) (b)
B-HgS : a-HgS

() (d)
B-HgS : a-HgS
NP > 5.5 nm ] Thaa f b T

12 T

- NP >5.5nm 4

25 P T T T T

N
o

2%

32 %

-
o

-
o

distribution/ %
distribution/ %

(&)

1
1
1
1
1
1
1
1
1
i
1
1

o

3 6 9 12 15 18
Diameter/ nm

3 6 9 12 15 18
Length/ nm

(e)

—

—

-
=

(9)
6-HGS - c-Hos T T B-HgS “ceHeS
50 .50 B 12 NP >5.5nm b 30705 %

distribution/ %
distribution/ %

3 6 9 12 15 18 3 6 9 12 15 18

Length/ nm N A Length/ nm

0

T T T T T T T T T T

NP > 5.5 nm A
100 %

distribution/ %

3 6 9 12 15 18
Length/ nm

Figure 4-5. TEM images and size-distributions of HgS NPs prepared at 25 °C monitored during [3-

to-ol transition.

4-3. Relationship between NP size and optical activity.

TEM and scanning TEM (STEM) images revealed that the prolate spherical-shaped a-HgS NPs
were composed of a single crystalline structure as reported in the previous studies (Figure 4-6).!%177
The NPs prepared at 5 °C possessed an average width and length of 3.9 and 6.0 nm, respectively. The
average size was unchanged after being stored for 20 days at the same temperature (Figure 4-7),
indicating that the growth of NPs reached thermodynamic equilibrium at the given temperature when
the CD activity became saturated. The average size of NPs showed a clear dependence on the
preparation temperature (Figure 4-8). A higher preparation temperature led to a larger average size of
NPs. Figure 4-9 exhibits absorption and CD spectra of D-Pen-capped a-HgS NPs prepared at different
temperatures. The absence of light absorption above 570 nm clearly demonstrated no contamination
with B-HgS NPs for all NP samples.'” The absorption profiles possessed a broad shoulder at around
480 nm, which slightly shifted to a longer wavelength on increasing the preparation temperature.
However, the absorption onset was almost identical for all NPs, indicating a negligible effect of

quantum confinement.*® Interestingly, the CD spectra gave more prominent dependence on the
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preparation temperature compared to the absorption spectra. The elevation of preparation temperature
resulted in the enhancement of CD activity. For more critical comparison, CD activity was translated
to the dissymmetry factor (gabs), which was plotted as a function of preparation temperature (Figure
4-10). The gus value of 1.1x1072 at 543 nm was obtained for the NPs prepared at 5 °C, whereas it
increased with increasing preparation temperature until it reached the maximum value of 2.1x1072 at
551 nm for the NPs synthesized at 50 °C. A further increase in the preparation temperature to 80 °C
had a negligible effect on the gws value (Figure 4-10). A similar temperature-dependent and CD
response was observed for the NPs prepared with the L-Pen ligand (Figures 4-11, 4-12).

(a)at5°C (b) at 10 °C

L L R L L S L
w— \Width
—Length_

Distribution/ %
Distribution/ %
3
T

__.-50 nm — 5 M

3 7 1" 15
Size/ nm Size/ nm

(c)at 15°C (d) at 20 °C

ST T T T T T T T T

Distribution/ %
Distribution/ %

3 7 " 15
Size/ nm

3 5 7 9 1 13
Size/ nm

(e)at25°C

20 FrTTTTTTTTTTTTTTT {2 e e e e e e

Distribution/ %
S

Distribution/ %

5 8 11 14 17 20 )
Size/ nm Size/ nm

TITTTTT T T T T I T I I T TITTrT

Distribution/ %

0 e
13 18 23 28 33
Size/ nm

Figure 4-6. TEM images of D-Pen-capped a-HgS NPs prepared at 5-80 °C, together with size
distribution. Inset in 5, 25 and 80 °C: STEM images of a-HgS NP
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Figure 4-11. (a) Absorption and (b) CD spectra of L-Pen-capped HgS NPs prepared at different
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Thus, the preparation temperature had effects on the size and optical activity of NPs. The higher
preparation temperature led to the formation of NPs with larger average sizes and higher gas values.
The plots of maximum gaps value as a function of average size of NPs clearly demonstrated a positive
correlation between the average size and optical activity of NPs (Figure 4-13). This experimental fact
suggests that the larger size NPs exhibited larger optical activity than the smaller size NPs. However,
Markovich'® and Ouyang®’ reported that the optical activity of a-HgS NPs in the visible range was
derived predominantly from the bulk crystallographic chirality of an NP, where all of the helically
arranged atoms in a core contributed, being independent of the NP size. In fact, the NPs with the
average length of 18.5 and 23.0 nm prepared at 50 and 80 °C, respectively, exhibited similar gups values.
This result also disagreed with the direct correlation between the size of NPs and optical activity. I
also succeeded in the preparation of NPs with larger size at 10 °C by simply increasing the
concentration of precursors by 20% compared to the standard conditions. The obtained NPs possessed
the average length of 11 nm (Figure 4-14), which is in the range of NPs prepared between 20 and 25
°C (10—15 nm) with the standard preparation conditions. Interestingly, even those NPs have similar
average sizes; the former NPs prepared at the lower temperature resulted in smaller optical activity
(Figure 4-15). The gas of 1.1x1072 at 547 nm was similar to that of NPs prepared at the same
temperature with the standard conditions (gas= 1.1x1072 at 543 nm), which was apparently smaller
than that of NPs with similar average sizes (gabs = 1.35—1.9x1072, Figure 4-10). This result also

supported the independent relationship between the average size and optical activity of NPs.
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Figure 4-13. Plots of maximum gaps values of D-Pen-capped HgS NPs as a function of their average

length.
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Figure 4-14. TEM image of D-Pen-capped HgS NPs prepared at 10 °C in the higher concentration

of precursors, together with size distribution.
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Figure 4-15. (a) Absorption and (b) CD spectra of a-HgS NPs prepared at 10 °C in the higher
concentrations of precursors (blue), and the NPs prepared at 20 °C (grey) and 25 °C (red) with the

standard condition.

One may consider that the preparation temperature could affect the crystallinity of NPs, which
could have an effect on the optical activity of NPs. The average size—crystallinity correlation was
compared for the NPs prepared at 5, 25, and 80 °C with different ga.us values. The single-crystal grain
sizes were derived from the (003) peak in the XRD profiles using Scherrer’s equation. The correlation
between the NP size obtained by TEM and the crystal grain size estimated by XRD was found to be
independent of the preparation temperature (Figure 4-16). The preparation temperature had little effect
on the crystallinity of HgS NPs. Therefore, the difference in the CD activity should be attributed to
the enantiopurity of a-HgS NPs. That is, the ratio of NPs between the right- and left-handed cinnabar
structures with the space groups of P3,21 and P3:21, respectively, is dependent on the preparation
temperature. The gabs value should be proportional to the enantiomeric excess (ee) of NPs or the ratio
of NPs with right- and left-handed crystal structures. Synthesis at higher temperatures afforded more

enantiopure NPs. This result also suggested that even the enantiopure D-Pen ligand can give a-HgS
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NPs with both handedness showing positive and negative CD signals for the first Cotton effect;
hereafter referred to as o ”-HgS and o )-HgS NPs, respectively. The relative population of minor NPs,
a)-HgS NPs, increased by decreasing the preparation temperature. Given that the observed maximum
gabs-value of 2.1x1072 corresponded to the ee value of 1, the average ee of NPs varied from 0.52 to
0.99 with an increase in the preparation temperature from 5 to 50 °C (Figure 4-10). The synthesis of
NPs at room temperature afforded a gabs value of 1.2x1072,'¢ resulting in an enantioselectivity of 56%

(78:22 for - and o )-HgS NPs, respectively).
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Figure 4-16. Average NP size measured by TEM (black circle) and crystalline domain size
estimated by XRD (blue circle) as a function of preparation temperature for D-Pen-capped a-HgS

NPs. Red triangle: plots of relative average NP size estimated by TEM and XRD (Sizerem/Sizexrp).

I further investigated the size-dependent optical property of NPs by their size-dependent separation.
A solution of HgS NPs prepared at 25 °C with the gws value of 1.77x107% was subjected to
centrifugation at 15 000 rpm (18 400 g) for 10 min. This process successfully deposited a sediment at
the bottom of the centrifuge tube. The precipitate was redispersed in deionized water, and absorption
and CD spectra and average size were compared with those of NPs in the supernatant. The TEM
images clearly differentiated between the average sizes (lengths) of NPs in the supernatant and
precipitate, which were 9.2 and 12.6 nm, respectively (Figure 4-17). Both NPs separated by the size-
dependent precipitation procedure gave almost identical absorption profiles (Figure 4-18a), whereas
the NPs in the precipitate afforded larger CD activity (Figure 4-18b). The gabs values were estimated
to be 1.63 and 1.98x1072 for the NPs in the supernatant and precipitate, respectively (Figure 4-18c).
Thus, this experiment clearly demonstrated that the CD activity of the NPs ensemble is a consequence
of the sum of positive and negative contributions of individual NPs with opposite enantiomeric crystal

structures.
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Figure 4-17. (a, b) TEM images and (c) size distribution of HgS NPs in the supernatant (a) and

precipitate (b) after the centrifugation procedure.
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Figure 4-18. (a) Absorption and (b) CD spectra of a-HgS NPs in the supernatant (blue) and the
precipitate (red) after the centrifugation procedure. (c) Change in the gabs values before and after

the size separation.

4-4. Evolution of enantiopurity of NPs via Ostwald ripening.
Taking the size-dependent optical activity of NPs into account, it is considered that the synthesis
of a-HgS NPs involves the growth of NPs and the concomitant evolution of enantiopurity. The growth

of NPs of size over 5.5 nm triggers the B-to-o phase transformation. Considering that the size
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distribution of a-HgS NPs is apparently larger than that of -NPs (Figure 4-5), the growth of a-HgS
NPs seems to proceed mainly via the Ostwald ripening process, in which smaller NPs are consumed
to dissolve into monomers for the growth of larger NPs.>!~** The depletion of monomers in the stage
of B-HgS NP formation could set off this mechanism in the subsequent stage of a-HgS NP growth.
While smaller B-HgS NPs were also consumed for the growth of larger a-HgS NPs, the Ostwald
ripening process among the a-HgS NPs should have a more prominent impact on the evolution of
enantiopurity or ee of NPs.

To gain an insight into this assumption, I performed the following experiment. The NPs just after
the B-to-a transformation at 5 °C were purified by repetitive precipitation—redispersion processes
(three times) to remove the unreacted ionic species and free ligands. The precipitate composed of the
smallest a-HgS NPs was redispersed in deionized water and subjected to heating at 80 °C to monitor
the growth of NPs. The growth of NPs was identified by TEM measurements (Figure 4-19). After the
heating treatment for 120 min, the HgS NPs possessed a nanorod shape, which was different from that
obtained by the direct synthesis at 80 °C with a prolate spherical shape (Figure 4-6). The reduced
concentration of the free Pen ligand after the purification process may trigger the directional growth
along the c-axis,”” which is clearly recognized by a high-resolution STEM image (Figure 4-19c). The
average length of NPs and its distribution changed from 7.4 nm and 21% to 15.0 nm and 66 %,
respectively, after the heating treatment for 120 min (Figure 4-19). The significant broadening in the
size distribution along with the growth of NPs is a characteristic of the Ostwald ripening process.*!*
Moreover, the heating treatment of the redispersed solution led to the enhancement of optical activity,
whereas only a slight red shift was noted in the absorption spectral change (Figures 4-20). The
maximum gabs value increased from 1.1x107% to 1.8x107% by the heating treatment at 80 °C for 120
min (Figure 4-21). Further extension of heating treatment time resulted in the aggregation of NPs.
Thus, the increase in the enantiopurity of NPs is coincided with the Ostwald ripening-aided growth of
NPs. It was noted that morphology of NPs changed to the nanorod shape. Ouyang and co-workers
investigated experimentally and theoretically the effect of shape of NPs on the chiroptical property of
cinnabar NPs.?” While the chirally twisted morphology of NPs gave prominent CD signals in the
UV-—vis range, the effect of nonchiral shapes such as ellipsoid, cube, nanorod, and nanowire on the
CD profile was limited. Therefore, it was reasonably considered that the a-HgS NPs were consumed
and the growth of a”-HgS NPs was facilitated in the Ostwald ripening stage, which resulted in the

increase of optical activity.
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Figure 4-19. (a, ¢) TEM and STEM (inset) images, and (b, d) size distributions of HgS NPs (a, b)
before and (c, d) after the heating treatment at 80 °C for 120 min.
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Figure 4-20. (a) Absorption and (b) CD spectral change for the HgS NPs prepared at 5 °C followed
by heating treatment at 80 °C.
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Figure 4-21. Temporal evolution of gas value at the CD peak position for the HgS NPs prepared at
5 °C followed by heating treatment at 80 °C.

I have described that even an identical enantiomeric ligand, N-acetyl-L-cysteine (Ac-L-Cys), could
induce the formation of both o’- and a'?-HgS NPs through different bidentate coordination
configurations on the surface of NPs (Chapter 3-3).!7** The bidentate coordination with thiolate and
amide-carbonyl preferentially stabilized the left-handed o"-HgS, whereas the one with thiolate and
carboxylate stabilized the opposite one (o )-HgS).>* The response of optical activity to the change of
surface coordination structure has also been reported for the Cys-capped CdSe/CdS core/shell NPs.?
A similar mechanism may explain the formation of both o.”- and a”-HgS NPs with the enantiomeric
D-Pen. The Pen ligand is possible to coordinate to the surface of NPs with multidentate coordination
structures using thiolate, carboxylate, and amine. In a similar manner to Ac-L-Cys, the bidentate
coordination of D-Pen using thiolate and carboxylate (S-COO) could preferentially stabilize the o"-
HgS NPs (Figure 4-22).% The coordination with thiolate and amine (S—NH2) may stabilize contrarily
the opposite o -HgS NPs. The HgS NPs prepared at different temperatures were investigated with
FTIR spectroscopy. To prepare the samples for FTIR analysis, Pen-stabilized HgS NPs were purified
to remove free ligands as much as possible, giving dry powder samples. FTIR spectra in the range of
1250-1750 cm™! were investigated in detail, in which carboxylate and amine groups afforded
characteristic peaks (Figure 4-23). The free Pen ligand gave a number of peaks in this region.** The
symmetric and asymmetric stretching vibration modes of carboxylate, vs(COO™) and v.(COO"),
respectively, were more sensitive to coordination with metal atoms on the NP surface.*® For example,
the coordination of carboxylate on the surface of CdSe NP resulted in a red shift of the v.(COO")
mode and a blue shift of the vy(COO") mode.?’ The stretching vibration modes were found at 1587 and
1394 cm™! corresponding to va(COO™) and v(COO"), respectively, in the FTIR spectrum of the
deprotonated D-Pen ligand (Figure 4-23a).>* While both the peaks broadened, the former and latter
peaks exhibited red and blue shifts to 1430 and 1560 cm ™!, respectively, on the HgS NPs prepared at
5 °C (Figure 4-23b). Each broad peak could be divided into two individual components including free
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carboxylate and metal-bound (COO-Hg) one. The relative absorption of free carboxylate components
v(COO") decreased in the HgS NPs prepared at 80 °C compared to the NPs prepared at 5 °C (peak no.
1 vs 2 and 4 vs 3, Figure 4-23b,c). Meanwhile, the v{(COO-Hg) peak exhibited a further blue shift,
whereas the v,(COO-Hg) shifted to a higher wavenumber. As a result, the peak splitting between
vs(COO-Hg) and v,(COO-Hg) increased from 95 to 120 cm ™. This change may include a shift of the
coordination mode of carboxylate from chelating to bridging modes.?>*> Thus, the FTIR study

suggested stronger binding of carboxylate to the surface of NPs prepared at 80 °C than those prepared
at 5 °C.
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Figure 4-22. Illustrations of coordination configurations of (a) Ac-L-Cys and (b) D-Pen on the

surface of a HgS NP.
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Figure 4-23. ATR-IR spectra of (a) free D-Pen and D-Pen-capped a-HgS NPs prepared at (b) 5 °C
and (c) 80 °C.
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Based on the experimental results described above, in this chapter I proposed a mechanism for the
evolution of enantiopurity along with the growth of NPs in the synthesis of a-HgS NPs (Figure 4-24).
The addition of thioacetamide to the solution of Hg** with D-Pen resulted in the rapid formation of -
HgS NPs (stage A in Figure 4-24). The growth of HgS NPs of size over 5.5 nm induced the B-to-a
phase transformation (chirality induction). On the basis of the bidentate coordination mode, the D-Pen
ligand could give both handedness of o)- and o ”-HgS NPs with different stability (stage B). While
the smaller NPs dissociated into the monomeric species in the Ostwald ripening process, NPs with
lower stability and higher surface energy markedly contributed in this stage (stage C). Hence, the
minor o)-HgS NPs dissolved more rapidly providing monomeric species to the growing major a."-
HgS NPs (stage D). The dissolution of smaller NPs required excess thermal energy, which was
facilitated at a higher temperature, resulting in preparation-temperature being dependent optical
activity. The effect of the Ostwald ripening on the enhancement of optical activity might reach
saturation at 50 °C since further heating at 80 °C led to a negligible improvement in the gans value
(Figure 4-10). A similar mechanism for the enhancement of enantiopurity has already been
demonstrated in the crystallization of small organic molecules that undergo racemization in the
solution phase.**® The Ostwald ripening or Viedma ripening processes facilitate the deracemization
of intrinsically chiral molecules in the crystalline phase. In the present case, the intrinsically chiral
HgS formed both a"- and a)-HgS NPs, whereas the presence of the chiral inducer, D-Pen, led to the
selective formation of o”-NPs. Moreover, the Ostwald ripening-aided growth process amplified the

enantioselectivity in the synthesis of HgS NPs.
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Figure 4-24. Schematic mechanism for the evolution of enantiopurity in D-Pen-capped o-HgS NPs

with the aid of the Ostwald ripening process.
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4-5. Conclusions.

In summary, a detailed study on the formation and growth of a-HgS NPs led to two significant
findings. First, a critical size of 5.5 nm seemed to exist for the transformation from the achiral B-phase
to the chiral a-phase in the chiral induction stage. Second, the optical activity of HgS NPs was
dependent on the preparation temperature and consequently on the average size of NPs. NPs with
larger average size possessed higher enantiopurity in the handedness of the NP core structure, which
was achieved by the growth of NPs aided by the Ostwald ripening process. The present work not only
gives an important insight into the enantioselective synthesis of nanomaterials but may also provide
implications for the development of homochirality in nature, in which intrinsically chiral minerals are

believed to play an important role.*
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4-6. Experimental; Synthesis and characterization.

HgS NPs were prepared and purified according to the method reported by Markovich and co-
workers. As a standard condition, an aqueous solution (4.8 mL) of a mixture of Hg(NO3)2 (19 mM)
and D (or L)-Pen ligand (19 mM) was prepared, in which the pH value was adjusted to ca. 11.5 by the
addition of 1 M NaOH aqueous solution. To the solution, 0.9 mL of aqueous thioacetamide solution
(100 mM) was added and the mixture was vigorously stirred for a certain period of time at various
temperatures. Five samples were prepared at the same temperature to obtain an average anisotropy
factor gaps-value. For the purification procedure, repetitive precipitation—redispersion processes (three
times) using acetone and water, successively were performed to remove unreacted species.

UV-vis absorption spectra were recorded at room temperature using a JASCO V-670
spectrophotometer. Circular dichroism (CD) spectra were measured by a JASCO J-725
spectropolarimeter. The gans-value was derived from the equation gas = 0 [mdeg]/(32 980-Abs.) using
CD (0: ellipticity) and absorbance (Abs.) data at the wavelength of CD peak position. Fourier
transform infrared (FTIR) study was performed using a JASCO FT/IR-4200 equipped with an
attenuated total reflection (ATR) unit (ATR-PRO ONE, JASCO). The samples for the FTIR study were
purified to remove the excess free Pen ligand. Transmission electron microscopy (TEM) observation
was conducted with a JEOL JEM-2200FS electron microscope. High-resolution high-angle annular
dark-field scanning TEM (HAADF-STEM) measurement was performed using a Hitachi HD-2700.
Specimens for TEM and STEM measurements were prepared by drop-casting of solutions of NPs onto
a carbon-coated copper grid. Powder X-ray diffraction (XRD) profiles were recorded using a Rigaku
SmartLab X-ray diffractometer with Cu Karadiation (A = 0.154 nm). The crystal grainsize was
calculated by Scherrer’s equation (L = AK (bcosf) ™), where L, K, b, and 0 are the crystal size, shape
factor (K = 0.9), full width at half-maximum of the deconvoluted (003) peak, and diffraction angle (20
= 28.1°), respectively.
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Chapter 5
Transfer of Chiral Information from Chiral Mercury Sulfide Nanoparticles to

Surface Achiral Ligands; Generation of Circularly Polarized Luminescent

5-1. Introduction.

Circularly polarized luminescent (CPL) materials have received broad attention due to their
potential applications in 3D displays,* chiroptical materials,® and optoelectronic devices.®’
Extensive research studies have been conducted on the development of CPL -active materials
based on chiral organic dyes,® % polymers,*** metal complexes,’*!® and supramolecular
assemblies.?®18 The most common approach to obtain CPL-active dyes is a combination of a
chiral moiety with a luminophore linked by a covalent bond.'® While such chiral organic dyes
sometimes require tediously long synthesis procedures, their CPL performance is not always
impressive. An alternative approach includes the co-assembly of achiral fluorescence materials
with chiral molecules and supramolecular assemblies.® The optical activity of chiral molecular
systems is successfully transferred into non-chiral luminophores through noncovalent
interactions inducing chiral molecular arrangement and/or chiral electronic hybridization. For
example, cyclodextrins can incorporate achiral guest dyes in their hydrophobic cavities to
achieve CPL generation.?®2! Helical chiral supramolecular assemblies were also employed to
co-assemble with achiral emitting substrates such as dyes,?*?*2¢ quantum dots?’?® and
perovskite nanocrystals,?® successfully providing CPL with various colors. Although chiral
organic systems such as chiral receptors and self-assemblies have been well demonstrated as a
chiral inducer to obtain CPL activity partnered with achiral organic and inorganic
luminophores, the potential of inorganic materials as a chiral template has rarely been
explored.30-%2

Recently, chirality transfer experiments from metal cluster cores with an intrinsically chiral
atomic arrangement to the organic ligands attached to the surface of the core have been
demonstrated.®3-3¢ Achiral thiolate ligands coordinated to the surface of the cluster core with a
chiral structure adopt a chiral arrangement on its surface, inducing chiral interligand chiral
interactions.® Very recently, Huang and co-workers demonstrated that the crystallographic
chirality on the surface of a chiral silver nanohelix generated by a glancing angle deposition
technique was transferred to the stereoselective adsorption of an achiral anthracene
derivative.®” The chirally arranged anthracene molecules exhibited an enantioselective
photodimerization on the surface of the nanohelix.®” Cinnabar (a-HgS) is also a potential
candidate for a chiral inorganic template, which crystallizes in the chiral trigonal space group
of P3;21 (or its enantiomorph P3,21). Previous works reported the enantioselective synthesis

of colloidal a-HgS nanoparticles (NPs) that possess the chiral crystalline lattice but an achiral
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ellipsoidal morphology.383° Furthermore, Ouyang and co-workers succeeded in the preparation
of a-HgS nanostructures with independently controlled chiral crystalline lattice and chiral
twisted morphology.*® While the chiral ligand in the initial synthesis of seed NPs defines the
crystallographic handedness, the one in the latter growth stage determines the handedness in
the twist of morphology with a larger length scale.*® In Chapter 5, | demonstrate a new CPL-
generating system composed of an achiral luminescent molecule 1 (Figure 5-1) and a-HgS
NPs with intrinsic chirality. Both the crystallographic and morphological chiralities of HgS
NPs were considered as a platform for the chiral arrangement of 1 molecules. The effect of two
types of chirality with different scales was examined. The a-HgS nanoellipisoids (NEs) with
the achiral shape could not induce CPL of 1, whereas CPL signals could be observed upon
partnered with the nanotwists (NTs) with the chiral morphology (Figure 5-1). The sign of CPL
was dependent on the handedness of NT morphology regardless of the crystallographic
chirality of NTs.
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Figure 5-1. Chemical structure of achiral fluorescence molecule 1 (left). Schematic illustration to

generate CPL emission of 1 on the surface of a-HgS nanoparticles.

5-2. Design and photophysical properties of the achiral fluorescent molecule.
Benzophosphole P-oxide derivatives bearing an triphenylamine group have been extensively
investigated to exhibit excellent fluorescent properties based on their donor-acceptor conjugated
systems.*!* T introduced a phosphonic acid group in a benzo phosphole scaffold, giving a 1-hydroxy-
1H-phosphindole 1-oxide moiety, with the aim of anchoring the molecule on the surface of a-HgS
NPs.*6 [ also introduced two triarylamine donor units to form compound 1 with anticipating to
induce intramolecular chiral twists over the two single bonds bridging the donor and acceptor units
upon interacting with the chiral inorganic surface. Compound 1 was synthesized from 4,4'-(ethyne-

1,2-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) by cyclization with ethyl phenylphosphinate followed
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by the hydrolysis of ethyl group (Chapter 5-8). Photophysical study of 1 was performed in DMF
(Figure 5-2). The absorption spectrum showed an onset of absorption band at 450 nm with a maximum

at 375 nm. The solution exhibit bright yellow-green emission (Amax = 511 nm) with a noticeable

fluorescence quantum yield (®f) of 0.17.
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Figure 5-2. UV-vis absorption (dashed line) and emission (solid line) spectra of compound 1 in

DMF (1.0x10 M). Excitation wavelength; 370 nm.

5-3. Preparation of chiral a-HgS NTs modified with compound 1.

HgS NEs were synthesized by a colloidal precipitation method using D- and L-penicillamine (Pen).
The absorption spectra gave an absorbance band at 470 nm (Figure 5-3a), attributable to the formation
of the cinnabar phase.*®* The a-HgS NEs capped with D- and L-Pen showed positive and negative
CD signals for the first Cotton effect (hereafter referred to as (+)-NEs and (—)-NEs), respectively, at
540 nm, suggesting the successful induction of crystallographic handedness depending on the chirality
of Pen ligand (Figure 5-3b). Transmission electron microscopy (TEM) images of the both NEs

exhibited an achiral shape with the same size distributions having the average width and length of 7.4

and 11.3 nm, respectively (Figure 5-4).3%%
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Figure 5-3. (a) UV-vis absorption and (b) CD spectra of a-HgS NEs capped with (blue) D- and

(red) L-Pen.
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Figure 5-4. Typical TEM images of (+)-NEs (a) and (—)-NEs (b), respectively, together with their

size distribution.

I then prepared o-HgS NTs with a twisted triangular bipyramid morphology according to a
reported procedure utilizing homo-epitaxial growth of the (+)- and (-)-NEs in the presence of D- and
L-Pen, respectively, controlling the handedness of twisting in morphology.***” Figure 5-5 shows
typical TEM images of the epitaxially grown NTs from (+)- and (-)-NEs, possessing right-(P) and left-
(M) handedness, respectively, in their twisted morphology ((+)P-NTs and (—)M-NTs). The average
length and aspect ratio of NTs are in the ranges of 90-100 nm and 1.75-1.90, respectively, similar to
the previous report,*’ which demonstrated the twisting angle of about 60° in the twisted morphology
of the NTs. Since the size of NPs increased to almost 100 nm, the non-negligible effect of scattering
appeared in the absorption spectra (Figure 5-6a). While no apparent difference was found in the
extinction profile between (+)P- and (—)M-NTs, the NTs displayed mirror-image CD spectra in the
visible region, supporting the preservation of crystallographic chirality (Figure 5-6b). The chirally
twisted morphology modified the CD profile over 500 nm in a certain degree.
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Figure 5-5. Schematic models (a) (+)P-NT and (d) (-)M-NT and TEM images (b) (+)P-NT@D-
Pen, (c) (+)P-NT@1, (¢) (-)M-NT@L-Pen, and (f) (-)M-NT@]1.
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Figure 5-6. (a) Extinction and (b) CD spectra of (blue) (+)P-NTs@D-Pen and (red) (-)M-NTs@L-

Pen.

To modify the NTs with compound 1, the aqueous solution of NTs was subjected to ligand
exchange by the mixture of oleylamine (OAm) and 1 through a biphasic phase transfer procedure.***’
The mixture solution of OAm and 1 in toluene was added to the aqueous dispersion of NTs followed
by vigorous shaking over 2 hours (Chapter 5-8). After the ligand exchange process, the NTs (NTs@1)
were stably dispersible in DMF rather than in lower-polar solvents such as toluene and chloroform,

suggesting that a certain amount of residual hydrophilic ligands remained on the surface. The ligand
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exchange was evaluated with attenuated total reflection Fourier transform infrared (ATR-FTIR) study
(Figure 5-7). The (+)P-NTs were purified by repetitive dispersion/reprecipitation cycles to remove
unbound ligands. The phosphoric (P(=O)OH) group of free 1 gave characteristic two peaks at 1267
and 1059 cm™' corresponding to stretching modes of phosphine oxide v(P=0) and phosphinate
v(POO"), respectively.*** The latter peak broadened and shifted to a lower wavenumber in (+)P-
NTs@1, indicating that the POO™ group coordinates to the NT surface. Furthermore, the disappearance
of the v(P=0) peak at around 1260 cm ™! suggests the bridging or chelating coordination mode, where
the POO™ group interacts with the surface using both oxygen atoms. Broad peaks around 1720 cm ™',
which could be assigned to the asymmetric stretching vibration mode of carboxylic group va.s(COOH)

may indicate the presence of residual D-Pen ligands.>*!
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Figure 5-7. ATR-FTIR spectra of free 1 and (+)P-NT@1.

The ligand-exchange procedure had little effect on the size and shape of NTs (Figure 5-5). TEM
images of (+)P- and (—-)M-NTs@1 demonstrated no obvious change in the size and shape of the NTs,
confirming that the chiral morphology remained unchanged after the ligand exchange. The NT@1
preserved the optical activity with an identical sign of the Cotton effect over 450 nm to the
corresponding NTs before the ligand exchange, thus demonstrating the preservation of the
crystallographic chirality in the NT core (Figure 5-8).

The successful modification with 1 was further supported by UV-vis extinction and emission
spectra. The ligand-exchanged NTs gave an increase in the absorbance below 450 nm compared to the
Pen-capped NTs (Figure 5-9). Both the (+)P- and (—)M-NTs@]1 exhibited yellow-green emission with
maxima at 524 nm (Figure 5-10a) which slightly red-shifted compared to that of free 1 (at 511 nm).
The excitation spectra of the NTs@1 monitored at 525 nm were identical with that of free 1 (Figure
5-10b), indicating that the observed emission stems from capped 1 and that excitonic energy transfer

from the HgS NT core did not take place.
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Figure 5-8. CD spectra of (+)P-NT@D-Pen (cyan), (—)M-NT@L-Pen (orange), (+)P-NT@1 (blue),
and (f) ) M-NT@1 (red).
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Figure 5-9. Extinction spectra of free 1, (+)P-NT@Pen, and (+)P-NT@]1.

(a) (b)
T T T T T
— (+)P-NT@1
- — (-)P-NT@1
free 1
=1 ]
[} ©
> >
£ Z
c c
Q @
E S
1 1 1 1 1
450 500 550 600 650 300 350 400 450

Wavelength/ nm Wavelength / nm

Figure 5-10. Emission (a) and excitation spectra (b) offree 1 (grey), (+)P-NT@1 (blue), and (—)M-
NT@1 (red) in DMF.
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5-4. Induced CPL of achiral 1 ligand on the surface of chiral a-HgS NTs.

Interestingly, the (+)P- and (-)M-NTs@1 exhibited intense circularly polarized emission around
fluorescence maxima (Figure 5-11). Positive and negative CPL signals were recorded for the (+)P-
and (-)M-NTs@1, respectively, while no CPL signal was detected for free 1. The degree of CPL can
be evaluated by luminescence dissymmetry factor (gium), which is defined as gjum = 2(/r. — Ir)/({L + Ir),
where /1. and /r are the intensities of left- and right-handed circularly polarized emission, respectively.
The |gum| values at the peak wavelength were about 0.004 for both NTs@1. The apparent CPL signals
suggested two possibilities as a mechanism for the chiral induction including conformational chirality
and chiral arrangement of 1. Compound 1 having two bulky triphenylamine moieties connected at the
2- and 3-positions of the benzophosphole-based ring could adopt chiral conformations with axial
chirality (Figure 5-12). The enantiomeric interaction on the surface of intrinsically chiral HgS surface
might induce such the conformational chirality. However, the compound 1 was expected to interact
with the surface of NTs only via the phosphoric moiety. The single point interaction might not be
enough to introduce chirality in the structure of 1. Meanwhile, the chiral surface could also serve as a
platform for the chiral assembly of 1, leading to CPL generation based on intermolecular exciton

coupling. 3
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Figure 5-11. CPL spectra of free 1 (grey), (+)P-NT@1 (blue), and (—-)M-NT@]1 (red) in DMF.
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Figure 5-12. Left-handed and right-handed conformations of 1 molecule with axial chirality.
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5-5. Mechanism of induced CPL of a-HgS NTs@]1.

To get an insight into the chirality induction mechanism, I also modified the HgS NEs with the
achiral morphology by 1. UV-vis absorption, emission and excitation spectra after the ligand exchange
confirmed the successful modification of 1 on the surface of NEs in a similar manner to the NTs@1
(Figure 5-13). The preservation of crystallographic chirality was also identified by the CD spectra
(Figure 5-14). The size and shape of NEs were also maintained as confirmed by TEM measurements
(Figure 5-15). However, no effective CPL signal could be recorded for the NEs@1 (Figure 5-16). The
effective chirality could not be induced either in the conformation or ordering of 1 on the chiral surface
of HgS NEs. The absence of chirality induction was also verified by using a-HgS nanorods (NRs)
with an achiral morphology (Figure 5-16, 17, 18, 19). Those control experiments thus conclude that
the crystallographic chirality has little effect on the chirality induction of 1. The results of these
experiments also indicate the role of chiral morphology in the chiral arrangement of 1 on the surface

of NTs.
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Figure 5-13. (a) UV-vis spectra of (+)-NEs and (—)-NEs capped with Pen and 1. (b) Excitation
(dashed line) and emission (solid line) spectra of (+)-NEs and (—)-NEs capped with 1.
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Figure 5-14. CD spectra of (+)-NEs@Pen (cyan), (—)-NEs@Pen (orange), (+)-NEs@]1 (blue), and
(—)-NEs@1 (red).
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Figure 5-15. Typical TEM images of (+)-NEs@]1 (a) and (—)-NEs@]1 (b), respectively, together

with their size distribution.
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Figure 5-16. CPL spectra of (+)-NEs@]1 (blue), (-)-NEs@1 (red), and (+)-NRs@1 (black).
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Figure 5-18. (a) UV-vis absorption and (b) CD spectra of NRs@Pen (dashed line) and NRs@1
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Figure 5-19. Excitation (dashed line) and emission (solid line) spectra of NRs@]1.

The crystallographic chirality and twisting direction in the morphology could be
independently controlled.*®%2 | therefore synthesized NTs with cross-structures using a
combination of opposite enantiomeric Pen ligands in the seed preparation and growth stages.
The (+)-NEs prepared with D-Pen were used as a seed for the growth of M-NTSs in the presence
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of L-Pen for the synthesis of (+)M-NTs, and vice versa for (-)P-NTs. Each NTs exhibited a
CD profile with the sign of Cotton effect over 500 nm identical to the original NEs (Figure 5-
20), indicating the preserved crystallographic handedness of HgS seed after the epitaxial
growth. TEM images of the NTs revealed that M- and P-twisted morphologies were grown on
the (+)- and (-)-NE seeds with an average length of 60-70 nm (Figure 5-21). The ligand
exchange procedure with the mixture of OAm/1 afforded (+)M- and (—)P-NTs@1 dispersed in
DMF with yellow-green emission (Figure 5-22). Spectroscopic characteristics of those NTs
were similar to that of (+)P- and (-)M-NTs@1 (Figure 5-20, 22, 23), also suggesting the
successful preparation of 1-modified (+)M-NTs and (—)P-NTs. The CD spectral profiles over
450 nm are mostly preserved for (+)M- and (-)P-NTs@1 after the ligand exchange, indicating
the unchanged crystallographic chirality of the NTs. As shown in Figure 5-24, the NTs@1
displayed circularly polarized emission signals with amplitudes comparable to those of NTs
with other chirality combinations (|gium| ~ 0.004). A negative CPL signal was observed for the
(+)M-NTs@1, whereas a positive one was recorded for the (—-)P-NTs@21. Considering this
result together with that of (+)P- and (—)M-NTs@1, it should be noted that the sign of CPL
signal can be regulated not by the crystallographic chirality but the morphological chirality of
the twisted bipyramid NTs (Figure 5-25). The scale of curvature provided by the surface of
NTs might be too small to have an impact on the unimolecular conformation of 1, inducing the
conformational chirality. The chirality is therefore considered to be induced in the arrangement

of compound 1 on the chirally curved surface.
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Figure 5-20. CD spectra of (+)M-NTs@Pen (cyan), (—)P-NTs@Pen (orange), (+)M-NTs@1 (blue),
(—)P-NTs@1 (red) .
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Figure 5-21. TEM images of (a) (+)M-NTs@Pen, (b) (—)P-NTs@Pen, (c) (+)M-NTs@1, (d) (—)P-
NTs@1.
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Figure 5-22. Excitation (dashed line) and emission (solid line) spectra of (+)M-NTs@1 (blue) and
(—)P-NTs@1 (red).
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Figure 5-23. Extinction spectra of (+)M-NTs@Pen (cyan), (—)P-NTs@Pen (orange), (+)M-NTs@1
(blue) and (-)P-NTs@1 (red).
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Figure 5-24. CPL spectra of free 1 (grey), (+)P-NT@1 (blue), (-)M-NT@1 (red), (+)M-NT@1
(cyan), and (-)P-NT@]1 (orange).

Figure 5-25. [llustration of induced CPL of 1 on the surface of chiral a-HgS NTs

5-6. Conclusions.
In conclusion, | developed a new approach to generate CPL-active materials system

composed of a chiral inorganic nanoparticle and achiral fluorescent ligands. The achiral
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molecule 1 adsorbed on the surface of a-HgS NTs exhibited noticeable CPL signals depending
on the morphological chirality of NTs. The a-HgS NTs could possess the both handedness in
the crystalline lattice and nanoparticle morphology. The present work demonstrated the latter
played a key role in the chirality transfer from the curved surface of NTs to the arrangement
of achiral 1. Further design of organic luminescent molecules with appropriate coordinating
groups would demonstrate the utility of the present chiral-inorganic and organic hybrid system

as a versatile CPL generation system.
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5-7. Experimental; Synthesis and characterization.

General. 1 was synthesized according to the reaction procedures as showed in Scheme 1. Their
chemical structures were confirmed by high-resolution mass spectroscopy (Varian MAT 311 or
ZabSpec TOF Micromass instrument), and 'H, °C, and *'P NMR spectra (Bruker AV 300 and AV 111
400 MHz NMR spectrometers equipped with BBO or BBFO probe heads). Absorption spectra in
solution were studied with a JASCO V-760 spectrophotometer. Fluorescence spectra were measured
with a spectrofluorometer (Hitachi F7000). CD spectra were recorded by a JASCO J-725
spectropolarimeter. An absolute photocyclization quantum yield of 1 was determined by a Shimazu
QYM-01 setup. TEM observation was conducted with a JEOL JEM-2200FS electron microscope.
Specimens for TEM were prepared by drop-casting of solutions of NEs or NTs onto carbon-coated
copper grids. XRD profiles were recorded using a RigakuSmartLab9kW/IP/HY/N X-ray
diffractometer. ATR-IR measurements were performed using a JASCO FT/IR-4000 equipped with a
JASCO ATR-PRO ONE. CPL spectra were measured using a home-made CPL spectroscopy system.
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Scheme 1. Synthetic scheme of 1

Synthesis of 4,4'-(ethyne-1,2-diyl)bis(V,NV-bis(4-methoxyphenyl)aniline) (3). (1,2-Bis(4-
bromophenyl)ethyne (600 mg, 1.79 mmol ), bis(4-methoxyphenyl)amine (900 mg, 3.93 mmol),
tBuOK(1.2 g, 10.7 mmol), palladium acetate (II) (40 mg, 0.18 mmol) and tri-terz-butylphosphonium
tetrafluoroborate (150 mg, 0.5 mmol) were added into a Schlenk and three Argon-vacuum cycles were
performed. Then, the Schlenk was filled up with 40 mL of degassed toluene. Subsequently, the mixture
was heated to 120 °C overnight, and, then, cooled to room temperature (r.t.). After removing the solvent
under vacuum, the mixture was partitioned between CH,Cl, and water. The combined organic layers
were washed with brine, dried over Mg>SOs, the solvent was evaporated, and the crude purified by
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column chromatography on silica gel (eluent: CH>Clo/Pentane = 1/1), affording a yellow solid in 94%
yield (1.06 g). "H NMR (400 MHz, CD,Cl) & 7.25 (d, J(H,H) = 8.8 Hz, 4H), 7.06 (d, J(H,H) = 8.8 Hz,
8H), 6.85 (d, J(H,H) = 8.9 Hz, 8H), 6.80 (d, J(H,H) = 8.8 Hz, 4H), 3.78 (s, 12H). '"H NMR data fit
with previously reported procedure.

Synthesis of 2,3-bis(4-(bis(4-methoxyphenyl)amino)phenyl)-1-ethoxy-1H-phosphindole 1-
oxide (4). A mixture of 3 (500 mg, 0.79 mmol), ethyl phenylphosphinate (268 mg, 1.58 mmol), and
Ag>0 (366 mg, 1.58 mmol) in 20 mL DMF was stirred at 120 °C under Ar overnight. After cooling to
r.t., the mixture was diluted with ethyl acetate (30 mL) and the insoluble solids were removed on a
Celite plug. The filtrate was transferred in a round bottom flask and 2 mL of hydrogen peroxide were
added and the solution was stirred for 30 minutes. The solution was washed with water and brine and
dried over anhydrous Mg>SOs. After filtration, the solvent was evaporated under reduced pressure,
and the residue was purified by column chromatography on silica gel by using CH»Cly/ethyl acetate
(95/5 v/v) as eluent to afford 4 as an orange solid (m = 196 mg, yield = 31%). 'H NMR (300 MHz,
CD:Cl,) 6 7.66 (dd, J(H,H)=10.3, 7.1 Hz, 1H), 7.45 — 7.36 (m, 2H), 7.24 — 7.18 (m, 3H), 7.14 — 7.00
(m, 10H), 6.94 — 6.78 (m, 10H), 6.72 (d, J(H,H) = 8.7 Hz, 2H), 4.06 — 3.93 (m, 2H), 3.79 (s, 12H),
1.24 (t, J(H,H) = 7.1 Hz, 3H). >*C NMR (101 MHz, CD2CI2) § 157.0 (Cq), 156.9 (Cq), 149.6 (Cq),
149.0 (Cq), 146.6 (d, J(C-P) = 28 Hz, Cq(P)), 143.5 (d, J(C-P) = 34 Hz, Cq(p)), 140.9 (Cq), 140.7
(Cq), 133.4 (d, J(C-P) =2 Hz, CH), 130.3 (s, CH), 130.2 (d, J(C-P) = 7 Hz, CH), 128.9 (d, J(C-P) =
105 Hz, Cq(a)), 128.8 (d, J(C-P) = 11 Hz, CH), 128.0 (s, CH), 127.8 (s, CH), 127.7 (s, CH), 127.6 (d,
J(C-P) = 115 Hz, Cq(w)), 126.0 (d, J(C-P) = 18 Hz, Cq), 124.6 (d, J(C-P) = 10 Hz, Cq), 124.0 (d, J(C-
P) = 13 Hz, CH), 119.9 (s, CH), 119.1 (s, CH), 115.3 (s, CH), 115.2 (s, CH), 62.5 (d, J(C-P) = 6 Hz,
OCH2), 56.0 (s, OCH3), 16.9 (d, J(C-P) = 6 Hz, CH3). *'P NMR (162 MHz, CD,Cly) § +46.0 (s).
HRMS (ESI, CH2Cl): [M]*(CsoHasN2OgP), m/z Calcd for: 800.3015, m/z Found: 800.3004.

Synthesis of 2,3-bis(4-(bis(4-methoxyphenyl)amino)phenyl)-1-hydroxy-1H-phosphindole 1-
oxide (1) 4 (80 mg, 0.1 mmol) was dissolved in 10 mL of CH)Cl, under Argon. Then
bromotrimethylsilane (151 mg, 0.98 mmol) was added and the solution turned deep red. The solution
was stirred at r.t. overnight. Then 10% HCI was added (20 mL) and the mixture was stirred 15 minutes.
The solution was extracted with CH,Cl, and dried over anhydrous Mg>SOs. After filtration, the solvent
was evaporated, and the residue was purified by recrystallization in toluene/heptane to afford red solid
(m =75 mg, Yield = 97%). '"H NMR (400 MHz, DMSO) & 7.61 — 7.53 (m, 1H), 7.46 — 7.38 (m, 1H),
7.38 = 7.31 (m, 1H), 7.19 (d, J(H,H) = 8.5 Hz, 2H), 7.08 (d, J(H,H) = 8.9 Hz, 4H), 7.05 — 6.97 (m,
7H), 6.91 (d, J(H,H) = 8.7 Hz, 8H), 6.80 (d, J(H,H) = 8.7 Hz, 2H), 6.59 (d, J(H,H) = 8.7 Hz, 2H), 3.74
(s, 12H). *'P NMR (162 MHz, DMSO) & +39.10 (s). Due to solubility issues, no '*C NMR spectra
could be recorded. HRMS (ESI, CH,Cl,): [M-H] (C4sH40N2O6P), m/z Calcd for: 771.26240, m/z
Found: 771.2632.

Synthesis of a-HgS NEs. 39.2 mg Hg(NO3), * nH,O was dissolved in 3.9 ml of water, followed
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by addition of 0.9 ml of D- or L-penicillamine aqueous solution (100 mM) under stirring to get a
colorless solution. An aqueous 100 mM NaOH solution was added to adjust the pH value to ca. 11.5.
After further stirring for 3 min, 0.9 ml of thioacetamide solution (100 mM) was injected quickly and
the mixture was stirred for 24 h at room temperature for the synthesis of a-HgS NEs. The NEs was
precipitated by the addition of acetone. The precipitate was redispersed in a minimum volume of water
and then precipitated using acetone. This procedure was repeated at three times to remove unreacted
species.

Synthesis of a-HgS NTs. Initially, A 100 mM thioacetamide stock solution was prepared by
dissolving 60 mg of thioacetamide in 8.0 ml of water. A mercury stock solution was prepared by
dispersing 41.3 mg of Hg(NOs3), * nH>O in 4.0 ml of water. Then, 1.1 ml of D- or L-Pen solution (100
mM) and 0.3 ml of NaOH (1 M) were added in sequent. In a three-neck round bottom flask, 0.25 ml
of D- or L-NEs colloidal solution was diluted with 2.25 ml of water under N, atmosphere. Then, 0.3
ml of NaOH solution (1.0 M) was added, and 0.9 ml of D- or L-Pen solution (100 mM) were added to
the D- or L-NEs solution respectively. The 1.1 ml of thioacetamide stock solution and 4.0 ml of mercury
stock solution containing D- or L-Pen were co-injected into the D- or L-NEs solution, respectively, for
2 h at room temperature. The reaction solution was stirred overnight and mixed with acetone, followed
by centrifugation at 5 000 rpm for 5 min. The precipitate was redispersed in a minimum volume of
water and then precipitated using acetone. This procedure was repeated at three times to remove
unreacted species.

Ligand exchange from water-soluble Pen ligands to the mixture of 1 and OAm. In a 2-ml glass
vial, 0.3 ml of an aqueous solution of a-HgS NTs or NEs was mixed with 1.5 mg of 1 in 0.05 ml of
toluene and 0.05 ml of OAm. The mixture was stirred vigorously for 2 h at room temperature. After
the reaction, the two phases appeared by addition of 0.3 ml of water and toluene. The organic phase
was carefully collected and mixed with methanol, followed by centrifugation at 5 000 rpm for 5 min.
The particles were washed with methanol after re-dispersed in a drop of N,N-dimethylformamide. The

washing step was repeated several times.
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Chapter 6

Conclusions and Prospects

6-1. Conclusions and Future Prospects.

This thesis summarizes my attempt to control the chirality of cinnabar-based nanoparticles (a-HgS
NPs) through chiral ligand coordinations. All throughout the preceding chapters, I focused on the role
of the chiral ligands, especially their coordination configurations, in determining the handedness of
chiral crystalline structure of the o.-HgS core.

In Chapter 1, I gave an introduction to a relatively new research field of nanoscale chirality in
inorganics. Since the initial preparation of gold nanoclusters using chiral ligands, ' large variety of
chiral inorganic nanomaterials have been emerging for only two decades,* and rapidly developed due
to their significant chiral properties as discussed in Chapter 1. Nevertheless, a central question in the
field of nanoscale chirality still remains unanswered: How does chirality transfer operate from chiral
ligand? I assumed that difficulty in the evaluation of detailed structure of such inorganic nanomaterials
is the major issue. Very recently, a new class of chiral inorganic NPs has emerged with the synthetic
demonstration of intrinsically chiral a.-HgS NPs,” which crystallize in the chiral trigonal space group.
In this dissertation work, I expected that the NPs composed of a-HgS with an intrinsically chiral
crystalline system could be an ideal model to discuss how the chirality of surface ligand operates on
the controlled synthesis of chiral NPs and vice versa (how the chirality of the core operates on the
coordination structure or arrangement of surface ligands). The employment of intrinsically chiral
inorganics makes the discussion simpler since their crystallographic structures adopt either right- or
left-handed chiral atomic arrangement. In 2016, when I started this dissertation research, there was
only one report on the chiral a-HgS NPs, which described the enantioselective synthesis of NPs by
using an enantiomeric chiral ligand.” Therein, it was also reported that the formation of a-HgS NPs
proceeded via the transient formation of metastable B-HgS (Figure 6-1).”

In the intrinsically chiral nanomaterial systems, chiral surface can be displayed at low Miller index
surface. These nanomaterials have attracted much interest as a chiral source for asymmetric catalyst,
affording enantioselective processes. Nevertheless, there are few studies on the chirality transfer from

inorganic nanomaterials to adsorbed molecules on their surface.!*!!
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Figure 6-1. Schematic illustration of enantioselective synthesis of chiral a-HgS NPs.
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This thesis aims to (1) reveal the mechanism on the translation of ligand chirality to HgS NPs, and
(2) challenge the chirality transfer from chiral a-HgS NPs to surface ligand molecules.

In Chapter 2, the presence of chiral thiol ligands successfully led to the chiral cinnabar phase in
the aqueous synthesis of mercury sulfide NPs, with large dissymmetry factors in their optical activity.
A slight modification in the chemical structure of chiral ligands with an identical stereochemistry (L-
form) resulted in the reversal of chirality in the HgS core. This finding suggests that the chirality of
the HgS core can be dictated by the delicate balance of the (quasi-) enantiomeric coordination modes
of ligands on the semiconductor surface. The chiral crystalline structure of semiconductor cores was
successfully preserved after the ligand-exchange by an achiral ligand (chiral memory), keeping more
than half of the dissymmetry factors. The chiral crystalline phase was robust enough to be preserved
even at high temperature (100 °C) in the absence of the chiral ligand. This study on the chiral memory
effect shed light on chirality transfer from the a.-HgS NP to an achiral molecule adsorbed on its surface
(Chapter 5).

In Chapter 3, I have demonstrated the inversion of optical activity in the synthesis of HgS NPs
with an identical capping ligand. The HgS NPs with N-acetyl-L-cysteine (Ac-L-Cys) underwent a
continuous decrease in CD intensity followed by a reversal in CD pattern upon heating at 80 °C. The
modulation in the bidentate ligand coordination configurations of Ac-L-Cys with thiolate and either
carboxylate or acetylcarbonyl groups is most likely responsible for the CD inversion, consistent with
the FTIR study. The relative stability with respect to the coordination configurations on the
enantiomeric HgS surface was proposed with the aid of first-principles calculations, leading a shift in
the distribution of NPs formation to change the relative population of NPs with opposite handedness
through the ripening processes. This chirality inversion system casts an important insight for my
understanding in the roles of chiral ligands in the chirality induction in NPs, and indicates that the use
of enantiopure ligands could not necessarily provide enantiopure HgS NPs with identical handedness.
I further expect a future expansion of the present study with a ligand system capable of switching
coordination modes in response to external stimuli such as light.

In Chapter 4, a detailed study on the formation and growth of a-HgS NPs led to two significant
findings. First, a critical size of 5.5 nm seemed to exist for the transformation from the achiral B- to
the chiral a-phase in the chiral induction stage. Second, the optical activity of HgS NPs was dependent
on the preparation temperature and consequently on the average size of NPs. NPs with larger average
size possessed higher enantiopurity in the handedness of the NP core structure, which was achieved
by the growth of NPs aided by the Ostwald ripening process. This study not only gives an important
insight into the enantioselective synthesis of nanomaterials but may also provide implications for the
development of homochirality in nature, in which intrinsically chiral minerals are believed to play an

important role.'?®
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Figure 6-2. Energy diagram depicting synthesis of HgS NPs in the presence of chiral ligands.

Based on the studies in these chapters, the overall a-HgS NP formation mechanism, involving the
chirality induction, can be formulated (Figure 6-2). The addition of thioacetamide to an aqueous
solution of mercury ions in the presence of thiolate ligands leads to the immediate formation of
kinetically favored HgS NPs with the metastable B-phase.” The B-HgS NPs have a spherical or
polyhedral shape with diameter less than 5.5 nm (Chapter 4), and subsequently grow by mercury
sulfide monomer attachment. The energy barrier of the growth is affected by a slight difference in the
chemical structure of chiral ligands. The growth and formation of a-HgS NPs capped with (D, L)-
cysteine (Cys), Ac-L-Cys, and N-isobutyryl-L-cysteine (Ib-L-Cys) could be observed at higher
temperature (~50 °C), while those events occurred even at room temperature and lower for (D, L)-
penicillamine-(Pen) capped NPs (Chapter 2, 4). Since surface ligands regulate the growth of inorganic
NP cores through continuous interactions with their topmost surface atoms, these cysteine-based
derivatives may possess different binding affinity associated with the difference in their chemical
structures. The growth of HgS NPs of size over 5.5 nm induced the B-to-a phase transformation
(chirality induction) in the presence of chiral ligands (Chapter 4). In other words, the most stable phase
is shifted from the cubic B-phase to the trigonal a-phase across the NP size of 5.5 nm. However, there
has been some reports on the synthesis of -HgS NPs with larger size than 5.5 nm by using achiral
ligand molecules.!*!® It might be suggested that the energy barrier of the chirality induction for achiral
ligand-capped B-HgS NPs are remarkably higher, as compared to that for the NPs capped with chiral
ligands. The intermediate of the B-to-o phase transformation should have a dissymmetrically distorted
structure in the NP core. It is reasonable to assume that chiral surface ligands decrease the activation
barrier of the transformation. As mentioned in Chapter 4, the dissipation of B-HgS NPs in the presence
of D-Pen was monitored by the decrease of absorbance at 600 nm, which led to a rough estimation of

metacinnabar content between 100 and 0% (Figure 4-3). This dissipation implies the B-to-o phase
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transformation of the HgS NP along with NP growth (Chapter 4). The time-dependent absorption
measurements were performed at four different temperatures (25, 30, 35 and 40 °C). Plots of
In(absorbance) versus time yielded a straight line (Figure 6-3a), thus roughly indicating an apparent
first order kinetics. Rate constants k(7) were obtained by determining the initial reaction rates by linear
fits (Table 6-1). The Arrehenius plot (Figure 6-3b) gives a linear fit (weighted linear regression), and
the activation energy is determined to be 62.6 kJ/mol. Similar measurements were conducted for the
NPs prepared with L-Pen, resulting in the activation energies of 74.1 kJ/mol (Figure 6-4 and Table 6-
1). These values are difficult to put in context due to the mere lack of data (This is a first study to
estimate the activation barrier for chirality induction of inorganic NPs).

On the basis of the bidentate coordination mode, the chiral cysteine-derivative ligand can give both
handedness of a")- and a)-HgS NPs with different stability (Chapter 3). The bidentate coordination
of the ligand could give nearly mirror-image coordination configurations on the NP surface. The
difference in chemical structures of these ligands gives an effect on the relative populations between
a- and a?-HgS cores (Chapter 2). For example, the bulky isopropyl group in Ib-L-Cys should
hamper the coordination of the acetylcarbonyl group to the surface of NPs, and Ib-L-Cys is considered
to bind selectively in the thiolate—carboxylate (S—COO) bidentate coordination, leading to a-HgS NP
ensembles with higher enantiomeric excess (ee) compared to the three other ligands (Chapter 3).
Contrarily, Ac-L-Cys afforded two bidentate coordination configurations, S—COO and
thiolate—acetylcarbonyl (S—Ac), on -HgS NPs, and consequently gave a small ee in the NPs. From
these findings, I concluded that the ee value of resulting a.-HgS NPs could be determined by an energy
difference in bidentate coordination configurations on the surface of B-HgS NPs. The study on the
chiral memory effect in Chapter 2 showed that racemization cannot occur for the a-HgS NPs even
with achiral ligands, indicating an insurmountable energy barrier for inversion of the handedness of
the chiral crystalline structure. In fact, there have been no report on chirality inversion of inorganic
NPs except for ultrasmall metal nanoclusters (size < 4 nm).!”! Therefore, the chirality inversion of
NPs does not seem to proceed with atomic displacement in a single NP. The mode of ligand-
coordination structures should differentiate the relative stability (surface energy) between o'”- and
a)-HgS NPs (Chapter 4). In Ostwald ripening, NPs with lower stability dissolved more rapidly
providing monomeric species to the growing NPs with opposite crystal handedness. The inversion of
relative population between a”- and a”-HgS NPs with the aid of ripening process was observed,
leading to the optical activity inversion (Chapter 3). Moreover, the amplification of enantioselectivity
for Pen-capped a-HgS NPs can be achieved through the Ostwald ripening (Chapter 4). As the
dissolution of minor o”-HgS NPs required excess thermal energy, which was facilitated at a higher
temperature, the optical activity was dependent on preparation-temperature. Thus, the chirality of the
NPs, unequal population between right- and left-handedness of a-HgS cores, can be controlled by
Ostwald ripening.
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Figure 6-3. (a) Linear dependence of In(absorbance) versus reaction time for the p-to-o phase
transformation of the D-Pen-capped HgS NPs at different temperatures. (b) Arrhenius plot In(k) vs.
1/T for the phase transformation at 25, 30, 35, and 40 °C.

Table 6-1. Initial reaction rate constants of the -to-a phase transformation of HgS NPs at different

temperatures.
Kintial
25°C 30°C 35°C 40 °C
D-Pen 35 57 8.3 15.2
L-Pen 43 6.4 8.9 14.8
(x104)
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Figure 6-4. (a) Linear dependence of In(absorbance) versus reaction time for the p-to-o. phase
transformation of the L-Pen-capped HgS NPs at different temperatures. (b) Arrhenius plot In(k) vs.
1/T for the phase transformation at 25, 30, 35, and 40 °C.

In this dissertation research, I explored the mechanism to translate chirality of surface ligands to
HgS NPs, and finally propose the three important roles of the chiral ligands: (1) differentiation in the
stability of achiral B-HgS NPs with different ligand coordination modes (determination of
handedness); (2) lowering the activation energy for the P-to-o phase transformation (chirality
induction); (3) enantioselective stabilization of a-HgS NPs resulting in the facilitation of Ostwald

ripening (control of chirality).
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In Chapter 5, I developed a new approach to generate a CPL-active materials system composed of
a chiral inorganic nanoparticle and achiral fluorescent ligands. The achiral fluorescent molecule
adsorbed on the surface of a.-HgS nanotwists (NTs) exhibited noticeable CPL signals depending on
the morphological chirality of NTs. The a-HgS NTs could possess the both handedness in the
crystalline lattice and nanoparticle morphology. This work demonstrated that the latter handedness
played a key role in the chirality transfer from the curved surface of NTs to the arrangement of achiral
luminophores. Further design of organic luminescent molecules with appropriate coordinating groups
would demonstrate the utility of the present chiral-inorganic and organic hybrid system as a versatile
CPL generation system.

This thesis offers deeper understanding of the mechanism to translate chirality of surface ligands
to HgS NPs (Chapter 2-4), and is expected to have significant impacts on further advancement of
nanoscience and nanotechnology in general. In addition to these studies, I succeeded in chirality
transfer from o-HgS NPs to an achiral surface molecule, proposing a possible application, CPL-active

material, of intrinsically chiral NPs (Chapter 5).
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