Published on 07 June 2021. Downloaded by Texas A & M University on 8/19/2021 9:10:44 PM.

Nanoscale

COMMUNICATION

’ '.) Check for updates ‘

Cite this: Nanoscale, 2021, 13, 11793

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Probing the plasmon-driven Suzuki—Miyaura
coupling reactions with cargo-TERS towards

tailored catalysis¥

Received 19th April 2021,
Accepted 7th June 2021

DOI: 10.1039/d1nr02478g

rsc.li/nanoscale

We present a label-free approach that is based on tip-enhanced
Raman spectroscopy (TERS) for a direct in situ assessment of the
molecular reactivity in plasmon-driven reactions. Using this
analytical approach, named cargo-TERS, we investigate the
relationship between the chemical structure of aromatic halides
and the catalytic probability of the Suzuki—Miyaura coupling reac-
tion on gold—palladium bimetallic nanoplates (Au@PdNPs). We
demonstrate that cargo-TERS can be used to quantify the yield of
biphenyl-4,4'-dithiol (BPDT), the product of the coupling reaction.
Our results also show that the halide reactivity decreases from
bromo through chloro to fluorohalides. Finally, we employ this
novel imaging technique to unravel the nanoscale reactivity and
selectivity of Au@PdNPs. We find that the edges and corners of
these nanostructures exhibit the highest catalytic reactivity, while
the flat terraces of Au@PdNPs remain catalytically inactive.

Introduction

The tailored synthesis of novel drug candidates, polymers,
and organic and inorganic catalysts with desired properties
requires an extensive understanding of molecular inter-
actions.'™ Traditionally, such interactions are examined via
routine synthetic> approaches or by in-silica computational
simulations.” The former strategy is labor- and reagent-inten-
sive, whereas the latter is often inaccurate because it is extre-
mely difficult to model for all details of molecular interactions.
Several analytical techniques, such as infrared spectroscopy’
and nuclear magnetic resonance (NMR)® analysis, can be used
to probe molecular interactions and determine the reactivity of
molecular species. However, these tools typically require large
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volumes and high concentrations of analytes. This catalyzed a
search for advanced analytical approaches that can unravel
molecular interactions in general and the molecular reactivity
in particular with femto or attoliters of analytes.

Tip-Enhanced Raman spectroscopy (TERS) is a modern
analytical technique that possesses single-molecule sensitivity
and sub-nanometer spatial resolution.”*° In TERS, localized
surface plasmon resonances (LSPRs) are generated by electro-
magnetic radiation at the apex of a metalized scanning
probe."™'* Once the probe is brought to the surface of interest,
LSPRs will enhance Raman scattering from molecules located
directly underneath it up to 10°-10%'*'* This strong electro-
magnetic enhancement allows for single molecule detection
on analyzed surfaces.'>'® Next, the probe can be placed above
the surface to obtain a chemical image of the sample with
Angstrom spatial resolution.'” This makes TERS a technique
of choice in numerous research applications including nucleic
acid sequencing,'®'® amyloid biology,>*** polymer and
surface science,*® ! electrochemistry®* > and catalysis.*®**

Experimental evidence showed that TERS can be used
to unravel plasmon-driven processes on mono*'™** and
bimetallic**™*° nanostructures. These processes are driven by
hot carriers, highly energetic species that appear as a result of
direct interband, phonon-assisted intraband, and geometry-
assisted decays of LSPRs.**™*® Using TERS and phenyl isocya-
nide (PIC) as a molecular reporter, Ren’s group examined the
catalytic properties of the edges of the sub-monolayer of Pd on
Au surfaces. The researchers found that the C=N vibration of
PIC at the edges of Pd islands was red-shifted by 60 cm™" rela-
tive to the position of this band in the spectra obtained from
the molecules located on Pd terraces. It was concluded that Pd
edges have higher reactivity relative to Pd atoms on terraces.*’
Similar conclusions were made from the TERS images of the
rectified optical fields on the surface of silver nanowires
(AgNWs) and silver nanoparticles (AgNPs).>*>' El-Khoury’s
group found that the edges of both AgNPs and AgNWs had a
higher intensity of the rectified electric field compared to the
central part of these plasmonic nanostructures. Our group
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found that gold—palladium microplates (Au@PdMPs) exhibited
unique catalytic properties that were not observed in monome-
tallic nanostructures (AuMPs).>®*° These bimetallic nano-
structures are capable of light-driven reduction of 4-NBT to
both 4-ATP and DMAB, whereas only DMAB was detected as a
product of plasmon-driven reduction of 4-NBT on AuMPs.
Moreover, recently reported results suggest that the rates of
hot carrier-driven reactions can be controlled by the electric
field which in turn can be altered by the intensity of the laser
light.*® These findings are in good agreement with the results
reported by the Jain®*** and Schultz>**® groups which shows
that the intensity of laser light can be used to control the
selectivity of catalytic reactions on plasmonic nanostructures.

Using gas chromatography coupled to mass spectroscopy
(GC-MS), we previously demonstrated that Au@PdMPs are
capable of catalyzing the Suzuki-Miyaura coupling reaction
between 4-bromobenzenethiol and 4-mercaptophenylboronic
acid (4-MPBA).>® In that experiment, Au@PdMPs with a mono-
layer of 4-bromobenzenethiol (4-BrBT) were exposed to a solu-
tion of 4-MPBA and electromagnetic radiation. The Suzuki-
Miyaura coupling reaction yielded biphenyldithiol (BPDT) that
was detected using GC-MS and TERS. We also found that
molecular analytes on Au@PdMP surfaces are oriented nearly
planarly (10-12°) relative to the metal surface, which facilitates
a coupling reaction that takes place on their surfaces.**

Expanding on this discovery, we investigate the extent to
which TERS can be used to probe the molecular reactivity in
bimolecular plasmon-driven reactions. For this, we deposit
one reactant on the sample of interest, whereas the second
reactant is deposited on the scanning probe. Next, we bring
the probe on the sample surface and illuminate it with con-
tinuous wavelength laser light. This catalyzes the reaction
between two analytes. In this study, we show that this modi-
fied TERS approach named cargo-TERS can be used for in situ
elucidation of the reactivity of three aromatic halides,
4-bromo-, 4-chloro- and 4-fluoro-thiophenols (4-BTP, 4-CTP
and 4-FTP) in the Suzuki-Miyaura coupling reaction with
4-MPBA. Our findings show that cargo-TERS can be used for
highly accurate assessment of the molecular reactivity of these
analytes requiring femto or attoliters of analytes.

Results and discussion

For monitoring the process before and after the reaction, we
use TERS to measure the Raman spectral change. For TERS,
firstly we coated Au@PdNPs with a monolayer of 4-XTP (X = F,
Cl and Br) to investigate the intrinsic vibrational signal of the
halogen-benzene on the surface of the bimetallic nano-
structures (Scheme 1) before the reaction. Au@PdNPs were
prepared using a three-step synthetic approach, Fig. S1.}
Briefly, seed-mediated growth of 15 nm thin AuNPs (Fig. S27)
was followed by the isotropic growth of these nanoplates to
reach 70 nm-thick AuNPs (Fig. S37) that were exposed to Pd
ions to fabricate Au@PdNPs. These bimetallic nanostructures
had a sub-monolayer of Pd on their surface (Fig. S4F).
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Scheme 1 |lllustration of cargo-TERS experiments on Au@PdNPs. (a
and b) A schematic representation of the Suzuki—Miyaura coupling reac-
tion between 4-XTP and 4-MPBA, where X = Br, Cl or F. (c) Modification
of Au@PdNPs with 4-XTP and Au-coated scanning probes with 4-MPBA.
(d) Modification of Au@PdNPs with 4-MPBA and Au-coated scanning
probes with 4-XTP. (e) Plasmon-driven Suzuki—Miyaura coupling of
4-MPBA and 4-XTP on the surface of Au@PdNPs that yields BPDT.

Au@PdNPs used in this work had around 200-300 nm width
and ~70 nm height (see the SEM image in Fig. S5t). We first
deposited 4-BTP on the surface of these nanoplates
(Scheme 1c). TERS spectra of 4-BTP showed two distinct
vibrational bands at 1064 and 1556 cm™" that corresponded to
the vibration modes of the benzene ring (Fig. 1a, traces 1 and
2, more TERS spectra can be seen in Fig. S61).>° TERS images
of Au@PdNPs with an unmodified Au-coated tip confirmed
the presence of 4-BTP on the surface of Au@PdNPs (Fig. S77).
Next, we deposited 4-MPBA on the Au-coated scanning probe
(Scheme 1c and Fig. 1b, traces 5 and 6). The spectrum of
4-MPBA had two vibrational bands at 1070 and 1585 cm™" that
allowed for unambiguous identification of this molecular
analyte. Finally, we imaged the surface of 4-BTP-modified
Au@PdNPs using the 4-MPBA-modified Au-coated scanning
probe, Scheme 1a and e and Fig. 1d-h. This triggered the
Suzuki-Miyaura coupling reaction between two molecular ana-
Iytes yielding BPDT. The reaction product exhibits a vibrational
band at 1593 ecm™" (Fig. 1c, traces 9 and 10 and Fig. S8%),
which allows for its detection on Au@PdNPs.

Our results also show that cargo-TERS can be used for the
quantification of BPDT catalytic probability (Fig. 1g and h) on
Au@PdNPs. For this, one has to count the spectra that show
the presence of the reaction product (1593 ecm™') in the
acquired TERS maps of bimetallic nanostructures. If the sizes
of the nanostructures are similar or identical and TERS images
were obtained with the same spatial resolution, the catalytic
probability of the reaction product can be directly reported.
However, if the size of Au@PdNPs had substantial variability
or different spatial resolutions were used upon their TERS
imaging, the total number of spectra that contain 1593 cm™"

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) Representative TERS spectra of 4-BTP (1,2) and 4-MPBA (3,4)
on the surface of Au@PdNPs; (b) surface-enhanced Raman spectra
(SERS) of 4-MPBA (5,6) and 4-BTP (7,8) on a Au-coated probe. (c) TERS
spectra of BPDT on Au@PdNPs. (d) The schematic representation of the
Suzuki—Miyaura coupling reaction between 4-BTP-modified Au@PdNPs
and the 4-MPBA-modified Au-coated probe; (e) AFM and the corres-
ponding (f) TERS image of 4-BTP-modified Au@PdNPs before the
Suzuki—Miyaura coupling reaction and (g) after demonstrating the for-
mation of BPDT (red pixels). (h) An overlay TERS image of 4-BTP (blue)
and BPDT (red) signals on Au@PdNPs. (i) The schematic representation
of the Suzuki—Miyaura coupling reaction between the 4-BTP-modified
Au-coated probe and 4-MPBA-modified Au@PdNPs. (j) AFM and the
corresponding (k) TERS image of 4-MPBA-modified Au@PdNPs before
the Suzuki—Miyaura coupling reaction and (l) after demonstrating the
formation of BPDT (red pixels). (m) An overlay TERS image of 4-MPBA
(blue) and BPDT (red) signals on Au@PdNPs. The scale bar in each image
is 100 nm.

can be divided over the total number of collected spectra from
a nanostructure. This approach, as discussed below, allows for
direct comparison of the molecular reactivity of aromatic
halides in plasmon-driven reactions.

It is important to demonstrate that the catalytic probability
of such a coupling reaction is independent of the localization
of molecular analytes between the probe and the sample. In
the parallel experiment, we deposited 4-MPBA on the surface
of Au@PdNPs and 4-BTP on the Au-coated scanning probe
(Scheme 1b and d). Next, we performed cargo-TERS to investi-
gate the catalytic probability of BPDT formed on the surface of
Au@PdNPs (Fig. 1i-m). The same as in the initial experiment,
we detected a new band at 1593 cm ™, which indicated the for-
mation of BPDT (Fig. 1c, traces 11 and 12). We also found that
an opposite to the initial experiment arrangement of mole-
cular analytes yielded a similar amount of BPDT (discussed
below) on the surface of the bimetallic nanostructures. It
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should be noted that when only one molecular analyte was
present on the scanning probe of Au@PdNPs, no BPDT pro-
ducts were observed (Fig. S77).

Next, we examined the molecular reactivity of 4-CTP and
4-FTP in the Suzuki-Miyaura coupling reaction on Au@PdNPs.
The TERS spectra of 4-CTP exhibited three distinct vibrational
bands at 1069, 1098 and 1567 cm™ " (Fig. 2d),”” whereas two
bands were detected in the spectrum of 4-FTP at 1076 and
1577 em™" (Fig. 2a). Prior to cargo-TERS, we first confirmed
the presence of 4-CTP and 4-FTP on the surface of Au@PdNPs
using unmodified scanning probes. In both cases, we observed
the full surface coverage of the reactants on Au@PdNPs
(Fig. S9 and S107). Cargo-TERS with the 4-MPBA-modified Au-
coated scanning probe (Fig. 2b and e) revealed the formation
of BPDT (Fig. 2¢, f and 3a-1, see more TERS spectra of BPDT in
Fig. S111). We found that 4-CTP resulted in a substantially
lower catalytic probability of BPDT (3.52%) compared to the
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Fig. 2 (a) Representative TERS spectra of 4-FTP, (b) SERS spectra of
4-MPBA and (c) BPDT formed on Au@PdNPs was a result of the Suzuki—
Miyaura coupling reaction between 4-FTP and 4-MPBA. (d)
Representative TERS spectra of 4-CTP, (e) SERS spectra of 4-MPBA and
(f) BPDT formed on Au@PdNPs was a result of the Suzuki—Miyaura
coupling reaction between 4-CTP and 4-MPBA.
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Fig. 3 (a) The schematic representation of the Suzuki—Miyaura coup-
ling reaction between the 4-XTP-modified Au-coated (X = Cl and F)
probe and 4-MPBA-modified Au@PdNPs. (b) AFM and the corresponding
(c) TERS image of 4-CTP-modified Au@PdNPs before the Suzuki-
Miyaura coupling reaction and (d) after demonstrating the formation of
BPDT (red pixels). (e) An overlay TERS image of 4-CTP (blue) and BPDT
(red) signals on Au@PdNPs. (f) AFM and the corresponding (g) TERS
image of 4-FTP-modified Au@PdNPs before the Suzuki—Miyaura coup-
ling reaction and (h) after demonstrating the formation of BPDT (red
pixels). (i) An overlay TERS image of 4-FTP (blue) and BPDT (red) signals
on Au@PdNPs.

catalytic probability of the coupling reaction between 4-BTP
and 4-MPBA (4.94%), Fig. 4 and Table S1.T These results are in
good agreement with the previously reported GC-MS findings.
Li and co-workers found that the Suzuki-Miyaura coupling
reaction between 4-BTP and 4-MPBA on Au@PdMPs catalyzed
only micromoles of BPDT.>* We also found that the use of
4-FTP as an aromatic halide catalyzed even fewer BPDT
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Fig. 4 The catalytic probability of BPDT in six different cargo-TERS
experiments. The catalytic probability of BPDT was obtained by counting
the number of spectra that exhibited a 1593 cm™ band with regard to
the total number of TERS spectra acquired. At least three individual
Au@PdNPs were analyzed in each of the reported experiments. Average
catalytic probability observed in all the Au@PdNPs is reported with the
corresponding standard deviations.

(1.87%) on the surface of Au@PdNPs that were observed with
the use of 4-CTP. To determine the catalytic probability of
BPDT, we counted the number of TERS spectra that exhibited
a 1593 cm™" band, which unambiguously confirmed the pres-
ence of BPDT on the Au@PdNP surface. Next, we divided this
number by the total number of spectra collected from the
surface of Au@PdNPs. It should be noted that the sizes of
these bimetallic nanostructures were nearly identical in all
these experiments, as well as the spatial resolution used in
TERS imaging on their surfaces. We also analyzed at least
three individual bimetallic nanostructures to determine the
standard deviations of the reported catalytic probability of
BPDT in our experiments (Fig. 4). Our results suggest that
cargo-TERS allows for an elucidation of the reactivity of aro-
matic halides on Au@PdNPs with high accuracy.

One may wonder if the catalytic probability of the Suzuki-
Miyaura coupling reaction between 4-MPBA and the analyzed
aromatic halides (4-CTP and 4-FTP) is independent of the reac-
tant localization in cargo-TERS. To answer this question, we
investigated the catalytic probability of BPDT with 4-CTP- and
4-FTP-modified Au-probes and 4-MPBA-coated Au@PdNPs. We
found that the catalytic probability of the reaction is indepen-
dent of the localization of halides and boronic acid derivatives
between the probe and the sample. It should also be noted
that in the absence of 4-MPBA, no reaction product was
detected with either 4-CTP or 4-FTP present on the tip or the
sample surface. It is also important to demonstrate that the
catalytic probability of BPDT does not depend on the number
of cargo-TERS scans. By other means, if Au@PdNPs will be
scanned again with the same modified probe, the catalytic
probability of BPDT would not be changed. To demonstrate
this, we carried out the second round of cargo-TERS on the
4-CTP modified Au@PdNPs which were already analyzed using
a 4-MPBA modified probe. We found no significant changes in

This journal is © The Royal Society of Chemistry 2021
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the catalytic probability of BPDT between the first (Fig. S12a-
dt) and second rounds (Fig. S12e-ht) of cargo-TERS imaging.
This experiment demonstrated that the catalytic probability of
BPDT cannot be altered by additional cargo-TERS imaging
which demonstrates the high robustness of this analytical
approach.

Cargo-TERS with less reactive 4-CTP and 4-FTP also showed
that the edges and corners of Au@PdNPs exhibited higher
reactivity than the terraces located in the central part of these
bimetallic nanostructures (Fig. 1g, h, 1, m and 3a-i). Such an
enhanced catalytic reactivity of edges and corners was reported
by several research groups.®”*"*° Using DFT calculations, the
Ren’s group examined the electronic density of states (DOS) of
d-bands on the Pd atom located at the step edge and compared
them with the DOS of d-bands on the Pd atoms on terraces.
Zhong and co-workers found that the DOS of the step-edge Pd
atom had a global shift to higher energy simultaneously exhi-
biting narrowing of the d-band, as a result of its unsaturated
coordination. This resulted in a decrease in inter-atom coup-
ling. These calculations also revealed the coupling between the
o-bonds of the analytes and d-bands on Pd. It was found that
the o orbitals of the analyte adsorbed at the step edge were at
higher energies compared to the ¢ orbitals of analytes at the
terrace, indicating a weaker o-d interaction at the step edge.
Our findings show that the edge-facilitated reactivity is insig-
nificant for highly reactive analytes, such as 4-BTP. However,
this effect becomes prevalent for plasmon-driven reactions
between reactants with weaker reactivity.

These findings further extend the frontiers of the innovative
concept of chemically-modified scanning probe TERS, which
was first introduced by the Apkarian group. Specifically, Lee
and co-workers®® showed that carbon monoxide at the apex of
the scanning probe can be used as a rectifying plasmonic
nanoantenna allowing for Angstrom spatial resolution in TERS
imaging. Recently, Crampton and co-workers demonstrated
that localization of cobalt tetraphenylporphyrin (CoTPP) on
the TERS scanning probe®® allows for the phase determination
of intramolecular currents and the polarity control of the non-
linear diode-like optoelectronic response in TERS imaging.
Our work showed that such chemically-modified scanning
probe TERS, named by us cargo-TERS, can be used to deter-
mine the molecular reactivity via examination of the catalytic
probability of the corresponding reaction product.

Just as any analytical approach, cargo-TERS is likely to have
some limitations that should be investigated and resolved in
future studies. At the first glance, one can expect that cargo-
TERS may be limited to the determination of the catalytic
probability of only plasmon-driven processes. Although more
work is required to address this concern, we expect that TERS
in general and cargo-TERS in particular can be broadly used to
probe reactions that lead to chemical transformations detect-
able through alteration of the vibrational fingerprints of either
analytes or the reaction products. The applicability of TERS in
such cases is likely to be determined by a match between the
TERS response and the reaction timescale. Therefore, the
development of femto and pico-second resolution in TERS (the
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timescale on which most of the reactions are taking place) is
strongly desired. It should also be noted that the analyzed mole-
cules in cargo-TERS ought to have thiol bonds to enable their
anchoring to the metallic surfaces. Although this is not required
for the examination of the molecular reactivity, thiol bonds
allow for chemisorption of analytes and the corresponding pro-
ducts to metallized surfaces minimizing unpreferred contami-
nation of scanning probes used in TERS. One can expect that
such chemisorption can be substituted by molecular physisorp-
tion that can be achieved at low temperatures (low temperature
TERS).” In this case, the use of thiols may be avoided to
examine the molecular reactivity in real time.

Conclusions

Our findings demonstrate that cargo-TERS can be used for fast,
robust and reliable analysis of molecular reactivity plasmon-
driven reactions. Using this approach, we were able to probe the
reactivity of aromatic halides in a plasmon-driven Suzuki-
Miyaura coupling reaction. We also showed that cargo-TERS can
be used to probe the nanoscale reactivity of bimetallic catalysts
unraveling sites with high and low reactivity. This approach
requires a single monolayer of reactants and can be performed
within seconds to reveal the reactivity of molecular analytes.
This analytical approach can be used to tailor the design of
molecular reactants and catalysts for desired reactivity and cata-
Iytic properties, ultimately leading to highly efficient, selective
and green catalysis. These findings open up a new avenue for
the direct analysis of molecular interactions that in turn can be
used for the prediction of the biological activity of novel classes
of drugs candidates and the selectivity of chemical catalysts. In
addition, the coupling between different molecules by this
method is highly useful for achieving other reactions such as
the Heck reaction® in plasmon-driven polymerizations.®*
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