An dte

Chemie

()

GDCh

= Communications

Internatic

10236 Wiley Online Library

Charge Transfer

International Edition: DOI: 10.1002/anie.201806093
German Edition: DOI: 10.1002/ange.201806093

Tunable Chiroptical Properties from the Plasmonic Band to Metal-
Ligand Charge Transfer Band of Cysteine-Capped Molybdenum Oxide
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Abstract: Understanding the interactions between a semicon-
ducting nanocrystal surface and chiral anchoring molecules
could resolve the mechanism of chirality induction in nano-
scale and facilitate the rational design of chiral semiconducting
materials for chiroptics. Now, chiral molybdenum oxide
nanoparticles are presented in which chirality is transferred
via a bio-to-nano approach. With facile control of the amount
of chiral cysteine molecules under redox treatment, circular
dichroism (CD) signals are generated in the plasmon region
and metal-ligand charge-transfer band. The obtained
enhanced CD signals with tunable lineshapes illustrate the
possibility of using chiral molybdenum oxide nanoparticles as
potentials for chiral semiconductor nanosensors, optoelectron-
ics, and photocatalysts.

Chiral inorganic nanocrystals (NCs) as an emerging area has
revolutionized the motif of chirality, which was originally
derived from stereochemistry since the first observation of
optical activity in quartz by F.J.D. Arago.' Nowadays,
attentions on the synthesis of chiral inorganic NCs are further
extended on enhanced chiroptical effects, chirogenesis and
potentials in which chiral inorganic NCs could provide to
interdisciplinary fields such as optical and biosensing,? chiral
recognitions®! and polarization-based display devices. Intui-
tively, chiral inorganic NCs with chirality transferred from
chiral ligands that are bound to their surface are commonly
studied, and the species of inorganic materials can vary from
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metallic nanoparticles (NPs) or clusters to a variety of
semiconductor NCs.P!

Among them, chiral metal oxide NPs with ligand induced
chirality has triggered tremendous interests for their essential
applications in chiral catalysis, biomaterials, optics and
understanding of light-matter interactions. To date, Y.
Gun’ko and coauthors!® reported that diphenylethylenedi-
amine-capped TiO, NPs can express chiroptical activities at
their band-edge region owing to the overlap of the chiral
ligand highest-occupied molecular orbital (HOMOs) with the
TiO, quantum-dot valence-band states. More recently, J.
Yeom et al.l”! synthesized Co,0, chiromagnetic NPs and their
gels that can be used for real-time magnetic field modulation.
These NCs with chiral distortions of the crystal lattices caused
by the chiral ligands (cysteine) exhibited enhanced chiroptical
activity in the visible range, suggesting that metal oxide NPs
with structural chirality and magnetism can be expanded to
a wide range of nanomaterials with tunable chiroptical and
chiral magnetic properties. Further, doped semiconductor
metal oxide can also provide a versatile platform for
obtaining chiral nanostructures with tunable extinction
behaviors which can be modulated by changing carrier
concentration through chemical doping.® Kotov and col-
leagues,” for example, synthesized chiral WO, . NPs via
a bio-to-nano chirality transfer approach. By capping the
WO,_, NCs by aspartic acid (Asp) and proline (Pro)
molecules, the amino acids are attached to the NP surface
through C-O-W linkages and weakly coordinated to the NP
surface. Thanks to the metal-to-ligand charge transfer
(MLCT) effect, they successfully observed an unusual chi-
roelectronic band at visible region and a chiroplasmonic
signal at near infrared (NIR) region. When the capping chiral
molecules are different, the chiroptical responses also varied
because the molecular binding mode of the two amino acids
to the NP surface are different where Asp has one additional
C-O-W linkage compared to Pro resulting in stronger
distortion of the inorganic crystal lattice and greater intensity
of circular dichroism (CD) bands.

In light of the strong CD activities of chiral WO; , NPs
through MLCT effect, herein, we present chiral MoO;_, and
MoO, NPs with tunable absorption properties by a one-pot
synthesis in which the chiral cysteine molecules serve as both
reducing and capping agent in aqueous solution. The obtained
sub-stoichiometric chiral MoO;_, NPs exhibit a strong rela-
tionship between the amount of chiral cysteine ligand used for
reaction and chiroptical activities at surface plasmon reso-
nance (SPR) band and MLCT band region. Owing to the
strong Mo—S bond (even stronger than a typical C-O-W
linkage mentioned above), the highest anisotropic g-factor of
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such a system can reach about 7 X10~*, which is more than
four times higher than the chiral WO;_, system capping by
Asp or Pro molecules. Further, the chiral origin of such
system is confirmed by time-dependent density functional
theory (TDDFT) simulations. It was found that the electronic
state interactions caused by orbital couplings between the
chiral ligands and NPs are vital for the induction of chirality.
Such tunable chiroptical activities of molybdenum oxide will
create a unique pathway for the development of chiroptics,
plasmonic sensing, and biomedicine.

The aqueous chiral molybdenum oxide NPs capped with
L- or D-cysteine molecules were prepared through the facile
one-step self-assembling synthesis through the bulk MoS,
powder sources. In the synthesis process, the cysteine
molecules serve as both capping agent and reducing agent
simultaneously as detailed in the Supporting Information.
Figure 1a illustrates the processes of H,O, oxidation and the
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formation of small nanodots. TEM characterization demon-
strates that the average size of pristine MoO; NPs is around
3nm (Supporting Information, Figure S2). Furthermore,
different amount of cysteine could result in chiral oxide NPs
with different colors. After redox treatment with cysteine, we
select 5, 20, and 60 mg cysteine-capped oxide NPs with typical
blue, green, and brown color to characterize their morphol-
ogy. Figure 1b,c show the 5 and 20 mg treated NPs possess
similar size distribution (ca. 3 nm), which is consistent to the
size of pristine MoO; NPs. However, the 60 mg cysteine
capped NPs exhibits larger NPs (ca. 29 nm; Figure 1d).
Figure 1f,g indicate that the L- and D-Cys can induce similar
color change tendency, that is, from blue, green, to brown,
which correspond to a small, moderate, and large amount of
capping ligand, respectively. Figure 1e shows the high-reso-
lution TEM image of 20 mg L-Cys treated sample, in which
the lattice spacing corresponds (123) crystal plane of MoO;_,.

D=28.7 nm

Figure 1. Fabrication of chiral cysteine-capped molybdenum oxide NPs associated with morphology characterization. a) lllustration of the
synthesis of chiral NPs. The dark yellow flake is MoS,, which is oxidized by H,0, to form MoO; nanodots (ivory sphere). The different amount of
cysteine could reduce the MoOj; to obtain various cationic valence (blue sphere MoO;_,, brown MoO,, green ligand is L- or D-cysteine). b)—

d) TEM images and size distribution of 5 mg, 20 mg, and 60 mg L-Cys capped chiral NPs, respectively. f) HRTEM image of 20 mg L-Cys capped
chiral NPs. e),g) Photographs of different amount of L- and p-cysteine treated NPs, which from left to right corresponds 0, 5, 10, 20, 40, 60,

80 mg cysteine dispersed in 1.5 mL solution, respectively.
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The X-ray surface photoelectron spectrum (XPS) results
indicate that the molybdenum element valence could
decrease from Mo"! to Mo" during reduction reaction
progressively (Figure 2). The as-prepared pristine MoO;
exhibits pure Mo"" element in NPs. The two apparent blue
peaks located at 233.35eV and 236.55eV correspond to
Mo 3ds;, and Mo 3d,), orbitals. For the blue color solution with
5Smg L-Cys, the XPS results shows that there are mixed
valences between Mo"" (blue peaks) and Mo" (orange peaks).
The peaks located at 231.95 eV and 235.10 eV correspond to
the MoV 3ds, and 3d;, orbitals. With continuous redox
reaction, the green solution sample (20 mg L-Cys capped
NPs) possess mixed valences involving Mo"! and Mo", and
the light green peak indicate the Mo 3ds, orbital at 229.1 e V.
For the brown solution (60 mg L-Cys capped NPs), the Mo""
and MoV totally vanished while the pure Mo" orbitals appear
at 229.1 eV and 232.2 eV, which demonstrates that the MoO,
NPs are formed. The larger size of MoO, NPs (ca. 20 nm)
could be explained by the aggregation of MoO, caused by
weak solubility in water as confirmed by the TEM observa-
tion (Figure 1d). The XPS results of MoO, NPs exhibit the
excessive S element from cysteine (Supporting Information,
Figure S3). Deconvolution and calculation of relative peak
areas ratio show that the ratio of Mo"" to Mo" is 1.875 for the
5 mg L-Cys capped NPs, and the sub-stoichiometric oxides
could be expressed as MoO,g;. Furthermore, the 20 mg L-Cys
capped NPs can be expressed as MoO, according to the

Intensity (a.u.)

Experiment -
— T
—— Fitting

60 mg L-Cys

Binding Energy (eV)

Figure 2. XPS spectra of different L-Cys capped NPs with deconvoluted
Mo 3d peaks. Blue, orange, and green peak areas corresponds to three
valence states of molybdenum with Mo"', Mo", and Mo" respectively.
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ratio of Mo"" to Mo" (ca. 2.25). The abovementioned results
present the cysteine could reduce the MoO; step by step and
produce NPs with different valences, which is similar to the
NaBH, reduction effect.['"!

The UV/Vis and CD spectra were then utilized to
investigate the chiroptical activity of L- and p-Cys capped
MoO;_, and MoO,. The absorption spectra clearly reveal that
the surface plasmonic peak and MLCT peak could be tuned
via the adjustment of capping ligand concentration (Fig-
ure 3b). With the addition of small amount of L- or D-Cys, the
MoO;_, NPs exhibit only strong NIR absorption band at
around 823 nm. The plasmonic induced absorption peak also
indicates refractive index dependent through solvents with
various refractive indices exchange for the 5 mg L-Cys capped
NPs (Supporting Information, Figure S4). For the 20 mg L-
Cys capped NPs with mixed Mo"" and Mo", the plasmonic
band intensity decrease along with the appearance of a weak
absorption shoulder in the visible region. It indicates the
MLCT absorption could relate to the Mo complex directly.
For the completed reduction to MoO, NPs, the absorption
spectra exhibit strong MLCT induced visible absorption band
and the plasmonic peak completely disappeared. The reason
is due to the absence of necessary carrier density that can
result in plasmonic frequency in MoO, compared to MoOs;_,
NPs. The detailed fundamental background of transition is
discussed in the Supporting Information. Their chiroptical
properties display close relation with their absorption peak
position. The pristine MoO; NPs show silent chiral activity
without chiral ligand capping (Supporting Information, Fig-
ure S5). Figure 3 a shows the CD spectra of both L- and D-Cys
capped NPs with ligand amount range from 5 to 80 mg. L- and
D-Cys capped NPs reveal strong mirror-image CD spectra for
all samples. For the small amount cysteine modified NPs, the
chiral signals only emerge in the NIR region, which corre-
spond to the plasmonic absorption. For the 5 mg cysteine
capped NPs, the CD ellipticity is smaller than 5 mdeg and the
relevant g-factor values is in the order of 10~* (Figure 3e,f),
which are comparable to the previous chiral-ligand-capped
plasmonic metallic NPs.'l However, with the continuous
increase of cysteine, the chiroplasmonic band disappears
along with the CD signals emerged at visible region. Mean-
while, CD ellipticities are measured to 160 and 300 mdeg for
40 and 60 mg cysteine capped NPs, respectively. As a conse-
quence, the largest g-factor value can be up to 7X107°
(Figure 3c¢). The g-factor values of CD signal at 580 nm as
a function of cysteine amount is summarized in Figure 3d.
The g-factor value saturates when the ligand amount is larger
than 60 mg. The strong coordinative bond between Mo and S
atoms may contribute to the larger values of g-factor
compared with other chiral non-thiol ligands. Among all the
samples, the 20 mg cysteine-capped NCs possess both plas-
monic and MLCT transition absorption, nevertheless it only
displays weak visible CD signal with a g-factor value of 5X
10~*. Their chiroptical responses in NIR plasmonic region are
absent. It may be due to the low loading of MoO;_, NPs and
inefficient ligand chiral transfer in plasmonic dipole.'” Based
on this issue, we have investigated the chiroptical properties
of their sediment after centrifugation. The precipitated
productions were dispersed in deionized water. There is no
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Figure 3. Chiroptical activity observation of L- and p-Cys-capped NPs. a) CD spectra, b) absorption spectra, c) g-factor spectra of different amount
of both L- and p-Cys capped NPs. d) g-factor value for 580 nm CD signal as a function of cysteine amount. e),f) CD and g-factor spectra of 5 mg

L- and p-Cys capped NPs in NIR region.

obvious change in CD peak position for the 5 and 60 mg
cysteine capped NPs, but the NPs capped by 20 mg cysteine
display weak CD activity again in plasmonic band (Support-
ing Information, Figures S7-S89). It could be explained that
the plasmonic transition dominates in colloid NPs but MLCT
dominates in the supernatant complex. It should be noted that
chiroptical activities of all sediment decrease dramatically
compared to the as-prepared NPs solution. The main ligands
in supernatant fraction that induce strong MLCT absorption
suffer from damage after centrifugation. After precipitation
treatment, the 20 mg cysteine-capped NPs shows much
weaker CD signal in the MLCT band with unchanged peak
position (ca. 580 nm) and a relatively small g-factor value (ca.
1X107%). All the samples display much weaker CD activity in
MLCT transition band compared with as-prepared samples.
The g-factors of sediment as a function of cysteine amount
have been summarized (Supporting Information, Figure S10).

To investigate the original derivation of chiral behavior,
we performed the simulation and predicted their chiroptical
properties via TDDFT method,™ details are shown in the
Supporting Information. Mo,Og nanoclusters were selected as
the smallest meaningful model structure for chiral oxides.
Four chiral ligands were functionalized to the nanocluster.
The initial and optimized structures of molybdenum oxide
cluster with both L- and D-cysteine were shown in the
Supporting Information, Figure S11 and Figure 4a,b, respec-
tively. Figure 4c—d demonstrates that the calculated absorp-
tion and CD spectra of L- and D-Cys capped nanocluster
complexes. Because of the much smaller size of simulated
cluster compared with the actual oxides NPs, the simulated
absorption and CD spectra exhibit a blue-shift of 150 nm for
MLCT band with respect to our experimental results. The
observed chiral signals keep consistent with absorption region
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and display mirror-image spectra for L- and D-Cys capped
nanocluster complexes, confirming the strong interaction
between nanocluster and chiral molecules. The MLCT band
transition is contributed by the transition from the metal-9
orbitals complexing ligand-based m orbitals associated with
the HOMO and ligand-based mt* orbitals associated with the
LUMO. The delocalized HOMO, HOMO-1, HOMO-2
orbitals of nanocluster complex both in Mo,Og and cysteine
indicates that strong hybridization of orbital coupling
between orbital wavefunction of the chiral ligand and
HOMO electronic states of nanocluster. The chiroptical
transfer from molecular to nanocluster is therefore due to
the coupling of electronic states, which is similar to the orbital
interactions in other semiconductor NCs (Supporting Infor-
mation, Figure S13).°¢14!

Ae10L.mor " em™)

10 {Lmel" em™)

Figure 4. TDDFT simulation for cysteine capped Mo,O; nanocluster.

a) L- and b) The optimized structure of the p-Cys-nanocluster. c) Calcu-
lated CD spectra and d) absorption spectra for both L- and p-capped
nanocluster.
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In summary, the cysteine capped molybdenum oxides NPs
were successfully prepared by a one-step redox process.
Based on XPS analytical analysis, it was found that the chiral
cysteine capping ligand could alternatively serve as reductive
agent to mediate cationic valence depending on cysteine
amount. Our investigation suggests that chiroptical properties
of chiral NPs could be tuned as a function of cysteine amount
from the plasmonic band to metal-ligand charge transfer
band. Furthermore, the strong chirality with a g-factor value
of about 7 X107 is achieved in MLCT band in visible region.
The chiral transfer from ligand to NPs were studied and
discussed in term of the electronic state coupling, with the
help of TDDFT simulation method. This work sheds light on
the future potential chiroptical application in molybdenum
oxides NPs to achieve dynamics tunable and fully cover
spectra of chiral response.
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