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Abstract

Energy conversion dynamics are critical for advancing next-generation photovoltaics, op-
toelectronics, and light-harvesting technologies. Noble metal plasmonic nanoparticles play
a pivotal role as nanoscale electromagnetic confinement structures, driving photon-induced

chemical reactions. In this study, we explore the effects of [Ru(bpy)s|*" functionalization


emily_sprague-klein@brown.edu

and aggregation on citrate-capped gold nanoparticles (AuNPs) of 40 nm and 100 nm di-
ameters, focusing on molecule-plasmon interactions and its influence on electronic and en-
ergy dissipation properties. X-ray absorption near-edge spectroscopy (XANES) reveals that
[Ru(bpy)s]*" functionalization induces controlled aggregation without altering the oxidation
state of gold. A more pronounced white-line intensity is observed in 40 nm AuNPs, consistent
with greater s—p—d hybridization and a higher density of surface states, likely influenced by
both nanoparticle size and aggregation. Transient absorption (TA) spectroscopy highlights
faster electron-phonon relaxation dynamics in aggregated 40 nm nanoparticles which is at-
tributed to increased electron delocalization and more efficient coupling to the phonon bath.
In contrast, 100 nm nanoparticles exhibit minimal changes due a lower degree of aggregation.
Interestingly, we observe that enhanced electron—phonon coupling in aggregated nanoparti-
cles coincides with a slowing of electron—electron scattering. These observations suggests a
competitive interplay between the two relaxation pathways - where enhanced energy transfer
to the lattice in aggregated systems can suppress electronic thermalization. These findings
underscore the critical role of nanoparticle size, aggregation, and molecule-surface inter-
actions in modulating plasmonic dynamics and excited-state lifetimes and further provide
valuable insights for designing tailored plasmonic systems with transformative potential for

sensing, catalysis, and energy conversion.

Introduction

The tailoring of nanomaterials for applications in optoelectronics®?, sensors®*, and light-
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energy conversion®® represents one of the most dynamic areas of research in recent decades. ™
Noble metal nanoparticles, such as gold and silver, exhibit unique optical and electronic prop-
erties arising from their localized surface plasmon resonances (LSPRs), which are collective

oscillation of conduction band electrons driven by incident light.!°!* These resonances en-

able the confinement of light at the nanoscale level, enhancing optical phenomena such as



Raman scattering and fluorescence, and also enable efficient energy transfer processes. !4 16

The spectral characteristics of LSPR, including its intensity, position, and width, are strongly
influenced by nanoparticle size, shape, surface chemistry, and aggregation state.'”2° This
tunability facilitates the design of systems with tailored properties for advanced techno-
logical applications.?? 23 The potential to exploit these properties for chemical selectivity,
catalytic efficiency, and biological sensing has spurred extensive efforts to understand and
control nanoparticle morphology.®?*2¢ However, many challenges remain in designing and
characterizing plasmonic systems that achieve optimal coupling between nanoparticles and
surface-bound molecules especially under conditions that promote aggregation.
Functionalizing metal nanoparticles with fluorophores or chromophores has emerged as a
key strategy for developing biological sensors and optoelectronic devices.?” 3 Among these,
tris(bipyridine)-ruthenium(IT) ([Ru(bpy)s]*") complexes are particularly promising due to
their remarkable photophysical properties, including strong visible light absorption, long
lived excited states, and efficient metal-to-ligand charge transfer (MLCT).?!"3* These com-
plexes have been widely studied for their roles in solar energy conversion, photocatalysis,
and photodynamic therapy.?*3” While the intrinsic kinetics of these complexes are well-
characterized, their integration with plasmonic nanoparticles introduces a unique interplay
between molecular photophysics and nanoparticle-based plasmonics. 3%3% 4! Research reports
that the binding of [Ru(bpy)s|*" to the metal surface results in quenching of its triplet excited
state which has been attributed to energy or electron transfer processes. However, the influ-
ence of [Ru(bpy)s]*T extends beyond direct energy or electron transfer processes. In particu-
lar, its adsorption on metal nanoparticles can induce controlled aggregation, thereby altering
the electromagnetic and electronic environment of the nanoparticles. This aggregation-driven
restructuring has implications for light-matter interactions and can significantly influence
the dynamics of hot-carrier relaxation. Furthermore, elucidating charge transfer and energy
transfer dynamics in such hybrid systems, particularly under conditions of aggregation is

crucial for application of these hybrid systems in light harvesting and photocatalysis. 433



The aggregation of gold nanoparticles introduces an additional degree of freedom that
strongly modulates their optical response.***> When nanoparticles form aggregates, the re-
sulting nanogap-induced “hotspots” dramatically enhance electromagnetic fields, creating
highly active plasmonic platforms.“*® These hotspots facilitate ultrasensitive detection and
significantly enhance photochemical reactions. >*® Additionally, aggregation alters the collec-
tive electronic properties of the nanoparticle ensemble, changing the way energy is dissipated
following photoexcitation.*” Studies have shown that uncontrolled aggregation or instabil-
ity of these hotspots can severely limit applications in catalysis and light harvesting.’ In
our previous publication, we have demonstrated controlled aggregation of Au nanospheres
through adsorption of precise concentration of [Ru(bpy)s|*™ on the gold surface, which im-
pacted the ground state properties of the plasmon band that enable changes to electronic
properties of adsorbate molecules on the surfaces of gold nanoparticles with speeding up or
slowing down of plasmon-molecule dynamics due to highly localized fields.®® In the current
study, we use the same procedure to facilitate aggregation of Au nanospheres and investigate
the excited-state dynamics of these hybrid aggregates. X-ray absorption near-edge structure
(XANES) spectroscopy and transient absorption (TA) spectroscopy are employed to probe
the structural and ultrafast electronic changes induced by [Ru(bpy)s]** functionalization of
40 nm and 100 nm AuNPs.

X-ray techniques have often been employed to characterize nanoparticles.?*? XANES is
highly sensitive to changes in the d-orbital configuration of Au atoms, and several studies
have utilized the Au L3 edge to study surface and size effects in systems such as gold nano
clusters, colloidal gold, and gold nano wires, etc.®*°® XANES can provide critical insight
into changes in the electron distribution upon functionalization with the [Ru(bpy)s|*" com-
plex and subsequent aggregation.®” Ultrafast spectroscopy, particularly TA spectroscopy, has
proven to be a powerful tool for probing electron dynamics in metal nanoparticles enabling
real-time monitoring of plasmon bleaching, energy dissipation, and relaxation pathways. %

Understanding these mechanisms is crucial for creating systems with enhanced and tunable



properties for advancing plasmon-mediated chemistry in light-harvesting applications. Sem-
inal work by El-Sayed and group have provided foundational insights into relaxation dy-

namics in gold nanoparticles, 19:47:59,61-64

They report that after excitation with an ultrafast
pulse, the electrons thermalize via electron-electron (e-e) interaction. The "hot" electrons
then equilibrate with the surrounding lattice via electron-phonon (e-ph) coupling. While
these relaxation dynamics in gold nanoparticles have been well-studied by different groups,
aggregation induced effects on these relaxation processes, especially in the presence of func-
tional ligands like |[Ru(bpy)s]** remains underexplored.®%°67 Moreover, these relaxation
steps—often treated as sequential and independent—may in fact be strongly coupled under
certain structural conditions, such as aggregation. This interplay between e-e scattering and
e—ph coupling during the thermalization of hot carriers in aggregated systems has received
limited attention. Understanding how aggregation affects the balance between these two
pathways is essential for developing rational strategies to modulate energy dissipation in
plasmonic materials.

This study addresses these issues by examining the structural and electronic effects of
[Ru(bpy)s]*" functionalization on citrate-capped AuNPs of 40 nm and 100 nm diameters, fo-
cusing on the effects of aggregation on the hot-carrier relaxation process. Using XANES, we
demonstrate that [Ru(bpy)s|*" binding induces aggregation without altering the oxidation
state of gold. Aggregation effects are more pronounced in 40 nm nanoparticles, as evidenced
by enhanced XANES signals and UV-Vis spectra. Transient absorption spectroscopy reveals
faster electron-phonon relaxation in aggregated 40 nm AuNPs compared to isolated ones
on account of larger phonon bath in the former. We also observe a concurrent suppres-
sion of e—e scattering—indicating a non-sequential, competitive interaction between these
two processes. In contrast isolated and aggregated 100 nm nanoparticles exhibit minimal
change in dynamics due to weaker aggregation.®® Control experiments using salt-induced
aggregation in the absence of [Ru(bpy)s]*" confirm that aggregation, rather than specific

chromophore-metal interactions, primarily governs the observed relaxation behavior. While



previous studies have explored the influence of aggregation on e—ph scattering rates, the
simultaneous analysis of both e-ph and e—e relaxation dynamics through quantitative fit-
ting of transient absorption data remains largely unexplored. This dual analysis provides
a more complete picture of hot-carrier relaxation pathways and represents a unique contri-
bution of the present work. Additionally, when comparing the 40 nm and 100 nm AuNPs,
we observe relaxation dynamics governed by distinct size-dependent mechanisms. In 40 nm
particles, stronger aggregation enhances interparticle coupling and increases the effective
phonon bath volume, promoting more efficient energy transfer to the lattice. In contrast,
100 nm particles exhibit increased radiative and surface scattering, which reduces the extent
of electronic heating and results in more subtle changes to relaxation behavior. By under-
standing and leveraging the coupled dynamics of e-e and e—ph scattering, this study offers a
new framework for engineering nanoscale materials. These findings highlight the critical role
of aggregation and functionalization in modulating plasmonic dynamics, providing insights

for designing tailored plasmonic systems for sensing, catalysis, and energy conversion.

Methods

Sample Preparation and UV-Vis

Citrate-capped gold nanoparticles (AuNPs) with diameters of 40 nm and 100 nm were ob-
tained from nanoComposix. Prior to sample preparation, the nanoparticles were sonicated
at 25°C to ensure uniform dispersion, maintaining consistent room temperature conditions
during preparation and transportation. Tris(bipyridine)-ruthenium(II) (Sigma Aldrich)
molecules were added to the AuNP solution and vortexed to facilitate adsorption onto the
surface of the AuNPs. [Ru(bpy)s|*" solutions with concentrations of 2 M and 10 uM were
used for the 40 nm and 100 nm AuNPs, respectively, to achieve the desired oligomerization
as demonstrated in our previous publication.®®. This was followed by capping with 200 uL of

polyvinylpyrrolidone (PVP) to prevent uncontrolled oligomerization. The prepared samples



were stored at ambient temperature in sealed, dark containers. For beamline analysis, the
samples were transported to Brookhaven National Laboratory via ground transport. Five,
10 pLL aliquots of the samples were sequentially drop-cast onto Norcada chips, with each layer
allowed to dry for 15 minutes before the next addition. The prepared sample chips were then
adhesively attached to standard aluminum mounting pins and loaded onto the sample stage
for further analysis. For TA analysis, the prepared sample solution was placed in a 0.2 cm
cuvette under nitrogen atmosphere. Specifically, we analyze four different samples in the
current study - bare 40 nm AuNP (no [Ru(bpy)s|*"), 40 nm AuNP + |[Ru(bpy)s]**, bare
100 nm AuNP, and 100 nm AuNP + [Ru(bpy)s]*".

A spectrophotometer in a double beam configuration (Cary 60, Agilent Technologies)
was used to characterize the ground state absorption properties of the nanoparticle com-
plexes dispersed in aqueous solution. Samples were purged with nitrogen in a 0.2 cm quartz
cuvette, then sealed prior to measurements. The ground state absorption spectrum was
monitored both before and after transient absorption to ensure particle melting or adsorbate
molecule degradation was not occurring (Figure S1). All scans were solvent and baseline/zero

corrected and a scanning range of 190 - 1100 nm was used.

XANES Experimental Setup

Data collection was performed at the 3-ID Hard X-ray Nanoprobe (HXN) beamline at the
National Synchrotron Light Source-IT (NSLS-II) facility, located at the Brookhaven National
Laboratory. The detailed experimental setup has been described elsewhere.®® Briefly, XRF
data was collected using a nano-focused beam from a Freznel zone plate with an outer zone
of 30 nm. A silicon drift detector positioned at 90° to the sample was used to collect the XRF
spectrum while raster scanning the sample. Samples were kept under helium gas at a pressure
of 250 mm Hg to maintain thermal stability and to reduce air scattering. Throughout the
experiments, a photon flux exceeding 10° photons per second was maintained. A step size

of 30 nm and an exposure time of 0.03 seconds per step were used for data acquisition.



Transient Absorption Experimental Setup

A Solstice Ace one-box regenerative amplifier was seeded by the output of a Spectra-Physics
MaiTai Ti:Sapphire oscillator, which was pumped by a higher-energy Q-switched Ascend
high-power laser. The regenerative amplifier output consisted of 800 nm pulses with a
duration of 60 fs, a spectral full-width at half-maximum (FWHM) of 10-15 nm, repetition
rate of bkHz, and an average power of 7.5 W. A beam splitter was used to divide the
amplifier output, directing 6.5 W into the TA setup of which 6 W was used to pump an
optical parametric amplifier (TOPAS, Light Conversion) to generate the pump pulse at
454 nm. The remaining 0.5 W, after attenuation using ND filter, was used to generate
the probe pulse via supercontinuum generation in a sapphire crystal. A four-pass delay
stage in the probe line provided a temporal delay window of -5 ps to 200 ps. Parabolic
mirrors were used to collimate and focus the white light probe into the sample, preventing
dispersion of the broadband probe. An optical chopper in the pump line, operating at 2.5
kHz blocks every other pump pulse to enable shot-to-shot pump-ON vs pump-OFF data
acquisition for active background subtraction. The pump was focused into the sample with
an energy of 23 nJ per pulse and overlapped with the probe in the sample. After passing
through the sample, the pump beam was dumped, while the probe beam was recorded using
a line scan complementary metal-oxide semiconductor (CMOS) camera, which employed
reference channel detection to correct for minor shot-to-shot fluctuations in pump power. The
sample was continuously rastered to avoid accumulation of photoproducts in the pump-probe
overlap region. The measurements were made at 54.7° (magic angle) relative polarization of
pump and probe beams, which helps eliminate contributions from molecular reorientation or
rotational diffusion. This ensures that the observed signal reflects only the intrinsic electronic
or vibrational relaxation processes of the system. The instrument response function at 454
nm pump was determined to be 85 fs (Figure S2) using Perylene/cyclohexane solution. Each
time delay was averaged for 3 s (15000 shots) and 4-5 individual TA scans were averaged

depending on the signal strength to produce the average 2D TA data.



Data Acquisition and Processing

XANES data acquisition was performed using Bluesky user interface, a Python-based library
developed at the NSLS-II facility.% Data visualization and analysis were carried out using
XMIDAS, a specialized software program developed by the BNL staff, tailored for X-ray
spectromicroscopy applications. XANES spectra were normalized to the intensity of the last
data point in the energy spectrum. TA data acquisition was performed using Helios soft-
ware provided by Ultrafast Systems. Each individual data set was pump scatter corrected,
background subtracted, time zero corrected, and chirp corrected using Surface Xplorer (Ul-
trafast Systems) software. The data was was further analyzed to obtain transient spectra
and kinetic data using Kimopack software.”™ The transient kinetic traces were globally fit
using the Global Fit package in IGOR Pro. A custom function based on the kinetic model
derived by the Sun group was implemented to simultaneously extract the electron—electron
and electron—phonon relaxation times (see text for details on the model).%” The model func-
tion was convolved with a Gaussian instrument response function to account for the finite

temporal resolution of the experimental setup.

Results and Discussion

Structural and Electronic Modifications in Gold Nanoparticles In-

duced by [Ru(bpy);]*" Binding

Before delving into the detailed X-ray analysis, it is important to understand the structure
and physical characteristics of the sample, as the gold L3 edge is sensitive to bonding, the
surrounding environment, and aggregation.®™ According to the literature, citrate-capped
gold nanoparticles are surrounded by a citrate bi-layer approximately 10 nm thick, with free
carboxylate groups extending outward.”™ These free carboxylate groups impart a negative

charge to the gold nanospheres, stabilizing the gold solution through mutual electrostatic re-



pulsion. In the present study, the introduction of positively charged [Ru(bpy)s]*T complexes
neutralizes the negative surface charge on the gold nanoparticles, promoting their aggrega-
tion. Multiple |[Ru(bpy)s]*T molecules are adsorbed onto the citrate bi-layer surrounding

the AuNS. Our previous study estimated the adsorption density to be approximately 960

2

molecules per nm? and 475 molecules per nm? for 40 nm and 100 nm gold nanosphere

(AuNS), respectively where transmission electron microscopy (TEM) showed different ag-

gregation states of the 40 nm and 100 nm metal-oligomers. 5
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Figure 1: (A)-(D) Au L3-XANES spectra for bare 40 nm AuNS (yellow), bare 100 nm
AuNS (green), 40 nm AuNS + [Ru(bpy)s)*"T (purple), and 100 nm AuNS + [Ru(bpy)s]*"
(red). Lines a, b, and ¢ correspond to peaks at 11.922 keV, 11.930 kev, and 11.945 keV,
respectively.

Figure 1 presents the background-corrected and normalized XANES spectra obtained
for the four AuNS samples described earlier. As shown in Figure 1A, the XANES spectra
for the bare (unfunctionalized) 40 nm AuNS (yellow) and 100 nm AuNS (green) exhibit
three distinct peaks at 11.922 keV, 11.930 keV, and 11.945 keV, labeled as a, b, and c,
respectively. These observed peaks align with previously reported data for neutral gold
species and are characteristic of transition metals with face-centered-cubic (fcc) structure. ™

Notably, no pre-edge features were observed, further confirming the absence of charged Au
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species, as pre-edge features typically arise from core electron excitations into unoccupied
orbitals.?®™ Peak a, located at 11.922 keV and often referred to as the "white-line" peak,
is commonly observed for transition metal elements.” This peak corresponds to the 2p;/,
— bds/9 electronic transition, and its intensity reflects the number of 5d electron, thus
indicating the oxidation state of the metal.”™ A pronounced white-line peak is generally
indicative of a higher oxidation state. Bulk gold, with fully occupied d-orbitals, does not
typically exhibit a white-line peak because the 2ps/; — 5ds/, transition is not feasible.
However, the weak white-line peak (a) observed in Figure 1 suggests a slightly oxidized state
compared to bulk gold. This phenomenon can be attributed to a s-p-d type of hybridization.
Specifically, hybridization between the 5d and 6s orbitals, resulting in the distribution of
valence electrons into a electronic configuration of the type 5d'°~%6s'+°, which enables the
2p — bd transition.’>™ Peak b, located at 11.930 keV, is relatively weak but has been
consistently reported for bulk gold, gold nanowires and colloidal gold samples.®*. Peak c, at
11.945 keV, is characteristic of bulk gold and provides insight into the local atomic structure
surrounding the absorbing gold nanoparticle. Specifically, the intensity of peak ¢ correlates
with the number of neighboring atoms and general size of the metal nanostructure. A higher
peak c intensity indicates an increased number of neighboring atoms, reflecting the structural
arrangement. Previous X-ray studies on colloidal gold stabilized with sulfonated phosphine,
with a particle diameter of 18 nm, reported structural and electronic properties similar to
bulk gold.?* Therefore, it is expected that the gold nanospheres in this study, with diameters
40 and 100 nm, will also exhibit behavior comparable to that of bulk gold given the spatial
instrument resolution of the x-ray and optical setups which does not allow one to probe
surface interactions alone.

Figure 1A displays similar spectral features for the 40 nm and 100 nm AuNS; however, the
intensities of peak a and peak b are noticeably higher for 40 nm AuNS compared to 100 nm
bare nanoparticles. As discussed earlier, the weak white-line peak observed in bulk gold arises

from s-p-d hybridization, which redistributes a small amount of 5d-character electrons into
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the 6s-orbital, giving the metal center an "apparent" oxidation state higher than it actually
is.™ The slightly greater intensity of peaks a and b for the 40 nm particles can therefore
be attributed either to more efficient s-p-d hybridization in the 40 nm AuNS compared
to the 100 nm AuNS or to a potential charge transfer between the nanoparticle and the
adsorbed molecules.®® The electron-rich citrate layer on the gold surface, as demonstrated
in prior studies, is not capable of oxidizing the gold nanoparticles.” Thus, the observed
increase in intensity must primarily originate from more effective s-p-d hybridization in the
40 nm particles. This observation is inconsistent with prior observations, which suggest that
hybridization efficiency decreases with nanoparticle size due to the reduction in the density
of electronic states near Fermi level. ™" However, such size-dependent effects are typically
observed only for nanoclusters or nanoparticles smaller than 5 nm. Since both the 40 nm
and 100 nm samples exhibit bulk-like character, as noted earlier, these effects are unlikely
to play a significant role.”" Consequently, the increased intensity of peak a in the 40 nm
AuNS relative to the 100 nm AuNS must arise primarily from the higher surface-to-volume
ratio in the smaller nanoparticles. A moderate increase in the intensity of peak ¢ is also
observed for the 40 nm nanospheres compared to the 100 nm nanospheres; however, this
enhancement is much less pronounced than that of peaks a and b (Figure 2, pink trace).
This suggests minimal differences in the local atomic structure surrounding the 40 nm and
100 nm AuNS. Furthermore, no significant shift in the Au L3 edge was observed between the
two nanoparticle sizes.

As shown in Figure 1C and 1D, no significant shift is observed in the Au L3 edge or
the white-line peak (a) after functionalization with [Ru(bpy)s]** for both 40 nm and 100
nm AuNSs. A red or blue shift in the white-line peak energy would indicate a decrease or
increase, respectively, in the oxidation state of the metal center. The absence of such a shift
confirms that the oxidation state of gold remains unchanged before and after functionaliza-
tion with [Ru(bpy)s]*T complex. However, an increase in the overall XANES signal intensity

is evident for both the 40 nm (Figures 2, green trace) and 100 nm (Figures 2, orange trace)
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Figure 2: Difference between the XANES signals for bare and [Ru(bpy)s]*" functionalized
40 nm and 100 nm Au nanospheres highlights the key difference between the spectra. Lines
a, b, and ¢ correspond to the difference XANES signal at 11.922 keV, 11.930 keV, and 11.945
keV respectively.

samples following [Ru(bpy)s|*" binding. This increase can be attributed to possible charge
transfer from the AuNS to [Ru(bpy)s]** complex, supported by a small shift in MLCT
band of the fluorophore upon attachment to the AuNS, as demonstrated in previous stud-
ies.”. Furthermore, the observed increase in XANES signal intensity upon [Ru(bpy)s|*"
functionalization is more pronounced for the 40 nm AuNS compared to the 100 nm AuNS.
As discussed earlier, 40 nm AuNS adsorb a greater number of [Ru(bpy)s|** complexes per
nm? than 100 nm AuNS. Consequently, the stronger charge transfer effects in the 40 nm
AuNS result in a more intense XANES signal. Additionally, it has been shown that when
smaller gold nanoparticles aggregate, there is an increase in the density of states (DOS) near

1.7, This increase in DOS enhances the efficiency of s-p-d hybridization in

the Fermi leve
gold, thereby amplifying the intensity of the white-light peak.” Thus, the aggregation of
AuNS upon [Ru(bpy)s|*" attachment likely contributes to the observed enhancement in the
XANES signal (Figure 1C and 1D). Previous studies have also shown that the 100 nm AuNSs

exhibit less extensive aggregation compared to the 40 nm AuNSs.? This observation further

supports the smaller enhancement in XANES signal intensity for the 100 nm nanospheres
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relative to the 40 nm nanospheres upon functionalization.

Peak ¢ for the 100 nm sample exhibits a much smaller intensity increase compared to
peaks a and b, as evident from the difference signal (Figure 2: orange trace) . Since the
intensity of peak ¢ corresponds to the number of neighboring atoms surrounding the ab-
sorbing atom, a smaller enhancement in peak ¢ intensity suggests fewer neighboring atoms,
indicative of reduced aggregation in the 100 nm sample.”™ Consistent with this observa-
tion, the XANES signal for the 40 nm + [Ru(bpy)s|*" sample is more intense than that for
the 100 nm + [Ru(bpy)s|*" sample (see Figure 1B and Figure 2: purple trace). Moreover,
the enhancement factor remains consistent across the entire XANES spectrum and is larger
than the enhancement factor observed for the bare nanoparticles (Figure 2, pink trace).
This increased enhancement can be attributed to the combined effects of charge transfer
and aggregation, which are absent in the bare nanoparticles. These findings further support
the conclusion from our previous study that 40 nm nanospheres exhibit better aggregation
compared to 100 nm nanospheres. A closer examination of Figures 1C and 1D reveals a high-
energy shift in peak ¢ for both the 40 nm and 100 nm nanosphere upon functionalization
with [Ru(bpy)s]**. Consistent with previous XANES studies and corroborated by EXAFS
(Extended X-Ray Absorption Fine Structure) for both gold and copper clusters, this shift
indicates a decrease in the Au-Au (or Cu-Cu) distance.”> ™™ Although these earlier studies
were conducted on gold nanoclusters, significantly smaller than the gold nanoparticles in the
current study, the observed shifts can be rationalized in light of these findings. When two
or more nanoparticles aggregate, the constituent atoms of the individual nanoparticles come
close together, resulting in a reduction of the Au-Au distance and leading to a blue shift in

peak c.
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Size and Aggregation Effects on Plasmon Dynamics in Gold Nanopar-

ticles

A clear understanding of the intrinsic excitation and relaxation behavior of citrate-stabilized
Au nanospheres is crucial before disentangling the additional effects introduced by [Ru(bpy)s]*™
binding and subsequent aggregation. Figure 3 illustrates the evolution of the TA signal fol-
lowing the excitation of bare 40 nm AuNS with 454 nm pump. The most prominent feature
is the ground-state bleach (GSB), also referred to as plasmon bleach, observed at 524 nm
immediately after excitation. The GSB signal grows on the timescale of approximately 600
fs (Figure 3: Inset) and then recovers to a nearly constant value around 6 ps after the exci-
tation pulse. Additionally, transient plasmon absorption (TPA) signals emerge on both the
high-energy and low-energy sides of the GSB, centered at 489 nm and 565 nm, respectively.
These TPA signals exhibit the same decay dynamics as the GSB described above. No signif-
icant changes in the spectral shape are observed for either signal throughout the measured
delay times. The presence of two isosbestic points at 503 nm and 550 nm (Figure 3) sug-
gests the existence of a common intermediate linking the GSB and TPA signals previously
also observed in the picosecond dynamics of gold colloids, which indicate a redistribution of

electrons that modify the transient dielectric function or the D(E, hw) density of states. 564

According to the two-temperature model (TTM), the small electronic heat capacity rel-
ative to the lattice results in temperatures reaching of thousands of degrees immediately
following excitation with an ultrashort pulse.®¥ This leads to the creation of a non-Fermi
electron distribution near the Fermi level. As described by Mie theory, plasmon bands arise
from the oscillations of free conduction band electrons just above the Fermi level.'?:8! The
excited non-Fermi electrons, however, do not oscillate at the same frequency as the unexcited
electrons responsible for the plasmon band. Consequently, the excited electrons couple with
the applied field at a different frequency, decreasing the intensity of the plasmon band at

524 nm. Additionally, the perturbed electron distribution near the Fermi level modifies the
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Figure 3: Evolution of the TA spectra of colloidal 40 nm Au nanosphere (no [Ru(bpy)s]**)
following excitation at 454 nm. Inset shows early time dynamics showing increase in the
bleach signal in the first 700 fs.

real and imaginary dielectric constants, resulting in a broadening of the plasmon band.®

This less intense and broad excited state signal manifests as '

'wings" on either side of the
bleach (Figure 3). Therefore, the signal observed immediately after excitation represents
the absorption spectrum of the excited state, rather than a true bleaching of ground state
plasmon. Due to high electron density in gold, electron-electron (e-e) scattering occurs al-
most instantaneously, thermalizing the non-Fermi electron distribution on a femtosecond (fs)

63,64 The initial increase in the bleach

timescale and creating a "hot" electron distribution.
signal is attributed to this thermalization via e-e scattering, which increases the population
of "hot" electrons. The bleach signal subsequently recovers as the electrons relax through
electron-phonon (e-ph) and phonon-phonon (ph-ph) relaxation processes, occurring on short
(1-3 ps) and longer (> 50 ps) timescales, respectively.% Heat dissipation into the surrounding
solvent alters its dielectric constant, which in turn shifts the plasmon resonance frequency.
This shift is observed as a small blue shift in the bleach frequency (Figure 3: Inset).%? Fur-
thermore, we observe a narrowing of the plasmon bleach band which is attributed to cooling

of the electron gas leading to lattice heating.%* Similar spectral evolution traces were ob-

served for other samples: 40 nm AuNS + [Ru(bpy)s]*", 100 nm AuNS, and 100 nm AuNS
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+ [Ru(bpy)s|*" shown in Figures S5, S6, and S7, respectively. We observe that the bleach
signal for the 100 nm samples is broader than that for the 40 nm samples, which can be
attributed to the larger size of the 100 nm AuNS.%%? Ag the sphere diameter increases, scat-
tering increasingly dominates the optical response, while for smaller diameters, absorption is
the primary contributor. For example, in 100 nm gold spheres, the extinction cross-section
comprises approximately 60% absorption and 40% scattering, whereas for smaller 40 nm
gold spheres, absorption accounts for nearly 97% of the total extinction. Hence in 100 nm
AuNS radiative damping becomes increasingly dominant. Unlike non-radiative damping,
which typically results in faster dephasing and sharper resonance peaks, radiative damping
contributes to broader, less intense LSPR bands due to energy loss via photon emission.
Furthermore, phase retardation effects—arising from the spatial variation in the incident
electric field across the larger particle—break the dipole approximation and activate higher-
order multipolar plasmon modes. These combined effects lead to a noticeable broadening of

the plasmon band in 100 nm AuNS under pulsed laser excitation.
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Figure 4: Transient absorption spectra for (A) colloidal 40 nm AuNS (yellow) and 100 nm
AuNS (green) (B) 40 nm AuNS + [Ru(bpy)s]*"(purple) and 100 nm AuNS + [Ru(bpy)s]**
(pink) samples measured at a delay of 1 ps following excitation at 454 nm pump. Ground
state absorption for the respective samples, shown with dashed traces in corresponding colors
as their TA spectra, are provided for comparison.

Figure 4A presents the TA spectral cuts for bare 40 nm AuNS (solid yellow trace) and

[Ru(bpy)s]*" functionalized 40 nm AuNS (solid purple trace) samples 1 ps after excitation.
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For comparison, the ground state absorption spectra for both samples are also shown (dashed
spectra). Figure 4B represents the same for 100 nm AuNS. Both the 40 nm and 100 nm
samples exhibit monomer plasmon resonance bands in the 450 - 650 nm range, with the res-
onance band for the 100 nm nanospheres red shifted relative to the 40 nm nanosphere due to
their larger size.®® While the optical pump interacts with different points along the localized
surface plasmon resonance (LSPR) scattering profile for 40 nm oligomers compared to 100
nm oligomers, previous studies have shown that the relaxation dynamics remain independent
of the excitation pathway.®® Additionally, as the size of the gold nanoparticles decreases, the
influence of the LSPR diminishes. 3% Instead, a dominant interband pathway is favored fol-
lowing photon absorption, particularly at shorter (bluer) excitation wavelengths.®¢ In both
cases we observe that the LSPR band broadens and shifts to lower energies by about 4 nm
upon binding with [Ru(bpy)s]?T and subsequent aggregation. These observation are likely
the result of interrelated effects - (1) adsorption of the complex modifies the local dielectric
environment around the nanoparticles, increasing the effective refractive index, which can
red-shift the LSPR. (2) electronic interactions at the metal-molecule interface may lead to
partial charge transfer between the gold surface and the [Ru(bpy)s]** complex, altering the
free electron density in the metal and thereby affecting the LSPR position. (3) chemical in-
terface damping (CID) arising from strong electronic coupling between the nanoparticle and
the adsorbed complex can introduce additional nonradiative decay pathways for the plas-
mon, leading to increased damping and spectral broadening.®” Additionally, aggregation can
also contribute to the observed red shift and broadening of the LSPR band due to plasmonic
coupling between adjacent nanoparticles, multipolar mode formation, and changes in the
local dielectric environment.*” A secondary factor is the result of changes in instantaneous
electronic temperature where a blue shift correlates to a decrease in electron temperatures on
ultrafast timescales.® Specifically, the presence of adsorbate molecules acts to dissipate heat
in the e-ph channel and subsequently into the lattice/solvent bath. Surface ligands directly

impact mechanical coupling between the metal, dielectric or molecular layer, and surround-
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ing solvent which influences the details of energy-dissipation in these complex materials.®’
These mechanisms are not mutually exclusive and are likely co-occurring, it is challenging
to isolate the contribution of each to the overall spectral changes. Notably, in Figure 4B
we observe that the plasmon bleach signal is blue-shifted compared to their corresponding
ground state absorption (LSPR) band for both the bare (AX = 16 nm) and [Ru(bpy)s]**
functionalized (AX = 24 nm) 100 nm particle. Similar observations were made for 40 nm
sample (Figure 4A) but to a smaller degree, specifically the bleach signal for the bare and
[Ru(bpy)s]*" functionalized sample exhibiting blue shifts of 1 nm and 6 nm relative to the
corresponding ground state LSPR band. It is important to note that high-intensity pump
pulses (ranging from mJ/pulse to pJ/pulse) can generated significant heat in plasmonics
samples, potentially leading to melting of the gold nanoparticles as reported in previous
studies.” To mitigate this risk, the pump intensity in our current measurements was kept
low (23 nJ/pulse), to obtain good signal-to-noise while avoiding overheating of the sample.
Additionally, we performed pump power dependence study of the TA signal for the bare 40
nm sample, conforming that 23 nJ lies well within the linear excitation regime, where non-
linear effects such as two-photon absorption are unlikely to occur (Figure S4). Therefore, the
observed blue-shifts in the bleach signal are inherent to the sample dynamics and not artifacts
of experimental conditions. Upon photoexcitation, the generation of a nonthermal electron
distribution modifies the dielectric function, temporarily shifting the plasmon resonance to
shorter wavelengths (blue shift). This effect is enhanced in functionalized and aggregated
nanoparticles, where the local refractive index, chemical interface damping, and interparti-
cle coupling perturb the LSPR. In our case, the blue shift is more pronounced in 100 nm
particles despite their lower degree of aggregation compared to 40 nm ones, suggesting that
the shift scales not just with aggregation but also with size-dependent radiative damping
and retardation effects, which modulate the transient dielectric response more significantly
in larger particles.

Figure 5 shows the normalized kinetic traces at transient bleach wavelengths of 524 nm
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Figure 5: Normalized transient bleach dynamics for AuNS of different size and surface chem-
istry. Transient bleach kinetics are shown for (A) bare 40 nm AuNS (yellow), (B) 40 nm
AuNS + [Ru(bpy)s|*" (purple), (C) bare 100 nm AuNS (green), and (D) 100 nm AuNS +
[Ru(bpy)s]*T (red). The kinetic traces correspond probe wavelengths of 524 nm and 548 nm
for 40 nm and 100 nm samples, respectively. Solid lines represent exponential fits based on
equation 1. Insets within each subplots highlight the early-time plasmonic response upon
excitation. Extracted decay constants are reported with 95% confidence interval.

and 548 nm, for the 40 nm and 100 nm samples, respectively. Qualitatively, the kinetic
traces for the functionalized and unfunctionalized AuNS show no significant changes within
the first 50 ps following excitation (Figure 5 A, B, C, and D). Generally, an increase in
the transient bleach signal, caused by e-e scattering is observed creating a hot electron
distribution with T, > Tg, where T, is the electron temperature after excitation and Tj is the
initial temperature of the system. The thermalized electron population then relaxes through
e-ph scattering resulting in an increase in the lattice temperature as evidenced by the offset
in the TA spectra. Ph-ph scattering occurs on much longer timescales (=~ 200 ps), and
the signal decays very slowly as the lattice equilibrates with the surrounding environment

(Figure S9). To quantify the electron dynamics, the observed kinetics were modeled using
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the rate equation derived by Sun. et. al., where the induced change in transmission AT/T

upon photo excitation is given as:

e8] () o

where, 7,_. is the non-Fermi electron thermalization time (electron-electron scatter), T._,,

is the hot-electron decay time (electron-phonon scatter), and a accounts for heating of the
lattice to a temperature higher than the initial temperature of the system upon electron-
phonon coupling. The solid blue lines in Figure 5 represent global fits to the kinetic data
used to determine 7,_, and 7._,,. For bare 40 nm AuNS, the fit gave a rise time of 340 fs
and a decay time of 1.4 ps for e-e and e-ph processes (Figure 5A), respectively, which is in
agreement with previous measurements.® Upon [Ru(bpy)s|*" functionalization and subse-
quent aggregation we observe an increase in the value of 7._. (650 fs) implying slowing down
of the electron-electron scatter rate accompanied by a decrease in 7._,;, (0.98 ps) value indi-
cating a faster electron-phonon coupling. The faster relaxation dynamics observed in the 40
nm AuNS aggregates compared to isolated nanospheres can be attributed to enhanced e-ph
coupling due to aggregation. The e-ph efficiency varies inversely with the electron oscillation
frequency-phonon resonance detuning (EOPRD) (Equation 2).%" EORPD determines the
spectral overlap between the electron oscillation frequency and the phonon spectrum and is

expressed as:

EORPD = % — wy 2)

where, v; is the Fermi velocity of the Au electrons, wy is Au Debye frequency and d is the
size of the area over which the hot electrons can be delocalized. Hence, increase in value of
d upon aggregation results in decrease in electron oscillation frequency, and a subsequently
decrease of EOPRD. This leads to increased e-ph scattering rates in aggregates compared

to isolated AuNS. To understand the increase in e-e scatter time it is necessary to analyze
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the mechanism of electron relaxation following ultrafast photoexcitation. Upon excitation
with laser pulse a non-thermal (non-Fermi) electron distribution extending upto the pump
photon energy (hv) is generated. This non-thermal population typically relaxes via e—e
scattering, redistributing energy among the electronic subsystem and leading toward a hot
electron distribution characterized by an elevated electronic temperature (T.). This hot
electron population then generally relaxes via e-ph scattering. However, it is important to
note that the non-thermal electrons are not isolated from the lattice during this process. As
the e-ph coupling becomes highly efficient in the case of aggregates, energy is transferred
from the non-thermal electrons to the lattice before complete e—e thermalization is achieved.
This energy loss reduces the difference between the actual non-thermal distribution and the
equilibrium Fermi-Dirac distribution. Since the e—e scattering rate is directly proportional
to this energy difference the decrease in energy content of the non-thermal electrons leads
to a corresponding reduction in the e—e scattering rate.'%% Thus aggregation modifies the
conventional sequential two-step relaxation mechanism and highlights the coupled dynamics
of electron thermalization and lattice heating. To further support this mechanistic inter-
pretation, we conducted additional control experiment where aggregation in 40 nm spheres
was induced using aqueous NaCl, in the absence of the [Ru(bpy)s]*T complex (Figure S10).
This allowed us to isolate the effect of aggregation from that of molecular functionalization.
Notably, the transient absorption data for these salt-induced aggregates revealed trends sim-
ilar to those observed with [Ru(bpy)s]?*-functionalized nanoparticles. Specifically, we ob-
served an enhancement in electron—phonon coupling—evidenced by shorter e-ph relaxation
times—and a concomitant increase in electron—electron scattering times (Figure S10). These
results reinforce our hypothesis that the observed changes in ultrafast dynamics are primarily
driven by aggregation-mediated plasmonic coupling rather than chemical interactions with
the chromophore.

Comparing figures 5C and 5D we observe only minor differences in the decay dynamics

between the functionalized (green) and unfunctionalized (pink) 100 nm nanospheres. The e-e

22



scattering times are essentially identical at 0.75 ps for both samples, and the electron—phonon
(e-ph) coupling times differ only slightly—1.04 ps for the unfunctionalized particles versus
0.92 ps for the functionalized ones. Although this modest increase in e—ph coupling is consis-
tent with some degree of aggregation, the values lie well within the experimental uncertainty
and do not suggest a strong deviation from the behavior of isolated nanospheres. This is
consistent with the explanation above and previous findings, which indicate that 100 nm par-
ticles aggregate less than 40 nm particles.?® Reduced aggregation in 100 nm particles results
in weaker e-ph coupling and negligible changes in relaxation dynamics compared to isolated
nanospheres (Equation 2).%7 Similar NaCl-induced aggregation experiments were also per-
formed for the 100 nm AuNS. While the extent of aggregation remained lower compared to
the 40 nm particles, we observed qualitatively similar trends—mnamely, a modest increase in
e—ph coupling and a slight slowing of e—e scattering (Figure S11). A comparison between the
40 nm and 100 nm gold nanospheres reveals distinct differences in their ultrafast relaxation
dynamics, both in the absence and presence of aggregation. In the non-aggregated state,
the 40 nm particles exhibit a significantly shorter e—e scattering time (0.34 ps) compared
to the 100 nm counterparts (0.75 ps), along with a slower e-ph coupling time of 1.39 ps
versus 1.04 ps (Figure 5A and 5C). These trends can be rationalized by considering the size-
dependent electron heating: for the same pump fluence, smaller nanoparticles reach higher
electron temperatures due to their lower heat capacity and stronger absorption. %80 Elevated
electron temperatures increase the rate of e—e scattering, but are known to reduce the e-ph
coupling rate, leading to longer relaxation times.®® This explains the faster e-e and slower
e-ph times in 40 nm particles relative to 100 nm. For the aggregated 40 nm and 100 nm
gold nanospheres, we observe a trend similar to isolated samples: the e—e scattering time is
longer in 100 nm particle aggregates (0.75 ps) than in 40 nm particle aggregates (0.65 ps),
while e-ph coupling is faster in the 100 nm aggregates (0.92 ps) compared to the 40 nm
ones (0.98 ps). However, the extent of these differences is less pronounced than in the non-

aggregated case. This is attributed to the fact that 100 nm particles undergo significantly
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less aggregation than 40 nm particles, resulting in dynamics that remain largely similar to
those of isolated particles. Thus while size dependent electron heating is preserved, its less
prominent in the limited aggregates in 100 nm particles.

It should be noted that interband transition can occur at 454 nm, where the recombi-
nation of d-orbital hole with electrons above or below the Fermi level happens within tens
of femtoseconds, well within the laser excitation window. While interband transitions may
complicate the initial relaxation dynamics, they are unlikely to alter the overall relaxation
picture significantly. We also note that the fluorescence intensity difference between Fig
1C and Fig 1D sheds light on understanding the differences in the decay lifetimes shown in
Figure 5. There is greater electron-donating properties in the 40 nm nanocomposites due to
stronger aggregation, therefore affecting the LSPR. Previously, we have shown that 40 nm
and 100 nm gold nanoparticles have different absorption isotherms due to a saturation effect
in the surface free energy of the 100 nm gold with different size-dependent molecular load-
ing.”" Our XANES suggests a disorder beyond a difference in adsorbate molecular coverage
on the gold nanoparticle surface, which also impacts electronic structure. Following the in-
troduction of the molecule to gold, there is a structural distortion in the gold lattice leading
to greater electron donation to the Ru?* and ligand assembly (Fig 1C and Fig 1D, peak
c). This distortion then influences the aggregation dynamics and subsequently the degree of
electron-phonon coupling followed by dissipation through these channels. Taken together,
our XANES findings aid in elucidating the complex surface absorption dynamics in aggre-
gated oligomers where an increase in peak c¢ indicates atom-atom electronic reconfiguration
that is more pronounced in the 40 nm than in the 100 nm. Furthermore, the [Ru(bpy)s]**
adsorbate molecules significantly change this atom-atom electronic structure due to elec-
trostatic interactions between the Ru*" atoms and the negative citrate layer on the Au(0)
surface. We correlate these changes in electronic structure to transient e-e scattering and

e-ph pathways.
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Conclusion

This study elucidates the role of molecular functionalization and controlled aggregation in
modulating the ultrafast plasmonic dynamics of gold nanoparticles (AuNPs). Using X-ray
absorption near-edge spectroscopy (XANES) and transient absorption (TA) spectroscopy,
we investigated citrate-capped 40 nm and 100 nm AuNPs functionalized with [Ru(bpy)s]**
to examine how nanoparticle size and aggregation state influence their electronic and energy
dissipation behavior. XANES analysis revealed that [Ru(bpy)s]** functionalization induces
controlled aggregation of gold nanoparticles without altering their oxidation state. The ag-
gregation effects were more pronounced in 40 nm nanoparticles, as evidenced by enhanced
XANES spectra. The enhancement in the white-line and post-edge features, particularly in
the 40 nm particles, reflects increased s—p—d hybridization and a greater density of states
near the Fermi level. These findings confirm the formation of aggregation-induced hotspots,
which are critical for enhancing plasmonic coupling.

Transient absorption spectroscopy further demonstrated distinct differences in electron-
phonon relaxation dynamics between 40 nm and 100 nm nanoparticles. Aggregated 40 nm
nanoparticles exhibited faster e-ph relaxation dynamics relative to non-aggregated parti-
cles, due to increased effective area for electron delocalization and a correspondingly larger
phonon bath upon aggregation. Concurrently, a slowing of electron—electron (e—e) scattering
is observed in these aggregates, indicating that efficient energy transfer to the lattice occurs
before full electronic thermalization is achieved. This interdependence of e-e and e—ph pro-
cesses suggests a departure from the conventional sequential two-step relaxation model and
points to coupled dynamics in aggregated systems. Conversely, 100 nm nanoparticles, which
showed weaker aggregation, exhibited faster e-ph relaxation dynamics compared to aggre-
gated 40 nm AuNS which we attribute to increased radiative and surface scattering. This
leads to reduced optical absorption and lower electronic heating per unit volume, resulting in
lower peak electron temperatures and consequently faster e-ph relaxation. The interplay be-

tween aggregation-induced coupling (40 nm AuNS) and scattering-mediated relaxation (100
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nm AuNS) provides critical insights into the size-dependent energy dissipation pathways in
functionalized plasmonic systems. The presence of isosbestic points in the TA spectra and
shifts in the plasmon resonance frequency further highlight the complex dynamics at play in
these hybrid systems.

These findings underscore the critical role of nanoparticle size and aggregation in mod-
ulating plasmonic dynamics and electron relaxation pathways. Although the [Ru(bpy)s]**
complex plays a critical role in driving controlled nanoparticle aggregation, our compara-
tive experiments with salt-induced aggregates demonstrate that the observed modulation
of relaxation dynamics arises predominantly from the aggregation itself rather than specific
chemical interactions with the chromophore. It further highlights how nanoscale assembly
and coupling can redistribute energy dissipation pathways in a way that is highly dependent
on both particle size and aggregate structure. Taken together, our findings demonstrate that
aggregation is not merely an optical tuning mechanism but a critical factor in defining how
plasmonic nanoparticles dissipate energy after excitation. This work not only advances our
understanding of molecule-nanoparticle interactions but also offers pathways for optimizing
these systems in applications such as sensing, catalysis, and light-energy conversion. Future
studies should explore the effects of varying chromophore densities and molecular adsorbate
properties to further unravel the complex interactions in plasmon-molecule hybrid systems.
The integration of ultrafast spectroscopy with structural and computational techniques holds

great promise for advancing the design of next-generation plasmonic materials.

Supporting Information

UV-vis absorption spectra of the samples, transient absorption data for perylene, X-ray
fluorescence images, pump power dependence of transient absorption measurements, and

additional transient absorption spectra.
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