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ABSTRACT: The plasmonic electron oscillations in optically
excited metallic nanoparticles result in surface confinement of
photon energy over much longer time scales in comparison to
the unconfined photons traveling at the speed of light, thereby
producing an enormous buildup of photon intensity and highly
concentrated energetic hot electrons at the nanoparticle
surfaces. While the plasmonic hot electrons can be harnessed
to drive unconventional photocatalytic molecular trans-
formations at the nanoparticle—molecule interfaces, a set of
fundamentally important issues concerning detailed reaction
mechanisms still remain poorly understood. Here we use
surface-enhanced Raman scattering (SERS) as a unique time-
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resolving and molecular finger-printing tool to spectroscopically resolve the complex kinetics and underlying pathways of
plasmon-driven oxidative coupling of thiophenol derivatives chemisorbed on the surfaces of optically excited plasmonic Ag
nanostructures. A hybrid suprananostructure composed of an SiO, bead densely decorated with Ag nanocubes was used as both
the SERS substrate and the plasmonic photocatalyst under near-infrared excitations. Through deliberately designed time-resolved
single-particle SERS measurements, we have been able to pinpoint the effects of excitation power, local-field enhancement,
interfacial oxygen abundance, molecular structures, and photothermal heating on the kinetics and yields of the hot electron-
driven oxidative coupling reactions. Our time-resolved SERS results provide compelling experimental evidence for the steady-
state photoactivated oxygen, revealing that the chemical transformations of thiophenol derivatives rather than the photo-
activation of interfacial oxygen constitute the kinetic bottlenecks along the multistep reaction pathways, while the overall reaction
rates are dynamically maneuvered by the photoactivated oxygen at its steady-state concentrations.

B INTRODUCTION

Optically excited plasmonic nanoparticles can catalyze a unique
set of interfacial molecular transformatlons boosted by the
enormous buildup of photon intensity' ~* and high abundance
of energetic ballistic electrons, also known as hot electrons,”™"°
at the nanoparticle surfaces. Because of a lack of coherence, the
plasmonic hot carriers are fundamentally different from the
excitons in semiconductors, making it possible to drive
photochemical reactions along unconventional pathways
distinct from those involved in conventional thermal catalytic
reactions and semiconductor-based photocatalysis."*'® It has
been demonstrated that plasmonic hot electrons can be
efficiently harnessed to drive or enhance intriguing photo-
catalytic reactions, such as li ht induced nanocrystal
growth,'7%° photopolymerlzatlon, 2% dissociation of H,,*>**
water splitting,'>** nitrothiophenol reduction,”*™*’ selective
oxidation," ' 0-34 and the Suzuki coupling reactions.”>™’
While the generation and migration of hot electrons upon
plasmonic excitation and decay are fast photophysical processes
over time scales from femtoseconds to picoseconds,”'”'>*" the
plasmon-driven photocatalytic reactions typically occur on
drastically longer time scales ranging from a few seconds up to
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interfacial chemical or photochemical processes, most likely the
photo-activation of crucial interfacial species or induced
transformations of molecular adsorbates, constitute the kinetic
bottlenecks along the multistep reaction pathways. It still
remains an immensely challenging task, however, to fully
elucidate the detailed reaction mechanisms, largely because of
the intrinsic complexity of multiple intriguing photophysical,
photochemical, and interfacial processes entangled in the
plasmon-driven photocatalytic molecular transformations.

A key step in plasmon-driven photocatalysis has been
identified to be the photo-activation of crucial species upon
injection of plasmonic hot electrons into the unpopulated
orbitals of the molecular adsorbates, which selectively activates
certain types of chemical bonds and creates highly reactive
transient species that dynamically modulate the interfacial
molecular transformations.'”"**" This is best manifested by the
photo-activation of triplet oxygen, 30,, adsorbed on plasmonic
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nanoparticle surfaces, which generates transient doublet 20,7, a
highly active oxidative species that selectively drives a series of
aerobic oxidation reactions, such as epoxidation of ethyl-
ene,' "' oxidation of CO,” and oxidative coupling of
aminothiophenol.”® Although multiple experimental evidences
have coherently verified the existence of such photoactivated
oxygen, >***** what the rate-limiting steps are and how the
transient photoactivated oxygen dynamically modulates the
reaction kinetics still remain fundamentally intriguing open
questions, inspiring us to perform detailed kinetic studies to
fully understand the dynamic nature of the photoactivated
oxygen and pinpoint the underlying rate-determining factors
using plasmon-driven photocatalytic oxidative coupling of
thiophenol derivatives as prototypical model reactions.

The formation of 4,4'-dimercaptoazobenzene (DMAB)
through photocatalytic oxidative coupling of 4-aminothiophe-
nol (4-ATP) adsorbed on optically exited plasmonic nano-
particles represents an enthralling plasmon-driven paradigm for
unconventional synthesis of aromatic azo compounds.”®*>*>**
This photocatalytic reaction was first discovered in 2010 when
several Raman peaks signifying the characteristic a; modes of
DMAB emerged in the surface-enhanced Raman scattering
(SERS) spectra upon laser illumination of 4-ATP chemisorbed
on metallic nanostructures.””>’ These characteristic SERS
peaks of DMAB, first observed by Osawa and co-workers
back in 1994, had long been controversially interpreted as the
b, modes of 4-ATP enhanced by interfacial charge transfers
until Tian and co-workers convincingly proved that 4-ATP
underwent an oxidative coupling process with the aid of
photoactivated oxygen to form DMAB during SERS measure-
ments.”>** Although this plasmon-driven coupling reaction has
been intensively investigated using a large variety of plasmonic
nanostructures as the photocatalysts under a diverse range of
reaction conditions,”******%*9~** several key aspects regarding
the detailed mechanisms still remain unclear. (1) The rate-
limiting step needs to be identified, based on which the
derivation of an empirical rate law becomes possible. (2) It still
remains an open question whether the overall reaction kinetics
is dynamically tied to the interfacial abundance of the
photoactivated oxygen. (3) The search for optimal plasmonic
photocatalysts has been conducted in a largely empirical fashion
because of a lack of quantitative understanding of the detailed
correlations between plasmonic field intensity and reaction
kinetics. (4) The plasmonic photothermal heating may
thermally activate the molecular adsorbates on the nanoparticle
surfaces and thereby alter the activation energy barriers of
interfacial reactions. How the photothermal heating influences
the reaction kinetics and yields is well-worthy of further
scrutiny. (5) Substitution of the hydrogen atoms in the amine
group of 4-ATP with other functional groups may significantly
modify the reaction energy landscapes. However, such
molecular structural effects still remain unexplored. To shed
light on these fundamentally intriguing but intrinsically
complex issues, we use SERS as a time-resolving and molecular
finger-printing tool to fully resolve the complex kinetics of
oxidative coupling of several thiophenol derivatives chem-
isorbed on plasmonic photocatalysts. Time-resolved SERS
provides a unique means to quantitatively correlate the reaction
kinetics with the plasmonic characteristics of the photocatalysts,
enabling us to pinpoint the effects of several key factors
dictating the reaction kinetics and yields, such as excitation laser
power, local-field enhancement, abundance of interfacial
oxygen, molecular structures of thiophenol derivatives, and

5687

plasmonic photothermal annealing. As revealed by this work,
the rate-limiting step is essentially associated with the interfacial
chemical transformations of the thiophenol derivatives, while
the overall reaction kinetics is dynamically maneuvered by the
photoactivated oxygen at its steady-state concentrations.

B METHODS

Core-satellite suprananoparticles (SNPs), each of which was
composed of a spherical SiO, core densely decorated with Ag
nanocubes (NCs), were used as both the SERS substrates and
the plasmonic photocatalysts. The SiO,@Ag NC SNPs were
assembled by electrostatically attaching the Ag NCs onto the
surfaces of polydiallyl-dimethylammonium (PDDA)-function-
alized SiO, beads through a layer-by-layer assembly process*
(see details in the Supporting Information). The structures,
compositions, and surface properties of the as-assembled SNPs
were characterized by transmission electron microscopy
(TEM), scanning electron microscopy (SEM), energy-
dispersive spectroscopy (EDS), optical extinction spectroscopy,
and ({-potential measurements (see details in the Supporting
Information). Submonolayers of isolated SiO,@Ag NC SNPs
were immobilized onto poly(4-vinylpyridine)-functionalized
silicon substrates following a previously reported protocol™
(see details in the Supporting Information). To form self-
assembled monolayers of the thiophenol derivatives on the
nanoparticle surfaces, the SiO,@Ag NC SNPs immobilized on
silicon substrates were incubated with 500 yM 4-ATP, 4-
dimethylamino-thiophenol (4-DMATP), or 4-acetamido-thio-
phenol (4-AATP) ethanolic solution at room temperature for
24 h, thoroughly washed with ethanol and water, and then
finally dried with N, gas.

Time-resolved SERS spectra were collected using a BaySpec
Nomadic Raman microscope built on an Olympus BXS1
reflected optical system under 785 nm laser excitation in the
confocal mode (focal area of 2 yum diameter). A 50X dark field
objective (NA = 0.5, WD = 10.6 mm, Olympus LMPLFLN-
BD) was used for both Raman signal collection and dark field
scattering imaging. The laser beam was focused on individual
SiO,@Ag NC SNPs for Raman spectrum collection. The
spectral acquisition time was typically 2 s, unless mentioned
otherwise, and the power of the excitation laser focused on the
samples was adjusted using a neutral density filter and
measured using a laser power meter (Newport, model:
PMKIT-05-01). The photocatalytic reactions were carried out
in various atmospheres, such as ambient air, pure oxygen, pure
nitrogen, and oxygen/nitrogen mixtures at 1 atmospheric
pressure and room temperature. Under each experimental
condition, the kinetic measurements were repeated on 10
different SiO,@Ag NC SNPs, one particle at a time. Normal
Raman spectra were collected on solid thin films of 4-ATP, 4-
DMATP, and 4-AATP on silicon substrates.

B RESULTS AND DISCUSSION

Our SERS-based kinetic studies involved the use of deliberately
designed, bifunctional SiO,@Ag NC SNPs as both the SERS
substrate and the plasmonic photocatalyst. Monodisperse Ag
NCs with edge lengths of 35.9 + 1.62 nm were synthesized
following a protocol developed by Xia and co-workers,* and
carboxylate-functionalized spherical SiO, beads with uniform
diameters of 1.00 + 0.0240 um were purchased from Bangs
Laboratories, Inc. (Figure S1 in the Supporting Information).
When dispersed in water at neutral pH, colloidal SiO, beads
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Figure 1. Assembly of SiO,@Ag NC SNPs. (A) Schematic illustration of the assembly of SiO,@Ag NC SNPs. (B) SEM image of SiO,@Ag NC
SNPs. (C) SEM image and EDS elemental distribution maps (based on the intensities of Ag-L, Si-K, and O-K lines) of SiO,@Ag NC SNPs. (D)
TEM image of an SiO,@Ag NC SNP. The inset shows the TEM image of the entire particle and the region enclosed by the dash box is shown with a
higher magnification. (E) Optical extinction spectra of colloidal SiO, beads, Ag NCs, and SiO,@Ag NC SNPs.

and Ag NCs were both negatively charged on their surfaces. We
used a thin layer of positively charged polymer, PDDA, as the
linker between the SiO, bead and the Ag NCs to construct
SiO,@Ag NC SNPs through an electrostatic layer-by-layer
assembly approach™ (Figure 1A). The evolution of the surface
charges of the particles during the stepwise assembly process
was monitored by {-potential measurements (Figure S2 in the
Supporting Information). The surface of each SiO, bead was
densely decorated with Ag NCs, as clearly shown by the
electron microscopy images (Figure 1B—D) and EDS-based
elemental analysis (Figures 1C and S3 in the Supporting
Information). While colloidal Ag NCs exhibited a narrow
plasmon resonance band centered at 415 nm, the SiO,@Ag NC
SNPs displayed a broad spectral feature in the optical extinction
spectrum with plasmon resonance red-shifted into the near-
infrared (Figure 1E) because of strong plasmon coupling
between adjacent Ag NCs,* allowing us to excite the plasmons
over a broad spectral range across the visible and near-infrared
regions to achieve large SERS enhancements as well as high
photocatalytic efficiency. In this work, we used a continuous
wave 785 nm laser as the excitation source for both SERS and
photocatalysis. The SiO, beads did not exhibit any plasmonic
spectral features in the visible and near-infrared regions, thereby
serving solely as a dielectric substrate supporting the Ag NCs.
The plasmonic “hot-spots” located inside the sub-10 nm gaps
between neighboring Ag NCs provided enormous field
enhancements exploitable not only for enhancing Raman
signals but for producing high surface abundance of hot
electrons as well. The as-assembled SiO,@Ag NC SNPs could
be immobilized onto poly(4-vinylpyridine)-functionalized
silicon substrates***” to form a submonolayer of well-separated
individual particles (Figure S4 in the Supporting Information).
Thiophenol derivatives, such as 4-ATP, 4-DMATP, and 4-
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AATP, strongly adsorbed onto the Ag NC surfaces through
covalent Ag—S interactions to form self-assembled monolayers
while well-preserving the structural integrity of the SNPs
without causing observable detachment of Ag NCs from the
silica cores (Figure SS in the Supporting Information). We used
a confocal Raman microscope/spectrometer to focus the
excitation laser onto 2 ym X 2 pm regions containing
individual SiO,@Ag NC SNPs, which allowed us to resolve
the photocatalytic reaction kinetics on one SNP at a time
through time-resolved SERS measurements.

Plasmon-driven photocatalytic reactions are initiated by the
optical excitation of collective oscillations of valence electrons,
also known as plasmons, in the photocatalysts. Following the
optical excitation, the plasmonic electron oscillations can
dephase through either radiative elastic photon scattering or
nonradiative relaxation pathways, namely, Landau damping
(generation of hot electrons and holes in the metals) or
chemical interface damping (direct electron injection into the
molecular adsorbates on the nanoparticle surfaces).”’ The
radiative decay of plasmons gives rise to tremendously
enhanced local electromagnetic fields exploitable for SERS,
while the nonradiative plasmon decay involves charge transfers
between strongly coupled nanoparticles and molecular
adsorbates, triggering photochemical transformations on the
surfaces of plasmonic nanostructures.”” As illustrated in Figure
2A, the plasmonic excitation of an Ag nanoparticle creates a
nonthermal distribution of energetic hot electrons transiently
occupying the empty states above the Fermi level while leaving
the hot holes below the Fermi level of Ag (—4.3 eV vs vacuum).
The transfer of hot electrons from Ag to molecular adsorbates
becomes possible when energetically favorable band alignments
exist between the excited hot electrons and the unoccupied
adsorbate states. Upon plasmonic excitation at 785 nm (photon
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Figure 2. Kinetics of plasmon-driven oxidative coupling of 4-ATP. (A) Schematic illustration of plasmonic hot electron-driven photo-activation of
O, adsorbed on Ag surfaces. All the orbital energies are defined using the vacuum as the reference state at 0 eV. (B) Schematic illustration of
plasmon-driven dimerization of 4-ATP chemisorbed on Ag NC surfaces under 785 nm laser excitation. (C) Time-resolved SERS spectra collected on
one 4-ATP-coated SiO,@Ag NC SNP upon exposure to 785 nm laser illumination under ambient conditions. The spectral acquisition time was 2 s,
and the laser power was 0.45 mW. (D) Snapshot SERS spectra collected at reaction times of 0, 4, 20, and 60 s. The highlighted 1440, 1390, and 1140
cm™! bands are spectral signatures of DMAB. (E) Temporal evolution of @py;,p obtained from the time-resolved SERS results shown in panel C on
one SiO,@Ag NC SNP (left panel) and Opsp trajectories collected on 10 different SiO,@Ag NC SNPs under identical experimental conditions
(right panel). The least-squares curve fitting results are shown as a solid curve in the left panel. Plots of (F) k and (G) 6,_o, vs Ijg7gem™ collected on
individual SiO,@Ag NC SNPs at excitation powers of 0.21, 0.32, 0.45, 0.56, and 0.90 mW. The time-resolved SERS measurements were performed
on 10 different SiO,@Ag NC SNPs at each excitation power, and the error bars represent the standard deviations of least-squares curve fitting. The

inset of panel (F) shows the plots of the ensemble averaged I)gs., as a function of laser power square, Py

energy of 1.58 eV), the hot electrons were distributed in an
energy range insufficient for them to be injected into the lowest
unoccupied molecular orbital of 4-ATP chemisorbed on Ag
(3.8 €V above the Ag Fermi level)."* However, previous
density functional theory (DFT) calculations showed that the
energy of the antibonding 27* orbitals of molecular *O,
adsorbed on the Ag {100} facet (the dominant facet on the
surfaces of Ag NCs"’) matched the Ag Fermi level very well,*
thereby facilitating the transfer of a hot electron from Ag to the
2% orbitals of *0, adsorbate to form 20,7, a short-lived,
photoactivated species that may either rapidly react with other
molecular adsorbates, as exemplified by the oxidative coupling
of thiophenol derivatives studied in this work, or relax to its
ground electronic state after the decay of an electron in the
antibonding 27* orbitals back to Ag. Immediately after the
photoactivated 20, reacted with chemisorbed 4-ATP to
initiate the coupling reaction, an electron might rapidly
recombine with a hole in the plasmonically excited Ag NC,
preventing the Ag NC from being oxidized. After the
photocatalytic oxidative coupling reactions, the morphology
of Ag NCs and the distribution of Ag NCs on the SiO, core
were both well-preserved (Figure S6 in the Supporting
Information), indicating that the laser illumination and the

5689

photocatalytic reactions did not cause any oxidation or
dissolution of the Ag NCs observable within the resolution of
SEM. The possibility of forming transient, locally oxide Ag
surfaces during the photocatalytic reactions, however, had not
been ruled out simply based on the ex situ SEM imaging results.

While neither the ground-state nor the photo-excited
interfacial oxygen was spectroscopically resolvable by SERS,
the formation of the product, DMAB, could be monitored in
real time based on the temporal evolution of the characteristic
SERS peaks of DMAB. Although this photocatalytic reaction
involved multiple steps, many of which were indecipherable by
SERS, a simplified version depicted as the dimerization of 4-
ATP to form DMAB on the Ag surface (Figure 2B) fully
captured the essential SERS-resolvable chemical transforma-
tion. Figure 2C,D shows the temporal evolution of SERS
spectra of 4-ATP adsorbed on SiO,@Ag NC SNPs upon
exposure to the continuous wave excitation laser (wavelength:
785 nm; power: 0.45 mW; focal plane: 3.14 X 10~® cm?; power
density: 14 kW cm™) under the ambient aerobic condition at
room temperature. Prior to the formation of DMAB, the two
major SERS peaks at 1078 and 1595 cm™" were assigned to the
C-S stretching mode and the benzene ring mode of 4-
ATP.*>** As the photocatalytic reaction proceeded, several
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newly emerged peaks at 1140, 1390, and 1440 cm™" gradually
became more intense, signifying the formation of DMAB.>>**
Meanwhile, the benzene ring mode downshifted from 1595 to
1575 cm™', whereas the C—S stretching mode slightly
downshifted by 4 cm™ upon the formation of DMAB. The
transformation of 4-ATP into DMAB also resulted in
significantly stronger SERS signals because DMAB had much
larger Raman cross-sections than those of 4-ATP.>>** The
detailed peak assignments were listed in Tables S1 and S2 in
the Supporting Information.

We quantified the temporal evolution of the apparent
fraction of DMAB, €\ s5, based on the relative peak intensities
of the 1440 cm™' Raman mode (N=N stretching mode of
DMAB) with respect to the C—S$ stretching modes of the
molecules around 1078 cm™ (see details in the Supporting
Information). In the left panel of Figure 2E, we plotted the
temporal evolution of Oy on one SiO,@Ag NC SNP, which
exhibited a typical first-order kinetic curve. The apparent first-
order rate constant, k, and the maximum reaction yield at the
infinitely long reaction time, 8,_,, were obtained by performing
least-squares curve fitting to the Opyap trajectory with the
following first-order rate equation
Opaias = Oh—co X (1 = ™) (1)

We repeated the time-resolved SERS measurements on 10
different SiO,@Ag NC SNPs one particle at a time under
exactly the same reaction conditions, and all the Oppp
trajectories are shown in the right panel of Figure 2E. Although
both k and 6,_, varied from particle to particle because of the
intrinsic structural heterogeneity and the variation of average
field enhancements among the SNPs, all the O3 trajectories
could be well-fitted with the first-order rate law. The
photocatalytic coupling of 4-ATP is mechanistically complex,
involving the plasmonic excitation of the SNPs, photo-
activation of interfacial oxygen, and multistep chemical
transformations cascaded by multiple intermediates along the
reaction pathways. However, the kinetics of DMAB formation
obeyed a surprisingly simple first-order rate law, strongly
indicating that the overall reaction kinetics was determined by
one kinetically sluggish rate-limiting step associated with the
formation of a transient intermediate species that rapidly
transformed into other short-lived intermediates or the final
product, DMAB. The first-order kinetics observed here could
be most reasonably interpreted as a consequence of molecular
transformations driven by photoactivated oxygen at its steady-
state concentrations, which could be described by two key rate-
determining steps shown below.

+hot ek,

2

d
Step 1: O3

—ek_,

k f:
Step 2: O,” + 4-ATP -3 TI* — 1/2DMAB

The photoactivation of interfacial oxygen involved the
injection of energetic hot electrons from Ag to surface-
adsorbed O,, which is denoted as 0%, following the plasmonic
excitation. k; is the rate constant for the photoactivation, while
k_, is the rate constant defining the kinetics of the reverse
reaction, the thermal relaxation of the photoactivated oxygen
back to its ground state. In the context of the proposed steady-
state kinetics, both the photoactivation and thermal deactiva-
tion of interfacial oxygen (step 1) were considered to be much
faster than the rate-limiting step (step 2), rapidly reaching an
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equilibrium that kept the photoactivated oxygen at its steady-
state concentration. The photoactivated oxygen subsequently
reacted with the surface-adsorbed 4-ATP to initiate the
stepwise oxidative dehydrogenation and azo-coupling reactions
to eventually form DMAB. While the transient intermediates
were unidentifiable by time-resolved SERS, possibly because of
their short life times, the rates of DMAB formation were
essentially determined by the rate-limiting step with a rate
constant of k), which was most likely associated with the
formation of a partially dehydrogenated transient intermediate,
denoted as TT*. All the other faster steps along the reaction
pathways, however, could be ignored in this simplified two-step
mechanism, based on which we were able to derive the rate law
describing the formation kinetics of DMAB.

The formation rates of the photoactivated oxygen and
DMAB could be described by eqs 2 and 3, respectively, where
all the concentration terms referred to the interfacial abundance
of the species adsorbed on photocatalyst surfaces.

d[OZ_] _ ad _ -1 _ - _

T - kl[oz ] k—1[oz ] kz[oz ][4 ATP] (2)
d[DMAB] _ A

— 4 - k,[O, ][4-ATP] 3)

When the photoactivated oxygen reached its steady-state
concentration, [0, ]

d[o,]

Y = = kl[Ogd] — k_4[0,7 ], = k,[O, ] [4-ATP]

4)

Rearrangement of the terms in eq 4 led to the following
expression

SS

=0

ad
[OZ_]SS = kl[oz ]

" k_, + k,[4-ATP] (s)

Considering that the values of both k; and k_; were far
greater than that of k,, eq 5 could be further simplified as

[03]
(6)
The rate of DMAB formation in the presence of steady-state
0O, could be expressed as
d[DMAB]

dt (7)

Therefore, the apparent first-order rate constant, k, obtained
from the experimentally resolved kinetic data was related to

both k, and [0, ], as described by the following equation
k= kZ[OZ_]ss (8)

Combining eqs 6 and 8 resulted in the following expression
for k

= kZ[OZ_]ss [4_ATP:|

k A
k= kzk—l[of]

-1

©)

Equation 9 related the experimentally measured k to k, k_j,
k,, as well as the interfacial abundance of surface-adsorbed >0,,
[03%], providing a central guiding principle for us to rationally
maneuver the rate of DMAB formation by varying the reaction
conditions. While k_; was intrinsically tied to the nature of
molecular oxygen and Ag surfaces, k; could be experimentally
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modulated by either adjusting the excitation laser power or
varying the field enhancements of the plasmonic photocatalysts.
The rate of DMAB could also be modulated by varying the
partial pressure of O, in the reaction atmosphere, which
controlled [03%] on the photocatalyst surfaces. In contrast, k,
was unrelated to the photoactivation of interfacial oxygen but
varied with the molecular structures of the thiophenol
derivatives as well as the photothermal annealing of the surface
adsorbates on the plasmonic photocatalysts. Here, we
demonstrated that k;, k,, and [03] could all be systematically
tuned to finely maneuver the reaction kinetics by deliberately
tailoring several key experimental parameters, through which
compelling experimental evidences could be obtained to further
verify the proposed steady-state kinetic model.

We first demonstrated that the rate of DMAB formation
could be maneuvered by modulating k, through variation of the
excitation power while keeping all the other experimental
parameters unchanged. We measured the kinetics of DMAB
formation on one SiO,@Ag NC SNP each time at S different
excitation powers of 0.21, 0.32, 0.45, 0.56, and 0.90 mW. At
each excitation power, the single-particle SERS-based kinetic
measurements were performed on 10 individual SNPs. On a
given SNP photocatalyst with field enhancement of |El/|E|, the
amplitude of the enhanced plasmonic fields, |El, was directly
proportional to the electric field intensity of the incident laser, |
E,l. As shown in the inset of Figure 2F, the SERS intensity of 4-
ATP at 1078 cm™ prior to the photoreactions, I;y7gcm™, Was
proportional to the square of the excitation power, Pjye,* (Plaer
o |EyI*), further verifying the IEI*-dependence of SERS signals
when the Raman enhancements were dominated by the
electromagnetic mechanism.**°~>* Increasing the excitation
power led to faster generation of hot electrons and higher
magnitudes of local fields, both of which were highly desired for
boosting the photoactivation of interfacial oxygen, resulting in
higher k, values without changing k_,. As a consequence, the
equilibrium between photoactivation and thermal deactivation
of interfacial oxygen was shifted toward the photoactivated state
at higher excitation powers, increasing the steady-state
concentration of the photoactivated oxygen and thus the rate
of DMAB formation (Figure 2F).

The single-particle SERS results further enabled us to
quantitatively correlate the reaction rates with the local fields
on the surfaces of the photocatalysts. While both k and I;7g.m!
varied form particle to particle even at the same excitation
power because of the structural heterogeneity among the
SiO,@Ag NC SNPs, a general trend that k increased with
Ligrsem™ could be clearly observed (Figure 2F). At excitation
power below 0.56 mW, k was found to be proportional to
I g7sem™ Because I gy, scaled with the fourth power of
average field intensity, |EI*, k was also proportional to IEI*. The |
El* dependence of k that we observed suggested that the hot
electron transfer from Ag to the 27* orbitals of surface-
adsorbed *O, was most likely mediated by Landau damping
rather than chemical interface damping. While the rate of direct
hot electron transfer during chemical interface damping is
proportional to the transition dipole moment, which scales with
|E?, Landau damping involves two key steps, the excitations of
hot electrons and holes in the metal and the subsequent
transfer of hot electrons from the metal to the molecular
adsorbates. The rates of both steps are proportional to |EP,
giving rise to the overall |EI* dependence. As previously
calculated by the DFT, the oscillator strengths of plasmon
excitations were much larger than that those of the direct
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charge transfer transitions between Ag and surface-adsorbed
oxygen.”® Both our experimental observations and previous
DFT calculations coherently indicated that the hot electron
transfer through Landau damping was the major charge transfer
channel for the photoactivation of oxygen on the surfaces of the
Ag photocatalysts under near-infrared excitations. Although its
quantum efficiency of hot electron transfer is typically much
lower than that of chemical interface damping,”'**" Landau
damping provides more room for us to boost the photocatalytic
reactions by optimizing the near-field plasmonic properties of
the photocatalysts because the rates of photocatalytic reactions
mediated by Landau damping are more sensitively dependent
on the local fields (IEI* for Landau damping vs |EI* for chemical
interface damping). Whether such IEI* versus |EI* dependence
of k can be used as a universal criterion to distinguish Landau
damping from chemical interface damping still needs to be
further tested in other plasmon-driven photocatalytic reaction
systems. In this work, we excited the plasmon resonance at 785
nm to ensure that the interfacial oxygen was photoactivated
upon the transfer of a plasmonic hot electron from Ag to the
27* orbitals of surface-adsorbed *0,. Increasing the photon
energy of the excitation laser allows the hot electrons to be
excited to higher energies with respect to the Ag Fermi level
with drastically modified energy distribution profiles, making it
possible to switch the dominant hot electron decay pathways
from Landau damping to chemical interface damping and even
to inject the hot electrons into other unoccupied orbitals of the
molecular adsorbates. Detailed investigations of the effects of
the excitation wavelength on the reaction kinetics and
mechanisms are currently underway.

As shown in Figure 2F, k exhibited a linear dependence on
I o78em™" in the low excitation regime below 0.56 mW but started
to show a superlinear power-law dependence on I;yg.,~' as the
excitation powder was further increased to 0.90 mW. We
hypothesized that at relatively low excitation powers, the
photothermal effect was insignificant. However, above a certain
threshold excitation power, the photothermal heating of the
surface-adsorbed thiophenol derivatives became an additional
dominant factor that further speeded up the reactions. Another
noteworthy observation was that 6., also increased with
Lossem™; in other words, 0, increased with |El on the
photocatalysts. At relatively high excitation power above 0.56
mW, the reactions proceeded to 6,_,, very close to 1 on most
SiO,@Ag NC SNPs, whereas at lower excitation powers, the
majority of SiO,@Ag NC SNPs exhibited 6,_,, significantly
lower than 1 (Figure 2G). At first glance, the observed
relationship between 6_, and IEl could be most reasonably
interpreted as the characteristics of a reversible coupling/
decoupling reaction. After the photocatalytic coupling reaction
proceeded to a certain point, an equilibrium between the
coupling and decoupling was established, reaching a nonunity
0,- In this case, the k obtained from the kinetic results
represented the sum of the forward and reverse rate constants,
while ,_,, was determined by the ratio between forward and
reverse reaction rates. Increasing the excitation power would
accelerate the coupling reaction without changing the
decoupling reaction rates, thereby shifting the equilibrium
toward the DMAB and resulting in increased 6,_.,. However,
after the 4-ATP molecules were photocatalytically converted
into DMAB on SiO,@Ag NC SNPs, no reverse reaction was
observed even without laser illumination. As shown in Figure
S7 in the Supporting Information, 8, reached ~0.95 after
illuminating 4-ATP-coated SNPs with the 785 nm laser at 0.56
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Figure 3. Effects of interfacial oxygen abundance on photocatalytic coupling of 4-ATP. (A) Schematic illustration of the coexistence of three oxygen
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trajectories show the averaged results collected on 10 different SiO,@Ag NC SNPs under each experimental condition, and the error bars represent

the standard deviations. The results of least-squares fitting are shown as solid curves in panel (B). (C) k and (D) 6, at various pg, . The error bars

show the standard deviations of least-squares curve fitting.

mM for ~50 s and no apparent decrease of 6,_,, was observed
after decreasing the laser power to 0.32 mM. These
observations strongly indicated that the photocatalytic coupling
of 4-ATP could be considered as an irreversible reaction under
the current conditions. The reverse reaction, decoupling of
DMAB, was so slow that it became unobservable within the
experimentally measured time scales. We hypothesized that the
partial conversion of 4-ATP to DMAB at low excitation powers
was due to the presence of a subpopulation of surface-adsorbed
4-ATP that remained unreactive. This unreactive subpopula-
tion, however, may be thermally activated by photothermal
annealing, following the plamsonic excitations, which well-
explained why 6,_, increased with both the optical field, |El, of
the photocatalysts and the excitation power. The effects of the
photothermal annealing will be discussed in greater detail later
in this paper.

As shown by eq 9, k could also be modulated by varying the
abundance of surface-adsorbed oxygen, [03], without changing
ky, k_j, and k,, which could be experimentally realized by

adjusting the partial pressure of O, po, in the reaction

atmosphere. As illustrated in Figure 3A, only when the
molecular O, was physisorbed on the Ag surfaces could the
plasmonic hot electrons be transferred from Ag to O, to
generate photoactivated oxygen. [0, ] is directly proportional
to [03%], which was controlled by po.. To control po, in the

reaction atmosphere, we co-flowed O, and N, into the reaction
chamber with controlled relative flow rates while keeping the
total pressure at 1 atm, using a flow cell with an inlet and an
outlet similar to the ones we previously used for single-
molecule fluorescence measurements,>> except that the flow cell
was assembled on a silicon substrate instead of a polyethylene
glycol-functionalized glass coverslip. As shown in Figure 3B,C,
k increased with pg, further verifying the reaction mechanism

we proposed. Although kinetically very slow, the photocatalytic
oxidative coupling of 4-ATP still took place with a small but
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nonzero k even in pure N, atmosphere (po, = 0), mostly likely

driven by plasmonic hot holes. As illustrated in Figure 2A, the
highest occupied molecular orbital (HOMO) of 4-ATP
chemisorbed on Ag was calculated to be —5.5 eV versus
vacuum, 1.2 eV below the Ag Fermi level.***’ In principle, it is
also possible to use an electron in the HOMO of chemisorbed
4-ATP to fill a hot hole in Ag following plasmonic excitation at
785 nm. However, the plasmonic hot hole-driven oxidative
coupling of 4-ATP was kinetically much slower than its hot
electron-driven counterpart under the aerobatic conditions
because of the low abundance of hot holes below —5.5 eV
versus vacuum. At 785 nm, we essentially excited the plasmonic
intraband transitions, which preferentially favored the gen-
eration of energetic hot electrons exploitable for photocatalytic
reactions, while efficient generation of energetic hot holes
requires excitation of the interband transitions of Ag at
wavelengths shorter than 330 nm.'> As shown in Figure
3B,D, 8, also increased with pg, suggesting that an O,-rich
atmosphere was favorable to the thermal activation of surface-
adsorbed molecular 4-ATP. We hypothesized that a strong
synergy existed between the photoactivation of surface-
adsorbed oxygen and the photothermal activation of chem-
isorbed 4-ATP, though the detailed mechanisms still remained
open to further scrutiny.

While both k; and [03'] were the key factors determining
[0, ] k, was intimately related to the molecular structures
and interfacial behaviors of the thiophenol derivatives
chemisorbed on Ag surfaces. In the context of our proposed
kinetic model, k, was determined by the activation energy
barrier of the rate-limiting step, which was associated with the
dissociation of the N—H bonds in the amine group of 4-ATP.
Therefore, when substituting the amine group of 4-ATP with a
dimetheylamine group (4-DMATP) or a acetylamine group (4-
AATP), k, changed significantly because it was tied to the
nature and strength of the chemical bonds on the N atom. The
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of 10 SiO,@Ag NC SNPs under each condition.

SERS and normal Raman spectra of 4-ATP, 4-DMATP, and 4-
AATP are shown in Figure S8, and the assignments of the
major SERS peaks are listed in Tables S1, S3, and S4 in the
Supporting Information. As shown in Figure 4A, all the three
thiophenol derivatives, when chemisorbed on the SiO,@Ag NC
SNPs, underwent plasmon-driven oxidative coupling processes
to form DMAB upon exposure to 785 nm laser at an excitation
power of 0.90 mW. Analogous to that of 4-ATP, the
photocatalytic coupling reactions of both 4-DMATP and 4-
AATP also obeyed the first-order rate law (Figures S9 and S10
in the Supporting Information). The first-order rate constants
of both the 4-DMATP and 4-AATP coupling reactions were
observed to be proportional to initial SERS intensity of the C—
S stretching modes (1082 cm™ for 4-DMATP and 1075 cm™
for 4-AATP) in low excitation power regimes and switched to a
superlinear power-law dependence at higher excitation powers
(upper panels in Figure 4B,C). Similar to that of 4-ATP
coupling, the 6,_,, for the 4-DMATP and 4-AATP coupling
reactions also increased with initial SERS intensity of the C—S
stretching modes, approaching 100% apparent reaction yields at
sufficiently high excitation powers (lower panels in Figure
4B,C). These results strongly indicated that the proposed
mechanism for the photocatalytic oxidative coupling of 4-ATP,
which involved the steady-state photoactivated oxygen, could
be used as a generic kinetic model to interpret the kinetics of 4-
DMATP and 4-AATP coupling reactions as well. However,
both k and 6_, varied significantly under the same
experimental conditions (the same excitation power and pg,)

when the molecular structures of the thiophenol derivatives
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changed. As shown in Figure 4D,E, both k and 6,_, followed
the same trend of 4-ATP > 4-DMATP > 4-AATP.

The different k values among the three thiophenol derivatives
essentially stemmed from the difference in k,, which was related
to the polarities and dissociation energies of the chemical
bonds. k, for 4-ATP was significantly higher than that for 4-
DMATP under the same experimental conditions because the
N-H bond in 4-ATP was remarkably more polar and thus
easier to dissociate than the N—C bond in 4-DMATP when
reacting with the photoactivated oxygen. In addition, 4-ATP
exhibited smaller steric hindrance than 4-DMATP for the
photoactivated oxygen to attack the leaving groups, which were
H atoms for 4-ATP and methyl groups for 4-DMATP. Among
the three thiophenol derivatives, 4-AATP exhibited the smallest
k and lowest 6,_, because the N—C bond in 4-AATP was
partially double-bonded in nature as a consequence of electron
delocalization in the acetylamine group, thereby creating a
markedly higher energy barrier for the bond dissociation.

k, was found to be related to not only the intrinsic molecular
structures but the photothermal heating of the surface-adsorbed
thiophenol derivatives as well. Following the optical excitation
of plasmon resonances, the energetic hot electrons may also
undergo thermal dissipation to heat up the metal lattices via
electron—phonon coupling.'” At relatively low excitation
power, the photothermal heating of the interfacial molecular
adsorbates had insignificant impact to the overall reaction
kinetics. Therefore, k was observed to be proportional to |EI* of
the photocatalysts for all 4-ATP (Figure 2F), 4-DMATP
(Figure 4B), and 4-AATP (Figure 4C). Above a certain
threshold excitation power, however, a superlinear power-law
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dependence of k on the IEI* of the photocatalysts was observed
because of increased local reaction temperatures and thermally
induced restructuring of the molecular adsorbates, both of
which led to the decrease of reaction energy barriers and thus
increased k. In Figure S11 in the Supporting Information, we
compared the SERS spectra of 4-ATP, 4-DMATP, and 4-AATP
before and after laser illumination for 60 s in the presence of
pure N,. While almost no DMAB formation was observed
within 60 s in such a O,-free environment, a significant increase
in the SERS peak intensities was clearly observed on all the
three thiophenol derivatives, which could be interpreted as a
consequence of photothermally induced strengthening of the
interactions between the adsorbate molecules and Ag NC
surfaces. We also observed that the SERS intensities of 4-ATP
increased by about 100% upon thermal annealing at 90 °C for 1
h prior to SERS measurements (Figure S12 in the Supporting
Information). The additional SERS enhancements upon
thermal annealing was also previously observed by Aggarwal
and co-workers on the benzenethiol adsorbed on nano-
structured Ag films, which was interpreted as a consequence
of thermally induced transitions between various adsorption
states of benzenethiol.”*

To further verify the photothermal effects on the reaction
rate, we measured the kinetics of the photocatalytic coupling of
4-ATP with time intervals of 60 s inserted between successive
SERS spectral acquisitions instead of continuous illumination
(Figure S13 in the Supporting Information). Adding the time
intervals allowed the photothermally generated heat to dissipate
to the environment before the next cycle of laser excitation
started such that the local heating at the molecule—nanoparticle
interfaces could be minimized. Interestingly, switching from
continuous to discontinuous illuminations did not result in
much difference in k and I g, at excitation power of 0.45
mW, suggesting that the photothermal effect was insignificant
at this excitation power, which is in agreement with the results
shown in Figure 2F. However, an obvious decrease in both k
and I y;g.,t was observed when the time intervals were
included during the kinetic measurements at the excitation
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power of 0.90 mW, which was in a power regime where k
exhibited a superlinear power-law dependence on IEI* because
of significant photothermal effects.

The plasmonic photothermal annealing of the surface-
adsorbed thiophenol derivatives also greatly influenced 6,_.
In the low excitation power regime, only a fraction of 4-ATP
molecules, most likely the ones experiencing the strongest fields
in the interstitial plasmonic hot spots, could be photothermally
activated and subsequently transformed into DMAB, while
those in the plasmonic “colder” region remained unreactive
because of insufficient photothermal heating. Takeyasu and co-
authors recently discovered that only when the excitation laser
power was above a threshold value could the photocatalytic
coupling of 4-ATP occur,” though the underlying mechanisms
were not further discussed. Although the hot spots provided the
locations for the strongest SERS enhancements, the unreactive
4-ATP in the plasmonic “colder” regions also contributed to the
overall SERS signals. As the excitation power increased,
increasing fractions of the molecules started to be located in
regions with local fields sufficiently high for the thermal
activation, resulting in increased 0,_, until 8,_, approached 1 at
sufficiently high excitation powers, nominally 0.56 mW for 4-
ATP, 140 mW for 4-DMATP, and 2.60 mW for 4-AATP,
under the current experimental conditions.

The thermal effects on the kinetics and yields of the
photocatalytic oxidative coupling of 4-ATP, 4-DMATP, and 4-
AATP were further verified by preannealing the samples at 90
°C for 1 h to optimize the structures and thus thermally activate
the surface-adsorbed thiophenol derivatives prior to the time-
resolved SERS measurements. In Figure 5, we showed the
correlations of k and @,_, with the initial SERS intensities of the
C—S stretching modes of the reactants for both preannealed
and unannealed samples. The preannealing of the samples gave
rise to further enhanced SERS signals while the positions and
the line shapes of all the characteristic SERS peaks were well-
preserved, verifying that the thermal treatments of the samples
neither induced any thermal coupling reactions nor caused any
sample damage. The preannealing treatments resulted in a
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significant increase of both k and 0., for all the three
thiophenol derivatives we investigated in comparison to those
of the unannealed samples, and this generic trend held true
when varying the excitation power. The results shown in Figure
S provided important insights into the underlying thermal
effects on the kinetics and yields of the photocatalytic oxidative
coupling of thiophenol derivatives, which well-interpreted the
superlinear power-law dependence of k and 6., on the local
fields of the photocatalysts observed at high excitation powers.

B CONCLUSIONS

We have resolved the complex kinetics of photocatalytic
oxidative coupling of thiophenol derivatives chemisorbed on
the surfaces of optically excited plasmonic photocatalysts using
time-resolved SERS as a plasmon-enhanced spectroscopic tool.
This work provides quantitative mechanistic insights on a series
of fundamentally important issues that have long been poorly
understood. First, the rate-limiting steps have been identified to
be associated with the thermal reactions between photo-
activated oxygen and surface-adsorbed thiophenol derivatives
rather than the plasmon-driven photoactivation of interfacial
oxygen. Second, photoactivation of interfacial oxygen occurs
upon transfer of a hot electron from Ag to the physisorbed
oxygen through Landau damping. When the photoactivation of
oxygen is much faster than the rate-limiting step, the rates of
the coupling reactions are dynamically maneuvered by the
photoactivated oxygen at its steady-state concentrations, giving
rise to an apparent first-order overall reaction kinetics. The
steady-state concentration of photoactivated oxygen can be
experimentally tuned by selectively varying the excitation
power, the local optical fields, and the abundance of interfacial
oxygen. Third, time-resolved SERS measurements allow us to
quantitatively correlate the reaction rates with the local field
intensities on the surfaces of the photocatalysts. The rate
constants switch from a linear dependence to a superlinear
power-law dependence with respect to the fourth power of the
local fields as the excitation power progressively increases,
essentially because of the plasmonic photothermal effects.
Fourth, the rate constants of the rate-limiting steps are related
to the molecular structures and thermal restructuring of the
thiophenol derivatives chemisorbed on the nanoparticle
surfaces. The plasmonic photothermal heating of the surface
adsorbates may not only modify the molecular adsorption
states but also thermally activate the thiophenol derivatives for
the subsequent oxidative coupling reactions, significantly
enhancing both the rates and the yields of the reactions.

The knowledge gained from this work provides key design
principles guiding the rational optimization of plasmon-driven
photocatalytic processes. The photoactivated oxygen has been
found to be a crucial transient species broadly involved in a
variety of photocatalytic oxidation reactions.'”'***~** There-
fore, the insights gained from the time-resolved SERS
measurements may serve as a generic central knowledge
framework that guides us to rationally maneuver the kinetics of
a wide range of oxidation reactions driven by energetic hot
electrons. Analogous to oxygen, interfacial molecular hydrogen
can also be photoactivated when interacting with optically
excited plasmonic nanostructures.””** We believe that the
plasmonically activated hydrogen species may be harnessed to
drive photocatalytic reductive chemical transformations as well.
The kinetic model involving the steady-state photoactivated
species proposed in this work provides important implications
that may broadly apply to a large variety of plasmon-driven
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photocatalytic reactions, greatly enhancing our capabilities to
selectively and efliciently drive unconventional photocatalytic
chemical transformations by fine-tailoring the plasmonic
characteristics of the photocatalysts and the interfacial
molecule—nanoparticle interactions.
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