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ABSTRACT: In many organic reactions, the O, activation process involves
a key step where inert ground triplet O, is excited to produce highly reactive
singlet O,. It remains elusive what factor induces the change in the electron
spin state of O, molecules, although it has been discovered that the presence
of noble metal nanoparticles can promote the generation of singlet O,. In
this work, we first demonstrate that surface facet is a key parameter to
modulate the O, activation process on metal nanocrystals, by employing .
single-facet Pd nanocrystals as a model system. The experimental
measurements clearly show that singlet O, is preferentially formed on
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{100} facets. The simulations further elucidate that the chemisorption of O,

to the {100} facets can induce a spin—flip process in the O, molecules, which is achieved via electron transfer from Pd surface to
O,. With the capability of tuning O, activation, we have been able to further implement the {100}-faceted nanocubes in glucose
oxidation. It is anticipated that this study will open a door to designing noble metal nanocatalysts for O, activation and organic
oxidation. Another perspective of this work would be the controllability in tailoring the cancer treatment materials for high 'O,
production efficiency, based on the facet control of metal nanocrystals. In the cases of both organic oxidation and cancer
treatment, it has been exclusively proven that the efficiency of producing singlet O, holds the key to the performance of Pd

nanocrystals in the applications.

B INTRODUCTION

The manipulation over the electron states of molecules holds
the key to modulating molecular behavior in various chemical
and biological systems. For instance, activation of molecular
oxygen (O,) on the surface of heterogeneous catalysts plays a
central role in a wide variety of oxidation reactions, such as
epoxidation1 and CO,>* hydrocarbon,‘"5 alcohol,®™® and
glucose oxidations.”™"! In the organic systems, the interaction
of organic molecules with O, is essentially limited by the spin
state of O,, caused by spin-conservation restrictions. It is well-
known that the ground state of O, is in a triplet form (°X), and
as a result, the chemical reactions which occur between singlet
organic molecules and triplet O, to produce new singlet
compounds are forbidden by the Wigners spin selection
rule.'"® Thus the triplet multiplicity of O, makes most
oxidation reactions of organic molecules kinetically inhibited at
relatively low temperatures. In principle, a key step is the
excitation of inert ground triplet O, to highly reactive singlet O,
('O,: 'A and 'T), during the process of O, activation in many
organic reactions. However, the direct excitation of triplet to
singlet O, is not feasible, according to the spin selection rule.

For the reason above, it is necessary to select appropriate
media to overcome this spin limitation. In the past decades, it
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has been a common route to generate singlet O, by the
photosensitization in which the excited triplet structures of dye
molecules or semiconductor nanocrystals transfer energy from
excitons to O, and thus change its electron spin state (ie., a
spin—flip process).">~"> The efficiency of this method is highly
dependent on the singlet—triplet splitting energy and exciton
lifetime. In recent years, there has been significant progress to
discover that singlet O, can be produced in the presence of
noble metal nanoparticles.'® As localized surface plasmon
resonance (LSPR) is an optical phenomenon commonly
observed in many noble metal nanoparticles, LSPR has been
considered as a major source to harvest solar energy into
reaction systems.'® Although the success in the metal system
was tentatively explained by this “LSPR sensitization”
mechanism, it is still not well understood why the spin—flip
process could occur during the LSPR energy harvesting. The
fundamental question is: What factor induces the change in the
electron spin state of O, molecules with the assistance of metal
nanoparticles? Thus it is imperative to explore the detailed
mechanism behind what will in turn enable greater under-
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standing on the generation process of singlet O, with metal
nanoparticles and lead to the capability of designing optimal
nanocatalysts for related organic reactions. In this article, we
first employ single-facet palladium (Pd) nanocrystals as a model
system to investigate the detailed mechanisms. We intend to
select Pd nanocrystals with the size range of 6—21 nm as the
research focus, as it has been demonstrated that the LSPR of
small Pd nanoparticles is located in the UV spectral range.'” In
the consideration that UV light has very minimal thermal effect,
we can specifically perform characterizations under UV
illumination source to reveal whether LSPR is the major
contributor to the spin—flip process, while excluding the
possibility that light illumination may cause an increase in
solution temperature (ie., thermal effect).

In addition to the possible role of the LSPR in oxygen
activation that the literature proposed, the adsorption of small
molecules to crystallographic facets may also be a critical factor
to the O, activation, as the adsorption process represents the
most important step for the interactions of metal surface with
molecules. As demonstrated in the O,Au,” system, electron
transfer from metallic clusters to O, may occur upon the
binding of O, to metal atoms, which eventually causes the
activation of O, via molecular adsorption.'® When the
investigation is focused on the system of nanoscale crystals
(which is actually a more interesting system than the clusters,
owing to its wide applications), various surface facets on the
crystals may have a huge impact on the molecular adsorption
process due to their different atomic arrangements. Thus the
singlet-facet nanocrystals would be an ideal model system for
investigating the metal—molecule interactions. In our inves-
tigation, two types of nanocrystals with different surface facets
are used: cubes enclosed by {100} facets and octahedrons by
{111} facets. The comparison on the yields of singlet O,,
characterized by probe molecules in the presence of various
scavengers, exclusively demonstrates that singlet O, is
preferentially formed on {100} facets. Both the simulations
and characterizations further elucidate that O, is more activated
on the {100} facets via chemisorption, indicated by bond length
increase and magnetic moment decrease. The spin—flip process
occurs via electron transfer from metal surface to O, during the
preferential chemisorption of O, to the {100} facets. As facet
control enables to tuning the capability of activating O,, we
have been able to demonstrate that the surface facet of metal
nanocrystals is a critical parameter to designing catalysts for
organic oxidation and therapy agents for cancer treatment.

B EXPERIMENTAL SECTION

Nanocrystal Synthesis. The Pd nanocubes were synthesized
according to our previously reported protocol.'” The size of
nanocubes can be controlled via oxidative etching or reaction time.
The Pd octahedrons were synthesized by tuning reaction kinetics. The
detailed protocols are shown in Supporting Information (SI).

TMB Measurements. 20 uL of 3,5,3',5'-tetramethyl-benzidine
(TMB) aqueous solution (50 mM) was mixed with 2 mL of HAc/
NaAc buffer solution (0.2 M:0.2 M), and 50 uL of aqueous suspension
of different palladium nanocrystals (0.99 mg/mL for nanocubes and
0.35 mg/mL for octahedrons) was then added into the mixture
solution at 10 °C. The concentrations of nanocrystals were selected to
maintain the surface atoms of samples equivalent. The samples were
taken at different times for UV—vis measurements. UV—vis absorption
spectra were collected using an Agilent Varien Cary 60 spectropho-
tometer. The measurements were performed in various gas environ-
ments. In order to verify the type of active oxygen species, different
scavenger molecules were added into the solution prior to the UV—vis
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measurements: (1) carotene (0.5 mg, excess due to the water insoluble
and easily oxidized nature of carotene); (2) mannite (S0 mM, 100
uL); (3) catalase (4000 unit/mL, 100 uL); (4) superoxide dismutase
(SOD, 4000 unit/mL, 100 L), respectively.

4-oxo-TMP Measurements. 50 uL of aqueous suspension of
different palladium nanocrystals (0.85 mg/mL for nanocubes and 0.3
mg/mL for octahedrons) was mixed with 500 uL of 2,2,6,6-
tetramethyl-4-piperidone hydrochloride (4-oxo-TMP, TCI, T1147—
25g) solution (S0 mM). The concentrations of nanocrystals were
selected to maintain the surface atoms of samples equivalent. The
solution was then characterized with a JES-FA200 electron spin
resonance (ESR) spectroscopy at 20 °C. The measurements were
performed in different chemical environments and incident light
conditions. The Xe lamp irradiation was carried out by USHIO
Optical Modulex SX-U1501XQ_(500 W).

Glucose Oxidation. The oxidation reactions were carried out in a
three-neck flask (50 mL) and heated in an oil bath (equipped with a
reflux condenser and a magnetic Teflon-coated stirring bar). Typically,
glucose (15 mM) in aqueous solution was heated to the required
temperature with O, (10 mL/min) for 10 min. Subsequently, the
desired amount of catalyst was injected into the solution. The mixture
was maintained at pH ~ 9 by adding NaOH solution (1 M), and the
reactions were typically carried out for 2 h. After a certain period of the
reaction, the mixture was centrifuged, and the liquid solution was
completely decanted. For the identification and analysis of the
products, LC-20AD high-performance liquid chromatography
(HPLC) was employed. HPLC was performed on a column of inertsil
ODS-3 (GL science Inc, Kyoto) using an methanol in 0.005 M
aqueous solution of sulfuric acid (5:95, v/v), at a flow rate of 1.0 mL/
min at 30 °C. In order to investigate the effects of light, different
incident light conditions were introduced to the experiment. The Xe
lamp irradiation was carried out by SolarEdge700 (300 W) with a
visible transmitting filter (v > 400 nm) and a UV reflecting filter (v <
380 nm).

Cancer Treatments. Human epithelial cervical cancer Hela was
maintained in DMEM medium supplemented with 10% fetal bovine
serum at 37 °C under 5% CO, in a humidified incubator. Hela cells
were harvested using commercial trypsin enzyme. The viable cell
concentrations were determined by Trypan blue staining (0.4%). In
each well of a 96-well plate, 10 000 viable cells were plated. After 24 h
in 5% CO, at 37 °C, the medium was replaced with 100 uL of fresh
serum-free DMEM without phenol red with nanoparticles at the same
concentration in terms of surface atoms (425 ug/mL for nanocubes
and 150 ug/mL for octahedrons, respectively). A positive control
containing the same number of cells in the same medium without any
nanoparticles was used. The plates were incubated for 24 h for Hela
cells. At the end of the incubation, the cells were washed with serum-
free DMEM without phenol red. Then 100 uL of serum-free DMEM
without phenol red and 20 yL of MTT in PBS solution (S mg/mL)
were added to each well, and the plates were incubated at 37 °C for
another 2 h. After incubation, supernatants were removed, and 150 uL
of DMSO was added. The samples were shaken gently until the purple
formazan crystals were thoroughly dissolved. The absorbance was
measured using a microplate reader (iMark, Bio-Rad) at $95/655 nm,
and the percent viability was calculated from the following equation
Asample/Acontrol X 100.

NEXAFS Measurements. The O K-edge X-ray absorption fine
structure spectroscopy (XAFS) was measured at the U7C station of
National Synchrotron Radiation Laboratory (NSRL) China. The
storage ring of the NSRL was operated at 0.8 GeV with a maximum
current of 200 mA. The substrates were silicon ships which were
deposited by gold in order to overlay the oxide layer and then
ultrasonic cleaned by water.

Computational Methods. Spin-polarized density functional
theory (DFT) calculations were performed using the Vienna ab initio
simulation (VASP) package to explore the adsorption of molecular O,
on Pd nanocrystal surface. The frozen-core all-electron projector
augmented wave (PAW) method was used to describe electron—ion
interaction during the calculation, with the generalized gradient
approximation with the Perdew—Burke—Ernzerhof (PBE) functional
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for exchange—correlation energy. The dipole correction was
considered. An energy cutoff of 500 eV was used for the plane-wave
expansion of the electronic wave function. The Pd surface was
modeled with 4 X 4 slab with five layers, and the vacuum region was
set to 15 A. Two bottom layers of the five layers were fixed to the bulk
positions during the relaxation. In the relaxation, the force
convergence criterion was set to 0.01 eV/A, and the energy
convergence criterion was 107* eV. The first Brillouin zone was
sampled with 3 X 3 X 1 k-points using y center scheme.

B RESULTS AND DISCUSSION

In our investigations, the capabilities of Pd nanocrystals in
activating O, are initially demonstrated with the measurements
using probe molecules. We have employed the TMB reaction as
a model system to examine the interaction of O, with Pd
nanocrystals in various environments. The agent of TMB has
been widely used as a chromogenic substrate in staining
procedures in immunohistochemistry as well as a visualizing
reagent used in enzyme-linked immunosorbent assays, as TMB
molecules can be oxidized by relatively strong oxidants to yield
colored products. As the reaction scheme (Figure S1)
illustrates, the TMB can be oxidized into two products with
absorption wavelengths at 370 and 652 nm (one-electron
oxidation intermediate, cation free-radical) and at 450 nm
(two-electron oxidation product, diimine), respectively.”’ Thus
we can facilely monitor the progress of oxidation using the
routine UV—vis spectroscopy technique. Our examinations in
Figure 1a,b (also see Figure S2) reveal that the TMB molecules
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Figure 1. Curves for absorbance of TMB oxidation products at 370,
450, and 652 nm versus reaction time, reflecting the trends for
producing intermediate and final products with (a) Pd nanocubes and
(b) Pd octahedrons. Trend for producing the final product with Pd
nanocubes (c) in different gas environments and (d) in the presence of
various scavenger molecules.

can be oxidized when they are mixed with Pd nanocrystals
without the need of introducing additional oxidants, such as
peroxides. Notably the reactions exhibit much higher rates than
that by hydrogen peroxide at 10 °C (see Figure S3). Although
both the Pd nanocubes and octahedrons can induce the
oxidation of TMB molecules, differentiated strength of
oxidation has been observed when TMB solution is mixed
with different Pd nanocrystals; addition of nanocubes leads to
the formation of final two-electron products, while octahedrons
mainly yield one-electron intermediates. As a result, distinct
color changes are well resolved in solution, as shown in Figure
S2¢; the blue color corresponds to the absorption at 652 nm by
the octahedrons, and the yellow-green represents those at 450
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nm plus 652 nm by the nanocubes. The Ar- and O,-purged
TMB reactions further confirm that the oxidation of TMB
molecules is caused by species evolved from O,, as the
oxidation rate is highly dependent on the environmental
oxygen concentration (see Figure lc). Taken together, the
results reveal that both the two nanostructures can generate
active oxygen species from the O, dissolved in water but exhibit
different activation activities.

Since it is clear that O, can be activated to form oxidative
species with Pd nanocrystals, it is imperative to clarify what
species is actually generated to provide the oxidative function.
In principle, O, can be activated to form a variety of reactive
oxygen species including superoxide (O,”), hydrogen peroxide
(H,0,), hydroxyl radicals (OH-) and singlet oxygen (‘O,),
each of which may play an important role in chemical reactions
and biological systems.*" In order to identify the type of species
generated in our system, we employ the scavenger mechanism
to examine the system. It has been well established that
carotene, mannite, catalase, and SOD are specific scavengers
that can effectively inhibit the generation of 'O, OH:, H,0,,
and O, species, respectively.”'~>> Figure 1d shows the trend
for oxidizing the TMB molecules with Pd nanocubes in the
presence of various scavengers. Among the various scavengers,
only carotene effectively inhibits the TMB oxidation, suggesting
that the active species generated on the surface of Pd
nanocrystals is singlet oxygen 'O,.

In order to further confirm the production of singlet oxygen,
we have employed 4-oxo-TMP as a 'O,-sensitive trapping agent
to examine the system using ESR spectroscopy. 4-oxo-TMP has
been commonly used as a sensitive probe for singlet oxygen.
The interaction of 4-oxo-TMP with 'O, produces stable
nitroxide radical 4-oxo-TEMPO that can have characteristic
signals in ESR spectroscopy (see Figure $4)** In the
measurements, the ESR signals for both the Pd nanocubes
and octahedrons (Figures 2a) clearly display a 1:1:1 triplet
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Figure 2. ESR spectra of the samples after mixing 4-oxo-TMP solution
with Pd nanocrystals in different conditions: (a) nanocubes in H,O,
octahedrons in H,0O, nanocubes in the presence of carotene,
nanocubes in H,O with 50 yL D,0, and a background curve collected
from 4-oxo-TMP solution alone, respectively; (b) nanocubes under
irradiation of UV light source (v < 400 nm) for different time (20—
300 s).

characteristic with a g-value of 2.0055 and a hyperfine splitting
constant (hfsc, aN = 1.604 mT), which are consistent with
those for 4-oxo-TEMPOQ in literature.”* It verifies that singlet
oxygen is formulated via the addition of Pd nanocrystals.
Although both the two nanostructures can induce the
formation of singlet oxygen, the intensity of 4-oxo-TEMPO
signal in the case of nanocubes is significantly higher than that
with octahedrons. It further confirms that the {100} facets can
more easily produce singlet oxygen, as compared with the
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{111} facets. The formation of singlet oxygen in our system is
also proven by the control experiments in the presence of D,0O
or carotene. Note that D,O is a useful chemical that can
prolong the lifetime of singlet oxygen.'® The results clearly
demonstrate that the signal of 4-oxo-TEMPO can be enhanced
by D,0O and quenched by carotene in both the cases of Pd
nanocubes and octahedrons (see Figures 2a and SS), suggesting
that the species appearing in our system is singlet oxygen
indeed.

Given that the species has been determined to be '0,, it is
fundamentally interesting to elucidate the mechanism behind:
What factor induces the change in the electron spin state of O,2
The LSPR sensitization mechanism has been tentatively
employed as an explanation for the generation of singlet
oxygen with metal nanoparticles in literature;"*® however, it
remains largely elusive why the spin—flip process could occur
during the LSPR energy harvesting, since this process should be
inhibited by the spin selection rule.'>'® In order to assess
whether the LSPR plays a role in promoting the 'O,
production, we have examined the system using the ESR 4-
oxo-TMP probing technique under irradiation of different light
sources. It is well-known that the LSPR band of 6—21 nm Pd
nanocrystals is located in the UV region,'” so it is supposed that
the 'O, production should be facilitated under the UV
irradiation if the LSPR “sensitization” mechanism is responsible
for the 'O, production. Surprisingly, the signal of 4-oxo-
TEMPO is not promoted by the illumination of UV light,
indicating that the formation of 'O, does not gain energy from
LSPR light harvesting (see Figures 2b). Under the illumination
of visible light, the signal of 4-oxo-TEMPO can be enhanced
about 100% when the measurement is performed without
thermostatic adjustment. However, when the temperature is
maintained at 20 °C with a thermostatic device, the
enhancement of 4-oxo-TEMPO signal is shown very minimal
(see Figure S6). Thus we can conclude that the promotion of
'0, production by visible light is mainly caused by a thermal
effect. Overall, the LSPR mechanism should not be responsible
for the spin—flip process, as the LSPR band of Pd nanocrystals
is located in UV region.

Since the oxygen activation into 'O, is irrelevant to the
LPSR, we have to reexamine the nature of Pd nanocrystals from
the viewpoint of their direct interactions with O,. Both the
TMB and 4-oxo-TMP measurements above have shown that
the O, activation is so sensitive to the morphologies of Pd
nanocrystals. For this reason, transmission electron microscopy
(TEM) has been employed to examine the structures of the Pd
nanocrystals that are used in our studies. The TEM images
(Figure 3ab) clearly show that the two samples of Pd
nanocrystals have cubic and octahedral shapes with an average
edge length of 14 and 6 nm, respectively. Figure 3c,d shows
high-resolution TEM (HRTEM) images of the nanocrystals,
identifying that the nanocubes and octahedrons are enclosed by
{100} and {111} facets, respectively. Thus the shape-dependent
activities of activating O, on the nanocubes and octahedrons
may be actually caused by a facet effect: The {100} facets have a
stronger capability of generating active oxygen species than the
{111} facets. According to the calculations in Table S1, the
percentages of surface atoms for nanocubes and octahedrons
are 8.22% and 23.87%, respectively. In our investigations, we
adjust the concentrations of nanocrystals to maintain an
equivalent number of surface atoms for molecular activation
and catalysis.
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Figure 3. TEM and HRTEM images of the Pd (a,c) nanocubes and
(b,d) octahedrons used in the investigations. (e,f) HRTEM images of
the Pd nanocrystals after the reactions of glucose oxidation.

Based on the findings above, the major question for
mechanism studies arises: Why surface facet of Pd nanocrystals
has a huge impact on the oxygen activation? It is known that
the interaction of small molecules with crystallographic facets is
mainly determined by molecular adsorption. For this reason, we
employ theoretical simulations to elucidate the impact of
adsorption on the oxygen activation. In the simulations, we
examine the adsorption state of molecular oxygen on different
facets of Pd and analyze whether the adsorption process affects
the spin state of electrons in oxygen molecules. All calculations
were performed using the PAW method, with the PBE as
recently implemented in VASP code. In the simulation, we have
considered several configurations for the chemisorbed O,
molecular with different interatomic distances optimized as
shown in Figures S7 and S8. As a result, we can acquire the
values for the adsorption energy of O, in each configuration
(see Tables S2 and S3). According to the adsorption energy,
the most favorable configuration on Pd(100) is shown in Figure
4a—c, where the O, is chemisorbed on the hollow site confined
by four neighbor Pd atoms. The magnetic moment of
chemisorbed O, molecules on Pd(100) is 0.017 uB, which is
1.983 uB lower than the free O, molecules.”® In contrast, the
most favorable configuration on Pd(111) is the O,
chemisorbed on the bridge site confined by two neighbor Pd
atoms (see Figure 4e—g). The magnetic moment of
chemisorbed O, molecules on Pd(111) is 0.549 uB, which is
1.451 uB lower than the free O, molecules and 32 times higher
than that of the O, molecules on Pd(100). Hence, the
molecular O, is more activated on Pd(100) crystal surface than
on Pd(111), in terms of the decrease in the magnetic moment
of O,. The significant reduction of magnetic moment to nearly
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Figure 4. The most favorable adsorption configurations of O, on
Pd(100) facet: (a) top view, (b) side view, and (c) spin charge density;
and Pd(111) facet: (e) top view, (f) side view, and (g) spin charge
density. The projected density of states (PDOS) diagrams of (d) O,
adsorbed on Pd(100) in the configuration and (h) O, adsorbed on

Pd(111) in the configuration. The dashed lines denote the Fermi level.
The isovalue of spin charge density is 0.01.

zero, in the case of O, on Pd(100), indicates the perfect spin—
flip process upon the chemisorption onto Pd(100). More
careful examination on the electron density of O, reveals
significant electron transfer (about 0.7 electron charge) from
Pd(100) surface to molecular oxygen. In comparison, the
charge transfer from Pd(111) to O, is ~0.4 electron charge,
which is less than that from Pd(100) surface. The significant
electron transfer occurring on the Pd(100) surface should be
the primary mechanism responsible for oxygen activation
during the chemisorption. It is well-known that the magnetism
of O, molecule comes from the two nonpaired electrons in the
frontier z* orbital of O, molecule. The transferred electrons
from Pd surface to O, molecule will occupy its antibonding 7*
orbital, leading to the spin reduction on O, molecule. This
picture is also confirmed by the calculated spin charge
distribution profiles and density of states (DOS) projected on
O’s atomic orbital. As shown in Figure 4c,g, there is distinct
spin charge distribution on O, molecule for Pd(111) surface,
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whereas no distribution on O, molecule is observed for
Pd(100) surface. The magnetic moment of O atom is mainly
contributed by the O’s 2p orbital (see Figure 4h).

The charge transfer from Pd to frontier antibonding orbital
of O, molecule also leads to the elongation of O—O bond.
From the most favorable configurations, one can see that the
O, on Pd(100) crystal surface possesses a slightly larger bond
length than that on Pd(111) (1.402 versus 1.324 A), also
suggesting the better activation of O, on Pd(100). To examine
the adsorption state of O, on Pd surface experimentally, we
have collected near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy spectra of O, adsorbed on the Pd
nanocubes and octahedrons, respectively (see Figure $10). The
resonance at 530.9 eV can be assigned to 1o, — 1z,* transition
for the chemisorption of O, on Pd surface.”® The shoulder peak
next to the chemisorption of O, on Pd(100) shifts to lower
energy in contrast to O, on Pd(111), indicating that the bond
length of O, on the nanocubes [i.e,, Pd(100)] is slightly longer
than that on the octahedrons [ie., Pd(111)] according to the
well-established Natoli’s rule.”® Such a conclusion is consistent
with the simulation findings, supporting that our simulation
results are reasonable. The DOS of O, on Pd(100) and
Pd(111) obtained from the calculation is shown in Figure 4d,h.
It reveals that the electronic densities of O, are significantly
altered upon the chemisorption of O, onto Pd surface
accompanying the orbital hybrid of O and Pd atoms, in
comparison with the DOS of free O, (Figure S11). The varied
DOS on Pd(100) and Pd(111) contributes to the different
magnetic moment of O, on their surface, thus definitely
differentiating their capabilities in molecular activation.

It is worth pointing out that the adsorption of oxygen to
palladium surface is a spontaneous process without energy
barrier, as one can see from the pathway of energy evolution
during the adsorption (Figure S9). The total energy evolution
profile versus the vertical distance (between O, molecule and
Pd surface) for O, adsorption on Pd(100) surface is obtained
by fixing the vertical distance between the O, molecule and
Pd(100) surface when performing each structural optimization
and manually reducing this distance from 3.78 to 2.14 A step by
step. Thus the process of oxygen adsorption should be mainly
governed by thermodynamics. On the other hand, although the
most favorable configuration in Figure 4a is determined by
adsorption energies in the simulations, it still represents the
most active species of oxygen among various configurations
according to their magnetic moments (see Tables S2 and S3).
In practice, it would be the most possible pathway that O, is
activated to react with chemicals in various reactions. Overall,
from the viewpoint of both the adsorption step and oxidation
reaction, kinetics should not be a major focus to alter the
reaction pathway in our case.

Enabled by their different capabilities of producing singlet
oxygen, we have been able to investigate the performance of Pd
nanocubes and octahedrons in catalyzing glucose oxidation
(Figure S12).*” As shown in Table 1, both the two Pd
structures can catalyze the oxidation of glucose, regardless of
their variable efficiencies. In order to clarify the role of singlet
O, in the reaction, we have performed the glucose oxidation
using Pd nanocubes in the presence of carotene (ie., the
scavenger for singlet O,), which shows only 1% yield of
gluconic acid. It exclusively demonstrates that the glucose
oxidation proceeds via the function of generating singlet O,, so
the efficiency of Pd nanocrystals in catalyzing the reaction
should be determined by the step of O, adsorption and
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Table 1. Oxidation of Glucose by Pd Nanocrystals with
Molecular Oxygen®

ield

catalyst  molygy, Molyuy Mol % TONys TONyy

14 nm 1.6 2.0 0.0 85 S16 42
nanocubes

14 nm 1.6 2.0 0.05 1 8 1
nanocubes®

6 nm 1.6 0.7 0.22 35 214 S1
octahedrons

7 nm 1.6 1.0 0.08 86 553 85
nanocubes

7 nm 3.1 2.0 0.17 29 323 NU
nanocubes

20 nm 1.6 2.7 0.03 88 545 32
nanocubes

20 nm 12 2.0 0.02 48 413 25
nanocubes

21 nm 1.6 2.2 0.06 33 209 15
octahedrons

21 nm 0.5 0.7 0.02 13 262 19
octahedrons

d
none 0 - -

“Reaction conditions: glucose in H,O as solvent (15 mM) and
maintain pH = 9 by adding sodium hydroxide during reaction, 50 °C,
0, (10 mL/min), 120 min. "Determined by HPLC analysis via an
internal standard technique. “Addition of 4 mg carotene as 'O,
scavenger. 9Reaction time: 960 min.

activation which can be modulated by their surface facets. As
expected, Pd nanocubes exhibit much better performance than
octahedrons at the same concentration in terms of surface
atoms, observed from both the yield and turnover numbers
(TON). For instance, at the surface atom percentage of 1.6%o,
the yield and TON using Pd nanocubes can reach 85% and
545, respectively, but those for octahedrons are only 35% and
232, respectively. Even when the usage dose of octahedrons is
increased to 2.3%o, the yield for gluconic acid can only reach
70% (see Tables S4). Certainly, for each sample, the TON is
highly dependent on the usage dose of Pd catalysts. When the
dose of Pd nanocubes is as low as 0.04%o, their TON in
catalyzing glucose oxidation can reach 2016 (see Tables S4).
In order to validate the assumption that the catalytic activities
are determined by the number of surface atoms, three different
sizes of Pd nanocubes (7, 14, and 20 nm in edge length) and
two sizes of octahedrons (6 and 21 nm in edge length, Figure
S13) are used as catalysts in the oxidation of glucose,
respectively. When the mol ratios of surface atoms are set as
1.6%o, the yields for gluconic acid are identical with the
nanocubes at different sizes as catalysts. The same observation
has been also obtained in the case of octahedrons. It indicates
that the number of surface atoms is the most important
parameter to determine the catalytic activities of catalysts in our
case. Note that the number of atoms at the corners and edges is
dramatically reduced with increase of particle size, as one can
see from Table 1. However, the catalytic efficiency can be
retained while altering the particle size, as long as the
concentration in terms of surface atoms is maintained constant.
This observation clearly excludes the possibility that the atoms
at the sites of corners and edges play the key role in activating
molecular oxygen. On the other hand, when normalized by the
number of total atoms, the yields for glucose oxidation increase
as the nanocubes are down-sized. At the surface atom
percentage of 3.2%o, the use of 7 nm nanocubes can achieve
a yield of 99%. It is mainly ascribed to the increase in their
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surface-to-volume ratios. This series of investigations clearly
verifies the validity of our quantification criteria in assessing the
catalytic activities of samples.

Similar to the finding in the 4-oxo-TMP probing system, the
yield for glucose oxidation cannot be promoted by the UV light
(see Table SS). It again verifies that the activation of molecular
oxygen is not ascribed to the “LSPR sensitization” mechanism.
The HRTEM images in Figure 2e,f reveal that the interactions
of Pd nanocrystals with O, in the glucose oxidation do not
induce noticeable morphological changes in the catalysts (also
see TEM images in Figure S14). It suggests that the Pd
nanocrystals can be recycled for sustainable usage in related
catalytic reactions.

Another application of 'O, generation is cancer treatment.
For instance, 'O, has been proven as a class of important
species to damage the cancer cells in the photodynamic therapy
(PDT) treatment of cancer.”® > In the past research, the facet
effect of metal nanocrystals on the cancer treatment has been
somehow ignored. Herein we have investigated the capabilities
of different Pd facets in reducing the viability of cancer cells. As
shown in Figure S, {100} facet-covered Pd nanocubes could

/777 Without Histidine
[ Jwith 10 mM Histidine

100

Cell Viability (%)

A\

DO

Control Cubes Octahedrons

Figure S. Viability of human Hela cancer cells that were incubated
with palladium nanocrystals at the same concentration in terms of
surface atoms for 24 h. Cell viabilities were measured by the standard
3-(4,5-dimethylthiazol-2-yl)-2,S-diphenyltetrazolium bromide (MTT)
assay. In order to verify the role of 'O, in cancer treatment, the
scavenger for 'O, species histidine was added in a control experiment.
Error bars were based on triplet measurements.

completely kill the Hela cancer cells (10000 cells/well) after
incubation for 24 h. In contrast, the viable cell count was
reduced by only 50% with the treatment by Pd octahedrons
enclosed by {111} facets at the same concentration of surface
atoms. In order to verify whether this difference is caused by
'0, generation, we have performed a control experiment using
histidine. Histidine has been proven as an efficient scavenger
for 'O, species,”” and the control experiment has clarified that
histidine alone does not reduce the cell viability. In the
presence of histidine, both the Pd nanocubes and octahedrons
could not kill the cancer cells, confirming that the cells were
damaged by 'O, species produced from Pd nanocrystals indeed.
Noble metal nanocrystals have been widely explored for their
function in cancer treatment; however, no sufficient attention is
being paid to the facet effect when designing the cancer
treatment agents with the nanocrystals.>*~>¢ This investigation
clearly shows that facet control should represent a route to

dx.doi.org/10.1021/ja311739v | J. Am. Chem. Soc. 2013, 135, 3200—3207
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precisely design the capability of metal nanocrystals in cancer
treatment.

H CONCLUSION

In conclusion, we have demonstrated that the surface facet of
metal nanocrystals is a key parameter for tuning their activities
of generating singlet oxygen. By excluding the role of LSPR in
promoting the spin—flip process, we investigate the effect of
surface facets on the oxygen activation both experimentally and
theoretically. The mechanism studies suggest that surface facets
may alter the chemisorption state of oxygen on metal surface
and, in turn, causes the changes in the magnetic moment (ie.,
spin state) of oxygen through electron transfer from Pd surface
to O,. When appropriate surface facets are selected, a
spontaneous spin—flip process may occur during the
chemisorption process. Since oxygen activation is a critical
step in many organic reactions considering the spin selection
rule, the facet-dependent activities of metal nanocrystals
presented here provide guidance for designing high-perform-
ance catalysts for organic reactions. As a demonstration, we
have verified that {100} facet-enclosed Pd nanocubes exhibit
superior catalytic performance to {111} octahedrons in glucose
oxidation. Another perspective of this work is the controllability
in tailoring the cancer treatment materials for high 'O,
production efficiency, based on the facet control of metal
nanocrystals. As a proof-of-concept experiment, we have
demonstrated that Pd(100) can provide better capability of
cancer treatment than Pd(111). Although Pd is not an ideal
material for biocompatible applications, it is anticipated that
this finding will pave a new way for designing cancer therapy
agents by tailoring the surface facets of other metal
nanostructures.
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