RESEARCH ARTICLE

small

structures

www.small-structures.com

Probing the Dynamics of Plasmon—Molecule Hybrid

Systems via Ultrafast Spectroscopy

Robert Bericat-Vadell and Jacinto Sd*

Plasmon-molecule hybrid systems represent a frontier in photocatalysis,
enabling efficient charge separation and energy conversion through strong
electronic coupling between metallic nanoparticles and molecular components.
Herein, the photophysical dynamics of hybrid systems formed by gold nano-
particles functionalized with aromatic thiol ligands using ultrafast transient
absorption spectroscopy is probed. A solvent-dependent analysis of the phonon—
phonon decay lifetime as a sensitive probe of charge delocalization and
hybridization strength is introduced. The results reveal consistent elongation of
phonon—phonon relaxation times upon ligand attachment, indicating the for-
mation of delocalized hybrid states and providing robust evidence of coherent
plasmon-molecule interactions. Despite solvent-induced complexities that
obscure expected dielectric trends, the persistence of extended lifetimes across

However, its reliance on expensive and rare
noble metals restricts scalability, compli-
cates workflows, and poses challenges
in separating catalysts from reaction
media."”) Heterogenization, a potential
solution,'! often compromises catalytic
performance and suffers from issues like
catalyst leaching. Consequently, innovative
approaches are essential to unlock the full
potential of photoredox catalysis.
Plasmonic materials have emerged as a
compelling alternative, renowned for their
ability to absorb photons beyond their phys-
ical cross section, thereby concentrating
light and generating energetic charge car-

multiple environments underscores the role of strong hybridization in modu-
lating charge dynamics. This work establishes phonon—phonon relaxation as a
valuable fingerprint for hybridization and offers critical insights for designing
tailored plasmonic materials to optimize charge transfer in catalytic and energy

conversion applications.

1. Introduction

Photoredox catalysis utilizes light-activated catalysts, typically
noble metal complexes like iridium and ruthenium, to drive
chemical transformations. Upon absorbing light, these catalysts
generate electrons and holes, which are transferred to a substrate
or cocatalyst, initiating subsequent reactions.’® This method,
while relatively new in organic synthesis, shows immense prom-
ise for developing sustainable and efficient chemical processes.?’
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riers."13) Surface plasmons, collective
oscillations of conduction electrons in
metallic nanostructures, are pivotal to
this phenomenon. They underpin various
applications by creating “hot carriers”
and localized heating effects. When excited
by light, plasmonic metals deviate from
equilibrium Fermi-Dirac distributions,
producing an abundance of energetic carriers.'*'*) These car-
riers drive chemical reactions through diverse pathways, such
as direct redox processes,*®! modifying intermediate,!"”! enhanc-
ing electron transfer at interfaces,'® and altering catalyst
valency."”! Additionally, plasmon-induced localized heating pro-
motes vibrational transitions in reactants,?” accelerating reac-
tions in alignment with classical transition state theory.[*!]

Historically, plasmonic photocatalysis has focused on multie-
lectron activation of small molecules.”*7?%! In contrast, photore-
dox catalysis centers on radical-mediated cascade reactions
governed by single-electron transfer (SET).?”*®! SET processes
involve transferring a single electron from a donor to an acceptor
in one step, often facilitated by photosensitizers and substrates or
catalysts. These reactions operate at moderate temperatures and
depend on single charges, presenting challenges for plasmonic
materials, which typically generate multiple charges and exhibit
ultrafast carrier relaxation.'*?*! Recent advancements, however,
have addressed these limitations through molecular surface
functionalization™® and electrode engineering.*” These strate-
gies have enabled multisite proton-coupled electron transfer,
converting electrocatalytic processes®® into photoelectrocatalytic
systems and expanding the scope of plasmonic materials in pho-
toredox catalyst.

To transform gold plasmonic nanoparticles (NPs) into SET
photocatalysts, their surfaces were functionalized with thiophe-
nols.['® Ultrafast transient spectroscopy was employed to analyze
the plasmon dynamics,?" revealing evidence of charge transfer
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to the ligand." Interestingly, the lack of a distinct spectroscopic
signature for the transferred charge led us to hypothesize that the
plasmonic NP and the molecular modifier form a strongly
hybridized system,?*7#! operating as a unified entity.

A plasmon-molecule hybridized system arises when the inter-
action between a molecule’s electronic excitations and the metal-
lic NP states becomes intense enough to form hybrid energy
states.’>*% These hybrid states result from a coherent exchange
of energy between the plasmonic and molecular components,
surpassing their respective energy dissipation rates. In this
regime, the molecular and plasmonic excitations combine to cre-
ate new states that are neither purely molecular nor purely plas-
monic. This interaction depends on the energetic alignment of
the NP’s plasmon resonance and the molecule’s electronic tran-
sition. Such systems exhibit phenomena like Rabi splitting,**~**!
a hallmark of strong hybridization, and enable significant alter-
ations to the optical, electronic, and chemical properties of the
involved components, offering a pathway to manipulate material
behaviors and responses.*+*°]

Plasmon-molecule hybridized system presents a powerful
opportunity to revolutionize photocatalysis by altering charge
dynamics and enhance chemical reactivity. These systems facili-
tate efficient energy transfer, such as hot carrier generation, and
leverage strong electromagnetic fields to lower activation barriers
and accelerate reaction rates. Their tunable nature, achieved
through NP surface modifications and geometric adjustments,
enables precise control over SET mechanisms crucial for photo-
redox catalysis. However, realizing this potential requires robust
methods to confirm the presence of strong hybridization.

In light of these insights, this work seeks to explore how solvent
interactions and molecular structuring influence the photophysi-
cal behavior of such hybrid systems. By incorporating a systematic
study of phonon decay dynamics and analyzing their sensitivity to
environmental perturbations, we aim to clarify the extent to which
coherent hybridization persists under realistic catalytic conditions.
This approach provides a valuable framework for disentangling
competing mechanisms—such as hot-carrier injection, local heat-
ing, and plasmoelectric potential generation—in the design of effi-
cient plasmon-driven photocatalytic platforms.

Recent studies have further highlighted the complexity and
interplay between coherent light-matter interactions and non-
equilibrium thermal effects in strongly coupled plasmon-—
molecule systems. In particular, hybrid systems that exhibit
Rabi splitting have demonstrated unique pathways for managing
energy dissipation, with coherent hybrid states potentially sup-
pressing nonradiative losses such as Joule heating. This suppres-
sion, in turn, can enhance hot-carrier generation and facilitate
the development of plasmoelectric potential-driven processes.
These effects have been explored in recent reports that show
how strong coupling can be leveraged to balance or even mitigate
thermal gradients while preserving coherence in energy conver-
sion systems.[**~*8]

2. Results and Discussion

The aim of this study is to determine whether hot holes are local-
ized at the molecule in a plasmonic-molecule system. To
enhance the likelihood of hot hole localization, one can either
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extensively cover the gold surface with molecules or implement
an efficient strategy to remove hot electrons, thereby extending
the lifetime of the hot holes.*”) Since the former approach may
adversely affect heat dissipation to the solvent,*” we chose to
remove a significant portion of the hot electrons using a previ-
ously proposed energy filter electrode concept (see Scheme 1 for
energetic diagram).”” Briefly, an energy filter electrode selec-
tively transmits unwanted hot charge carriers while blocking
desirable ones, enhancing carrier lifetime and energy conversion
efficiency.

The energy filter comprises an ultrathin insulating layer (10 nm
of amorphous TiO,) placed between the electron collector and the
plasmonic structure to improve charge separation and extend hot
carrier lifetimes. It features a step-shaped transmission func-
tion,®! selectively collecting carriers with energies above a defined
threshold, which in this case is about 0.5-0.6 €V, i.e., TiO, work
function of 4.4—4.5 eV."?*3 Cyclic voltammetry confirmed that the
TiO, layer is pinhole-free, preventing interactions between the
fluorinated tin oxide (FTO) conductive glass and the solvent
(see Supporting Information (SI), Figure S1). X-ray photoelectron
spectroscopy (XPS) further validated the presence of the TiO,
layer, with a Ti 2ps,, peak at 458.6 eV, characteristic of Ti*" in
the TiO, lattice (see Figure S2, Supporting Information).** The
amorphous nature of the TiO, was confirmed by two key obser-
vations: a full width at half maximum of 1.79 eV for Ti 2p; ,, sig-
nificantly broader than the 1 eV typical for crystalline TiO,,> and
the presence of an additional O 1s peak at 531 eV (see Figure S3,
Supporting Information). This peak, which accounts for ~34% of
the oxygen signal, is attributed to Ti—O bonds in less ordered
structures or oxygen vacancies.*®

Au NPs were fabricated by metal deposition and annealing at
723 K for 30 min, resulting in NPs with a size range of 10-20 nm
with an average size of 15nm, as observed in scanning
electron microscopy (SEM) images (Figure 1). UV-vis analysis
(see Figure S4, Supporting Information) showed a pronounced
peak at 610 nm after annealing, ascribed to the localized surface
plasmon resonances band. Elemental mapping confirmed an Au
atomic abundance of ~0.22%, though this reflects bulk composi-
tion rather than surface distribution due to the technique’s prob-
ing depth. XPS analysis detected the metallic Au state with an Au
4f;/, peak at 83.8 eV (see Figure S5, Supporting Information).”’!

The FTO\TiO,JAu substrate was modified with 4-
methoxythiophenol (4MTP) and 2-naphthalenethiol (2NT) to
establish plasmon-molecule coupled systems. The coordina-
tion of these ligands was confirmed using resonant Raman

E,
hw E[ 1
E¢ 'E
l " hw
S --S o—
FTO
TiO, Au

Scheme 1. lllustration of the energy level diagram for the FTO\TiO,lAu
energy filter with 4MTP ligand highlighting the key interfaces and potential
energy barriers involved in charge transport across the layered structure.
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Figure 1. SEM depicting the Au NPs on FTO\TiO,lAu after the annealing
procedure: A) low magnification and B) high magnification.

spectroscopy with excitation at 633 nm with a 2cm™" spectral
resolution. The bands located at 1598 and 1096 cm™" in the
spectrum of neat 4MTP shift to 1595 and 1079 cm ™", respec-
tively, once added to the FTO\TiO,lAu substrate (Figure 2).
These shifts are consistent with the deprotonation of thiol unit,
resulting in a structural change—specifically, the coordination
of sulfur to gold—as reported in previous studies.*® Similar

1096 4-methoxythiophenol 1598
1079 TiOy | Au-4MTP (x4)
1595
1050 1075 1100 1125 1550 1575 1600 1625 1650

Raman shift (cm-)

Figure 2. Resonant Raman spectra of free 4MTP and attached to FTO
\TiO,lAu (i.e., TiO,lAu-4MTP). The TiO,lAu-4MTP was background cor-
rected by subtracting the Raman spectrum of FTO\TiO,lAu.
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trends were observed with the 2NT ligand (see Figures S6,
Supporting Information), though the loading in this case was sig-
nificantly smaller. It is important to note that in both cases, the
ligand concentration on the surface was intentionally kept low
to minimize molecule-molecule interactions. Figures S7 and
S8, Supporting Information, show Raman spectra collected from
multiple regions across the electrode surface, confirming the uni-
form spatial distribution of the ligand. The consistent spectral fea-
tures observed across different sampling points indicate good
reproducibility and homogeneous surface functionalization.

The interaction between the system components is governed
by the energetic alignment between the NP’s plasmon resonance
and the molecule’s electronic transitions. Traditionally, this align-
ment is evaluated by overlapping the optical absorption spectra of
the respective components. However, as the ligands exhibit absorp-
tion in the UV region—obstructed by the absorption of the FTO/
TiO, substrate—the optical absorption spectra of the ligands in eth-
anol were compared using colloidal Au NPs with an average diam-
eter of ~10-12nm (see Figure S9, Supporting Information). As
anticipated, the colloidal Au spectrum is blueshifted relative to
Au on the electrode (see Figure S4, Supporting Information),
due to the variations in the surrounding medium’s dielectric prop-
erties.®® Nevertheless, the results demonstrate that the optical
absorption of the ligands overlaps with the interband absorption
(54 a6sp) of Au (see Figure S9, Supporting Information),
confirming the necessary characteristics for establishing a plas-
mon-molecule hybridized system.

Scheme 2 depicts the widely accepted photoexcitation and relax-
ation processes that occur in a metal NP upon laser pulse illumi-
nation, along with their characteristic timescales.'***! Optical
transient absorption spectroscopy (TAS) is the most commonly
employed technique for tracking and quantifying the dynamics
of these processes. Typically, experiments are conducted using
ultrashort laser pulses and low fluences to minimize significant
changes in the NP lattice temperature.®” Under these conditions,
the thermal contribution is minimal and is modeled as an infinite
component using Equation $(1).1*** A schematic representation
of the involved processes is provided in Scheme S1, Supporting
Information. Note that some authors omit the term associated
with the nonthermalized population, as electron—electron scatter-
ing occurs too rapidly to be detected in TAS measurements.'*”!

Previously, we demonstrated that the electron-phonon time
constant (z._p,) is highly sensitive to the electron population in
resonance.’!) As a result, it can be used to track charge transfer
from a plasmonic structure to an accepting unit and, in some
cases, even quantify the amount transferred.'**" However, the
main limitation of this approach lies in measurement precision,
as relatively small variations in 7., correspond to significant
charge transfer. For example, when only a small amount of ligand
is used (present case)—even if every molecule was to accept a
hole—the expected change in 7._;, would be minimal or even
negligible, as supported by the fitting results in Table 1.

Here, we hypothesize that the phonon-phonon time constant
(zph—ph), measured under different solvents, may offer a more
robust method for assessing charge delocalization from plas-
monic structures to molecules, thereby probing plasmon-—
molecule strong hybridization. This hypothesis postulates that
small changes in the electron population at resonance lead to

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH
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Scheme 2. lllustration of photoexcitation and relaxation dynamics in a metal NP upon laser pulse illumination, along with the associated characteristic

timescales. Scheme figures were adapted from Brongersma et al.

[23]

Table 1. Summary of decay constants obtained from fitting the kinetic trace at 570 nm using equation S2, following excitation of the sample at 633 nm

with 300 pW.
Te_ph [PS] Toh—ph [PS] At ph = Tﬁ;’i;h - T’:ﬁ,‘,ph [ps]
Ligand (L) Solvent Au Au-L Au Au-L
4AMTP IPA 21+0.1 23+0.1 366.9+8.9 448.1+£129 81.2+129
THF 22+0.1 22+0.1 355.6+8.3 522.1+16.1 166.5 £ 16.1
Dioxane 21+£0.1 22+0.1 382.3+9.7 431.2+£104 48.9+10.4
2NT IPA 1.9+0.1 20+0.1 349.7+£10.2 439.5£18.5 89.8 £18.5
THF 1.8+0.1 1.94+0.1 418.8£13.2 470.4 £14.9 51.6+14.9
Dioxane 1.94+0.1 1.94+0.1 401.9+£13.7 450.2 £14.9 48.3+149

substantial increases in 7,,_p,. Moreover, since 7,y typically
exceeds 10 ps, the solvent reorganization can affect its relaxation
and consequently be modulated by its dielectric.!®®!

To enhance the phonon—phonon contribution to the signal,
experiments should be conducted at higher laser power excita-
tion. Additionally, the fitting equation (see Equation S2) should
be expanded to account for the additional components (see
Scheme S2, Supporting Information). The quality of the fitting
is illustrated in Figure S10, Supporting Information, where the
kinetic trace extracted at 570 nm after excitation of FTO\TiO,lAu
at 633 nm with 300 pW was fitted using Equation S2. It is impor-
tant to note that under these conditions, the assumption of a con-
stant plasmonic lattice temperature is no longer valid. To address
this issue, experiments involving different solvents and surface
modifications were performed in situ, without repositioning the
measurement cell. By consistently analyzing the same sample
spot, this approach minimizes variability from sample heteroge-
neity, enabling direct and reliable comparisons.

To test this study hypothesis, experiments were conducted
using two ligands (4MTP and 2NT) in three different solvents: iso-
propanol (IPA, e =19.92) and tetrahydrofuran (THF, ¢ =7.58) at
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298 K, and 1,4 dioxane (dioxane, & = 2.25) at 293 K.1”! The selec-
tion of these solvents was based on two key criteria: ensuring a
significant change in solvent rearrangement while also maintain-
ing system stability over the extended acquisition time required for
a high signal-to-noise ratio. As a reminder, the same sample spot
was consistently analyzed, allowing direct comparisons between
solvents and role of ligands.

Figure S11 and S12, Supporting Information, illustrate the
ligand’s impact on the TAS spectral shape recorded 500 fs after
plasmon excitation. The observed changes corroborated the pres-
ence of hybridized systems,®® consistent with Raman and opti-
cal absorbance measurements. Note that if the systems did not
exhibit electronic hybridization, the transient response following
plasmon excitation would resemble that of uncapped Au NPs.
Figure 3 and 4 present a comparison of the fitting results for
FTO\TiO,lAu after excitation at 633 nm with 300 pW in different
solvents versus modified samples with 4MTP and 2NT, respec-
tively. The extracted time constants are summarized in Table 1.

The relationship between the TAS data and electron tempera-
ture can be interpreted using the two-temperature model,*”
which describes the simultaneous evolution of electron (T)

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH
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Figure 3. Kinetic trace fitting at 570 nm using Equation S2 after excitation of the sample at 633 nm with 300 pW in different solvents. Panels on the left-
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Figure 4. Kinetic trace fitting at 570 nm using Equation S2 after excitation of the sample at 633 nm with 300 pW in different solvents. Panels on the left-
hand side relate to FTO\TiO,lAu; panels on the right-hand side relate to TiO,lAu-2NT.
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and lattice (T)) temperatures over time through coupled differ-
ential equations (Equation S3). A detailed explanation is provided
in the Supporting Information. However, the average electronic
temperature (Ty + AT., where T, is the ambient temperature
(291 K) and AT, is the pump-induced temperature change of
the electrons) can be estimated from 7., using Equation
$4.7% The FTO\TiO,lAu system, upon excitation at 633 nm with
300 pW in the absence of solvent, exhibited a 7., of 2.3 ps,
corresponding to an average electronic temperature of ~871 K.
Notably, this value is lower than both the theoretically
predicted”*7*! and experimentally determined temperatures.”*
This perceived discrepancy aligns with expectations, as a portion
of the hot electrons are rapidly extracted from gold through the
TiO, energy filter,”” leading to a reduction in the average elec-
tron temperature.®Y) The changes in Teph upon adding the
ligands (Table 1) are not statistically meaningful. This reinforces
the notion that z._;, exhibits low sensitivity when the anticipated
changes are small, which anticipated by the low loading of molec-
ular ligand according to the Raman analysis.

The 7y pn for the FTO\TiO,lAu sample without solvent was
found to be 192 + 5 ps, which is significantly shorter than when
measured in the presence of a solvent (Table 1). Notably, in the
absence of solvent, the fitting quality improves significantly, as
illustrated in Figure S10, Supporting Information. Roberti et al.
investigated ultrafast electron dynamics at the liquid-metal inter-
face and attributed the elongation of 7, i, to the cooling of excited
phonons via phonon—solvent interactions,”® indicating a solvent-
related origin for this effect. However, the addition of the molec-
ular ligand further extends the 7y, p,. Table 1 shows that Az, _yp is
consistently positive, indicating that even small amounts of molec-
ular ligand extend 7, regardless of the ligand type or solvent
used. The noticeable temporal elongation of 7y, is more pro-
nounced with 4MTP than with 2NP, consistent with expectations
based on ligand coverage. These observations suggest that zp,_p, is
indeed sensitive to subtle changes in electron population induced
by charge transfer to a molecular ligand. Consequently, this
parameter can serve as an indicator for strongly hybridized
plasmon—molecule systems.

The extent of the changes, however, does not appear to follow a
clear trend with respect to the solvent dielectric constant. In
strongly correlated systems where electronic interactions play a
dominant role, the dielectric constant of the solvent is generally
expected to influence charge distribution—higher e typically pro-
motes greater charge delocalization onto the molecular compo-
nent”® However, the absence of a clear trend in our data
suggests that solvent reorganization dynamics and thermal dissi-
pation effects may counteract this expected behavior, complicating
the establishment of a simple correlation between dielectric con-
stant and charge delocalization, as inferred from variations in
Tphph across different solvents.””! We also explored potential cor-
relations with additional solvent parameters that influence charge
stabilization and energy dissipation, such as overall solvent polarity
and thermal conductivity. Yet, no consistent or direct relationship
could be identified, further indicating that multiple competing fac-
tors govern the observed dynamics in these hybrid systems.

Hartland’s suggested that the 7,,_p, is a convolution of pho-
non coupling with molecules at the particle interface (solvent and
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ligands) and their subsequent diffusion of toward environment
bulk (solvent molecules).®®) Nevertheless, these effects do not
override the dominant electronic interactions, which explains
the observed increase in 7,,_p, upon the addition of molecular
ligands, which is why the z,_p, can be used as a probe to detect
plasmon-molecule strong hybridization systems.

An inspection of the fittings reveals that the model described
by Equation S2 does not perfectly capture the data in the 20-50 ps
range when a solvent is present. Furthermore, this discrepancy is
solvent-dependent, as the fitting quality is significantly better
with IPA than with THF or dioxane. Given that the overall fitting
with Equation S2 remains reasonable across all tested samples
and aligns with established literature, we opted to retain this
model despite its limitations in this specific time range. We note
that while introducing an additional fitting component can
improve agreement in the 20-50 ps region, especially for solvents
like THF and dioxane, it also introduces solvent-dependent con-
tributions that currently lack a clear physical basis. Since this
addition has only a minor effect on the extracted phonon-
phonon component and does not alter the observed trends, we
chose to preserve the simpler, more physically interpretable model.

Hu and Hartland®® suggested that fitting discrepancies above
10 s ps may stem from changes in solvent’s thermal dissipation
properties due to the ligands, leading them to employ a stretched
exponential function to improve the fit. However, they noted that
this fitting modification might not accurately reflect the underly-
ing physical processes. Given that the ligands concentration in
our study was deliberately kept low, it seems unlikely that the
ligand significantly influences thermal dissipation.

Hodak et al.”® suggested that the signal might be related to
the thermally induced dissociation of adsorbed molecules. While
this possibility cannot be completely ruled out, the fact that the
signal was also observed on samples with bare supported gold
NPs, combined with the low to negligible adsorption of the cho-
sen solvent on gold due to its d'® configuration,”® makes this
explanation unlikely to account for the observed signal.

The same authors proposed an alternative explanation, sug-
gesting that the signal could be attributed to a change in the
dielectric constant of the surrounding medium due to heat trans-
fer from the particles.”® While this is a reasonable hypothesis,
we would expect to observe a stronger correlation with the sol-
vent’s dielectric constant, which is not apparent in our data.
That said, we acknowledge that our measurements were con-
ducted in only three solvents, which may not be sufficient to draw
a definitive conclusion.

The fitting discrepancies, which are more pronounced in the
20-50 ps range, were observed only when measurements were
performed in a solvent and became slightly more noticeable
in the presence of ligands. This suggests that some degree of
electronic coupling occurs between gold and the solvent, and
after some time, charge is transferred back to the gold, thereby
modifying the extent of charge coupling to the phonons. This
additional charge influences the electronic temperature, leading
to deviations in the thermal decay. Since our zy,_p, analysis con-
firmed that charge becomes localized at the linker following gold
excitation, it is reasonable to expect this effect to be more pro-
nounced in the presence of ligands due to additional back elec-
tron transfer. Notably, incorporating an additional component
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into the fitting to account for this process did improve the fit.
However, it also significantly increased the complexity and sta-
bility of the fitting formula. Therefore, we opted against it and
instead drew our conclusions regarding charge transfer to the
ligand based on the existing model.

As an analogy, consider the cooling of a body. According to
Newton’s law of cooling, the rate at which an object loses heat
is proportional to the temperature difference between the object
and its surroundings. This is described by the equation
T(t) = Timeo + (To — Timoo ) X, B where Ty is the temperature
att=0s, T\, is the equilibrium temperature at long times, and
kis a fitting parameter. For gold in air, the cooling follows a sim-
ple exponential decay. However, in ligand-modified systems in a
solvent, the decay is disrupted by charge back-transfer processes,
which alter the electronic temperature and lead to deviations
from the expected exponential behavior. This discrepancy pro-
vides further evidence of plasmonic—molecule hybridization
and underscores why a simple model cannot fully capture the
trends as a function of solvent dielectric.

3. Conclusion

This study demonstrates that ultrafast transient absorption spec-
troscopy, when coupled with a solvent-dependent analysis of
phonon—phonon relaxation dynamics, provides a powerful
framework for identifying and characterizing plasmon—molecule
hybridization. The consistent elongation of the phonon—phonon
decay lifetime upon ligand functionalization, independent of sol-
vent dielectric trends, offers compelling evidence of charge delo-
calization and strong electronic coupling between gold NPs and
molecular ligands. This hybrid behavior fundamentally alters the
energy relaxation pathways, confirming that the plasmonic and
molecular components operate as a unified, coherent system. By
validating this approach as a diagnostic tool for hybridization, we
lay the groundwork for rationally engineering plasmonic materials
with tailored interfacial interactions to enhance single-electron
transfer processes critical for photoredox catalysis. Future work
should explore broader classes of ligands and solvent environ-
ments to unravel the competing roles of solvation dynamics, inter-
facial charge transfer, and thermal dissipation, ultimately guiding
the design of next-generation plasmonic catalysts with improved
efficiency and selectivity.

4. Experimental Section

Fabrication of the Energy-Filter Electrode with Au NPs: NSG-Pilkington
produced FTO glass coated with a 10 nm layer of amorphous TiO,, which
has a conduction band edge of 4.4 eV,**** was used as substrate. To pre-
pare the gold NPs on the TiO,-coated glass, the substrates were first cleaned
by sonicating them in an isopropanol bath for 30 min. Subsequently, they
were cleaned again by sonicating them in a 2% Helmax solution in water for
another 30 min. This was followed by thorough rinsing with deionized water
and drying with N, gas to eliminate any contaminants. Subsequently, the
films underwent a 15 min ozone cleaning process to remove organic impu-
rities from the surface. The cleaned substrates were then placed directly in
the evaporator chamber (physical vapor deposition/LEICA Instruments) for
the deposition of a 2 nm gold layer. The gold-coated films were annealed at
723 K for 30 min in a muffle furnace. Once cooled to ambient temperature,
the films were ready for use in further studies.
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Characterization of Films: UV-vis Measurements: The UV-vis spectra
were collected using a Cary 5000 UV-vis—NIR spectrophotometer.

SEM Measurements: SEM was performed using a Zeiss Merlin micro-
scope (Myfab, Angstrém Laboratory). The acceleration voltage was 5 or
10kV, and the working distance was between 5 and 7 mm.

XPS Measurements: The XPS measurements were recorded using Al
Ka (1487 eV) radiation and a Quantera Il spectrometer from Physical
Electronics (Myfab, Angstrém Laboratory). The data were fitted using
the doublet separation provided by the NIST XPS database.®'! The
charging was corrected using the advantageous C 1s peak, set to
284.6eV.

Resonant Raman Spectroscopy Measurements: Resonant Raman measure-
ments were carried out using a Renishaw inVia InSpect confocal Raman
microscope. The system was equipped with a 633 nm laser as the excitation
source, providing resonant enhancement with Au localized surface plasmon
band. The laser power was set to 10% of its maximum output, correspond-
ing to ~5 W at the sample, to avoid thermal damage or unwanted photo-
bleaching effects. For data acquisition, a 20x objective lens was employed to
focus the laser on the sample and to collect the scattered light with high
spatial resolution. The Raman spectra were collected with an exposure time
of 1's per acquisition, and the measurements were averaged over 128 scans
to improve the signal-to-noise ratio. All experiments were conducted under
ambient conditions, and calibration of the spectrometer was performed
using a silicon reference sample before the measurements.

Ultrafast Spectroscopy: TAS: A 40 fs pulsed laser with a 3 kHz repetition
rate was produced using the Libra Ultrafast Amplifier System (Coherent).
The excitation beam was generated with a TOPAS-prime optical paramet-
ric oscillator (Light Conversion). Signal detection was carried out using a
UV-NIR detector coupled with a Newport MS260i spectrograph equipped
with interchangeable gratings. The fundamental laser with a 795 nm was
directed through a delay stage (step size: 1-2 fs) and focused into a CaF,
optical window, where visible light spanning 400 to 750 nm was generated.
The system’s instrument response function was measured to be ~95 fs.

A photoelectrochemical spectroscopy cell was positioned within the
sample holder with the working electrode (the sample) oriented toward
the laser source.®? The pump and probe beams are aligned to overlap
on the internal surface of the electrode, and the time zero is subsequently
determined.

Once placed, the cell is not moved for the rest of the experiment to
ensure that all measurements are taken at the same spot of the electrode.
The intention with this is to avoid any discrepancy due to inhomogeneities
in the film. For each measurement, the old solvent from the previous mea-
surement is removed and the cell is rinsed thoroughly at least three times
with the new solvent. Once this is done, the new solvent is introduced
inside the cell and the measurement starts. To sensitize the sample with
either 4MTP or 2NT, a highly concentrated solution of the corresponding
ligand in ethanol is placed inside the cell for at least 20 min. After this, the
solution is removed and the cell is rinsed again for at least three times with
the solvent to be measured. In the case of the experiments with 4MTP, the
sequence of solvents used was:

THF-IPA-Dioxane—4MTP Sensitization—Dioxane—IPA-THF
For the 2NT experiments, the sequence was:
IPA-THF-Dioxane—2NT Sensitization—Dioxane-THF—IPA

Throughout the measurements, it is possible to observe how the inten-
sity of the plasmonic bleach becomes gradually (although not substan-
tially) weaker, which is related to sample degradation in the region
exposed to the pump irradiation.

To ensure that solvent-induced ligand desorption did not influence the
results, we remeasured the transient absorption signal in dioxane at the
end of each solvent sequence. The preservation of the original dynamics
confirmed that the ligand shell remained intact throughout the measure-
ments. Furthermore, all experiments were performed in triplicate to
ensure reproducibility and statistical reliability. These controls validate that
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the observed variations in dynamics arise from genuine solvent effects
rather than sample degradation.

The solvents were selected to ensure significant variation in key physi-
cochemical parameters, including dielectric constant, polarity, and ther-
mal conductivity, while also maintaining sample stability throughout a
full measurement cycle. In addition to the solvents reported in this study,
we initially tested other candidates such as water, hexane, ethanol, and
DMF. However, these were excluded from the final analysis due to their
detrimental effects on sample integrity and stability under experimental
conditions.

To preserve efficient thermal coupling between the Au NPs and the
surrounding solvent—an essential factor for accurate interpretation of
hot carrier dynamics—we intentionally maintained a very low surface con-
centration of ligands. This design choice minimizes the disruption of inter-
facial thermal transport, which can be significantly affected by dense
organic layers. To ensure minimal surface modification, the films were
exposed to the ligand solution for the shortest duration necessary to yield
detectable changes in Raman spectra and transient absorption
measurements.

Quantitative assessment of the ligand coverage was challenging due to
the intentionally low surface density. However, preliminary control experi-
ments involving selective surface poisoning with NaBr, allowing us to esti-
mate the residual uncoated Au surface based on the Br/Au ratio. These
results suggest that the ligand coverage is below 3% of the exposed
Au surface, consistent with our goal of minimizing perturbation to thermal
dissipation. These findings support the rationale behind our functionali-
zation strategy and underscore the delicate balance required to preserve
the physical mechanisms under investigation.

The pump power was measured using a Coherent LM-2 Vis semicon-
ductor power sensor, ensuring that the standard deviation of the mea-
sured power remained at least below 6%. The measurements were
conducted at a pump intensity of 300 pW, with the pump beam diameter
at the sample ~210 pm. To reduce noise, a minimum of eight scans were
performed for each measurement, and the results were averaged.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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