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ABSTRACT: The chirality of nanoparticles (NPs) and their &

assemblies has been investigated predominantly for noble metals . ’M% Amino | 20! + -
and II-VI semiconductors. However, ceramic NPs represent - 5 Acids A

the majority of nanoscale materials in nature. The robustness e 10- ' R .
and other innate properties of ceramics offer technological % }1}'( S
opportunities in catalysis, biomedical sciences, and optics. Here ) S
we report the preparation of chiral ceramic NPs, as represented : £ » .
by tungsten oxide hydrate, WO;_,-H,O, dispersed in ethanol. Chiral WO, 8.104 \-»72~// i
The chirality of the metal oxide core, with an average size of Nanoparticles 4 .
ca. 1.6 nm, is imparted by proline (Pro) and aspartic acid (Asp) 204 0 r ‘
ligands via bio-to-nano chirality transfer. The amino acids are 400 500 600 700 800
attached to the NP surface through C—O—W linkages formed Wavelength (nm)

from dissociated carboxyl groups and through amino groups

weakly coordinated to the NP surface. Surprisingly, the dominant circular dichroism bands for NPs coated by Pro and Asp are
different despite the similarity in the geometry of the NPs; they are positioned at 400—700 nm and 500—1100 nm for Pro- and
Asp-modified NPs, respectively. The differences in the spectral positions of the main chiroptical band for the two types of NPs
are associated with the molecular binding of the two amino acids to the NP surface; Asp has one additional C—O—W linkage
compared to Pro, resulting in stronger distortion of the inorganic crystal lattice and greater intensity of CD bands associated with
the chirality of the inorganic core. The chirality of WO;_,-H,O atomic structure is confirmed by atomistic molecular dynamics
simulations. The proximity of the amino acids to the mineral surface is associated with the catalytic abilities of WO;_,-H,0O NPs.
We found that NPs facilitate formation of peptide bonds, leading to Asp-Asp and Asp-Pro dipeptides. The chiroptical activity,
chemical reactivity, and biocompatibility of tungsten oxide create a unique combination of properties relevant to chiral optics,
chemical technologies, and biomedicine.

B INTRODUCTION ness of NPs make them a promising platform for polarization-
based optical devices with significance for biosensing,'""”
hyperspectral imaging,"* and new information technologies.*
Noble metal®~"” and II-VI semiconductor'®'? NPs with
chiral molecules on their surface are commonly used in many
ongoing studies of chiral inorganic nanostructures.””’ Chiral
forms of nanocarbon obtained by chiral separation”' ~** or direct

Chiral inorganic nanostructures represent one of the fastest
growing areas of nanoscience. This interest is spurred by the
universal significance of chirality for chemistry, physics, biology,
and medicine."” In this field, research on chiral nanoparticles
(NPs) is further motivated by remarkably strong chiroptical
effects,® >unusual modes of chirality transfer,”” the proximity of
NP dimensions to biological chiral entities,” a multitude of
possible catalytic processes taking place on their surfaces,”'" and Received: February 10, 2017
self-organization phenomena.® The high polarizability and robust- Published: August 12, 2017
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Figure 1. (A—F) Structure and properties of L-Asp-NPs of WO;_,-H,0, x = 0.03. (A) UV—vis spectra of NP dispersions; spectra on the left and right of
abscissa break are obtained for samples of 0.456 g L' ([NP,,] = 3 mmol L") in a 1 mm-length cuvette and 0.304 g L™" ([NP,,] =2 mmolL™") ina
10 mm-length cuvette, respectively.(B) Size distributions derived from the TEM images of L-Asp-NPs. Total number of analyzed NPs is 150.
(C) Representative high-resolution TEM image of L-Asp-NPs. (D) The corresponding electron diffraction pattern of NPs. (E) Powder XRD patterns of
NPs. (F) XPS spectra with deconvoluted 4f peaks corresponding to two valence states of tungsten. (G, H) Structure and properties of ligand-free NPs of
WO;_-H,0, x = 0.03. (G) UV—vis spectra of NP dispersions; spectra on the left and right of abscissa break are obtained for samples of 0.456 g L™
(([NP,,] = 3 mmol L71) in a 1 mm-length cuvette and 0.304 g L™ ([NP,,] = 2 mmol L™") in a 10 mm-length cuvette, respectively. (H) Represen-
tative high-resolution TEM image of ligand-free WO,_H,O, x = 0.03 NPs. (I) Raman spectra of R6G (10™* M) with and without ligand-free
WO,_,-H,0 NPs.

synthesis, for instance, carbon® and graphene26 quantum dots,
are also known. The chirality transfer from the chiral surface
ligands to the inorganic core is typically used in the synthesis of
different NP enantiomers.””~>” Even when the ligands are not
chiral, lattice defects exemplified by dislocations can serve as the
source of asymmetry and distinct chiroptical activity in inorganic
nanostructures.’””'

Ceramics represent some of the most common man-made*”** and
natural nanomaterials.** Ceramic nanostructures are technologically
essential for catalysis, medicine,® high-performance optics,*®
and some of the most fundamental questions in science, such as
the origin of life.”” These reasons motivated us to investigate
methods of preparation and the properties of chiral ceramic NPs.

Notably, only a few chiral ceramic materials have been prepared and
investigated thus far.”®~*' Ceramic nanostructures with molecular
chirality can be exemplified by silica fibers and nanotubes with
helical channels or titania supraparticles with mesoscale poros-
ity.””* The chirality in these structures originates from the
molecular imprinting of the organic templates on silica or titania
during the sol—gel process. Although both oxides a wide band gap
with electronic transitions in the UV range of the electromagnetic
spectrum, silica gels exhibit chiroptical bands after incorporation of
dyes and NPs active in the visible range."”*

The adsorption of amino acids on different ceramic surfaces
is well studied,”>™*°
revealing the role of early earth minerals in the prebiotic formation of

mainly due to the long-term interest in
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Figure 2. (A, B) Photographs of (A) 2.5 mL of L-Asp-NPs and (B) 2.5 mL of L-Pro-NPs in ethanol with different concentrations of water: 0,0 mmol L™';
1,22 mmol L™; 2, 44 mmol L™%; 3, 66 mmol L™%; 4, 88 mmol L™"; and S, 110 mmol L™". (C, D) UV—vis spectra of NP dispersions; spectra on the left
and right of abscissa break are obtained for samples of 0.456 g L™ (([NP,,] = 3 mmol L™") in a 1 mm-length cuvette and 0.304 g L™ ([NP,,] =
2 mmol L™") in a 10 mm-length cuvette, respectively. See Methods for calculation of size-averaged molar concentration of NPs denoted as [NPav].

peptides, proteins, and other biomolecules.****™** Early studies

showed that adsorbed amino acids can be activated and go through
condensation reactions (polymerization) after dry—wet or heating
cycles.*>>! Other studies demonstrated that amino acids bond to
ceramic surfaces.”” >’ Although the role of inorganic surfaces in
prebiotic peptide formation and stereospecificity of the bonds
between amino acids and minerals are still in dispute,”® it is likely that
surface immobilization of amino acids facilitates the condensation
reaction due to the inherent proximity of the reactants,” bond
activation by coordination with mineral surfaces, and mitigation of
the thermodynamic favorability of peptide bond hydrolysis.

Here we report the preparation and properties of ceramic NPs
with an average diameter of 1.6 nm made from tungsten oxide
hydrate, WO,_,-H,0, which is known to have intense optical
transitions from UV to near-infrared (NIR)**’ that can be
associated with charge transfer,”" plasmonic,60’62’63 and
polaronic®”**~®” electronic transitions. The chirality of WO,_,-
H,0O NPs is imparted by the chirality transfer from surface
ligands L- or D-aspartic acid (Asp) and L- or p-proline (Pro).
In contrast with semiconductor,®® metal,® and graphene
NPs,*® which would be expected to have nearly identical circular
dichroism (CD) spectra for particles of the same size and shape,
WO;_,-H,0 NPs stabilized by Asp have remarkably different CD
spectra compared with those stabilized by Pro. This spectroscopic
effect is associated with the formation of double (Asp) rather than
single (Pro) C—O—W bridges from dissociated carboxyl groups of
the amino acid to the surface of the NPs. Correspondingly, chiral
distortions of atomic packing on the surface of WO;_-H,O alter
the dominant electronic transitions responsible for the chiroptical
maxima. The proximity of the surface ligands, activation of the
amino groups, and favorable conditions for H,O abstraction
facilitate the condensation reaction between amino acid residue,
that highlights the significance of the chiral WO;_,-H,0 NPs for
peptide synthesis and resolution its fundamental thermodynamic
challenge.
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B RESULTS AND DISCUSSION

Synthesis and Characterization. Tungsten oxide NPs
were prepared by arrested precipitation during solvolysis of WCl
dissolved in anhydrous ethanol in the presence of L- or D-Asp as
well as L- or D-Pro. Addition of water, resulting in tungsten oxide
hydrate, was found to be essential to obtain NPs with strong
optical activity (see Supporting Information, Methods section).
Thus, prepared NPs of tungsten oxide hydrate WO;_,-H,0
stabilized by Asp and Pro will be denoted as Asp-NPs and Pro-
NPs, respectively, with added L- or p-notation identifying the
different enantiomer used in the synthesis. WO;_,-H,0 NPs
prepared from racemic (in the first approximation) mixtures of
equimolar amounts of the corresponding enantiomers will be
denoted here as rac- following the established conventions of
organic chemistry. The limits of such a method of preparation of
presumably racemic compounds and the possibility of chiral
amplification from an undetectable excess of one enantiomer
need to be noted.”*~"*

Thermogravimetric analysis (TGA) curves of WO;_,-H,0
NPs display the weight loss inflections at ~200 °C, ~330 °C, and
~530 °C (Figure S3). The first low-temperature weight loss is
attributed to the release of the structural and physisorbed water
in hydrated NPs. The second and third weight loss events are
attributed to desorption and decomposition of Asp and Pro
residues. For L-Asp, D-Asp, L-Pro, and D-Pro NPs, the amino acid
content was calculated to be 16.8%, 18.1%, 11.6%, and 12.1%,
respectively. In the molecular terms, these NPs carry approxi-
mately 15, 16, 11, and 12 moieties of corresponding amino acids
per particle.

Conveniently, WO;_,-H,O NPs can be made in ethanol
with and without amino acids. No significant difference in
particle size, shape, composition, and UV—vis absorption spec-
trum was observed for the synthesis with and without amino
acids (Figure 1A and 1G, 1C and 1H), which differentiates them
from most metal and semiconductor NPs. This synthetic
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Figure 3. (A) MCD spectra of colorless, anhydrous, ligand-free WO; NPs. MCD spectra of (B) blue colored ligand-free WO, _,-H,O NPs, (C) rac-Asp-
NPs, and (D) rac-Pro-NPs, respectively. Applied magnetic fields are +1.4 T (NS direction, black) and —1.4 T (SN direction, red). The concentrations of
NPs were 0.95 g L™ ([NP,,] = 6.25 mmol/L, A-D) and the concentrations of added water were 33 mmol L™" (B-D).

advantage of tungsten oxide NPs makes it feasible to discern
various ligand effects experimentally. The NPs made without
amino acid stabilizers will be referred to as ligand-free with the
understanding that molecules of ethanol, water, and likely some
ions are adsorbed onto the surface of tungsten oxide, providing
kinetic stability to the NPs.

Transparent blue suspensions with nearly identical optical
absorption spectra were obtained for all types of surface ligands.
L-Asp-NPs of 1.9 g L™ ([NP,,] = 12.5 mmol L") with water of
66 mmol L' (diluted as needed) are used as an illustrative
example throughout the manuscript to discuss the properties.

The NP dispersions display an intense vis-NIR absorption
band from 450 to 1100 nm with a maximum at 950 + 50 nm and
shoulder at ca. S80 nm (Figure 1A). Transmission electron
microscopy (TEM) reveals that the NPs in these dispersions
have an average size of 1.6 + 0.5 nm (Figure 1B) and crystal
lattice periodicity of 0.35 nm (Figure 1C). The lattice spacing,
with periodicities of 0.35, 0.22, and 0.17 nm calculated from
electron diffraction (ED) data (Figure 1D), is coincident with the
(111), (022) and (222) crystal faces of WO;_,-H,O. Further-
more, the X-ray diffraction (XRD) pattern of the L-Asp-NPs
matches orthorhombic WO,_,-H,O (Figure 1E).”

X-ray photoelectron spectroscopy (XPS) provides essential
information for understanding the elemental composition and
optical properties of these ceramic NPs. The tungsten 4f region
of XPS spectra (Figure 1F) reveal that NPs contain both W** and
W°* oxidation states. XPS peaks at 36.1 and 38.2 eV correspond
to W®, while the peaks at 34.7 and 36.8 eV correspond to W**.
The spin—orbital doublet splitting of 2.1 eV and an area ratio of
4:3 are characteristic for both ions.”*~”” Thus, the cumulative
chemical formula for the NPs is WO;_,-H,O with x = 0.03
calculated from the ratio of the XPS peaks.
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Optical Absorption and Electronic Transitions. The light
absorption of WO;_,-H,0 NPs is found in the region from 450
to 1100 nm. This strong, broad light absorption band is observed
for both ligand-free and amino acid-coated NPs (Figure 1A
and 1G) when a controlled amount of water is added to ethanol.
The dispersions prepared in anhydrous ethanol are colorless
(Figure 2A and 2B). A finely controlled increase of water content
deepens the blue color and increases the intensity of the near IR
band with a maximum at 950 + 50 nm for both L-Asp-NPs and
L-Pro-NPs. Addition of excess of water results in bleaching and
concomitant precipitation of NP agglomerates. The absorption
peaks in the UV region attributed to amino acids (Figure S4) do
not change with increasing amounts of water (on left of the
abscissa break in Figure 2C and 2D); the broadening of these
peaks compared with those from free amino acids is associated
with the variability of dielectric environment on the surface of the
NPs.”®

To better understand the nature of the electronic processes
in ligand-free and amino-acid-modified WO;_-H,O NPs, we
employed magnetic circular dichroism (MCD) spectroscopy as
technique complementary to UV—vis spectroscopy to isolate
individual components of complex light absorption bands.
MCD records CD spectra of the sample placed in magnetic
field that results in Zeeman splitting of excited/ground states and
accompanying mixing of states induced by magnetic field. This
experimental technique is often used to study nonreciprocal
electromagnetic effects in chiral and nonchiral media. Here,
MCD spectroscopy was carried out on rac samples of rac-Asp-NPs
and rac-Pro-NPs that did not show standard CD peaks (Figure S5).
The near-racemic dispersions were chosen on purpose in order to
avoid overlap of two types of chiroptical activities complicating the
interpretation of the spectra. Under these conditions, MCD spectra
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enable the researcher to identify the electronic transitions better
than traditional UV—vis spectroscopy due to the sharpness of the
MCD peaks discriminating between different types of electronic
transitions based on the variable contributions of the non-
reciprocal effects.

MCD spectra were taken in the Faraday geometry for S-to-N
and N-to-S directions of the magnetic field aligned with the
propagation vector of the light beam. Similar to the UV—vis
spectra in Figure 2C, curve 0, corresponding to the colorless
ligand-free WO, sample made in anhydrous ethanol (Figure 3A),
shows no MCD peaks in the visible range. These baseline spectra
indicate that there is no artifactual birefringence associated with
particle alignment on the walls or in solution that may occur
spontaneously.”” The ligand-free WO;_,-H,O NPs display strong
MCD peaks in NIR range with a maximum at ca. 940 nm and a
shoulder at ca. 750 nm (Figure 3B), indicating that multiple
transitions contribute to MCD phenomena in these NPs. The
nonderivative shape of the peak in NIR part of the spectrum is
indicative of the magnetic-field-induced hybridization of closely
spaced electronic states that are not resolved in the UV—vis
spectrum (Figure 1G), although a more detailed study including
the possibility of the Zeeman splitting of the ground state is
waranted.”

The MCD spectra of rac-Asp-NPs differ substantially from
those of ligand-free NPs. The distinct bisignate MCD peaks
appearing at ca. 830 and 1040 nm in rac-Asp-NP are prominently
featured in the MCD spectra (Figure 3C). The derivative shape
of the spectrum in the NIR part with intersection at ~900 nm
indicates that Zeeman splitting of the excited state, correspond-
ing to the 900 nm peak in Figure 1C, is responsible for the MCD
spectrum in NIR in NP bearing surface ligands. Adsorption of the
amino acids drastically changed the energy of the surface states
that can no longer effectively hybridize with the main NIR
transition, which points to the pivotal role of the surface states on
the lattice of WO;_, for optical properties of Asp-NPs. Com-
pared with other NPs,*"*” the involvement of multiple electronic
states with markedly different transient magnetic moments can
also be inferred.

Confirming these points, rac-Pro-NP dispersions display strik-
ingly different MCD peak patterns compared with rac-Asp-NPs
despite the nearly identical shape of UV—vis spectra in Figure 2C
and 2D. The peak in the NIR range at 1040 nm is weaker than
that at 830 nm for rac-Pro-NPs (Figure 3C and 3D). The new
surface states altering the MCD spectrum are likely to be
associated with the pyrrolidine ring in Pro. Based on the
markedly increased intensity of the MCD peak at 800 nm, one
can envision the increased hybridization of electronic states
WO;_, and those of pyrrolidine ring of Pro compared with the
aliphatic skeleton of Asp.

The stark spectral differences between amino-acid-modified
and ligand-free WO;_,-H,O NPs as well as the marked changes
of intensity in MCD bands for Asp-NPs and Pro-NPs suggest
that the amino acid layer plays a significant role in the genesis of
these bands. Most changes of MCD signatures between Asp-NP
and Pro-NP occur in the visible part of the spectrum, that is,
wavelength shorter than 800 nm, which allows us associate this
spectral diapason with electronic transitions associated with the
amino acid layer. The presence of the cross-sectional point at
~900 nm and the derivative shape of the MCD band in NIR part
for both Asp-NP and Pro-NP juxtaposed on the strong MCD
peak at ~900 nm for ligand-free NPs point to the fact that the
electronic transitions in the 900—1100 nm window are associated

with ceramic core of the NPs with some influence from the
adsorbed amino acids.

To understand better the implications of the structural
asymmetry on the optical activity of WO;_-H,O NPs, it is
useful to discuss the origin of absorption bands in tungsten oxide
nanomaterials. Metal-to-ligand charge transfer (MLCT) bands
are well-known for many ceramic surfaces®>** and can be firmly
associated with the 500—700 nm absorption bands of WO;_,-
H,O NPs in the visible range (Figure 1,2). The possible origin of
the bands in the red and NIR parts of the spectrum is more
complex.”® The electronic state responsible for 800 nm is ligand-
dependent (Figure 3B—D) and may be attributed to MLCT
transition, but the electronic state responsible for 1000 nm is
weakly affected by the surface ligand (Figures 1—3) and
dependent mostly on the chemistry of the ceramic core and its
hydration state, in particular. Two types of electronic transitions
can be associated with excited states with energies around 1 eV
for tungsten oxide: the plasmons®”*>** and polarons.*”**~%
Plasmons represent oscillations of electronic charge density in
the volume of the entire NP. Polarons regresent local charge
transfer between the W** and W®* sites.””®° Let us consider the
possibility of both of these transitions in WO;_,-H,0O NPs.

Addition of water to the colorless anhydrous WO; sample
(Figure 2A, B, curves 0) results in the formation of oxygen
vacancies®> ™ (see Supporting Information) that represent local
excesses of electrons and accumulate at the WO;__-H,O surface.
In another perspective, it can be treated as the reduction of a
portion of W ions to W** ions resulting in the possibility of
W5 — W electron transfer upon photoexcitation.**” Simul-
taneously, the electrons from oxygen vacancies can be injected
into the solid-state electronic bands associated with the tungsten
oxide lattice that encompass the entire NP. This delocalization
makes these electrons more mobile and can result in their
coherent oscillations, constituting plasmons.

Attribution of the NIR band in tungsten oxides to polarons is
broadly accepted.®**® Since the possibility of plasmons is less
known for ceramic materials,60 we tested whether or not some of
the electronic transitions observed in UV—vis spectra and MCD
were consistent with plasmonic excited states. The observation
of surface-enhanced Raman scattering (SERS) is associated
with plasmonic nanostructures capable of generating so-called
“hot-spots”. The latter represent locally enhanced electrical
fields and have been extensively reported for the archetypal
plasmonic nanostructures from noble metals, graphene, and even
Cu,S.2%°°"%* The SERS spectrum of Rhodamine 6G (R6G) is
obtained under excitation with a 532.8 nm wavelength laser when
the dye was mixed with ligand-free WO;_,-H,O NPs (Figures 11
and S6). The SERS peaks of R6G were observed at 612, 773,
1183, 1360, 1509, and 1650 cm ™" and match previously reported
values.” This observation is consistent with the plasmonic
nature of the absorption bands in our NPs.”>**

Considering the optical absorption spectrum as a plasmon
resonance spectrum, we performed simulations with the Mie—
Gans theory. The calculated vis-NIR absorption spectrum of our
WOj;_, NPs shows a reasonably good match with the experi-
mental spectrum (Figure S2), indicating the plausibility of
plasmon excitation states in WO;_,-H,O NPs. Furthermore, the
absorption spectra in solvents with various refractive indices’
display batochromic shifts of the plasmon peak with increasing
refractive index, which is typical for plasmons.

Plasmons and polarons are not mutually exclusive. The
overlap of two or more electronic processes producing red and
NIR bands was also recognized in MCD spectra (Figure 3).
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Figure 4. CD spectra of (A) L- and p-Asp-NPs (red and blue, respectively) (inset: NIR range of corresponding CD spectra) and (B) - and p-Pro-NPs
(red and blue, respectively) (inset: NIR range of corresponding CD spectra) containing different concentrations of water: 0, 0 mmol L™;
1, 22 mmol L7Y; 2, 44 mmol L™; 3, 66 mmol L™'; and 4, 88 mmol L™, respectively.
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Figure 5. CD spectra of (A) - and p-Asp-NPs (red and blue, respectively) after addition of H,0, in different concentrations: 0, 0 mmol L™';
1, 0.03 mmol L™Y; 2, 0.06 mmol L™%; 3, 0.09 mmol L™; and 4, 0.12 mmol L™, respectively. (B) L- and p-Pro-NPs (red and blue, respectively) after
addition of H,0, in concentrations of 0, 0 mmol L™Y; 1, 0.06 mmol L™%; 2, 0.12 mmol L™%; 3, 0.18 mmol L™'; 4, 0.24 mmol L™%; 5, 0.30 mmol L™}; and

6, 0.36 mmol L™/, respectively.

Therefore, we consider that both of these states have oscillation
strength in the 800—1100 nm spectral range, while MLCT
electronic transitions are active in 500—700 nm range in WO;_,-
H,0 NPs.

Chiroptical Activity. Similarly to free L- and p-Asp with
symmetrical CD peaks at 200 nm (Figure S7A), both L- and
D-Asp-NPs reveal classical mirror-image CD spectra (Figure 4A).
After conjugating with WO;_,-H,O NPs, the original CD peaks
of L- and D-Asp shift to 210 nm and become broader due to the
interaction with the ceramic surface (Figure S7C).

In the anhydrous NPs, no CD signals appear with either type
of amino acid in the 400—1100 spectral range. The intensity of
the chiroptical bands gradually increases over the entire vis-NIR
range as a specified amount of water is added to the dispersion
(Figure 4). An excessive amount of water causes aggregation and
discoloration. The disappearance of the NIR band in CD spectra
is attributed to neutralization of oxygen vacancies. Asp-NPs
containing 66 mmol L™" of water (Figure 4A) and Pro-NPs
containing 88 mmol L' of water displayed the most intense
polarization rotation (Figure 4B).

L- and D-Asp-NPs showed chiroptical activity over the
entire spectral range of 200—1100 nm (Figure 4A) with a
g-factor describing chiroptical asymmetry not higher than
3.5 x 107* (Figure S8B). The characteristic chiroptical bands
of L- and p-Pro associated with the 7 — 7™ transitions, with peaks
at 197 and 217 nm (Figure S7B), underwent a red shift to
202 and 228 nm, respectively, after being attached to WO;_,-H,0
NPs. In addition, two new CD peaks emerged at 274 and 301 nm
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for Pro-NPs (Figure S7D). Based on the previous theoretical and
experimental studies of Pro, poly(Pro), and Pro segments in
proteins,”* "% one can state that the appearance of these two
bands is not associated with conformation of the molecule
but rather with the influence of ceramic surface on the 7 —
m¥transitions in the pyrrolidine ring of Pro. A strong coordi-
nation of the nitrogen atom with WO;_,, surface is anticipated,
which correlates well with conclusions made from the MCD data
in Figure 3D. Multiplicity of the surface states with the different
degree of bonding to the NP core that could be responsible
for the two new chiroptical peaks in Pro and broadening of the
7w — m* chiroptical peak in Asp must be pointed out.

In the visible part of the spectrum, L- and D-Pro-NPs showed
a pronounced, broad chiroptical band at 560 nm, similar to
Asp-NPs’ peaks in terms of shape, range, and maximum peak,
with the highest intensity of —30 mdeg and the highest g-factor
of 1.83 X 107 in the visible region (Figures 4B and S8D). The
corresponding g-factor curves of UV range are shown in
Figure S8A, C. The chiroptical activity in the NIR range is weak
compared to that in UV—vis range for the same NPs, although it is
comparable to CD intensity in NIR for L- and p-Asp-NPs.

From the previous section, one can infer that the presence of
oxygen vacancies (and thus the excess of electrons) in the NPs
results in strong optical absorption.**~*” Therefore, addition of
oxidants should reduce the optical activity.'”"'** Indeed, the
addition of H,0, decreased the absorption intensity and chirop-
tical activity of L- and D-Asp-NPs (Figures SA and S9A). The
same was observed with L- and D-Pro-NPs (Figures 5B and S9B).
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Other reagents capable of withdrawing electrons from tungsten
oxide act in the same way, including Au®>*, MnO,”, and ClO,".
Furthermore, the much milder oxidizers Fe**, Cu**, $,04>7, and
SO;*™ act in the same way, which lends these NPs to future
studies of chiral redox catalysis. The addition of an oxidant to the
same volume of ligand-free WO;_,-H,O, L- and p-Pro-NPs, and
L- and D-Asp-NPs led to the rapid loss of color (Figure S10).
As expected, the CD and absorption intensity of Pro-NPs and
Asp-NPs disappear as well (Figure S11).

In order to better understand the differences in chiroptical
properties of the two types of coated NPs, we looked into the
chemical bonding mode of Asp and Pro with WO;_,-H,O.
Fourier-transformed infrared (FTIR) spectroscopy unearthed a
large amount of data rich in structural information about the
nature of the NP surfaces. The C=O and C—-O stretching
vibration bands appear at 1725 and 1207 cm™" in the case of Asp-
NPs and at 1735 and 1220 cm ™" for Pro-NPs (Figures 6 and S1).
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Figure 6. FTIR spectra (2000—600 cm™) of (A) L- and p-Asp, L- and

D-Asp-NPs, and ligand-free WO;_,-H,0O NPs and (B) r- and p-Pro,
L- and D-Pro-NPs, and ligand-free WO;_,-H,O NPs.

The frequency of v(C=O0) increased, whereas that of
v(C—0) decreased after being bound to NPs, which is con-
sistent with the formation of coordination bonds between an
oxygen atom of the carboxyl group in the amino acid and
the tungsten on the NP surface.'”> The tungsten—oxygen
bond causes electron density to shift away from the O atom,
weakening the C—O bond and lowering the frequency of
the v(C—O0) stretching vibrations. Concomitantly, the C=0
bond becomes stronger due to an additional electrostatic
component and v(C=O0) moves to higher frequencies.
A similar change can be observed for the stretching band of
W-0, at 950 cm ™!, which undergoes a shift to 965 cm™" with
the formation of W—O bonds in the C—O—W bridges between
the Asp/Pro and NP surface.

The bands at 1335 cm™ for Asp and 1377 cm™ for Pro
correspond to the bending vibrations of the carboxyl O—H
group.'**'%° These bands nearly disappeared during the course
of the NP synthesis (Figure 6), which confirms the formation of
the C—O—W linkage between the amino acids and WO,_,-H,O.
While several coordination modes can be considered for carboxyl
groups with tungsten ions,'**'% our cumulative assessment of
FTIR and optical spectroscopy data in Figures 3—S5 leads to the
conclusion that a carboxyl C—O unit coordinates with a tungsten
ion on the NP surface as a monodentate ligand. Both —COOH
groups of Asp are presumed to have dissociated and coordinated
with the NPs, since no evidence of nondissociated carboxyl
groups can be found for Asp (Figure 6). The second carboxyl
group of Asp is likely to be under strain and bind more weakly
with a tungsten ion, which, besides other factors, manifests in
greater broadening and smaller shifts of the FTIR bands for
Asp than for Pro, for instance, for the v(C=0) or v(C—0)
stretching vibrations. The presence of two C—O—W linkages
between the Asp moiety and WO,_,-H, O also correlates with the
differences observed in the MCD spectra in Figure 3, displaying
double and single peaks for Asp-NPs and Pro-NPs, respectively.
These peaks are indicative of both the energy and symmetry of
the electronic states associated with the ligand shells of the two
types of NPs.

Coordination of the surface tungsten atoms with the lone pair
of the amino acid nitrogen atom is also possible and can be
visualized by the appearance of new CD peaks at 274 and 301 nm
(Figure S7) for Pro-NPs. FTIR spectra indicate that the S(N—H)
band at 1514 cm™" for the —NH, group of Asp is broadened and
shifted to lower frequencies, indicating interactions with the NP
surface. The same can be said for the —NH group of Pro, whose
weak §(N—H) band at 1555 cm™" nearly disappears when NPs
are formed. Since the average energy of these vibrations remains
mostly the same, nitrogen atoms have a weaker and perhaps
more dynamic coordination with the NP surface than the oxygen
atoms of carboxyl groups. Hydrogen bonding with neighboring
amino acid molecules, for instance, the oxygen atoms of the
C=0 groups, needs to be considered as well.

Current knowledge about the chemical bonding between the
amino acid residues and the ceramic core provides arguments
to account for the differences in chiroptical spectra between
Asp- and Pro-NPs. The prevailing understanding of chirality
in individual NPs is based on the chirality transfer from
the organic shell to the inorganic core via deformations of
the atomic packing of the crystal lattice by the chiral organic
shell #196862107=10 15 fact this mechanism has a lot of sim-
ilarities with other cases of nanoscale chirality observed in
supramolecular chemistry.''" Additional chemical mechanisms
leading to chirality of NPs are also possible.””*” For instance, the
observed chiroptical activity can be associated with polariza-
tion effects'” that are likely in plasmonic NPs.””""* Similarly to
proteins, the shape of the NPs as a whole can also be chiral'® and
necessarily results in a difference in absorption of left- and right-
circularly polarized light.” Higher-order chiral geometries may
also emerge for NP assemblies”””**'"* and are likely to lead to
even stronger optical activity.

In our case, TEM images (Figure 1) indicate that NPs are small
with nearly spherical geometry. The entire NPs can be asym-
metric and potentially chiral when distinct three-dimensional
deviations from nearly perfect centrosymmetric geometry are
present.”’ However, we examined over 150 TEM images of
individual NPs and found that they generally appear as largely
centrosymmetric shapes. Therefore, the geometry of the
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(a)  Side view

Top view

Dihedral angle

Figure 7. MD simulations of the atomic structure in the minimum energy state for (A) ligand-free, (B) L-Asp, and (C) p-Asp NPs.

inorganic cores of the NPs as a whole is likely to contribute less
than other factors to the chiroptical activity observed in
dispersions (Figures 4 and 5). Since the addition of water to
premade NPs transforms them from being chiroptically silent to
being chiroptically active (Figure 4) and the reversal of this effect
by addition of H,0, (Figure 5) results in no discernible variation
in TEM shapes (Figure S12), chiral geometries responsible for
chiroptical activity in Figure 4 are found in these NPs at the
molecular scale. Therefore, surface distortions caused by the
layers of Asp and Pro emerge as the most probable source of
chirality in these NPs and the primary structural factor
responsible for the CD peaks. The distortions of the inorganic
phase inevitably affect the oxygen vacancies imbedded in WO;_,
lattice and all the electronic transitions associated with them.
The difference in the binding of the amino acids to NPs has
direct consequences for the shape, range, and relative intensity
of CD bands (Figure 4), which helps one to rationalize the
differences in chiroptical properties of the Asp- and Pro-NPs.
The double-point binding of Asp to WO;_,-H,O core through its
two carboxyl groups causes stronger distortion than single-point
binding via the single carboxyl group of Pro. Considering that the
chiroptical activity of Asp-NP peaks in the NIR part of the
spectrum, this observation matches well with the attribution of
the 1050 nm band to a polaron/plasmon transition. The binding
of Pro via a single —COOH group and distant coordination of
—NH group in the pyrrolidine ring apparently affects the same
electronic transitions characteristic of the NP core to a smaller
extent. Therefore, the Pro-NPs display weak chiroptical bands in
NIR, but have a strong peak at higher energies at 560 nm that can
be associated with surface states and MLCT transitions involving
surface-bound molecules other than amino acids, as the same
UV—vis band can also be observed in ligand-free NPs (Figure 1G).

Molecular Dynamic Modeling. The attribution of the
chiroptical effects for Asp-NPs at 1050 nm in NIR part of the
spectrum to chiral distortions of the WO;_,-H,O is significant for
further development of chiral inorganic nanomaterials with
expanded palette of chemical and physical properties. Therefore,
we decided to confirm the conclusion about the chirality transfer
from amino acids to ceramic WO,_, lattice made on the basis of
chiroptical properties by molecular dynamics (MD) simulations.
MD toolbox in conjunction with electron microscopy and
spectroscopic data offers numerous research venues for NP
studies. The choice of the MD methods and force fields is
strongly dependent on the questions posed for these simulations.
In this study, we sought the answers to the following question
that would prove or disprove the presence of atomic scale
chirality of the ceramic core of the NPs: Can amino acid residues
attached to the NP surface produce chiral distortions of the
crystal lattice of WO;_,-H,0?

The ligand-free model of the WO;_,-H,O NPs with the lateral
size of 1.9 X 2.0 X 2.2 nm with a quasi-cubic shape (Figure 7) was
constructed using Forcite Plus module in Materials Studio.
Universal force field (UFF) that includes potentials for tungsten
atoms was used to describe the atomic motion of the constituent
atoms. L- and D-Asp residues were attached to the surface of
WO;_, in accord with the double-point binding identified from
FTIR and other data (Figures 6 and S12). The atomic geometry
of the NPs was allowed to relax to the equilibrium states L- and
D-Asp for 20 and 100 ns. The energy of the structure remains
constant within the simulation error after 20 ns (Figure S12).
These data indicate that the crystal lattice distortions are thermo-
dynamic in nature.

The obtained MD models of L- and D-Asp NPs show that the
packing of tungsten oxide lattice is distorted after L/D-Asp is
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Figure 8. Monoisotopic mass spectra obtained for L-Pro-NPs /L-Asp-NPs, L-Asp NPs, and L- Pro NPs dried at 70 °C. Samples denoted as L-Asp-NPs-
Refluxed were prepared by refluxing at 78 °C for Sh prior to precipitation and drying at room temperature. (B) Monoisotopic mass spectra of amino
acids and peptides formed on NPs carrying both Pro and Asp after precipitation and drying at 70 °C for 12 h. All MS spectra were obtained for
trifluoroacetic acid (TFA) extracts from the NP samples (see Supporting Information, Methods section). Notations: Asp-Asp denotes the dipeptide
formed by two Asp molecules, Asp-Pro denotes the aspartic acid and one proline molecule, Asp-Et and Pro-Et denote aspartic and proline ethanol ester,
respectively, and Na+ and W denote sodium ion and tungsten atom adducts to other residues, respectively, forming in the gas phase of MS
spectrometers. (C) Raman spectroscopy of pure L-Asp and L-Asp-NPs prepared by refluxing at 78 °C for S h.

adsorbed in the WO, surface Asp (Figure 7) compared to the
ligand-free NPs. The distortions are sufficient to affect the
chiroptical activity associated with both plasmonic and polaronic
states. MLCT states will certainly be affected because they
involve the amino acid ligands. We must note, however, that
calculations of the chiroptical spectra from atomistic models in
Figure 7 would be highly desirable. However, the limitations of
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the quantum mechanical methods for NPs made from large
number of atoms make it difficult to realize using both ab initio
and density functional theory toolboxes. Their rapid develop-
ment is likely to make this research task possible in the near
future.

Catalytic Activity. The mineral surface of ceramic nano-
structures, that is, WO;_,-H,O NPs, can be catalytic. Under-
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coordinated metal and oxygen atoms increase the retention
time of the reagents at the surface and change the interaction
energy barriers.'* Herein, we explored the catalysis of peptide-
bond formation involving amino acids on WO;_,-H,O NPs.
Our interest in this reaction and the possibility of its facilitation
by chiral ceramic NPs is motivated by both fundamental and
practical reasons. The former are represented by the wide range of
long-standing questions related to the origin of life.*”**>*>~117
Our practical interest in the catalytic activity of chiral ceramic
NPs relates to their importance in the synthesis of peptides for
medicine and other purposes.''* WO;_,-H,0 NP dispersions are
attractive from the perspective of scalable peptide synthesis
because of the low cost and robustness of ceramic NPs, which
can potentially replace homogeneous enzymatic catalysts. The
simplicity of separation and reuse is also a distinct advantage of
NP-based heterogeneous catalysts. Last but not the least, the
alcoholic media used to synthesize WO;_, NPs can facilitate
condensation reactions by reducing the chemical potential of
abstracted water, thereby shifting the thermodynamic equili-
brium toward peptides.'"” The unfavorable thermodynamics of
peptide-bond formation is one of the central chemical problems
for this type of reaction.*’

Thus, we tested whether WO;_-H,O NPs carrying Asp
and/or Pro on the surface can facilitate the formation of dipep-
tides in the framework of thermal catalysis. We either refluxed the
dispersion of NPs at 78 °C for Sh prior to drying at room
temperature or heated to drying at 70 °C for 12 h after pre-
cipitation. Mass spectroscopy and Raman spectroscopy were
used to identify the products according to the protocol given in
the Supporting Information, Methods section.

The catalytic formation of dipeptides was investigated for
L-Asp-NPs and L-Pro-NPs as well as NPs carrying the equimolar
mixture of different amino acids, with the corresponding CD
spectra shown in Figure S14. Considering the spectrum of con-
ditions that were used in the past, with reaction times of up to
several tens of days''” and heating with temperatures as high as
100, 130, and even 190 °C,"*°~'** the conditions used herein are
mild, and the duration of the reaction is short.

The formation of an Asp-Asp ethanol ester with a mass of
276 au is observed for L-Asp-NPs (Figure 8A). Although no
Pro-Pro dipeptides are found for L-Pro-NP, a relatively high
amount of an Asp-Pro dipeptide with a mass of 230 au is found
for NPs that carry both Asp and Pro (Figure 8B). The lack of
Pro-Pro dipeptides is likely to be associated with the coordina-
tion of nitrogen in the pyrrolidine with the surface of WO;_,
discussed above (Figures 3D, 4, 6B, and S7). Different permuta-
tions of the chirality of the amino acids were tested for NPs with
mixed surface ligands. Although some differences were observed,
it would be premature at the moment to discuss them.

The degree of esterification in the presence of NPs was
also enhanced in comparison with samples without any NPs
(Figure 8A). From these data we conclude that binding to
WO,_, surface facilitates formation of dipeptide bonds involving
Asp either with the same or different amino acid. The degree of
specificity in respect to Asp is associated with the double coor-
dination with the WO;_, surface because electrophilic activation
of the carbon atoms in carboxyl groups by bonding with ceramic
surface (Figure 7) facilitates the formation of C—N bond with
unpaired electrons of nitrogen in the amino groups.

The formation of peptide bonds is confirmed by Raman
spectroscopy (Figure 8C). The new peaks at 2934, 3347, and
1336 cm ™" appear, corresponding to the dipeptide of Asp.'** The
peaks at 3347 and 2934 cm ™" indicate the stretching vibrations of

NH and CH,, while the peak at 1336 cm™" is attributable to
bending vibrations of the CH group.

B CONCLUSIONS

Chiral ceramic NPs have been prepared by arrested precipitation
of tungsten oxide in alcohol in the presence of two natural amino
acids: Asp and Pro. UV—vis, CD, MCD, and FTIR spectroscopy
indicate that these NPs feature two chiral geometrical elements
that are essential for understanding their chiroptical activity: the
molecular chirality of the adsorbed ligands and the atomic
distortions of the underlying crystal lattice. The Asp and Pro
surface ligands revealed different patterns of intermolecular
bonding to the surface of the tungsten oxide that determines the
position of chiroptical bands. The change from single (Pro) to
double (Asp) C—O—W bridges between the amino acid and the
WO;_,-H,0 NPs resulted in the switch of the dominant
chiroptical band from the green (Pro) to red (Asp) spectral
region due to the change of the electronic transition primarily
responsible for chiroptical activity. Subsequent efforts in this
direction might include nuclear magnetic resonance (NMR)
studies to elaborate on the distribution and dynamics of the
surface ligands; further studies of magnetoogtic phenomena may
include the giant Zeeman szplittingl%12 and second-order
magneto-chiral dichroism.'>*'*’

The chemical significance of the chiral WO;_,-H,0 NPs, and
potentially other ceramic NPs, is asserted by catalysis of peptide-
bond formation under mild conditions. Further studies in
the direction of chiral catalysis'** and photoinduced formation
of peptide bonds in perspective of chirality transfer from photons
to matter will be both fundamentally and technologically stim-
ulating. Relevance of chiral ceramic NPs to optoelectronics,'*’
photonics,"** and biomedicine® is also envisioned.
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