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Plasmonic materials are a promising category of
photocatalysts for solar energy harvesting and conversion.
However, there are some significant obstacles that need to be
overcome to make plasmonic catalysts commercially available.
One major challenge is to obtain a systematic understanding of
how to design and optimize plasmonic systems from the
perspective of both plasmonic materials and reagent molecules
to achieve highly efficient and selective catalysis. It is well-
known that the contributions of plasmon—molecule inter-
actions such as plasmon-induced resonant energy transfer and
charge transfer to the catalytic mechanism are rather
complicated and possibly multifold. Observation of these
phenomena is challenging due to the highly heterogeneous
nature of plasmonic substrates as well as the large difference in sizes and optical cross sections between plasmonic materials
and molecules. In this work, we use a molecular perspective to examine the crucial process of energy transfer between
plasmons and molecules, with the goal of determining which experimental parameters can be used to control this energy flow.
We employ ultrafast surface-enhanced anti-Stokes and Stokes Raman spectroscopy to investigate vibrational energy transfer in
plasmonic—molecule systems. By comparing the energy transfer kinetics of five different aromatic thiols on the picosecond
time scale, we find that intermolecular forces play an important role in energy distribution in molecules adsorbed to plasmonic
materials, which changes the amount of energy deposited onto the molecule and the lifetime of the energy deposited. Our
work implies that careful consideration of catalyst loading and molecule adsorption geometry is crucial for enhancing or
suppressing the rate and efficiency of plasmon-driven energy transfer.
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tilization of green energy is an important aspect of the and decay processes create energy-rich conditions where a
worldwide efforts toward sustainable development, range of chemical reactions can occur. For instance, industrially
and solar energy harvesting is one of the most relevant yet energy-consuming chemical reactions such as
promising fronts. Using sunlight to drive chemical reactions water splitting,'® CO, reduction,'’ and ammonia synthesis'>

creates the possibility of largely cutting down energy
consumption in the chemical industry and thus inspires the
development of a range of photocatalysts.' "® Plasmonic
materials, an emerging class of photocatalysts, are metal or
metal-like nanomaterials that can concentrate light down to
nanoscale volumes through excitation of a localized surface
plasmon resonance (LSPR). LSPR is a collective oscillation of September 24, 2021
electrons at the interface of a plasmonic material and a December 17, 2021
dielectric and is excited by resonant light.” Shortly after December 22, 2021
excitation, the LSPR loses coherence and partitions its energy

through the formation of energetic electrons/holes, hot lattice,

and heated environment.”” This nanoscale light confinement

have been demonstrated with plasmonic catalysts at ambient
conditions. In addition to the advantages of a light-driven

catalytic process, high selectivity is also observed with many

3

plasmon-driven reactions including methyl migration, ~ amine
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Figure 1. Plasmon-induced chemical transformation initiated from (a) electronically excited state through resonant energy transfer, (b)
charged state through indirect (b1) and direct (b2) charge transfer, and (c) vibrationally excited state through relaxation from electronically
excited state (cl), transient charge transfer (c2), and heating (c3).

oxidation,'* aromatic alcohol oxidation,"”'® and CO, hydro-
genation.11 Moreover, the LSPRs of plasmonic materials are
easily tunable over the visible spectrum by changing their size,
shape, or composition, which adds another strength to
plasmonic catalysts for sunlight harvest over their semi-
conductor conterparts.”_zo

However, since their discovery, plasmonic photocatalysts
have not yet been widely adopted or commercialized in
industrial applications. One challenge is that the quantum
efficiency is generally too low and the cost of the substrate is
too high to displace existing technologies. For example, the
external quantum efficiency of water splitting on a gold
nanorod array was reported to be <1% by Mubeen and co-
workers.”" Another challenge is the lack of design principles for
plasmonic catalysis for chemical synthesis of specific products,
which usually requires prediction and control over complicated
chemical transformations. To obtain better guidelines for
plasmonic catalyst design and optimization from the
perspective of both the plasmonic materials (morphology,
composition, ...) and molecules (starting reagents, adsorption
geometry, pretreatment conditions, ...), a fundamental under-
standing of plasmon catalytic mechanism is crucial. In
plasmonic—molecule systems, multiple LSPR energy partition-
ing processes such as resonant energy transfer, charge transfer,
and localized heating could happen before and as the LSPR
decays and potentially contribute to the reactivity. Significant
prior research has been trying to resolve the complicated and
possibly multifold plasmon—molecule interactions, but no
consensus has been reached yet due to the limitation of current
techniques and the complicated nature of those interactions
which are highly dependent on the physical and chemical
properties of both the plasmonic materials and the molecules.
However, by considering plasmon catalysis from the molecular
point of view, we are able to quantify energy transfer processes
in plasmonic—molecule systems that will ultimately undergo
reactions.
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Here we classify three different molecular-oriented pathways
relevant to the reaction dynamics in a plasmonic catalytic
system, as depicted in Figure 1: molecular transformation
initiating from the (i) excited electronic state, (ii) charged
state, or (iii) vibrationally excited ground electronic state. In
the first scenario (Figure 1a), when there is an overlap between
the plasmon energy and the molecule electronic transition
energy, plasmon energy is resonantly transferred to adjacent
molecules before the plasmon decoheres, preparing the
molecules in the electronic excited state, which can lead to
chemical transformation.”? In the second scenario, a charged
state is formed through indirect or direct electron/hole transfer
from the metal to molecules (Figure 1b). In the case of indirect
charge transfer (Figure 1bl1), hot electrons and holes are
formed in the metal as a result of LSPR decay and can transfer
to unoccupied molecular orbitals when the energy levels are
aligned.23 For direct charge transfer (Figure 1b2), electrons/
holes are transferred directly from the metal to the adsorbed
molecules when the transition energy is on resonance with the
plasmon energy.24 In both cases, a main characteristic of
charge transfer is the shift in molecular vibrational frequencies
because of the change in nuclear geometry, and both pathways
prepare the molecules in the charged state as the reaction
intermediate. In the third scenario, molecules at ground
electronic state can overcome the energy barrier to chemical
reactions when vibrationally excited (Figure 1c). Molecules
gain vibrational energy through multiple pathways, including
relaxation from electronic excited states (Figure 1cl), transient
charge transfer (Figure 1c2), lattice energy transfer, and heat
conduction (Figure 1c3).* Although there could still be
electronic transition or charge transfer involved, the main
difference is that the electronic excited state or charged state is
short-lived so the chemical transformation happens with
molecules at the electronic ground state.

Investigating the plasmon catalytic mechanism from a
molecular picture gives important information related to the
efficiency and selectivity of chemical reactions. In this study,
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Figure 2. (a) Anti-Stokes and (b) Stokes spectra of 4-methylbenzenethiol (MTP, purple), 4-chlorobenzenethiol (CTP, orange), 4-
nitrobenzenethiol (NBT, green), biphenyl-4-thiol (PTP, blue), and benzenethiol (BT, gray) at time zero with a 50 W/cm? pump pulse and a
300 W/cm?” probe pulse. Transient (c) anti-Stokes and (d) Stokes spectra of MTP with a 50 W/cm> pump pulse and a 300 W/cm? probe
pulse. Inset picture on the upper left shows the SEM image of the plasmonic substrate.

we are particularly interested in the third pathway as described
above, where molecules gain sufficient vibrational energy to
overcome chemical reaction barriers. For this pathway, the
lifetime of the vibrational energy and the mode specificity of
energy transfer are of particular interest. First of all, a longer
lifetime of the vibrationally pumped molecular state means a
greater chance for the chemical transformation to happen.
Moreover, localization of the vibrational energy on certain
molecular coordinates controls the direction of the chemical
reactions.”® Therefore, an understanding of the plasmon
catalytic mechanism from the molecular point of view could
provide insights toward possible approaches to control and
localize vibrational energy onto desired reaction coordinates,
which could then contribute to the guidelines for the design
and optimization of highly efficient and selective plasmonic
catalysts.

RESULTS AND DISCUSSION

To quantitatively monitor molecular vibrational energy with
plasmon excitation, our group uses ultrafast anti-Stokes and
Stokes surface-enhanced Raman spectroscopy (SERS). A
major difficulty of investigating molecular energy in plasmonic
systems is to acquire nanoscale information from ensemble
measurements on heterogeneous samples. However, SERS is
inherently molecule specific and preferentially provides signal
from the most active regions of the plasmonic substrates.
According to a previous study, 85% of SERS signal comes from
6% of the molecules, which are in the “hottest” hotspots.”®
Consequently, SERS is selectively probing molecules in the
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hotspots where chemical reactions are most likely to happen.
With an ultrafast pump—probe implementation of SERS, we
are able to investigate molecular energy deposition on
picosecond time scale. Although not sufficient to resolve
resonant energy or charge transfer processes, picosecond
resolution enables us to track molecular energy on the time
scale comparable to molecule structure rearrangement. There-
fore, with the motivation of exploring what molecular
properties could be tuned to control the vibrational energy
transfer from plasmonic materials to adsorbate molecules, we
chose a series of aromatic thiols with different substituent
groups as probe molecules. Aromatic thiols are known for their
ability to form self-assembled monolayers (SAM) on metal
surfaces, which ensures the surface selectivity of the SERS
measurements.”’ >’ They are also sulfur-containing precursors
for production of pharmaceutical products and synthesis of
thiosugars and thioglycosides.’ > However, we should point
out that throughout the measurements, the studied molecules
are not undergoing chemical reactions with the experimental
conditions. This is to avoid the complexity brought by
reactivity, which will change the distribution of probed
molecules in the hot spots. Herein this study aims to provide
some fundamental perspective toward the correlation between
molecular properties and plasmon-induced vibrational energy
increase, which will lead to valuable insight toward guidelines
for plasmon-catalyzed reaction design from a molecular
perspective.

An important factor we consider for the ultrafast measure-
ments is the sample stability under the high laser flux. It is well-
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Figure 3. (a) Transient kinetic trace of the excited/ground states population ratio of the 1080 cm™" vibration (b) decay lifetime, (c) transient
population ratio increase, and (d) population ratio baseline of MTP (purple), CTP (orange), NBT (green), PTP (blue), and BT (gray). Each
data point on (b—d) comes from one transient data set. Six data sets are taken on three different locations of one substrate for each
molecule. Cross lines above the data points on (b—d) signify the statistical difference between molecules, with the P values acquired with ¢

test. (* P < 0.05, ¥* P < 0.01, *¥** P < 0.001, **** P < 0.0001)

known that metal nanostructures are unstable with intense
laser illumination, and the induced metal melting, nano-
particles aggregation, and surface reconstruction can all lead to
a change in the enhancement factor of the SERS
substrates.”>** This enhancement instability will introduce
discrepancy in the ultrafast results, especially considering that
the anti-Stokes and Stokes spectra are not acquired
simultaneously. Therefore, we took careful precautions
including using highly reproducible substrates, rotating the
substrate with a spinning stage, and carefully controlling the
sample illumination time as detailed in the Supporting
Information.

The analytes used for this study are 4-methylbenzenethiol
(MTP), 4-chlorobenzenethiol (CTP), 4-nitrobenzenethiol
(NBT), biphenyl-4-thiol (PTP), and benzenethiol (BT). In
Figure 2a,b, we show the anti-Stokes and Stokes spectra of the
five different analytes with the paper SERS substrates. All the
spectra shown here are taken with the fs pump and the ps
probe temporally overlapped with each other, which is referred
to as time zero. A complete set of the transient spectra (Figure
2¢,d) consists of anti-Stokes and Stokes spectra taken with the
pump and probe offset for different periods of time, which are
also referred to as different time delays. In the Stokes spectra,
multiple Raman features are present, whereas in the anti-Stokes
spectra, only the peaks located around 1080 cm™' are
distinguishable. This is because the anti-Stokes scattering is
much weaker than the Stokes scattering (eg. anti-Stokes
scattering is ~1% of the Stokes scattering for a 1000 cm™
mode at room temperature), which means we can observe anti-
Stokes features only when the vibration has a large Raman
cross section or when the molecules achieve a high population
in the excited vibrational state. Therefore, we carried out all the
analyses with the 1080 cm™ mode for all five analytes, which
corresponds to the breathing mode of the phenyl ring. The
similar nature of this vibrational mode in the five different
analytes focuses this study on molecular specificity of energy
transfer and therefore simplifies the question under study.

850

To quantify plasmon-induced vibrational energy transfer, we
analyze the intensity of the anti-Stokes and Stokes scattering.
Stokes scattering starts with molecules at the ground
vibrational state, while anti-Stokes scattering starts with
molecules at the first excited vibrational state. Therefore, we
can obtain the excited/ground vibrational states population
ratio from the relative intensity of the anti-Stokes and Stokes
scattering (eq 1). The population directly reflects the
vibrational energy of the monitored vibrational mode. Detailed
data analysis procedure can be found in the Supporting
Information.

intensityanti»Stokes
population ratio =

C X intensity, . (1)
where the population ratio is the ratio of population at the
excited and ground vibrational states, intensity,, seores and
intensityg. ., are the normalized anti-Stokes and Stokes
scattering intensity. To normalize the intensity with wave-
length-dependent SERS enhancement, we divide the peak
amplitude of anti-Stokes and Stokes scattering by the
extinction value at the scattering wavelength.” Additionally,
we scale the Raman peak amplitudes with the detector
efficiency at corresponding wavelength to correct for wave-
length-dependent detector efficiency. In eq 1, C equals
( Danti-Stokes
Dstokes

dependent Raman scattering cross section. It should be noted
that a cubic relationship is used here while a quadratic
relationship is widely used for such analysis in previous
literatures. This originates from a misinterpretation of the o*
dependence of Raman scattering, which can also be written as
w’w,, with , being the scattering wavelength and @, being
the incident wavelength. In the case of Rayleigh scattering, @,
is equal to @y, so it gives the ®* dependence. However, for
Stokes and anti-Stokes scattering, @, is the same, so it reduces
to a @’ dependence when we are taking the ratio of Stokes and
anti-Stokes intensities. In older studies where intensity was

3
) , which is a normalization factor for the wavelength
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Table 1. Experimental Lifetime, Transient Population Ratio Increase and Baseline Population Ratio of Aromatic Thiols on
SERS Substrate; Hammett Constant of Substituent Group, HOMO—LUMO Energy Gap (Egap) and Metal-Molecule Bond
Strength (Ebond) of Aromatic Thiols/Au,; Cluster’®

4-methylbenzenethiol (MTP) 4-chlorobenzenethiol (CTP) 4-nitrobenzenethiol (NBT) biphenyl-4-tliiol (PTP) benzenethiol (BT)

lifetime (ps) 5.5 + 0.6 33 +07 3.8 +0.7 37 +£ 0.8 47 + 1.0

transient Increase 0.027 + 0.007 0.020 + 0.00S 0.010 + 0.004 0.009 + 0.002 0.009 + 0.002

baseline 0.097 + 0.006 0.0 + 0.01 0.039 + 0.007 0.034 + 0.002 0.041 + 0.003

Hammett constant —0.17 0.23 0.78 —0.01 0

Egap (au) 0.142 0.138 0.147

Ebond (V) 73 6.97 725
measured in the unit of energy, the correction factor with the plausibly result in the differing energy transfer efficiencies we
quadratic relationship still holds true. Because E equals 7iw, the observe experimentally.
intensity recorded in the unit of energy should be divided by Dipole orientation to the metal surface is an important
hw, where w is the frequency of the scattered photons, in parameter to consider when treating plasmonic—molecule
order to get the number of photons scattered. Notably, in this systems. The coupling between molecules and the plasmonic
case, this correction factor C no longer purely originates from surface, which is largely affected by the relative orientation of
the @* dependence. However, it is not applicable for modern the molecule dipole to the metal surface normal, can have an
devices which typically record in counts. impact on both the molecular excitation and energy decay

Figure 3a shows a representative example of the transient processes.””*® Although the exact adsorption geometry
response of the excited/ground vibrational state population depends on molecule surface coverage and preparation
ratio as a function of time delay for each of the five condition, previous studies have showed that the orientation
benzenethiol derivatives. For the 1080 cm™ vibration mode, of densely packed aromatic thiols are nearly upright, with a tilt
the equilibrium population ratio is ~0.0054 at room angle of ~20°—30° to the surface normal.”’~*”*" In this study,
temperature without the pump or probe pulse present. All we used excessive amounts of aromatic thiols to achieve full
the traces have an elevated baseline population ratio (>0.0054) surface coverage, so the molecules can be considered densely
because the probe pulse also adds energy to molecules, and the packed on the surface. While the surfaces used here are highly
probe is present at all time points. We refer to this population heterogeneous, the orientation of the dipole relative to the
induced by the probe pulse as the baseline. At time zero, a metal surface is most likely similar for the range of molecules
transient population ratio increase is present, which results studied due to the similarities in structure.
from the energy deposited by the pump pulse, therefore we The metal-molecule bond strength, which directly reflects
refer to the difference between the maximum population ratio the intensity of metal-molecule interaction, is also likely to
and the baseline as the transient increase. Following the have an effect on plasmon—molecule energy transfer efficiency.
increase, there is an exponential decay and the lifetime of the Metal—molecule interactions, varying from weak physisorption
decay reflects how long the energy stays on the molecules after to strong chemisorption, determine the extent of perturbation
each energy deposition. By fitting the kinetic traces with an from the metal to the molecular orbitals and can alter the
exponential decay function convoluted with the instrument excitation mechanism of the molecules.* Therefore, this is an
response measured by the optical Kerr effect (2.0 ps), we important factor to consider in plasmon-mediated catalysis and
extracted the time constant of the exponential decay and call in this study.
this value the lifetime. The Hammett constant is usually used to describe the effect
In Figure 3b, we show that the lifetime of the deposited of a substituent group on the reactivity of benzene derivatives,

vibrational energy on the 1080 cm™ mode is statistically which originates from the substituents’ electronic influence on

longer for MTP (5.5 + 0.6 ps) than CTP (3.3 + 0.7 ps), NBT the connecting phenyl ring through inductive and resonance
(3.8 + 0.7), PTP (3.7 + 0.8 ps), and BT (4.7 + 1.0 ps). In effects.”’ A previous study pointed out a strong correlation

Figure 3¢, we show that in terms of the transient population between the Hammett constant and the SERS chemical
ratio increase, which shows the molecular response to the enhancement factor of a series of para-substituent benzenethiol
femtosecond pump pulse, MTP and CTP have a higher derivatives, suggesting that there is a correlation between the
transient increase than the other molecules, although the substituent Hammett constant and the molecule—plasmon
differences between MTP and CTP or among the other three interaction.”” Therefore, it is reasonable to postulate that a
molecules are not statistically significant. In Figure 3d, we show dependence of energy transfer on Hammett constant might be

that MTP has a significantly higher baseline, followed by CTP, observed.
then NBT and BT, while PTP is the least populated. The HOMO—LUMO energy gap of the molecule is another
To investigate if the observed molecular energy trend is factor which could be relevant to the molecular vibrational
correlated with molecular properties, we referenced a DFT energy increase. When there is an overlap between molecule
calculation study by You and co-workers,®® where they transition energy and the plasmon energy, a direct charge
modeled a series of para-substituent aromatic thiols on a transfer process or plasmon-induced resonant energy transfer
Au,; cluster. With their computational results, we are able to could happen, which could add energy to vibrational freedom
compare molecule properties including the dipole orientation as the molecules relax from the excited state or as the charge
of the molecule to the metal surface, the bond strength transfer back. Both the direct charge transfer and the resonant
between the metal and the molecule, the Hammett constant of energy transfer mechanisms have been previously proposed for
the substituent group on the benzenethiol, and the HOMO— plasmon-induced catalysis.””** Experiment and calculation
LUMO gap of the metal—-molecule complex, all of which could have shown that the molecular orbitals can shift when
851 https://doi.org/10.1021/acsnano.1c08431
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adsorbed onto metal surface.”” Therefore, it is important to
consider the effect of hybridization when deciding if the
molecular electronic transition is resonant with the plasmon
energy.

However, as shown in Table 1, none of those factors show
any correlation with the energy trend on the benzenethiol
derivatives, which leads us to think about this molecular
specificity in the perspective of energy dissipation instead of
energy capture.

Molecules with extra energy equilibrate with the surround-
ing environment by redistributing their energy through
intermolecular interactions such as hydrogen bonding, di-
pole—dipole interaction, #—n interaction, and London
dispersion. Aromatic thiols chemically adsorb to gold surfaces
through the thiol group, therefore a relatively ordered
monolayer could be expected on the more planar parts of
the gold surface. Outside the monolayer, a solvation layer of
~S nm exists under the humidity values measured during the
experiments (20—30%, small daily variance), according to
previous STM studies.” Therefore, the monolayer could
generally be considered as surrounded by a solvent bath.
Within the monolayer itself, the dipole—dipole interactions
between molecules are restricted because all molecules are
anchored on gold with relatively fixed relative orientation to
the surface, leaving 7—7 interactions the dominant inter-
molecular interactions. Therefore, the strength of the z—x
interaction will very likely affect the lifetime of the vibration
excited states. In other words, when there is stronger 7—n
interaction the intermolecular energy dissipation is more
efficient, the lifetime of the energy will be shorter, and the
average energy will be less on the probed molecules. On the
basis of this explanation, a possible hypothesis will be that with
diluted coverage of molecules on the plasmonic metal surface,
the intermolecular energy transfer will be less efficient due to
less intermolecular interactions. However, we were unable to
test this hypothesis with the ultrafast measurements due to
stringent limitations on signal-to-noise ratio in ultrafast SERS
measurements.

An important factor that affects 7—z interaction between
molecules is the molecular structure. Among MTP, CTP, and
BT, the size of the substituent follows —CH; > —Cl > —H,
which means that the 7—x stacking of the phenyl ring is the
most disrupted for MTP, followed by CTP and BT."” On the
other hand, the steric effect of the —NO, group on NBT is
minimized because it is in a planar structure with the phenyl
ring. Finally, aromatic thiols with multiple phenyl rings are
reported to pack more efficiently compared to aromatic thiols
with a single phenyl ring.”**”**~%° Therefore, we infer that the
observed energy trend could be explained by the effect of
molecular structure on 7m—x stacking. MTP with the bulky
methyl group has relative low efficiency in redistributing its
energy to surrounding molecules, which leads to higher energy
and an extended lifetime of the deposited energy. For CTP, it
has a substituent group slightly smaller in size than the methyl
group, therefore CTP has lower energy and shorter energy
lifetime than MTP. Interestingly, for NBT and BT, although
the size of substituent groups is different, they experienced a
similar extent of energy transfer, which is significantly lower
compared to CTP and MTP. This could be explained by that
NBT has a planar substituent group (—NO,) in plane with the
phenyl ring, and BT has a substituent group (—H) smallest in
size. This result implies that a smaller dimension of the
substituent group in the orientation perpendicular to the
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phenyl ring is more crucial for a stronger z—n interaction.
Finally, PTP has the lowest energy among the five different
aromatic thiols. This is possibly because the closer 7—x
stacking facilitated by the double phenyl ring of PTP, which is
more favorable for energy redistribution. Thus, the inter-
molecular interactions between molecules on the plasmonic
surface play a key role in determining the energy transfer
efficiency and lifetime of deposited energy in these aromatic
thiols. Interestingly, we found significant convergence in
previous literature and our observation. Namely, Ro and co-
workers found that in Pt-MoOx systems, higher Mo doping
leads to higher TOF of the Pt-catalyzed reverse water gas-shift
reaction, while the plasmon resonance and activation energy
did not shift significantly with varying doping content.”’
Additionally, it has been demonstrated in multiple systems that
plasmon-induced adsorbate desorption changes the reaction
energetics and promote reaction rate."”’>>> While these
investigations were on different plasmonic and chemical
systems, we think the general principal is still applicable and
our results might provide additional insight into previous
results.

Here we have observed plasmon-induced energy transfer
kinetics and efficiency across a series of five aromatic thiols
using ultrafast SERS. We find that 4-methylbenzenethiol has
the highest deposited energy and longest energy lifetime after
plasmon excitation, while biphenyl-4-thiol is the contrary. We
attribute the observed difference to the intermolecular 7—x
interactions in that stronger intermolecular interactions
facilitate faster and more efficient molecular energy dissipation.
Our results have some significant implications for the
plasmonic catalysis experimental design and optimization.
The most surprising implication is that reactions with a high
kinetic energy barrier could possibly be facilitated by reducing,
rather than increasing, the surface coverage on plasmonic metal
in order to localize energy on molecules. This is something
that is rarely taken into consideration for the design of
plasmon-catalyzed reactions, yet it should affect the choice of
reaction conditions and plasmonic catalysts. For example,
molecules with strong intermolecular interactions such as
thiols with phenyl ring(s) form more ordered packing
structures at higher temperature as revealed by previous
studies. Therefore, sample pretreatments and experimental
temperature should be carefully tuned to control molecule
packing to favor desired reactions. Moreover, plasmonic
nanostructures could also be tailored to have features with
high curvature, which could disrupt the packing pattern of
reactant and at the same time create strong hot spots. Overall,
we have observed that the vibrational energy transfer in
plasmonic—molecule systems is likely being affected by
intermolecular forces. Our conclusion can be applied to the
design and optimization of plasmonic catalysis in multiple
aspects including the choice of reactant concentration, reaction
conditions and the morphology of plasmonic nanomaterials.

Sample Preparation. We synthesized gold nanoparticles
following the Frens method.>* We fabricated SERS substrates for
ultrafast measurements by drop casting 250 ul of 100X concentrated
gold nanoparticles solution on each 22 mmx22 mm filter paper. The
detailed synthesis of gold nanoparticles and substrate fabrication are
described in the Supporting Information. We drop casted 250 ul of
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300 uM benzenethiol derivative solution on the as-prepared SERS
substrate and let it dry at ambient condition. Additional details can be
found in the Supporting Information.

Ultrafast SERS Instrumentation. We performed ultrafast SERS
measurements on a home-built instrument as described in previous
literature.>> In brief, a fundamental beam of <250 fs laser pulses
centered at 1035 nm with the repetition rate of 2.04 MHz was
generated from a diode-pumped Yb-fiber-amplified laser (ClarkMXR
Impulse). We split the fundamental beam by a 50:50 beam splitter
and sent half of the fundamental beam to a spectral filter to generate
the narrowband picosecond probe beam, where the beam was
dispersed by a transmission grating and then focused to a slit by a
cylindrical lens. We used the rest of the fundamental beam directly as
the pump beam. We used a motorized delay stage (Newport
XMSS500) to change the path length of the pump beam, creating
various time delay between the pump and probe. We collected the
scattered photons in a 90° reflection geometry. We rotated the SERS
substrates at 7200 rpm with a spinning stage throughout the
measurements. We used a 1000 nm short pass filter for anti-Stokes
scattering and a 1064 nm long pass filter for Stokes scattering
measurements. We used a 1024-pixel InGaAs array (Princeton
Instruments PYLON-IR 1.7) with a 600 gr/mm grating blazed at
750 nm (Princeton Instruments, 2300i) for detection.
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