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ABSTRACT: Optical excitation of plasmonic electron oscillations confined
by metallic nanoparticles provides a unique means of driving unconventional
photocatalytic transformations of molecular adsorbates on the nanoparticle
surfaces. Photothermal heating, local-field enhancement, and hot carrier
generation have been identified as three major plasmon-induced photo-
physical effects, all of which are directly relevant to plasmon-driven
photocatalysis. However, delineation of the contribution of each effect has
long been challenging due to the strong synergy among the three effects and
the mechanistic complexity of plasmon-driven molecular transformations.
Aiming at unambiguously elucidating the photothermal effect, local-field
dependence, and hot carrier channeling mechanisms that underpin plasmon- ot b
driven photocatalysis, we conducted a detailed case study on the aerobic
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reductive coupling of p-nitrothiophenol chemisorbed on Ag nanocube

surfaces under near-infrared excitations. We used surface-enhanced Raman scattering (SERS) as a plasmon-enhanced, molecular
fingerprinting spectroscopic tool to track the plasmon-driven structural evolution of molecular adsorbates in real time, based on
which we were able to correlate the molecule-transforming kinetics with local-field intensities and photothermal heating at the
nanoparticle surfaces. The information extracted from the time-resolved SERS results allowed us not only to clarify several
controversial issues regarding the photothermal effect and local field dependence but also to unravel a unique function of
surface-adsorbed molecular oxygen as an interfacial charge carrier relaying cocatalyst that works in conjunction with the
plasmonic Ag photocatalysts to mediate the multistep coupling reaction.

H INTRODUCTION

Optically excited collective oscillations of conduction electrons
in metallic nanoparticles, also known as localized plasmons,
provide a unique means to activate unconventional photo-
catalytic reactions that are otherwise either thermodynamically
nonspontaneous or kinetically sluggish under thermal con-
ditions.' " Plasmons may decay radiatively through ghoton
scattering or nonradiatively through Landau damping."”” Upon
radiative plasmon decay, a metallic nanoparticle functions as a
nanoscale light-concentrating antenna, creating electromag-
netic “hot spots” on its surface with immensely enhanced local
fields exploitable not only for plasmon-enhanced spectros-
copies’ " but also for boosting catalytic transformations of
molecular adsorbates.'""? Through the nonradiative Landau
damping, a plasmon quantum is transferred into the excitation
of an electron—hole pair, giving rise to transient, nonthermally
distributed hot electrons, which can be injected into
unpopulated orbitals of molecular adsorbates to trigger a
series of intriguing bond-breaking and bond-forming pro-
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cesses. “>7'” A potentially more efficient charge transfer
channel involves direct excitation of a plasmonic hot electron
in a molecular adsorbate®””*' or semiconductor that is
strongly coupled with the metal nanoparticle.”” The short-
lived plasmonic hot carriers may also undergo a multistep
decay process to become thermalized by redistributing their
energies through electron—electron and electron—phonon
interactions over multiple time scales ranging from subpico-
seconds to nanoseconds.' The thermal relaxation of hot
carriers leads to localized photothermal heating in the vicinity
of the nanoparticle surfaces, effectively depositing thermal
energy into the molecular adsorbates to accelerate the
interfacial catalytic reactions.”>** While photothermal heating,
local-field enhancement, and hot carrier generation have been
identified as three major plasmonic effects all directly relevant
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to plasmon-driven photocatalysis, it has long been a
challenging task to delineate the contribution of each effect
due to the strong interplay among them and the mechanistic
complexity of plasmon-driven reactions.”>>’

This work aims at shedding light on the photothermal effect,
local-field dependence, and hot carrier transfer channels
underpinning plasmon-driven photocatalysis through a de-
tailed case study on the formation of 4,4’-dimercapto-
azobenzene (DMAB) via reductive coupling of p-nitro-
thiophenol (pNTP). This reaction has been a prototypical
plasmon-driven chemical transformation process ideal for
detailed mechanistic investigations because its kinetics depends
critically on the excitation wavelength, the excitation power
density, the local reaction environments, and the plasmonic
nanostructures on which the reactant molecules are
adsorbed.”®™*' Although this reaction has been intensively
investigated under a diverse set of reaction conditions, several
key aspects regarding the detailed mechanisms are still under
intense debate. (1) There are multiple pieces of experimental
evidence coherently showing that this reaction is driven by hot
electrons and can be kinetically boosted by photothermal
heating.34737 However, no consensus has been reached
regarding to what degree and through which mechanism the
photothermal heating influences the reaction kinetics.”* ™ (2)
In line with common-sense expectation, the reaction rate has
been observed to increase with the local field intensities at the
surface sites where the molecules are located.”®™*’ As revealed
by a recent study, however, the reaction kinetics appears
independent of the local fields when the pNTP coupling
reaction occurs on nanostructured Au surfaces under near-
infrared excitations.*' These counterintuitive results imply that
the local-field dependence of this plasmon-driven reaction
needs to be reexamined more carefully. (3) The first
elementary step initiating the reductive pNTP coupling has
been identified to be the hot electron transfer from the metallic
photocatalysts to surface-adsorbed pNTP.** On Ag substrates,
this hot electron transfer process requires an excitation energy
above 1.7 eV (wavelength < ~720 nm) because the lowest
unoccupied molecular orbital (LUMO) of surface-adsorbed
pNTP lies ~1.7 eV above the Fermi level of Ag.42 The
threshold excitation energy for the Au-to-pNTP hot electron
transfer is expected to be even higher because the Fermi level
of Au is ~0.7 eV further below that of Ag.** Surprisingly, the
reductive coupling of pNTP may still occur rapidly under
certain conditions on metallic nanostructures even at excitation
energies far below the energy gap between the LUMO of
pNTP and the Fermi levels of the metals,”™*" strongly
suggesting that there must be alternative hot carrier transfer
channels through which some transient reactive species are
created to drive the reductive pNTP coupling reactions.
However, the detailed mechanisms along these alternative
pathways still remain unclear. Filling the knowledge gaps and
clarifying the controversies mentioned above are pivotal to the
establishment of generic design principles guiding rational
optimization of both the nano-photocatalyst structures and the
reaction conditions for plasmon-driven chemical conversions.

Here, we use surface-enhanced Raman scattering (SERS) as
a plasmon-enhanced spectroscopic tool with unique molecular
fingerprinting capability to resolve the detailed molecular
transformations in real time during plasmon-driven reductive
coupling of pNTP chemisorbed on Ag nanocube (NC)
surfaces under near-infrared excitations in an aerobic reaction
environment. Through deliberately designed SERS-based

kinetic measurements, we have been able to not only gain
important insights into the contribution of photothermal
heating and local-field enhancement to the overall reaction
kinetics but also unravel a unique role of surface-adsorbed
molecular oxygen as an interfacial charge carrier-relaying
cocatalyst that mediates the multistep pNTP coupling reaction.

B METHODS

The dual-functional Fe;O,@Ag NCs core—satellites supra-
nanoparticles (denoted as Fe;O,@Ag NC SNPs), which
served as both the plasmonic photocatalysts and the SERS
substrates, were assembled by attaching monodisperse Ag NCs
to the surface of magnetic Fe;O, microbeads through an
electrostatic layer-by-layer assembly process. The details of the
synthesis and structural characterizations of Fe;O,@Ag NC
SNPs are presented in the Supporting Information. Sub-
monolayer films of isolated Fe;O,@Ag NC SNPs were
prepared by immobilizing the particles onto poly(4-vinyl-
pyridine)-functionalized silicon substrates.””™* In a typical
procedure, silicon substrates were cleaned in a piranha solution
(H,S04:H,0,, 7:3 volume ratio) for 15 min and then
immersed in a 1 wt % of poly(4-vinylpyridine)—ethanol
solution for 24 h. The silicon substrates were thoroughly rinsed
with ethanol and dried with N, gas before use. Fe;O,@Ag NC
SNPs were incubated in pNTP solution with various
concentrations at room temperature for 1 h and then washed
with ethanol and redispersed in water. The molecular coverage
was controlled by incubating Fe;O,@Ag NC SNPs in various
concentrations of pNTP (10 uM, S0 uM, 250 uM, and 1 mM).
Then the poly(4-vinylpyridine)-functionalized silicon sub-
strates were immersed in an aqueous solution of pNTP-coated
Fe;O0,@Ag NC SNPs for 1 h. The silicon substrates were
thoroughly rinsed with ethanol and dried with N, gas after they
were removed from the colloidal suspensions of pNTP-coated
Fe;O,@Ag NC SNPs.

Time-resolved SERS spectra were collected by using a
Bayspec Nomadic Raman microscope built on an Olympus
BXS51 reflected optical system under 785 nm continuous wave
(CW) laser excitation in the confocal mode (focal area of 2 ym
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 one Fe;O,@Ag NC SNP each time for
Raman spectrum collection. The laser power focused on the
samples was adjusted in the range 100—1000 W by using a
neutral density filter, and the spectrum acquisition time was
varied from 1 to 30 s under most experimental conditions. The
time-resolved SERS measurements on p-aminothiophenol
(pATP) and thiophenol (TP) were also done in the same
way. Typically, the plasmon-driven reactions occurred under
ambient air at room temperature. To change the reaction
media, we flowed O,, N,, O,/N, mixtures, or water into the
reaction chamber by 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
poly(ethylene glycol)-functionalized glass coverslip. The de-
tails of data analysis and density functional theory (DFT)
calculations are presented in the Supporting Information.
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Figure 1. (A) SEM and (B) TEM images of individual Fe;0,@Ag NC SNPs. (C) Dark-field optical microscopy image of isolated Fe;O,@Ag NC
SNPs on Si substrate. (D) Schematic illustration of using SERS to monitor the plasmon-driven pNTP coupling on Fe;O0,@Ag NC SNPs.
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Figure 2. Temporal evolutions of (A) SERS spectra and (B) Oyrp, Oppmap and Opyag + Oxrp on one pNTP-coated Fe;O,@Ag NC SNP (A,: 785
nm; p.: 7.64 kW cm™). The SERS spectra are offset for clarity, and the Raman intensities are shown by using counts per second (cps) as the unit.
Trajectories of (C) Oyrp and (D) Opyap collected on 22 individual pNTP-coated Fe;O,@Ag NC SNPs. (E) Ensemble-averaged Oyrp, Oppap and
Opmas + Onp trajectories. Temporal evolutions of (F) SERS spectra and (G) Oxrp, Opmap and Opyap + Onrp on one pNTP-coated Fe;O,@Ag NC
SNP (Ao 785 nm; pey: 25.1 KW cm™). Trajectories of (H) Oyrp and (1) Oppup collected on 25 individual pNTP-coated Fe;O,@Ag NC SNPs. (J)
Ensemble-averaged Oyrp, Opyap and Oppap + Onrp trajectories. The Oyrp and Opypap trajectories are fitted by using the first-order rate equations,
and the curve fitting results are shown as solid curves in panels B and G.

B RESULTS AND DISCUSSION

We constructed dual-functional Fe;O,@Ag NC SNPs, which
served as both the plasmonic photocatalysts and the SERS
substrates, by decorating the surface of magnetic Fe;0,
microbeads (1 ym in diameter, Figure S1 in the Supporting
Information) with monodisperse Ag NCs*’ (average edge
length of 36 nm, Figure S2). Because the surfaces of
carboxylate-functionalized Fe;O, beads and poly-
(vinylpyrrolidone)-capped Ag NCs were both negatively
charged, we used a thin layer of positively charged poly-
(diallyldimethylammonium chloride) (PDDA) as the spacer
between the Fe;O, beads and Ag NCs to assemble the
Fe;0,@Ag NC SNPs electrostatically through a layer-by-layer
assembly process*®*’ (Figure S3A,B). The coverage density of
Ag NCs on the Fe;O, surfaces progressively increased upon
repeated incubation of PDDA-coated Fe;O, beads with
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colloidal Ag NCs for multiple times (Figure S3C—F), and
each time, the Fe;O,@Ag NC SNPs could be trapped and
separated from the colloidal Ag NCs simply by using a magnet
benefiting from the intrinsic magnetic properties of the Fe;O,
beads. Figures 1A and 1B show the scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) images, respectively, of individual Fe;0,@Ag NC
SNPs synthesized after incubating PDDA-coated Fe;O, beads
with colloidal Ag NCs for four times. A lower magnification
SEM image revealing the overall morphology and uniformity of
the SNPs is shown in Figure S4. The surface of each Fe;O,
bead was decorated with patchy islands composed of densely
packed monolayer Ag NCs. The strong plasmon coupling
among neighboring Ag NCs resulted in a broad-band plasmon
resonance spanning much of the visible and near-infrared
21,48,50 enabling us to use a near-infrared laser for

DOI: 10.1021/acs.jpcc.9b08181
J. Phys. Chem. C 2019, 123, 26695—26704


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b08181/suppl_file/jp9b08181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b08181/suppl_file/jp9b08181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b08181/suppl_file/jp9b08181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b08181/suppl_file/jp9b08181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b08181/suppl_file/jp9b08181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b08181/suppl_file/jp9b08181_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b08181

The Journal of Physical Chemistry C

plasmonic excitation to create “hot spots” in the gaps between
adjacent NCs, which were exploited not only for Raman signal
enhancement but also for hot electron generation. After
forming self-assembled monolayers of pNTP on Ag surfaces,
the pNTP-coated Fe;O,@Ag NC SNPs were dispersed on a Si
substrate as isolated particles with typical interparticle
distances beyond a few micrometers (Figure 1C). As illustrated
in Figure 1D, a CW excitation laser was focused onto a focal
spot that was ~2 pm in diameter by using a confocal Raman
microscope, which allowed us to correlate detailed molecular
transformations and reaction kinetics with local-field intensities
at the single SNP level.

We focused the laser on one pNTP-coated Fe;O,@Ag NC
SNP each time to continuously monitor the plasmon-driven
molecular transformations until completion of the reactions
using SERS as an in situ spectroscopic tool. Figure 2A shows
the temporal evolution of SERS spectral features under
ambient air at an excitation wavelength (4.,) of 785 nm and
excitation power density (p.,) of 7.64 KW cm™. The entire
reaction process could be divided into two stages. At the initial
stage, three SERS peaks at 1572, 1338, and 1078 cm ™! were
clearly resolved, corresponding to the characteristic aromatic
ring stretching (l/ring), symmetric nitro stretching (1yo,), and
C—S bond stretching (vc_s) modes of pNTP, respec-
tively.”>***" We observed an induction time lasting ~150 s
during which all the Raman peaks of pNTP were well-
preserved without any spectral signatures of DMAB observable
in the SERS spectra. Following this induction time, three new
Raman peaks signifying the formation of DMAB emerged at
1438, 1142, and 1390 cm™.,'*%** all of which became
progressively more intense as the coupling reaction proceeded.
Multiple SERS peaks became significantly stronger upon
DMAB formation because the Raman cross sections of
DMAB were much larger than those of pNTP.>

We calculated the apparent fractions of DMAB and pNTP,
denoted as Opyap and Oyrp, respectively, at particular reaction
times, t, based on the relative intensities of the SERS peaks at
1438 cm™ (vy_y of DMAB) and 1338 cm™ (0, of pNTP)

with respect to the v;,, mode at 1572 cm™! (see details in the
Supporting Information). An alternative way to produce
DMAB involves plasmon-driven oxidative coupling of p-
aminothiophenol (pATP) under aerobic conditions.'”**
After being continuously illuminated by 785 nm laser at a
Pex of 11.8 KW cm™ for 150 s, pATP molecules adsorbed on
Fe;0,@Ag NC SNPs were converted into DMAB with nearly
100% yield (Figure SS), which was set as the reference state for
Opmap of 100%. As shown in Figure 2B, the temporal
evolutions of Op\ap and Oyrp both obeyed an apparent first-
order rate law, which could be described by the following rate
equations:

Oppan(t) = O 1 — e =] o
and
Onrp(t) =1 — O_ + etzooe—k(t—tmd) o

where k is the apparent first-order rate constant, 6,_, is the
maximum yield of DMAB achievable at infinitely long reaction
time, and f,4 refers to the duration of induction time. The
three key parameters could be obtained by performing least-
squares curve fitting to the experimental results. No spectral
features corresponding to any reaction intermediates were
resolvable under the current experimental conditions, and the

sum of Gyrp and Opyap remained very close to unity during the
entire reaction process (Figure 2B). Similar spectral evolution
and reaction kinetics were observed when the SERS-based
kinetic measurements were repeated on 22 different Fe;O,@
Ag NC SNPs one particle at a time under identical reaction
conditions (Figures 2C—E). When increasing p., to 25.1 kW
cm™?, the reductive coupling of pNTP on Fe;O,@Ag NC
SNPs became kinetically much faster but still proceeded
following the first-order rate law (Figures 2F—J]). A
significantly higher 8,_,, was achieved, while #,4 became so
short that it was experimentally irresolvable. The pNTP
coupling kinetics was intimately tied to the plasmonic
properties of the Ag NC satellites with no observable
contribution from the magnetic properties of Fe;O, cores, as
confirmed by the control experiments in which we substituted
the Fe;0, cores with dielectric SiO, beads (1 ym in diameter)
while keeping the surface coverage of Ag NCs nominally the
same (Figure S6).

Multiple experimental observations coherently suggested
that pNTP adsorbed on Ag surfaces underwent photothermally
driven changes in their adsorption conformations without
forming DMAB during the induction time. First, increasing p,,
led to shortening of f,,4 because of faster and more efficient
photothermal heating at the particle surfaces. Second, thermal
treatment of the pNTP-coated Fe;O,@Ag NC SNPs at 120 °C
for 30 min prior to laser illumination also resulted in
shortening of t,4 (Figure S7). Third, the conformational
changes of pNTP adsorbates were well-reflected by SERS
spectral evolution during the induction time, which witnessed
progressive intensification and slight frequency upshift of the
characteristic pPNTP SERS peaks (Figure 2A). Such increase of
peak intensities and upshift of the peak positions were also
observed in the SERS spectra when the pNTP-coated Fe;0,@
Ag NC SNPs were thermally treated at 120 °C without laser
illumination (Figure S8). Fourth, after heating the sample at
120 °C for 30 min, no characteristic DMAB SERS peaks
emerged, further verifying that the reductive coupling of pNTP
was essentially a plasmon-driven photoreaction rather than a
thermally driven process. Recent studies revealed that the
plasmon-driven reductive coupling of pNTP on Au and Ag
substrates required the alignment of pNTP molecules toward
specific orientations with respect to the metal surfaces.”* The
thermal relaxation of pNTP adsorbates to their lowest energy
adsorption conformation, which resulted in an enthalpy
decrease compensating for the entropy loss caused by the
molecular alignment, appeared to be a thermodynamic
prerequisite for the pNTP coupling reaction. Our experimental
results were further corroborated by density functional theory
(DFT) calculations. Three adsorption conformations were
identified by DFT calculations when a pNTP molecule was
covalently linked to an atomic cluster composed of three Ag
atoms through Ag—S interactions to form a compound
denoted as Agy;-pNTP (Figure S9A). The energies of various
adsorption conformations differed by a few hundred cal mol™!,
which were commensurate with the room-temperature thermal
fluctuation (0.59 kcal mol™"). When the adsorption of pNTP
to Ag surfaces occurs at room temperature, pPNTP may adopt
several different adsorption conformations, some of which
represent kinetically trapped metastable states. Under laser
illumination at the power densities typically used for SERS
measurements, the local temperature at the particle surfaces
was estimated to increase by several tens of degrees”* or even
more,”” which provided sufficient thermal energy to overcome
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Figure 3. Plots of (A) k, (B) t,,4, and (C) 6,

« versus the initial peak intensities of the Ly, mode, I(vyo,). The 4., was fixed at 785 nm, while the

Pex Was varied. At each p,,, the time-resolved SERS measurements were repeated on more than 20 individual Fe;O,@Ag NC SNPs one particle at a

time. The k values obtained at 7.64 and 11.8 kW cm™

exhibited a linear relationship to I(vyo,), and the fitting results are shown as a solid line in

panel A. The inset of panel A shows ensemble averaged I(vyo,) (upper panel) and k (lower panel) as a function of Do

the activation energy barriers for the conformational changes.
The experimentally observed upshift of the Raman peaks was
also reproduced by DFT calculations when a pNTP adsorbate
switched from a metastable state to its lowest energy
adsorption conformation (Figure S9B). The DFT results,
however, did not accurately predict the relative intensities of
various SERS peaks because DFT essentially calculated the
normal Raman spectra of the Ag;-pNTP compound rather
than SERS of pNTP adsorbed on a plasmonic substrate.

To more conclusively draw the connections between
photothermal heating and conformational changes of thiolated
aromatic adsorbates on Ag, we tracked the SERS spectral
evolution of thiophenol (TP) adsorbed on Fe;O,@Ag NC
SNPs under continuous laser illumination. Using TP as the
probe molecule instead of pNTP allowed us to study the
photothermally induced conformational changes without the
complication by plasmon-driven coupling reactions. Analogous
to pNTP, TP also chemisorbs on Ag surfaces through covalent
Ag—S interactions, as evident by the absence of the Raman
signatures of S—H bond stretching at 2560 and 920 cm™ in
the SERS spectra (Figure S10). Comparing the normal Raman
and the SERS spectral features, we found that the
chemisorption of TP on Ag surfaces resulted in frequency
downshifts of both the v_g and v;,, modes. After illuminating
a TP-coated Fe;O,@Ag NC SNP by a laser (785 nm, 25.1 kW
cm™?), the SERS peaks corresponding to the v_g and Viing
modes both further downshifted by ~5 ¢cm™, indicating the
strengthening of the metal-molecule interactions™ (Figures
S10). We repeated the same measurements on multiple TP-
coated Fe;O,@Ag NC SNPs and observed essentially the same
phenomenon. The laser illumination also caused the SERS
peak intensity of the vc_g mode to increase by ~2.5 times
(Figure S11). Both the v_g and Vaing modes also experienced a
frequency downshift by ~5 cm™, and the SERS peak intensity
of the v¢_g mode increased significantly after thermally heating
the TP-coated Fe;O,@Ag NC SNPs at 120 °C for 30 min
(Figure S12), in line with previous observations.”> DFT results
showed that there were three conformations of the Ag;-TP
compound (Figure S13). Upon transition from a metastable
conformation to the lowest energy conformation, both the
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Vc-s and Uy, modes exhibited frequency downshifts, in
agreement with our experimental observations.

The SERS-based kinetic measurements provided a unique
way for us to correlate the reaction kinetics with the local field
intensities. The magnitude of local field (IEl) can be tuned
either by adjusting p.,, which is proportional to the square of
the electric field intensity of the excitation light (IE,I*), or by
varying the local-field enhancement (IEI/IE,l), which is A
dependent and intimately tied to the structural and plasmonic
features of the nano-photocatalysts. We collected SERS data at
four different p,, of 7.64, 11.8, 19.7, and 25.1 kW cm™2
respectively. At each p,,, we repeated the SERS measurements
on more than 20 different pNTP-coated Fe;O,@Ag NC SNPs
one particle at a time. The initial SERS intensities of the
characteristic vy, mode of pNTP, I(1yo,), varied from particle

to particle due to the intrinsic variations in the distribution,
densities, and field enhancements of the hot spots among
different SNPs. It is well-known that the Raman enhancement
of a molecular adsorbate is proportional approximately to the
fourth power of the local-field enhancement, (IEI/IEyl)* at the
surface sites where the molecule resides.’® For a molecule
located in the close vicinity of an individual plasmonic
nanoparticle with a moderate local-field enhancement, its
SERS intensity is typically proportional to the power density of
the incident laser (p.,), or |E)%. However, if molecules are
located inside the gap between multiple strongly coupling
plasmonic nanostructures, their SERS intensity has been
observed to exhibit a quadratic dependence on the incident
laser power when p,, is on the order of 10 kW cm ™.’ Such an
Pec dependence of the SERS intensity can be interpreted in
the context of enhanced nonlinear polarization mechanisms.>”
On the Fe;0,@Ag NC SNPs, the majority of the SERS signals
came from those molecules located inside the gaps between
the adjacent, strongly coupled Ag NCs. As shown in the inset
of Figure 3A, the ensemble-averaged I(vyo,) at each p,
increased linearly with p,,”. In contrast, the ensemble-averaged
values of rate constant, (k), apparently exhibited a superlinear
relationship to p.>

In Figure 3A, we plotted k as a function of I(ryo,) at various

P Obtained on individual pNTP-coated Fe;0,@Ag NC SNPs.
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Figure 4. (A) Temporal evolution of SERS spectra on one pNTP-coated Fe;0,@Ag NC SNP, (B) Opyap trajectories of 20 individual pNTP-
coated Fe;O,@Ag NC SNPs and ensemble-averaged @pypap trajectory in varying reaction atmospheres. The A, is 785 nm, and the p,, is 16.9 kW
em™2 During the first 150 s upon laser illumination, the molecules were exposed to N,. Then the reaction atmosphere was switched to O,. (C)
Distribution of Op4p at reaction times of (upper panel) S0 s and (lower panel) 140 s for pNTP-coated Fe;O,@Ag NC SNPs in N,, O,, and mixed
N,/0, (1:1 volume ratio) atmospheres. The total pressure is 1 atm. (D) Energy diagram illustrating the plasmonic hot carrier transfers involved in
the reductive coupling of pNTP aided by interfacial O, under near-infrared excitations. The energy levels of the 27* of O, adsorbed on Ag atomic
clusters were calculated by DFT. The energy diagram is plotted by using an energy scale of electronvolts (eV) and the vacuum level as the
reference. The optimized geometries and the electron density maps of 27* orbital of an O, molecule adsorbed on an Ag atom, an Ag; cluster, and
an Ag), cluster are shown above and below the orbital energy levels, respectively. (E) Proposed mechanism of plasmon-driven aerobic reductive

coupling of pNTP chemisorbed on Ag.

In the low p,, regime (7.64 and 11.8 kW cm™?), k was
observed to be proportional to I(vyo,), clearly showing that

the reaction rate scaled with (IEl/IE,l)*. When we plotted k as a
function of square root of I(vyp,), or in other words, (EI/I

Eyl)?, such a linear relationship was not observed (Figure S14).
Interestingly, when p,, increased to 19.7 kW cm™?, k started to
deviate significantly from the linear relationship with respect to
I(vno,), and a superlinear dependence was observed. At low

Pew the photothermal effect was rather insignificant, and the
photogenerated hot carriers provided the major contribution
to the overall reaction kinetics. In the high p,, regime, however,
the photothermal heating became a significant effect, further
kinetically boosting the pNTP coupling reaction and causing k
to exhibit a superlinear dependence. The photothermal effect
became progressively more pronounced as |El increased. As a
consequence, f, 4 was observed to decrease as |El increased in
the low p,, regime (Figure 3B). At p,, of 19.7 and 25.1 kW
cm™?, the photothermal effect became so pronounced that the
tina Vvalues approached 0. It is worth mentioning that it is
difficult, if not at all impossible, to completely separate the
contributions of local-field enhancements and photothermal
heating because the photothermal effect is intimately tied to
the enhancement of local electromagnetic fields as well. The
deviation from the linear relationship in the plots of k vs
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I(vyo,) observed in the high p,, regime strongly suggested that

the photothermal heating effect played a key role in boosting
the reactions at high excitation powers.

Interestingly, the photothermal heating also exhibited
remarkable influence on 6,_,. As shown in Figure 3C, 6,_,
gradually increased with |E| until reaching a plateau value
around 80%. The plasmon-driven pNTP coupling was
observed to be an irreversible reaction under our experimental
conditions. The reverse reaction, decoupling of DMAB, was so
slow that it became experimentally unobservable even in the
absence of laser illumination. Once the DMAB molecules were
produced, their characteristic SERS features were well-
preserved without any observable photodegradation under
continuous laser illumination (Figure 2). Therefore, the partial
conversion of pNTP to DMAB could be most reasonably
explained by the presence of a subpopulation of unreactive
pNTP adsorbed on the Ag surfaces. However, this unreactive
subpopulation may be thermally activated by plasmonic
photothermal heating, causing 6,_,, to increase with IEl on
the photocatalyst surfaces. As shown in Figure S7, thermal
annealing of pNTP-coated Fe;O,@Ag NC SNPs at 120 °C
prior to laser illumination resulted in not only the shortening
of t,4 but also increase of 0,_.

An alternative way to tune |El is to vary the coverage of Ag
NCs on the Fe;O, beads. Increasing the coverage of Ag NCs
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not only increased the density of hot spots on each SNPs but
also resulted in higher field enhancements (IEl/IE,l) in the hot
spots due to decreased average distances between neighboring
NCs. On the Fe;O0,@Ag NC SNPs synthesized after four
cycles of incubation (Fe;O,@Ag-4), we observed significantly
higher k and 6,_, but shorter t, 4 than those on the Fe;O,@Ag
NC SNPs synthesized after incubation for only once (Fe;0,@
Ag-1). Surprisingly, when a saturated Au NC coverage was
achieved after seven cycles of incubation (Fe;O,@Ag-7), both
k and 0,_, decreased even though IEl and I(vy,) became even

stronger (Figure S15). It was highly likely that at this saturated
Ag NC coverage the gaps between neighboring NCs became
so small that the surface-adsorbed pNTP molecules experi-
enced a locally crowded environment, which imposed steric
hindrance on pNTP to suppress the coupling reaction. It was
also possible that this coupling reaction involved the
participation of other molecular species in the atmosphere,
which had restricted access to the hot spots confined within
the tiny gaps among close-packed Ag NCs. We further
systematically tuned the molecular coverage of pNTP on Ag by
incubating Fe;O,@Ag-4 particles with pNTP at four different
concentrations (10 uM, SO uM, 250 uM, and 1 mM) to
investigate the effect of molecular coverage on the reaction
kinetics. Based on our estimates (see details in the Supporting
Information), a saturated monolayer coverage of pNTP on Ag
surfaces was achieved at pNTP concentrations of 250 uM and
1 mM, whereas submonolayers of pNTP formed on Ag
surfaces at pNTP concentrations of 10 and 50 yM. As shown
in Figure S16, both k and 6,_, increased with the molecular
coverage of pNTP on Ag because the formation of DMAB
required pNTP molecules in close proximity to each other.
However, t,,4 appeared independent of pNTP coverage on Ag,
suggesting that the photothermal heating of the particle
surfaces triggered the conformational changes rather than
causing surface migration of the molecular adsorbates during
the induction time.

While both photothermal heating and local-field enhance-
ments profoundly influenced the overall reaction kinetics, the
most essential driving force for the reductive pNTP coupling
was the plasmonic hot carriers. It has been shown that when
the excitation energy exceeds the energy gap between the
LUMO of surface-adsorbed pNTP and the Ag Fermi level, the
plasmonic hot electrons in Ag nanoparticles can be injected
into pNTP to initiate the reductive coupling of pNTP into
DMAB.”* The injection of a hot electron into pNTP results
in spectral downshift of the vy, SERS peak by up to S em™,

which signifies the formation of a transient anionic pNTP
radical.*® Under our experimental conditions, the hot electrons
were distributed in the energy range from the Ag Fermi level
(—4.3 eV vs vacuum) up to ~1.58 eV above the Ag Fermi level
because we used a 785 nm laser for plasmon excitations.
Therefore, the hot electrons were expected to have insufficient
energy to transfer into the LUMO of pNTP chemisorbed on
Ag surfaces (~1.7 eV above the Ag Fermi level). In our
experiments, no spectral downshift of the vy, mode was

observed, indicating that the reductive pNTP coupling reaction
occurred along alternative hot carrier transfer pathways and
some species in the reaction atmosphere may serve as the hot
carrier-relaying units to dynamically maneuver the reaction
kinetics.

We performed the SERS-based kinetics measurements in a
series of controlled reaction atmospheres to identify the
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possible hot carrier-relaying species in the ambient air. When
the pNTP-coated Fe;O,@Ag NC SNPs were exposed to pure
N,, no coupling reaction was observed at p,, of 16.9 kW cm™
even after 150 s (t,q4 was very close to O s at this p,, under
ambient air), and the characteristic pPNTP SERS peaks became
progressively more intense and slightly upshifted as a
consequence of photothermally induced pNTP conformational
changes under continuous laser illumination. The pNTP
started to undergo fast coupling reactions to form DMAB
immediately after we switched the reaction atmosphere from
N, to pure O, (Figures 4A,B). We further studied the reaction
kinetics in a reaction atmosphere composed of both N, and O,
mixed at 1:1 volume ratio (Figure S17). In Figure 4C, we
compared the pyap at reaction times of 50 and 140 s in N,,
O,, and N,/O, mixed atmospheres. Apparently, O, played a
crucial role in boosting this reaction, while N, was essentially
inert. Water was also found to be an inert medium for this
plasmon-driven reaction with only limited amount of DMAB
produced under laser illumination when the pNTP-coated
Fe;O0,@Ag NC SNPs were exposed to water (Figure S18)
primarily due to the molecular O, dissolved in water.
Molecular O, adsorbed on plasmonic nanoparticle surfaces
has been identified as an important hot electron acceptor in
several plasmon-driven oxidation reactions.'>'****3 The hot
electron transfer from metals to surface-adsorbed O, results in
the formation of transient, highly reactive O, radicals that are
capable of selectively oxidizing a variety of molecular
adsorbates.'>'*** At first glance, the crucial role of O, we
observed in this reductive coupling reaction seems surprising
and puzzling. However, deliberation on the energy alignment
between the frontier orbitals of surface-adsorbed O, and the
Fermi level of Ag allowed us to get a clear picture on the hot
carrier channeling mechanisms. The partially filled 27* orbitals
represent the frontier molecular orbitals of O,, which are
doubly degenerate and antibonding in nature. DFT calcu-
lations showed that the energy of the 27* orbital of free O, was
significantly lower than the Fermi level of Ag (Figure 4D). The
absorption of an O, molecule to an Ag atomic cluster
positively shifted the energy of the 27* orbital toward the Ag
Fermi level. On an Ag, cluster, the energy of the 27* orbital of
O, became very close to the Ag Fermi level, which was in
agreement with the energy of O, adsorbed on an Ag {100}
facet (the crystallographic facets exposed on Ag NC surfaces)
predicted by DFT calculations.”> The energetically favorable
alignment of 27* orbital of O, with respect to Ag Fermi level
facilitated the transfer of a hot electron from Ag to the 27*
orbital of O, to generate an O, radical, which might rapidly
pass an electron onto surface-adsorbed pNTP to initiate the
reductive coupling reaction and regenerate O,. Considering
the charge balance, two O, radicals are released after two
anionic pNTP radicals are coupled to produce one DMAB
molecule. Meanwhile, the electrons in the 2z* orbital of
surface-adsorbed O, might also migrate into the Ag to
combine with the plasmonic holes, preventing the Ag NCs
from photocorrosion during the reactions. Both the interfacial
O,” and O," radicals were short-lived, undergoing rapid
recombination to form O,. Figure 4E schematically illustrates
the key steps involved in our proposed reaction mechanism. In
this plasmon-driven molecule-transforming process, O, essen-
tially played a unique role as a hot carrier-relaying cocatalyst
that worked synergistically with the plasmonic Ag photo-
catalysts. The plasmon-driven reductive coupling of pNTP is a
mechanistic complex, multistep reaction involving multiple
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transient intermediates along the reaction pathways. Although
none of these short-lived intermediates were spectroscopically
resolvable by SERS under our experimental conditions, we
found that the overall reaction kinetics was determined by one
rate-limiting step and thus could be well-described by an
apparent first-order rate law.

Our observations were in striking contrast to previous work
done by Xu and co-workers,”* who found that the plasmon-
driven reductive coupling of pNTP occurred rapidly on Ag
nanoparticles in a N, atmosphere but became kinetically much
slower in an O, atmosphere at 1., = 633 nm. Visible excitations
created a population of the hot electrons that had sufficient
energy to get injected into the LUMO of surface-adsorbed
pNTP to initiate the coupling reaction. The presence of O, in
the reaction atmosphere suppressed the hot electron injection
into pNTP and consequently impeded the conversion of pNTP
to DMAB because O, competed with pNTP for hot electrons.
However, in our case, the coupling of pNTP occurred along a
distinct pathway involving the photoactivation of interfacial O,
through hot electron transfer from the Ag nanoparticles to
surface-adsorbed O,, which essentially interpreted why an
aerobic environment was so crucial to this plasmon-driven
coupling reaction under near-infrared excitations. While our
experimental observations and DFT calculations coherently
suggest the crucial roles of O, and O," radicals in the
plasmon-driven pNTP coupling reaction under near-infrared
excitations, it still remains challenging to spectroscopically
resolve these transient reactive species because of their short
lifetimes, low abundance at the nanoparticle surfaces, and
intrinsically small Raman cross sections. Although experimen-
tally challenging, obtaining direct evidence on the formation of
transient O,~ and O, radicals on the nanoparticle surfaces will
be a critical step toward the further validation of the proposed
mechanisms.

B CONCLUSIONS

In summary, the photocatalytic reductive coupling of pNTP on
nanostructured Ag surfaces under aerobic reaction conditions
serves as a model reaction ideal for elucidating the photo-
thermal effect, local-field dependence, and hot carrier-
channeling mechanisms of plasmon-driven photocatalysis.
Our time-resolved SERS results help clarify several mechanistic
ambiguities widely debated in the plasmonic photocatalysis
communities and provide compelling experimental evidence
clearly showing that both plasmonic photothermal effect and
local field enhancement play crucial roles in kinetically
boosting plasmon-driven chemical transformations on metallic
nanostructure surfaces. As exemplified by this work, the
reaction rate scales proportionally to IEI* in the low p,, regime
when the reaction kinetics is predominantly determined by
plasmonic hot carriers with a rather insignificant contribution
from the photothermal effect. However, the photothermal
effect becomes increasingly more pronounced as p,, increases,
giving rise to a superlinear dependence of the rate constant on |
El*. The photothermal heating at the nanoparticle surfaces also
triggers the transitions of pNTP adsorbates from metastable
states to thermodynamically most stable conformations,
thereby activating the surface-adsorbed pNTP for the reductive
coupling reactions. Such conformational changes of molecular
adsorbates triggered by plasmonic photothermal heating at the
molecule—nanoparticle interfaces is experimentally witnessed
as an induction time at the early stage before the coupling
reaction occurs. Although hot electron transfer from Ag to

pNTP adsorbates is energetically unfavorable under near-
infrared excitations, the hot electron transfer occurs through an
alternative channel involving the surface-adsorbed molecular
O, as a unique hot carrier relaying cocatalyst that works
synergistically with the plasmonic Ag catalysts to mediate the
multistep reductive coupling reaction. The insights gained
from this work provide a solid knowledge foundation for us to
extract key design principles that guide us to rationally tune the
plasmonic properties of nano-photocatalysts and judiciously
tailor the local reaction environment at the nanoparticle—
molecule interfaces toward optimization of plasmon-driven
chemical transformations.
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