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Plasmonic materials are promising photocatalysts as they are well suited to convert light
into hot carriers and heat. Hot electron transfer is suggested as the driving force in many
plasmon-driven reactions. However, to date, there are no direct molecular measures of
the rate and yield of plasmon-to-molecule electron transfer or energy of these electrons
on the timescale of plasmon decay. Here, we use ultrafast and spectroelectrochemical
surface-enhanced Raman spectroscopy to quantify electron transfer from a plasmonic
substrate to adsorbed methyl viologen molecules. We observe a reduction yield of
2.4 t0 3.5% on the picosecond timescale, with plasmon-induced potentials ranging
from —3.1 to —4.5 mV. Excitingly, some of these reduced species are stabilized and
persist for tens of minutes. This work provides concrete metrics toward optimizing
material-molecule interactions for efficient plasmon-driven photocatalysis.

plasmonics | photocatalysis | Raman spectroscopy

Using light, we can generate charges in materials (1) that can be collected for a range of
useful applications, including pivotal technologies for sustainable energy generation and
green catalysis. Alongside other exciting prospects, like quantum dots and 2D MXenes,
(2, 3) plasmonic surfaces have shown promise for their ability to harness energy from
light and drive a range of chemical reactions in nearby molecules (4, 5). Plasmonic
materials support a coherent oscillation of electrons known as a localized surface plasmon
resonance (LSPR). LSPRs can have energies in the visible and near-infrared regions of
the electromagnetic spectrum, with their excitation leading to nanoscale confinement
of light and generation of energetic, or hot, nonequilibrium charge carriers (6, 7). One
can easily tune the frequency-dependent response of a plasmonic material by modifying
its structure, dielectric properties, and surroundings (8). However, less is understood
about how this tunability can be used to predictably modify specific plasmon-driven
chemical reactions. This is made particularly difficult by the fact that we lack a molecular
perspective on how these reactions proceed.

In recent decades, much progress has been made toward understanding fundamental
properties of plasmon-generated charge carriers. Certainly, the field has gained a clearer
understanding of their lifetimes (9, 10), explored methods to inhibit hot carrier relaxation
(11-13), and grown a library of chemical reactions that are likely driven by plasmon-
generated electrons or holes (14). Despite these advances, direct observation of plasmon-
to-molecule charge transfer remains elusive, let alone measurement of the time-
dependent plasmon reduction potential or yields and rates of these reactions. Monitoring
the molecular dynamics involved in these processes and quantifying the energy of
plasmon-generated carriers would provide the metrics by which excitation parameters,
material characteristics, and molecular orientation can be mechanistically linked to
the efficiency and yield of hot carrier transfer. This mechanistic understanding would
provide insight into the rational design of plasmon-molecule photoredox pairs in the
future.

Time is a critical factor when trying to understand plasmon-driven reactions.
Both plasmon decay and molecular change occur over periods of femtoseconds to
picoseconds. However, our current understanding of how molecules react to the highly
energetic plasmonic environment on this ultrafast timescale is lacking. In addition,
plasmon-molecule dynamics in the ultrafast and steady state can vary significantly.
While charge carrier lifetimes typically occur on the picosecond timescale (9, 10),
structural transformation of a plasmonic substrate, changes in molecular orientation,
and irreversible chemical change can have more persistent, long-lived, effects on the
ensemble profiles of molecular vibrations. Therefore, it is necessary to explore both of
these temporal regimes—the ultrafast and steady state—in order to have a full picture of
the dynamics at play.
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In order to examine plasmon-mediated chemistry from a
molecular perspective, we use ultrafast and steady-state surface-
enhanced Raman spectroscopy (SERS) as our primary tool
(15-18). SERS is a valuable spectroscopic technique that takes
advantage of regions of enhanced electromagnetic fields on
plasmonic substrates to amplify otherwise weak Raman scattered
signal from molecular vibrations, typically on the order of 10°
to 108 times (19). Time-dependent SER spectra can be used to
gather dynamic information about plasmon-molecule systems.
Continuous wave pump-probe SERS has been used on numerous
occasions by van Duyne and others as a tool to monitor
plasmon-driven charge transfer (20-22). This technique has
been used to understand a number of plasmon-molecule systems
in the steady-state using continuous wave lasers but does not
provide information related to the pump/probe temporal offset
or molecular change that occurs on the fs—ps timescale of plasmon
decay. With ultrafast SERS, we pump the LSPR of the plasmonic
material with a ultrashort laser pulse and use a second pulse
to probe the molecular SERS response at various time delays
relative to the pump. We have previously used this technique to
better understand plasmonic heating (16), charge delocalization
(15, 17), and energy transfer on the ultrafast timescale (18).

In this work, we use ultrafast SERS to track plasmon-mediated
electron transfer from a molecular perspective. We paira gold film
over nanosphere (AuFON) plasmonic substrate (23-25) with
the well-known redox indicator, methyl viologen (MV). MV
has been the subject of interest for a variety of electrochemical
studies that take advantage of the SERS effect, owing to its easily
reversible transitions between the dication, radical cation, and
fully reduced states (26-29).

Plasmon-driven reactions are often governed by light-driven
surface potentials, which can be evaluated using electrochemistry
(30). The combination of electrochemical techniques and SERS
has been used widely for the identification of electrochemically
generated surface species and found unique applications toward
quantifying electrochemical heterogeneity, site specificity, and
plasmon-generated potentials for nanostructures in the steady
state (31, 32). Here, we apply spectroscopic methods to
characterize how the vibrational modes of MV change—in
both the ultrafast and steady state—when photochemically
reduced on an AuFON surface. When we excite the plasmon
resonance in the AuFON-MV system, electrons required to
drive the reduction process are generated rapidly and we observe
nonequilibrium changes to these MV vibrational markers using
ultrafast SERS. Clear changes in these vibrational motions reveal
a transient increase in reduced MV species on the fs—ps timescale.
This transformation occurs simultaneously with the plasmon
excitation and can be attributed to transfer of plasmon-generated
electrons between the plasmonic substrate and adsorbed MV.
Furthermore, correlation of spectroelectrochemical and ultrafast
measurements allows us to quantify both the reducing power of
the AuFON substrate and relative changes to the population of
MYV redox moieties.

In order to take advantage of the inherent tunability of
plasmon-molecule systems, detailed reaction metrics must be
correlated with physical properties of the system—excitation
power, plasmonic resonance/excitation frequency, nanostructure,
and metal-molecule hybridization (e.g., adsorption geometry).
Greater predictability for how reaction mechanisms change
through the modification of these physical parameters would
allow for dynamic control of plasmon-driven chemistries. Here,
we describe a method that provides the readout necessary
for calibrating these physical variables through the systematic
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quantification of plasmon-generated potentials as well as the rates
and yields of the reactions they drive.

Results and Discussion

We tuned the LSPR of our AuFON substrates by modi-
fying the silica sphere size and Au thickness to match the
~1,040-nm excitation wavelength of the ultrafast SERS setup
and characterized their optical response using vis-NIR extinction
spectroscopy (SI Appendix, S1). We configured our ultrafast and
spectroelectrochemical SERS setup to collect photons in a range
of Raman frequencies between 486 cm™! and 2,220 cm™!,
allowing us to probe a broad span of MV molecular vibrations.

Spectroelectrochemical SERS of MV. In order to clearly assign
vibrational changes to MV following an interaction with
plasmon-generated charge carriers, we first performed spec-
troelectrochemical SERS (SEC-SERS) measurements on our
experimental plasmon-molecule system. Surface-enhanced vibra-
tional signatures of molecules on plasmonic materials can vary
significantly from those in the gas or solution phase, particularly
due to molecular binding configuration or orientation relative to
the plasmonic near field (33). Furthermore, ground state SER
spectra of MV on AuFON substrates contain a mixture of MV
redox species due to spontaneous charge transfer processes (28).
Thus, careful quantification of redox potentials and vibrational
frequency shifts on the same substrates used for ultrafast SERS
is crucial for measuring photoinduced plasmonic reduction
potentials.

To closely correlate our SEC and ultrafast SERS measure-
ments, we performed all SEC-SERS measurements using a home-
made AuFON working electrode and the same ~1,040-nm
picosecond laser beam used for ultrafast SERS (Fig. 1C). We
placed the AuFON electrode in a 1-mm-thin layer quartz
cell (Pine Research, RRPG094) containing 0.1 mM MVCl,
solution in 0.1 M KCl—with Ag/AgCl reference and gold
wire counter electrodes. Full details of the SEC methods and
setup and are available in SI Appendix. We determined the
reduction potentials for MV on the AuFON surface using
cyclic voltammetry (CV), with an Eq 0 MVEFSMVet) of
< —0.66 V and E,2° (MV*T—MV®) of ~ —1.06 V (Fig. 1),
in good agreement with previously reported reduction potentials
(Fig. 1B) (28).

We then stepped through E,° and E»° in increments of
25 mV, allowing the system to equilibrate for 60 s before taking
SER spectra of MV at the electrode surface (Fig. 14). Starting
at the onset of the MV2t—>MV*t transition (~ —0.59 V),
an overall increase in SER signal is observed. This increase in
signal is likely due to preresonant Raman signal enhancement.
A transition in the MV inter-ring angle from ~43° to planar
may also result in a significant increase in the overall Raman
cross-section for most MV vibrational modes (34). As we move
through the MV*t—-MV? (~ —0.9 V) transition, there is a
clear increase in the intensity of the MV® CNC stretch/in-plane
ring deformation at 990 cm~ ! ( Fig. 14, green trace), the inter-
ring stretch at 1,535 cm™!, and the CNC/CCC ring stretch at
1,660 cm™! (ST Appendix, S11) (34, 35). Notably, the 1,020-
cm™! vibrational mode (Fig. 14, blue trace), corresponding to
the MV*+ CNC stretch/in-plane ring deformation, decreases in
intensity over this potential range. From this analysis, we deter-
mine that the reduction of MV*T to MV? results in an increase
in the ratio of the 990-cm™! (MV?) and 1,020-cm™! (MV*1)
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Fig. 1.

(A) SER spectra of methyl viologen as a function of applied potential. As the first and second reduction potentials are crossed, ring deformation modes

at 1,020 cm~! (Mv*+) and 990 cm~=" (MVO) increase, respectively. (B) CV of MVCl, solution at AUFON working electrode. We determined the first and second
redox potentials to be ~ —0.66 V and —1.06 V, respectively. (C) Homemade AuFON working electrode and SEM image of AUFON structure. (D) Calibration plot

0f 990 cm~": 1,020 cm~" peak ratios as a function of applied potential.

ring deformation modes, which can be used as a clear marker
for charge transfer events that might be observed in our ultrafast
experiments. Importantly, beyond the qualitative identification
of a charge transfer event, the combination of electrochemical
and vibrational information allows us to correlate changes in the
MVt . MV ring deformation peak ratio with relative changes
to populations of MV redox states and potentials generated from

LSPR excitation (SI Appendix, S2-S4 and Fig. 1D).

Ultrafast SERS of MV on AuFON. For ultrafast measurements,
we applied 40 pL of 1 mM methyl viologen dichloride (Sigma
Aldrich, 98%, 75365-73-0) in ethanol (Decon, 95%) to each
of the AuFON substrates and allowed the solvent to evaporate
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under ambient conditions. It should be noted that differences in
sample preparation methods between SEC and ultrafast SERS
result in ~ 40 cm™! shift in their observed ring deformation
vibrational frequencies, likely due to variation in the dielectric
function of their surrounding media, and/or MV adsorption
geometry. Both the method by which molecules are added to the
surface and the solvent environments are different for samples
used in ultrafast and EC-SERS experiments. Therefore, this
shift may be due to changes in the local nanoscale dielectric
environment, differences in molecular packing, or the impact
of the femtosecond pump pulse that is only present in the
ultrafast experiments. The presence of the pump pulse may
impact restructuring of the surface, provide a local electric field, or
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drive changes in the molecular adsorption geometry. However,
it is most important to note that most of the signal in both
cases comes from the highest enhancing regions of these highly
heterogeneous substrates (36). In order to avoid artifacts of laser-
driven restructuring in the ultrafast measurements, we applied
MVCI; to the AuFON, and allowed the system to equilibrate
under laser excitation before running experiments, exposing the
substrate to both the pump and probe for 5 min (37). After
the equilibration step, we excited the LSPR of the AuFON-MV
system with a 1,037-nm, 200-fs pump pulse, and collected the
spontaneous MV SERS signal via 1,041-nm, 2-ps probe pulse at
time delays ranging from —50 to 50 ps (Fig. 2A).

In Fig. 2B, we present ultrafast SERS data showing the molec-
ular response of MV before and after plasmon excitation. At the
Bottom of the figure, we display a typical ultrafast SER spectrum
where the pump and probe pulses are offset by —50 ps. We refer

to this as our ground, or unperturbed, state of the AuFON-MV
system (more details in S/ Appendix). A comparison of MV*T
and MV° ring deformation mode intensities between SEC-SERS
data (Fig. 1A4) and the ground state MV spectrum (Fig. 2B) clearly
show that the MV redox species in these most enhanced regions is
a mixture of MV*t and MV? (Fig. 2B). Although there is some
variability between experiments, we estimate an initial MV? :
MV*T ratio of ~1:1. This initial population of MV redox states
is likely due to a combination of spontaneous charge transfer to
MV?2T as it is adsorbed to the AuFON surface, subsequent LSPR
excitation during the equilibration step, and/or impacts from the
probe pulse (28).

Examining the time-dependent spectra in our ultrafast SERS
experiments, we clearly observe transient changes in MV redox
state populations. In Fig. 2B, we display our ultrafast SER spectra
as a change in intensity with respect to the unperturbed sample,
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Fig. 2. (A) Schematic of the ultrafast SERS experiment. We excite the LSPR using a pump pulse and observe molecular change at various time delays with a
spontaneous SERS probe. (B) Representative ground state addition ultrafast SERS experimental spectra of MVCl, on AuFON (10.6 W/cmZ pump, 13.6 W/cm?
probe). A mixed MVO/MVe+ ground state population evolves after the LSPR excitation, where we observe an increase in the relative MVO (green) : Mve+
(blue) ratio. This change is proof of a plasmon-driven charge transfer from AuFON to MV*. (C) Overview of energy dissipation following LSPR excitation.
After excitation, free electrons take on a nonequilibrium distribution of energies (10 to 100 fs). These electrons thermalize through electron-electron/electron-
phonon scattering and interactions with nearby molecules (1 to 10 ps). Phonon excitation increases the lattice temperature, which eventually equilibrates with
the bath (100+ ps).
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allowing us to more clearly visualize small changes throughout
the spectral evolution. Here, negative timepoints represent when
the SERS probe interacts with the sample before the LSPR pump,
and positive timepoints represent when the probe interacts with
the sample after the pump. As the pump excites the LSPR, we
see that the intensity of the MV ring deformation mode (1,030
cm™1, green) clearly increases with respect to the MV** ring
deformation mode (1,071 cm™!, blue). The positive change in
the MV? : MV*T peak ratio is distinct evidence of a plasmon-
initiated electron transfer from the AuFON to nearby MV*™ on
the ultrafast timescale. We note that a small increase in the MV? :
MVt peak ratio is observed before time zero, which we attribute
to spatial chirp of our pump beam, resulting in an asymmetric
cross-correlation of our pump and probe (87 Appendix). Based on
ultrafast theoretical and experimental results of plasmonic gold
lattice and electron temperatures (38—40), a large portion of the
initially photoexcited electron temperatures should easily exceed
the reduction potential.

We performed ultrafast SERS measurements over a range of
LSPR pump flux from 4.87 to 10.6 W/cm?. At each pump
flux, we performed 10 measurements in unique sample po-
sitions, spanning 4 individually prepared AuFON substrates.
We calculated figures of merit for each dataset individually and
average the results at each pump flux, with y-value error given
as the propagation of uncertainty—predominately influenced

by uncertainty in the ultrafast SERS and SEC SERS peak fits
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(Fig. 3B and SI Appendix, S8). Error in average flux is propagated
from the SD of measured power across all 10 experiments and
the measured pump area. We observe a maximum increase
in the average MV? : MV*T peak ratio of ~ 0.1 to 0.15
over the full range of applied pump flux. Using calibrations
from the SEC-SERS MV : MV** peak ratios (ST Appendix,
S3), we estimate an average pump flux dependent change in
MV? population of ~ 2.4 to 3.5% within the picosecond time
resolution of our measurement (Fig. 3B). The observed transient
reduction increases linearly with applied pump power, with a
slope of ~ 0.19 % increase in MV? per W/cm?. Notably, a
shoulder feature (1,017 cm™!, See S/ Appendix) red-shifted from
the 1,030-cm™! MV? ring deformation peak also increases in
intensity, indicating that the plasmon-generated electrons leave
a portion of the reduced MV? molecules in excited vibrational
states—equivalent to an electrochemical overpotential (Fig. 3D).
Our kinetic analysis of this excited vibrational feature suggests
that approximately 3% of reduced MV® molecules occupy
vibrationally excited states at time zero (S Appendix, S12).

In addition to quantifying the percent of molecules reduced,
we can correlate the observed change in the MV? : MV*™T peak
ratio with potentials applied in our SEC-SERS experiment. In
this way, we can determine the plasmon-generated potential
experienced by MV on the AuFON surface following plasmon
excitation (SI Appendix, S4). Here, we observe an ensemble
averaged plasmon-generated potential ranging from ~ —3.1 to
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Fig.3. (4)Average kinetictraces of 10 ultrafast SERS experiments at 4.87 to 10.6 W/cm?Z LSPR excitation flux. Correlation of ultrafast and SEC SERS measurements
facilitates quantification of corresponding changes in %MVC and electrochemical potential. These experiments lie in a linear regime for the dependence of the
average maximum (B) and longer-lived (C) peak ratios on incident flux. (D) Transient signatures of excited vibrational states at 10.6-W/cmZ pump power.
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—4.5 mV, increasing linearly with LSPR pump power at a rate
of ~ 0.25 mV per W/cm?.

A majority of the plasmon-generated MV® population quickly
decays back to the ground state. This decay is comparable across
all samples and applied flux, with an average lifetime over all
experiments of 3.6 & 0.3 ps. However, as seen in Fig. 34, peak
ratios at time points ranging from 30 to 50 ps are slightly elevated
from the baseline, implying that there is a small population of
reduced species that have much longer lifetimes.

Due to the small magnitude of the change in the MV? :
MV** peak ratio, we could not extract lifetimes for these persis-
tent reduced molecules with an acceptable degree of uncertainty.
However, we were able to confirm the existence of this population
through an analysis of the baseline offset at later time points (30
to 50 ps). We took the average of the mean of MV? : MV* " peak
ratios from 30 to 50 ps over all 10 experiments at each pump
flux, with error calculated as described previously. We display the
resulting analysis in Fig. 3C, where there is a significant increase

from the initial peak ratio at these later time points (S/ Appendix,
Tables 3 and 4). The offset increases linearly with the incident
flux of the LSPR pump, correlating with the power dependence
for the maximum peak ratio. We see that ~ 0.6 to 1.3 % of
the MV? generated from plasmon excitation remains beyond
the bulk lifetime of 3.6 ps. This fraction of reduced molecules
remain in the enhanced regions of the AuFON for at least 50 ps
but could remain longer.

Steady-State Plasmon-MV Dynamics. A great advantage of ultra-
fast SERS is that it not only allows us to observe ultrafast dynamics
of plasmon-molecule systems but also gives us the ability to track
chemical change in the system on the time scale of the entire
experiment (~ 25 min). We do this by reordering data for our
ground state spectra in relation to acquisition order, rather than
the pump/probe temporal offset. Interestingly, while we observe
an increase in the MV? : MV*" peak ratio on the ultrafast
timescale (~ 0.15, 10.6 W/cm? pump), over the longer timescale
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Fig. 4.

(A) Depiction of plasmon-driven reduction of methyl viologen, as observed by ultrafast SERS. (B) Representation of interplay between ultrafast and

steady-state time regimes. In the ultrafast measurements (Top), we observe a transient increase in [MVO], and we infer a concurrent decrease in [MV2+], with
A [MVO] >~ A [MVZF]. MV2+ does not have any observable spectral features in the 1,000 to 1,100 cm~" region. The bulk of this MV? population decays over
~ 3.6 ps, with ~ 2% remaining for > 50 ps. However, conversion of MV2+ to MV*+ over the course of each ~25-min experiment results in a net increase in
[Mvet] over time (Bottom). These long-time dynamics are provided by the same ultrafast laser pulses used in the ultrafast experiments, in order to facilitate

direct comparisons.
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of the 25-min experiment, we measure an overall decrease in
that ratio of ~ 0.04 (10.6 W/cm? pump). For comparison to
the ultrafast kinetics, this translates to a change in the MV? :
MV*T peak ratio of ~107"%/ps; on the order of one molecule
per pulse. The decrease in peak ratio over the course of the
experiment is smaller than the increase in the ultrafast regime,
so any competition between these processes is negligible in our
ultrafast kinetic analysis (Fig. 4). Nonetheless, we are able to
quantify the aggregate effect that this has over tens of minutes,
which implies a clear difference in reactivity between the ultrafast
and steady-state time regimes for this plasmon-driven process.

We believe that this interesting dichotomy for reactivity
between ultrafast and steady-state time scales may arise from
the heterogeneity of binding geometries of methyl viologen on
the AuFON surface. This surface is known to contain a range
of areas with Raman enhancement factors spanning many orders
of magnitude, attributed to the large heterogeneity of hot spot
structures (36). This heterogeneity, as well as the tendency
for the surface to restructure under weak light illumination, is
common in gold plasmonic nanostructures (41) and represents a
realistic surface for practical catalysts. Thus, there are a range of
methyl viologen-binding geometries represented in our sample,
of which a small subset may exist in a geometry or specific
local environment that stabilizes the charge-transferred state. We
propose that every time the LSPR is excited, a small portion
of the radical cation population is transiently converted to the
neutral species, which undergoes back electron transfer before
the next pulse arrives (<500 ns). Simultaneously, a very small
amount of the remaining dication is irreversibly reduced to
MV**. Because the change to the MV?™ population is so small,
we overwhelmingly observe the transient reduction of MV**
to MV? in the ultrafast regime. However, over the course
of the 25-min experiment, we observe a net increase of the
MV** population in the enhanced regions of the AuFON,
owing to the aggregate conversion of MV2T over billions of
pulses (Fig. 4). While it is also possible that there is a thermally
driven charge transfer mechanism responsible for this long-lived
reduced state observed in the steady state, previous measurements
from our group looking at molecular temperatures under very
similar conditions show minimal heating in the ground state
(16, 42). Therefore, we tentatively conclude that the existence
of these very long-lived reduced species is not solely the result
of a rise in steady-state temperature. This interplay between
reactivity on the ultrafast and steady-state timescale provides a
fresh perspective on tuning plasmon-driven chemistry—where,
using pulsed excitation, one could envision perturbing ultrafast
dynamics toward desired steady-state outcomes in ways that
would not be possible with continuous wave excitation alone.

Importantly—in addition to this side-by-side analysis of
ultrafast and steady-state plasmon-driven chemical change—we
describe here a direct molecular measurement of plasmon-driven
charge transfer on the timescale of hot carrier thermalization.
We are able to perform correlative analysis of these data to
quantify hot electron energies and relative changes to the redox
state of MV. Beyond a simple observation of charge transfer,
this quantification gives further insight into the nature of this
plasmon-molecule system.

By pairing ultrafast SERS with SEC-SERS, we are able to
quantify key values for the light-driven reduction of MV*T
to MV?. Here, we observe a maximum reduction of MV*T
to MV? of ~2.4 to 3.5%. The fraction of molecules reduced
in the enhanced region of the substrate likely have geometric
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orientations ideal for undergoing charge transfer (43). Some
molecules may be reduced and then reoxidized on timescales
faster than our instrumental response function and not included
in the reduction potential calculation. We note that this extremely
fast and short-lived reduction is likely not relevant for most
plasmon-driven chemistries. Given the heterogeneity of binding
sites on the AuFON surface, the relatively large reduction yield
that we observe on this timescale is promising and suggests that
there may be a range of binding configurations acceptable for
undergoing charge transfer in this plasmon-molecule system.

The average lifetime for plasmon-reduced MV? is 3.6 ps—
on the order of magnitude of past measurements for plasmon-
generated electron thermalization (9, 10, 44). Interestingly, we
observe that ~ 0.6 to 1.3 % the plasmon-generated MV remain
reduced for at least 50 ps. This small number of extremely long-
lived reduced species is very relevant for chemical reactivity—
especially considering reactions such as CO; reduction or
ammonia synthesis, which require multiple reduction steps. This
is certainly an exciting result, and a better understanding of how
these reduced species are stabilized could aid in making use of
this plasmon-molecule system to catalyze further reactions.

We suggest two origins for the stabilization of these reduced
species. First, it is possible that a subset of the initially reduced
species remain in a reduced state for tens of picoseconds. In this
case, heterogeneity of the AuFON binding sites may provide
sample geometries that maintain the charge transferred state.
These persistent reduced species may be adequately spaced
from adjacent MV molecules, making them less susceptible to
electronic quenching through intermolecular relaxation (18, 45).
Additionally, under ambient conditions, gold films are known to
have a hydration layer on the scale of tens of nanometers, which
may also play a role in stabilizing the reduced species through
electrostatic interactions (46, 47). The second possibility is a
thermally mediated process, where an increase in the temperature
of the gold lattice facilitates charge transfer via a change in the
gold Fermi level. Charge transfer is known to be moderately
temperature dependent in methyl viologen (48). These thermally
reduced species would likely be observed on the tens of
picosecond timescale. Both of these mechanisms are consistent
with the time-resolved growth observed in our ultrafast SERS
measurements, but with the time resolution of this experiment
we are not able to distinguish them. It is possible that higher
time-resolution measurements with molecular specificity, such as
surface-enhanced femtosecond stimulated Raman spectroscopy,
(49) will be able to provide more insights into these mechanisms.

Using our molecular probe, we measure an ensemble averaged
plasmon-generated potential, which varies from —3.1 to —4.5
mV depending on the flux of the LSPR pump. However, con-
sidering the potential difference of ~220 mV between MV? and
MVt (Fig. 1B) and energy required to generate vibrationally
excited MV? species (~126 meV), some electrons must have
energies exceeding 340 meV (Fig. 3D and SI Appendix, S12).
Notably, the ensemble average plasmon-generated potential
measured in this study is approximately two orders of magnitude
less than measured values in other recent work (32, 50, 51). For
example, Yu and coworkers have recently reported a hot electron
energy of 0.32 eV generated from continuous wave excitation
of a gold nanosphere array. The potential observed in their
work was observed through the plasmon-driven reduction of
4-nitrothiophenol, a small molecule with strong surface ad-
sorption properties on Au (~50 to 100 kcal/mol) (52-54).
Comparatively, MV is much larger and more loosely adsorbed
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to the AuFON surface (~8 to 20 kcal/mol) (55-57). These
differences likely play a role here, where molecular properties,
adsorption, and relative electron affinity—in addition to possible
variations in crystallinity of the metallic binding sites—can have
a significant impact on the resistivity of the metal-molecule
interface by changing the relative energy of the HOMO and
LUMO of the molecule and the Fermi level and work function
of the metal (58, 59). Importantly, the ultrafast/SEC SERS
techniques show great promise toward correlating these factors
with differences in observed plasmon-generated potentials on the
ultrafast timescale.

Conclusion

In summary, we have shown that ultrafast SERS is well suited
for monitoring plasmon-driven chemical processes and have
provided direct evidence of plasmon-mediated charge transfer
from a molecular perspective. Coupling ultrafast and spectro-
electrochemical SERS has given us insight into the efficiency and
magnitude of charge transfer in the AuFON-MV system, which
is heterogeneous both in the structure of the AuFON and in
the distribution of molecules on its surface. This work serves as
a promising proof of concept, showing that our ultrafast SERS
technique is sensitive enough to monitor and quantify molecular
signatures of plasmon-driven charge transfer.

Moving forward, the correlation of ultrafast and spectroelec-
trochemical SERS analyses should allow for quantifiable relation-
ships between plasmon-generated electrochemical potential and
the physical characteristics of a plasmonic system, an invaluable
tool for understanding and mitigating barriers to charge transfer
across the metal-molecule interface. Next steps should focus on

1. A.B.Arons, M. B. Peppard, Einstein's Proposal of the Photon Concept-a Translation of the Annalen
der Physik Paper of 1905. Am. J. Phys. 33, 367-374(1965).

2. F.P.Garcia et al., Semiconductor quantum dots: Technological progress and future challenges.
Science (New York, N.Y.) 373, 8541(2021).

3. A.VahidMohammadi, J. Rosen, Y. Gogotsi, The world of two-dimensional carbides and nitrides
(MXenes). Science (New York, N.Y.) 372, 1581 (2021).

4. D.Devasia, A. Das, V. Mohan, P. K. Jain, Control of chemical reaction pathways by light-matter
coupling. Annu. Rev. Phys. Chem. 72, 423-443(2020).

5. L Zhou etal., Quantifying hot carrier and thermal contributions in plasmonic photocatalysis.
Science 362, 69-72 (2018).

6. L. Novotny, B. Hecht, Principles of Nano-Optics (Cambridge University Press, Cambridge, United
Kingdom, 2012).

7. A Manjavacas, J. G. Liu, V. Kulkarni, P. Nordlander, Plasmon-induced hot carriers in metallic
nanoparticles. ACS Nano 8, 7630-7638 (2014).

8. K.L Kelly, E. Coronado, L. L. Zhao, G. C. Schatz, The optical properties of metal nanoparticles: The
influence of size, shape, and dielectric environment. J. Phys. Chem. B 107, 668-677 (2003).

9. J.G.Liu, H.Zhang, S. Link, P. Nordlander, Relaxation of plasmon-induced hot carriers. ACS Photon.
5,2584-2595(2018).

10. Y. Wang etal., In situ investigation of ultrafast dynamics of hot electron-driven photocatalysis in
plasmon-resonant grating structures. J. Am. Chem. Soc. 144, 3517-3526 (2022).

11, S.S. Collins et al., Plasmon energy transfer in hybrid nanoantennas. ACS Nano 15, 9522-9530
(2027).

12. K. Wu, J. Chen, J. R. McBride, T. Lian, Efficient hot-electron transfer by a plasmon-induced
interfacial charge-transfer transition. Science 349, 632-635(2015).

13. W.Yang, Y. Liu, D. A. Cullen, J. R. McBride, T. Lian, Harvesting sub-bandgap IR photons by
photothermionic hot electron transfer in a plasmonic p-n junction. Nano Lett. 21, 4036-4043
(2027).

14. A.Gellé etal., Applications of plasmon-enhanced nanocatalysis to organic transformations. Chem.
Rev. 120, 986-1041(2020).

15. E.L Keller, R. R. Frontiera, Monitoring charge density delocalization upon plasmon excitation with
ultrafast surface-enhanced Raman spectroscopy. ACS Photon. 4,1033-1039 (2017).

16. E. L Keller, R. R. Frontiera, Ultrafast nanoscale raman thermometry proves heating is nota primary
mechanism for plasmon-driven photocatalysis. ACS Nano 12, 5848-5855 (2018).

17. N.C.Brandt, E. L. Keller, R. R. Frontiera, Ultrafast surface-enhanced Raman probing of the role of
hot electrons in plasmon-driven chemistry. J. Phys. Chem. Lett. 7, 3178-3185(2016).

18. Z.Yu,R.R. Frontiera, Intermolecular forces dictate vibrational energy transfer in plasmonic-
molecule systems. ACS Nano 16, 847-854 (2022).

19. C.L Warkentin, Z. Yu, A. Sarkar, R. R. Frontiera, Decoding chemical and physical processes driving
plasmonic photocatalysis using surface-enhanced Raman spectroscopies. Account. Chem. Res. 54,
2457-2466(2021).

20. E.A. Sprague-Klein et al., Photoinduced plasmon-driven chemistry in trans-1,2-Bis
(4-pyridyl)ethylene gold nanosphere oligomers. J. Am. Chem. Soc. 140, 10583-10592 (2018).

8 of 9 https://doi.org/10.1073/pnas.2305932120

differentiating between the roles of molecule-surface adsorption
and orientation as well as plasmon-generated carrier density in
the efficiency of ultrafast and steady-state plasmon-driven charge
transfer processes. In the future, we see ultrafast SERS as a
promising tool to characterize and inform the modification of
molecular ultrafast dynamics in plasmon-driven chemistries for
desired steady-state outcomes.
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