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Site-dependent selectivity in oxidation reactions on Pt
nanoparticles was identified by conducting IR nanospectroscopy
measurements while using allyl-functionalized N-heterocyclic
carbenes (allyl-NHCs) as probe molecules. Following exposure to
oxidizing conditions the allyl groups in NHCs that were located on
the center of Pt nanoparticles were oxidized to hydroxyl while
those located on the nanoparticle’s periphery were oxidized into
carboxylic acid. The superior reactivity on the periphery of the
nanoparticles was correlated to higher density of low coordinated

atoms on these surface sites.

Heterogeneous catalysis is a surface-controlled phenomenon
governed by low-coordinated sites such as steps and point
defects.’’ Different surface sites often show variations in
reactivity, leading to multiple reaction pathways and various
products formation. This effect poses a major complication for
the chemical industry owing to the high costs of products
separation.®12 Therefore, gaining insights into the ways by
which different surface sites direct the selectivity of catalytic
nanoparticles is of fundamental importance.

The structural variation between catalytic nanoparticles along
with the presence of dissimilar reactive sites on single
nanoparticles makes it challenging to resolve their site
dependent selectivity using ensemble-based spectroscopy
measurements.'3-15 High spatial resolution techniques, such as
super-resolution fluorescence microscopy®®1® and tip-
enhanced Raman spectroscopy (TERS)2%-26 were utilized for
identifying catalytic reactions at the nanoscale.
Synchrotron-based IR nanospectroscopy (SINS) has been
recently identified as a novel approach for high spatial
resolution detection of chemical transformations on the
surface of catalytic nansoparticles.?’-31 SINS is an Atomic-
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Force-Microscopy (AFM) based apertureless method which
utilizes synchrotron-sourced IR light to overcome the
diffraction limit of light and collect surface-scattered IR signal
with a tip-limited spatial resolution of 20 nm.32-35 As a result of
its highly localized detection capabilities, SINS measurements
were applied for identifying the local properties of polymers,3¢
2D materials,37 38 biomaterials3® and catalysts.28 22

It was previously demonstrated that catalytically-active sites
can be mapped on single nanoparticles by conducting SINS
measurements while using N-heterocyclic carbenes (NHCs) as
probe molecules.?® 2° The high chemical versatility of NHCs
and their affinity to metal surfaces make them exceptional
chemical indicators for surface-induced reactivity.*% 41 By using
addressable NHCs as markers and mapping their properties
with localized SINS measurements it was revealed that the
nanoparticle’s periphery is more reactive than the flat regions
located on the nanoparticle’s center.?® These site-dependent
reactivity variations were correlated to higher density of low-
coordinated surface atoms at the periphery of the
nanoparticles.

SINS measurements provided so far direct information of site-
specific reactivity on the surface of metallic nanoparticles.?8 2°
However, site-dependent selectivity was not detected yet by
SINS measurements due to low concertation of intermediates
surface, making their highly
challenging. Herein, site dependent selectivity was identified in
oxidation reaction on Pt nanoparticles by using allyl-
functionalized NHCs (allyl-NHCs) as probe molecules (Scheme
1). The sequential transformation of the allyl groups to alcohol,
a chemically-stable intermediate, and then to acid made it
possible to locally monitor their site-dependent selectivity
using IR nanospectroscopy.
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Scheme 1. Schematic illustration of the experimental approach. Allyl-
functionalized NHCs (marked with orange pentagons) were anchored
to the surfaces of Pt nanoparticles (grey circles), functioning as probe
molecules for identifying site-dependent selectivity in oxidation
reactions. High spatial resolution synchrotron infrared
nanospectroscopy (SINS) measurements were performed to identify
site-dependent selectivity on Pt particles.

Pt nanoparticles with an average size of 100 + 30 nm were
prepared by annealing (923 K, 5 h, 1 atm N,) a 15 nm thick Pt
film that was deposited on SiO,/Si(110) wafer (Supp. Info. Fig.
S1). Allyl-functionalized imidazolium salt was synthesized,
deprotonated and anchored on the surface of Pt nanoparticles
(additional experimental details can be found in the supporting
information). The surface-anchoring of NHCs did not induce
noticeable changes in the nanoparticles' morphology (Supp.
Info. Fig. S1).

N1s XPS signal of the allyl-functionalized imidazolium salt,
prior to its deprotonation and surface anchoring, revealed a
sharp peak that was centered at 401.8 eV (Fig. 1, bottom
spectrum).?2 N1s XPS signal of the surface-anchored allyl-NHC
showed a broader peak that was centered at 399.1 eV.%3 44 The
shift in the peak position following deprotonation and surface-
anchoring of the imidazolium salt was correlated to
neutralization of the positive charge in the surface-anchored
NHCS_29,40,41
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Figure 1. N1s XPS signals of allyl-functionalized imidazolium salt before
(bottom spectrum) and after its activation and anchoring on Pt
nanoparticles (top spectrum)

SINS measurements of Pt nanoparticles that were decorated
with allyl-NHCs were conducted prior and following their
exposure to oxidizing conditions. AFM  topography
measurement of NHCs-coated Pt nanoparticle was performed
(Fig. 2i, AFM image). The topography measurement was
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followed by SINS measurements on different surface sites that
probed the local vibrational signatures of surface-anchored
allyl-NHCs. SINS measurement was performed at the center of
Pt nanoparticle (measurement position was marked with a
black circle in the AFM image in Fig. 2i). Vibrational peaks were
detected at 1460 and 1550 cm™ (Fig. 2i, black-colored
spectrum) and attributed to C-H bending and C=C stretching,
respectively. These two signals were probed as well in the IR
spectrum of the allyl-functionalized imidazolium salt (Supp.
Info. Fig. S2). The similarity in the IR signals of the imidazolium
salt and the surface-anchored NHCs indicates that the allyl-
NHCs were attached to Pt nanoparticles without major
changes in the properties of their addressable allylic groups.
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Figure 2. AFM topography images (left panels) and localized SINS
spectra (right panels) of Si-supported Pt nanoparticles that were
coated with allyl-NHCs. SINS measurements were performed following
deposition of NHCs (i) and after exposure to gas phase (1 atm O,, 100
°C, 10 h) (ii) and liquid phase (0.1 w/w% H,0,, rt, 10 h) oxidizing
conditions (iii). SINS measurements were conducted at the center and
side of Pt particles. Colored circles in the AFM topography image mark
the SINS measurements position. The same color-coding is used for
SINS spectra, correlating the SINS spectra with the specific
measurement position. Scale bar is identical for the three AFM
topography images.
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SINS measurement was performed on the particle's perimeter
(measurement position was marked with a red circle in the
AFM image in Fig. 2i) and yielded an IR spectrum with two
dominant peaks (red-colored spectrum in Fig. 2i). The SINS
spectrum that was measured on the particle’s periphery was
similar to the one measured on the center of the nanoparticle.
The resemblance of the two spectra implies that under
ambient conditions the allyl-functionalized NHCs were stable
and inert on both the center and edge of the nanoparticle.

The NHCs-coated Pt nanoparticles were exposed to gas-phase
oxidizing conditions (1 atm O,, 100 °C, 10 h) and their site-
dependent reactivity was analyzed by SINS measurement. SINS
spectrum was measured on the center of a single Pt
nanoparticle (Fig. 2ii, black-colored spectrum, SINS
measurement location was marked with a black circle in the
AFM image) and showed a distinctive peak at 1265 cm-?, which
is corresponding to a C-OH stretch. The detection of this
vibrational feature indicated that the allylic groups were
oxidized to hydroxyls after exposure to oxidizing conditions.*
The lack of C=C stretches in the SINS spectrum can be
correlated to changes in the orientation of the NHC’s imidazole
ring that was shifted from standing into flat-lying position.*% 41
SINS spectrum was measured on the nanoparticle’s periphery
(marked with red circle inthe AFM image in Fig. 2ii) and
displayed two peaks that were located at 1265 and 1720 cm™
(Fig. 2ii, red-colored spectrum), correlated to C-OH and C=0
stretches, respectively. This result shows that the allyl groups
in NHCs that were located at the edge of the nanoparticle
were oxidized to carboxylic acid. Thus, partial oxidation of the
allyl groups into alcohol was observed on the less-reactive flat
regions of the nanoparticle while oxidation to acid was
observed on the particle’s edge. The enhanced reactivity on
the periphery of the nanoparticles was correlated to higher
density of low-coordinated atoms on these surface sites.?8 30
SINS measurements did not exclusively identify the presence
of aldehyde on Pt nanoparticles as indicated by the coupled
detection of vibrational features at the CO-H and C=0 ranges
(1200-1350 and 1600-1800 cm, respectively). Aldehyde signal
was not detected as well in NHCs that were functionalized with
alcohol groups and exposed to oxidizing conditions.?® The lack
of aldehyde signal can be correlated to low surface
concentration of this species due to its high reactivity on Pt
under oxidizing conditions.

The NHC-coated Pt nanoparticles were exposed to harsher
liquid-phase oxidizing conditions (0.1% w/w H,0,, rt, 10 h).
SINS measurement was performed at the center of a single Pt
particle (measurement location was marked with a black circle
in the AFM image in Fig. 2iii) and yielded a spectrum with
several peaks (black-colored spectrum, Fig. 2iii). The presence
of several vibrational peaks demonstrates the less selective
and more destructive nature of the harsher oxidizing
conditions. The region between 1200 and 1300 cm™ displayed
one dominant peak at 1250 cm™, correlated to C-OH stretch.
The region between 1550-1800 cm™ exhibited several peaks
with two dominant features at 1720 and 1760 cm™, which can
be correlated to carboxylic acid and ester groups. These results
indicate that exposure to harsher oxidizing conditions further
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facilitated the oxidation of the allyl groups in surface-anchored
NHCs.

SINS measurement on the particle’s edge, following exposure
to liquid-phase oxidizing conditions, yielded an IR spectrum
with several vibrational features (red circle in the AFM image
in Fig. 2iii and the corresponding red-colored spectrum). Peaks
at 1255 and 1725 cm? were assigned to C-OH and C=0
vibrations of a carboxylic acid. Similar spectral features were
obtained on these sites after exposure of the sample to gas-
phase oxidizing conditions (Fig. 2ii). Spectral features were also
detected at 1290 cm™ and 1550-1620 cm’, attributed to
partial decomposition of the NHCs that induced amide group
formation. Partial decomposition and amide formation were
previously identified in hydroxyl-functionalized NHCs that
were anchored on Pt nanoparticles and exposed to harsh
oxidizing conditions.?® The localized SINS measurements
therefore reveal that allyl groups of NHCs that were located on
the edges of the particle show higher reactivity under both
liquid and gas phase oxidizing conditions. Pt4f XPS
measurements did not show variations in the oxidation state
of the nanoparticles following their exposure to oxidizing
conditions.

XPS measurements were conducted to complement the local
near-field SINS data (Fig. 3). C1s XPS signal of the as-deposited
allyl-NHCs (black-colored spectrum, Fig. 3) was fit by three
Gaussians, centered at 284.8, 286.5 and 288.4 eV, and
assigned to C-C, C-O and C=0 species with a spectral weight of
85, 12 and 3%, respectively. The detection of C-O and C=0
species indicated that some oxidation had already occurred
following deposition of the allyl-NHCs on Pt nanoparticles, as
was previously detected for OH-functionalized NHCs.?° The low
concertation of the oxidized species hindered their detection
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Figure 3. Cls XPS signals of allyl-functionalized NHCs that were
anchored on Si-supported Pt nanoparticles. XPS measurements were
conducted before (black colored spectrum) and after exposure of the
sample to gas phase (1 atm O,, 100 °C, 10 h, red colored spectrum)
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and liquid phase (0.1% w/w H,0,, rt, 10 h, blue colored spectrum)
oxidizing conditions. Gaussians were fit to each XPS signal.

The Cls XPS signal showed an increase in the C-O and C=0
features, reaching a spectral weight of 40% after exposure of
the sample to gas phase oxidizing conditions (red-colored
spectrum, Fig. 3). This change in the XPS pattern was
correlated with variations in the SINS data (Fig. 2) that
identified the oxidation of the allylic groups into hydroxyl and
carboxylic acid. C1s XP spectrum ensuing liquid phase oxidizing
conditions (blue-colored spectrum, Fig. 3) showed a spectral
weight of 63%, 27%, 10% for the C-C, C-O and C=0 species,
respectively. The increased weight of the C=0 species
corroborates the SINS data which indicated an amide
formation in addition to allyl oxidation to carboxylic acid
following exposure to harsher liquid phase oxidizing
conditions.

To conclude, site-dependent selectivity in oxidation reactions
was identified by using allyl-functionalized NHCs as molecular
markers and mapping their reactivity on Pt nanoparticles with
high spatial resolution IR nanospectroscopy measurements.
Under gas phase oxidizing conditions the allyl groups of NHCs
that were located at the periphery of Pt nanoparticles were
fully oxidized to carboxylic acid, whereas the allyl groups of
NHCs that were located at the center of the nanoparticle were
oxidized into hydroxyl. Following exposure to harsher liquid-
phase oxidizing conditions the allylic groups throughout the
nanoparticle were oxidized to carboxylic acid and partial
decomposition of NHCs was detected at the particle’s edge.
The enhanced reactivity that was probed at the particle's
periphery suggests that higher density of surface defects
facilitated the dissociative chemisorption of O, on these
surface sites.*® The site-dependent selectivity of surface-
anchored NHCs, which was demonstrated in this work, can be
further utilized for identifying the influence of surface
composition on the reactivity’” and for tuning the local
molecular environment of catalytic nanoparticles.*8
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