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Surfaces are well known to be complex entities that are extremely difficult to study, and any
phenomenon that is related to them is consequently challenging to approach. Moving from the bulk to
the nanoscale adds a further layer of complexity to the problem. Because SERS relies on surfaces at the
nanoscale, a rigorous understanding of the chemical phenomena that concur in the observation of the
SERS signal is still limited or disorganized at best. Specifically, the lack of understanding of the chemical
properties of nanoparticle surfaces has direct consequences on the development of SERS-based
devices, causing a widespread belief that SERS is an inherently unreliable and fundamentally
irreproducible analytical technique. Herein, we discuss old and new literature from SERS and related
fields to accompany the reader through a journey that explores the chemical nature and architecture of
colloidal plasmonic nanoparticles as the most popular SERS-active surfaces. By examining the chemistry
of the surface landscape of the most common SERS colloids and the thermodynamic equilibria that
characterize it, we aim to paint a chemically realistic picture of what a SERS analyst deals with on a daily
Received 9th December 2024 basis. Thus, our goal for this review is to provide a centralized compilation of key, state-of-the-art
DOI: 10.1039/d4cs01242a surface chemistry information that can guide the rational development of analytical protocols and
contribute an additional path through which our community can continue to advance SERS as a reliable
rsc.li/chem-soc-rev and robust analytical tool.
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1. Introduction
1.1 The origin of a bad reputation

Since its first observation in 1974 and explanation in 1977,
surface enhanced Raman scattering (SERS) has dramatically
evolved from being primarily studied on roughened metallic
electrodes to becoming a phenomenon for which a plethora of
enhancing nanostructured substrates is designed and devel-
oped. Within this timeframe, the mechanistic description of
SERS has focused primarily on understanding signal enhance-
ment, reaching a consensus on the coexistence of an electro-
magnetic mechanism (EM), based primarily on plasmon-
induced generation of enhanced scattered electric fields at
the metal-dielectric interface, and of a chemical mechanism
(CM), in which charge transfer states, created upon energy level
hybridization between the nanoparticle and the chemisorbed
analyte, can be occupied and contribute to signal enhance-
ment. For many years, the former of the two mechanisms has
attracted the interest of the majority of SERS and plasmonics
scientists—an interest perhaps fueled by the signal enhance-
ment values obtainable with it, vastly surpassing those achiev-
able through the chemical counterpart. In both cases, the
events occurring at the nanoparticle surface are key to explain-
ing the SERS effect, albeit for different reasons. In the EM, it is
the interplay between the metal core and the dielectric outer
environment to modulate the SERS signal intensity.® On the
other hand, in the simplest instance of the CM, it is the
interaction between the Fermi level of the metal nanostructure
and the highest occupied and lowest unoccupied molecular
orbitals (HOMO and LUMO, respectively) of the analyte that
causes the signal enhancement.” Still, both types of event are
surface-confined and surface-modulated.

After the initial years since its discovery, during which SERS
has remained relegated to the physicist and physical-chemist
optical table, at the onset of the new millennium SERS regained
momentum as a promising, easy to implement analytical
technique, capable of detecting in principle any analyte by
simply mixing it with a nanoparticle suspension and an aggre-
gating agent, such as an inorganic salt. This popularity upsurge
and connected experimental approach, while producing readily
achievable results and great enthusiasm, have also produced an
unwanted effect. Because of the lack of control in nanoparticle
aggregation that was achievable in those years, it was not
possible to obtain reproducible results among different experi-
ments, leading SERS to obtain a bad reputation for being an
extremely unreliable and irreproducible technique.

This attribute could have been somehow warranted in those
days; back then, the lack of control over the aggregation process
was not the only challenge that SERS scientists had to face,
as the fine control over colloidal synthesis as we know it today
was still far from being achieved. At that time, our inability to
reproducibly synthesize suitably homogeneous silver nano-
particles was such that, to still exploit the superior SERS
enhancement properties of silver, a process commonly referred
to as “silver growth” was in use. More controllable gold
nanoparticles were synthesized first and utilized to mix the
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analyte in, after which a solution of AgNO;—the so-called silver
growth—was reduced in situ to create a thick, uneven layer
of metallic silver. While the silver coating did contribute
to increasing the enhancement, the lack of control over the
analyte entrapment during the silver growth contributed to a
very high variability of the resulting SERS output.

Since those days, the field has seen impressive progress in
many aspects, including unfathomable advances in the world
of controlled substrate fabrication. Yet, SERS is still thought of
as an analytical technique that is extremely unreliable and
fundamentally irreproducible. Concomitantly, each of us can
also quickly assess that within the scientific community or in
industry, a very enthusiastic set of beliefs around SERS coexists
with the previously mentioned pessimistic view: SERS is often
also presented as an “academic sensation”, with alluringly
low limits of detection that are used as the primary focus of
many application papers, and claims that trace and ultratrace
detection can be achieved by simply mixing analytes with any
nanoparticle.

This duality is rather puzzling and invites us to dig deeper
on what is causing such a different range of experiences and
“attitudes” towards SERS. In our opinion, the common
denominator of this wide range of experiences is something
intrinsic to SERS, that is, its surface spectroscopic nature and its
dependence on the adsorption or close proximity of analytes to
plasmonic surfaces. The active involvement of surfaces and
interfaces in SERS implies that the thermodynamics of the
system will control whether an analyte will approach the sur-
face and benefit from the electromagnetic field that enables
signal enhancement, ultimately leading to its observation at
trace concentrations. Therefore, SERS detection methods that
blindly mix components (i.e., nanoparticles and analytes)
together are bound to produce intermittently working analyti-
cal protocols—adsorption and chemistry at large are based on
affinity, and affinity is not universal. The very same enthusiastic
attitude towards SERS method development, or more frankly,
a lack thereof, together with a progressive detachment from the
surface-dependent nature of SERS itself, still fuels negative
attitudes towards the technique, contributing to slowing down
its progression as an established analytical tool.

1.2 The future: a new necessary interpretation and revival

Most publications on SERS focus on the exceptionally low
limits of detection of a given target analyte or class of mole-
cules, with little to no explication of which experimental
conditions make those outstanding enhancements possible
and why. So far in 2024, around 58% of the total number of
publications on SERS have sensitivity as the main subject, while
only 2.3% focus on the fundamental aspects of surface chem-
istry and analyte-metal adsorption (Fig. 1a). Despite the surging
interest towards surfaces and their role in SERS, in some cases
pushed by emerging hot topics in ultrafast spectroscopy that have
exposed how the metal surface is never static but gets rearranged
upon interaction with adsorbed molecules and light,”® or even
without,” in the last ten years there has been globally little change
in the overall SERS literature trends (Fig. 1b). So, can a focus on
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Fig. 1 Keyword frequencies (web of science core collection) within SERS publications (a) for the year 2024 (January—November) and (b) in the time
window from 1990 to 2024. The inset shows a 174% increase of SERS publications having a focus on surface phenomena over the last decade. This
increase, although significant, is minimal compared to the global SERS literature production.

surface chemistry and a back-to-basics approach to the funda-
mentals of signal production be the key to releasing SERS—
especially direct SERS—from the “potential well” in which it is
currently trapped? Our view is that this is indeed one of the key
approaches that will promote the translation of SERS from
academic laboratories to routine applications.

If we analyze direct SERS in the more general context of
instrumental analysis, and we compare it to what is now
considered the gold standard in analytical practice - i.e., mass
spectrometry — some interesting considerations can be made.
If we look at the history of mass spectrometry, we easily notice
that what made the fortune of these instruments was their
effective coupling with upstream separation techniques.
In particular, the invention of electrospray ionization (ESI) in
the 1980s® enabled its efficient coupling with liquid chromato-
graphy, thus unleashing its full potential for targeted and
untargeted derivatization-free analysis of a vast array of sam-
ples, including complex mixtures and biological specimens.’
An originally bulk, difficult to interpret technique became the
reliable technique for routine analysis of complex samples in
many application fields, from clinical diagnostics to therapeu-
tic drug monitoring, from environmental analysis to forensics.
While the parallel with mass spectrometry does not suggest
that the same development solutions are valid for all analytical
platforms, direct SERS, like mass spectrometry, is too a bulk
analytical technique. Net of differences in SERS cross sections,
anything that is adsorbed on the surface of the plasmonic
substrate will produce an enhanced Raman signal, conflating
in a single, often hard to interpret SERS spectrum. Conceptua-
lizing (direct) SERS as a bulk technique suggests that not only it
would greatly benefit from coupling with separation techni-
ques, as already implemented in a number of applications,®™®
albeit not ubiquitously, but it also further suggests that
insisting on the surface to selectively observe what we are
interested in, and augmenting in this way the interpretability
and the physical meaning of the SERS spectrum, can be an
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advantageous developmental solution towards its routinization
and accessibility.

The necessity of a non-ambiguous interpretation of the
spectral response is particularly important in all those applica-
tions that result in potentially life-altering decisions for indivi-
duals, such as clinical diagnostics and forensics, where SERS
has often been projected to become a leading technology for
routine analysis. In these cases, the likelihood of adoption of a
new method over others that are already established also passes
from the trust that the method itself can offer in terms of clarity
of results interpretation and, of course, reproducibility.
We believe that the latter is also strongly dependent on surface
chemistry considerations, in that they control the analyte-
substrate interaction. By intimately understanding the analyte-
substrate interaction, knowledge on how to control it, and thus
reliably reproduce it, can be achieved. Once more, it is evident
that surface chemistry considerations and the thermodynamics
of the SERS sample components are central to the implementa-
tion of a rational and robust SERS measurement protocol.

In this review, we would like to bring to the reader’s
attention old and new SERS literature through a surface chem-
istry lens. By revisiting established concepts and connecting
them to current hot topics, we intend to contribute an addi-
tional path through which our community can continue to
advance SERS as a reliable and robust analytical tool. Our
review will accomplish this goal by guiding the reader through
a journey into a colloidal SERS sample, exploring each compo-
nent of its architecture: The plasmonic metal nanoparticle, the
rich variety of possible adsorbed species that can populate its
native, as-synthesized surface, the thermodynamic hierarchy of
these species, and the changes that can occur at both the metal
core and the adsorbed crown due to the nanofabrication
process itself or the aging of the system. These elements will
provide the essential colors that are needed to paint a realistic
picture of the surfaces that we utilize in our analytical SERS
applications, and together with them, a set of foundational
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methodological cornerstones with which to systematize and
rationalize our SERS analytical protocol development. Because
the field of SERS substrates is expanding to incorporate materials
beyond the traditional plasmonic metals gold and silver,'”*® some
brief considerations on the surface chemistry of inorganic semi-
conductors is also discussed at the end.

2. The anatomy of a colloidal
plasmonic nanoparticle

SERS substrates are varied, and several extensive reviews have
been written on the subject.’®>® Herein, we will limit our
treatment of enhancing substrates to colloidal nanoparticles.
Besides their popularity, the main reason for this focus is that
the influence of surface phenomena is most prominent and
relevant to the outcome of a SERS measurement when colloidal
nanoparticles are used and measurements in solution are
performed. As an example, colloidal stability issues often pre-
clude surface property modifications such as ligand exchange,
which might be indispensable to a given detection need,
evidencing that it is first and foremost in colloidal systems
that the surface plays a key role in our ability to carry out SERS
analyses.

By definition, colloidal nanoparticles are solid nanoscale
particles that are dispersed in a solution medium thanks to the
chemical features of their surface. A surface charge that is
either developed in solution or acquired via the adsorption of
charged species (vide infra), as well as the possible presence of
adsorbed bulky species, provide electrostatic repulsions and/or
steric hindrance, respectively, thus ensuring nanoparticle dis-
persion and stabilization. However, for the sake of an easy
schematization, colloidal nanoparticles are often depicted as
solid entities of a given shape, and ligands are seldom repre-
sented, except in those cases in which conjugation chemistry of
functionalized nanoparticles must be explicitly shown (Fig. 2a
and b, respectively). Another common representation that lays
in between the two extremes involves adding a surface charge to
the solid body entity (Fig. 2c). Regardless of the cartoon
depiction chosen, these representations are far away from
describing in detail the chemical species present and the events
occurring on the surface.

The development of a surface charge at the solid/liquid
interface may be caused by a variety of phenomena, and
strongly depends on the nature of the surface itself, as repre-
sented in Fig. 3. For noble metal nanoparticles, depictions
showing two distinguishable domains within the nanostruc-
ture—an inner region in which the metal is in its bulk, zero-
valent state, and an outer, superficial layer in which the metal is
positively charged (bottom drawing in Fig. 2c)—are encoun-
tered in the literature,?”*® suggesting that the charging mecha-
nism in solution is nothing other than the intrinsic presence of
a net charge given by the material itself, which attracts opposite
charged species via electrostatic attraction. Such two-domain
depictions are typically explained to result from an incomplete
reduction of the metal precursor during synthesis. However,
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Fig. 2 Commonly encountered depictions of metallic (M) colloidal nano-
particles. (a) Representation of colloidal nanoparticles as solid bodies of a
given shape, e.g., a sphere. (b) Complex representation of a SERS nanotag
(i.e., functionalized nanoparticle for indirect SERS) in which the conjuga-
tion chemistry is highlighted. (c) Representation of colloidal nanoparticles
as solid bodies bearing a surface charge.

unless specific Au-Au() clusters are synthesized,>® one must
recall that reduction in conditions of (large) excess of reducing
agent are frequently adopted in plasmonic nanoparticle syn-
thesis. Even when milder reducing agents (i.e., L-ascorbic acid)
are utilized and incomplete reduction is experimentally ascer-
tained, such as in the case of the early fabrication of gold
nanorods,*® excess metal precursor is not found to constitute
the outermost layer of the otherwise metallic nanoparticle.*"*>
Rather, unreacted precursors have been reported to take part to
nanoparticle growth via self-catalyzed and disproportiona-
tion reactions in various fabrication protocols,*?* or react
with other species in solution (e.g., AgCI**?°), rendering the
presence of a stable, positively charged Au” or Ag" layer on the
surface of the nanoparticle something unrealistic. Studies on
the oxidation state of colloidal noble metal nanoparticles are
sparse, but they all seem to agree that the surface of the metals
is in their zero-valent states,>"*> and that chemisorption of
charged species is the mechanism of surface charge formation
in plasmonic colloidal sols (Fig. 3f).>"*> With the term chemi-
sorption we here indicate species-specific adsorption in which
the formation of the final surface complex (i.e., metal + capping
ligand) is non-electrostatically driven.

Plasmonic colloidal nanoparticles can thus remain sus-
pended in a solution medium thanks to the species that
populate their surfaces, providing electrostatic repulsions
and/or steric hindrance for their dispersion and stabilization.
Albeit certainly complicated to schematize in a figure, a more
accurate representation should therefore include not only
the metallic core of the nanoparticle ensemble, but also its
immediate chemical environment and the main composition of
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Coulombic repulsions: (a) ionization of acid groups constituting the surface; (b) ionization of basic group constituting the surface; (c) and (d) differential
dissolution of sparingly soluble compounds; (e) isomorphous substitution in a surface; (f) specific adsorption of an ionic compound. Figure inspired by

D.H. Everett.*”

the suspension medium. This entity, as a whole, is what
interacts with our target analyte when we prepare our samples
for SERS measurement. In the perspective of rationally design-
ing colloidal substrates for SERS, it is therefore useful to think
about these three components and how they interact with
each other.

2.1 From bulk solution to adsorbed species at the solid/liquid
interface: what is left after reaction completion?

The most common approach to the fabrication of colloidal
plasmonic nanoparticles for SERS is bottom-up, wet chemical
synthesis. In its simplest declination, this process typically
involves the reduction of a precursor salt of one or more
plasmonic metals (e.g., tetrachloroauric acid for gold and silver
nitrate for silver) by a reducing agent of varying strength (e.g.,
sodium borohydride, sodium citrate, r-ascorbic acid, hydroxy-
lamine, etc.). As with any redox reaction, the reduction of the
precursor salt to metallic nanoparticles is accompanied by the
oxidation of the reducing agent; however, this step is often
neglected when accounting for the population of adsorbed and
non-adsorbed species in colloidal sols, and the reducing agent
is often assumed to cap the final nanoparticles—unchanged.
An example of this assumption is given by the term
“borohydride-capped” nanoparticles that is sometimes utilized
to refer to sodium borohydride-reduced silver or gold nano-
particles;***° borohydride ions are oxidized during the reac-
tion as they transfer electrons to the metal precursor species,
reducing it. Moreover, borohydride ions are known to sponta-
neously decompose in water to produce several species of
boron hydroxides [BH,(OH), .|, while evolving molecular
hydrogen.*'™* While such a decomposition process is self-
limited due to the rate limiting effects provided by the alkaline
environment produced by the spontaneously generated boron
hydroxides,*>***® it is unlikely that it will cause the final

5228 | Chem. Soc. Rev., 2025, 54, 5224-5247

plasmonic nanoparticle sol to be capped by unchanged boro-
hydride ions. The concentrations at which sodium borohydride
is utilized in plasmonic nanoparticle syntheses are quite low, in
the order of millimoles to sub-millimoles per liter.>®*”*® Thus,
the typical pH of borohydride-reduced colloidal nanoparticles
is around 6 to 7, whereas the previously mentioned decomposi-
tion rate limiting alkaline conditions are generally reached at
very basic pH (i.e., pH > 12-14), such as those reached in the
presence of 8 M NaOH."® In fact, at pH 7.0, the hydrogen
evolution reaction has been reported to be 90% complete after
only 5 minutes.*® Moreover, the presence of acids (e.g., gold
precursor tetrachloroauric acid) or noble metal nanoparticles
themselves are also known to be a factor accelerating the
decomposition kinetics of the borohydride ions.***° Interest-
ingly, recent density functional theory (DFT) studies with
complementing experimental measurements*® have shown that
also hydrated silver ions catalyze the decomposition of boro-
hydride anions in water, and that the reduction of silver cations
to silver nanoparticles actually occurs as a side-reaction to the
decomposition process of sodium borohydride.

In defense of the belief that reducing agents cap the pro-
duced nanoparticles as unchanged species, not much attention
has been invested by the SERS community into elucidating the
oxidation products of wet chemical nanofabrication processes,
either because they are traditionally deemed unimportant
and information must be sought from other scientific areas
(e.g., energy storage literature for sodium borohydride oxida-
tion), or due to a lack of adequately sensitive surface charac-
terization techniques. Keeping our discussion circumscribed to
borohydride-reduced nanoparticles, the identification and
measurement of boron capping species is a challenging task,
due to the combined effects of their short-lived nature and their
trace concentration. For this reason, among the boron hydro-
xides generated by the borohydride decomposition to hydrogen

This journal is © The Royal Society of Chemistry 2025
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gas, only [B(OH),]™ and trace [BH(OH);]™ have been reported
experimentally, although their formation passes through the
short-lived intermediates [BH;(OH)]™ and [BH,(OH),] .****°°
This difficulty may be further exacerbated by the characteriza-
tion technique of choice, which could suffer from intrinsic
limitations due to the small cross-section of the boron element,
such as in the case of X-ray photoelectron spectroscopy (XPS).>"
For example, other boron oxide compounds have been pro-
posed to populate the surface of sodium borohydride-reduced
gold nanoparticles, such as hydrated (Na')BO,”, but their
unambiguous confirmation by XPS is challenging.>">> Lastly,
a popular reference in the plasmonic nanoparticle literature
reports the formation of diborane,> but experimental evidence
for its presence in aqueous solution upon silver nitrate
reduction still needs to find a consensus.

To avoid falling for the simplistic depiction of the
unchanged reducing agent as the capping species surrounding
our colloidal nanoparticles, it is important to always keep in
mind what is going on during our wet chemistry synthesis, how
is the redox reaction proceeding, and what are the chemically
plausible end-products of it. Besides sodium borohydride
(i.e., the Creighton method),*” another common reducing agent
for the synthesis of colloidal plasmonic nanoparticles is sodium
citrate. This fabrication approach is also known as the Turkevich-
Frens method for gold nanoparticles,>»>> or the Lee-Meisel
method for silver nanoparticles,>® and because of its popularity,
it has been extensively investigated by the SERS community. Net
of the debate on the mechanistic details of the redox reaction and
the fine control of the morphological and dimensional uniformity
of the final nanoparticles, a consensus has been reached on the
major by-products of the reaction. Because this method and its
variations always involve heating the reaction solution to boil,>*>°
citrate thermally decomposes by successive decarboxylation steps
into dicarboxyacetone, acetoacetate, and smaller molecules such
as glyoxylate, acetate, formate, acetone, and of course, CO,.>*%°"%*
This notwithstanding, HPLC studies®” have shown that only about
7% of citrate is thermally decomposed, and the final colloid still
has a large (~93%°’) excess of unreacted citrate. Opposite to what
was discussed for sodium borohydride, this abundance of stable,
unreacted citrate would justify the widespread habit to call
“citrate-capped” the resulting gold or silver nanoparticles; citrate
is quantitatively and stably present at the end of the reaction and
it has been shown to populate the surface of the resulting
nanoparticles,®>*>®° to the point that it is also frequently utilized
as a stabilizer of nanoparticles obtained via other fabrication
routes (e.g., sodium borohydride reduction,®® or 1-ascorbic acid-
reduced seedless, surfactant-free gold nanostars®?).

Recent studies by Oliveira de Souza et al.®® highlighted how
the surface of gold nanospheres obtained with the Turkevich
method is also populated by trace dicarboxyacetone (DCA). DCA
has traditionally be considered not present on the surface of
citrate-reduced gold or silver nanoparticles due to its labile
nature and consequent quick decomposition to acetoacetate.
Early studies on citrate-reduced silver nanoparticles by Munro
et al.®® reported that citrate oxidation species are not detectable
by SERS upon aggregation of the as-synthesized colloid and
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correlated this finding to the absence of citrate oxidation
products on the nanoparticle surface. By analogy, citrate-
reduced gold nanoparticles are also traditionally considered
to display the same behavior. Through more modern lenses, it
can be pointed out that this conclusion excludes the possibility
that aggregation alters the adsorption equilibria that exist in
the colloid’s native state; upon aggregation, citrate oxidative
decomposition products might be displaced from the nanopar-
ticle surface, or minimized in such a way that their concen-
tration falls below the limit of detection (LOD) of the utilized
analytical method. In the experiments reported by Oliveira de
Souza et al.,*® drop-cast citrate-reduced gold nanoparticles were
illuminated using very low laser power (i.e., 0.04 MW, /ey
633 nm) and the variation of their SERS signal was monitored
over time. While the low laser power was not such to cause
photo-induced chemical reactions at the surface of the drop-
cast colloid, it was in fact enough to lead to thermally-induced
reconfigurations of the hotspots location and arrangement
(e.g., modification of interparticle distance due to water eva-
poration) that enabled the detection of previously elusive DCA.
The inquisitive reader might object that the analysis of dried
residues of non-purified, drop-cast colloids is not representa-
tive of the nanoparticle surface in the colloid’s native state, as
the drying process might force the adsorption of species that
are otherwise present as free molecules in the solution bulk.
However, the presence of DCA was also interestingly observed
by electrospray ionization mass spectrometry (ESI-MS) of the
same citrate-reduced nanoparticles in their native state
(i.e., without prior laser illumination and drop-casting), con-
firming not only the non-photoinduced nature of this species,
but also its likely existence on the native nanoparticle surface.

An earlier work by Grasseschi et al.®” also reports the SERS
and mass spectrometric detection of DCA in citrate-reduced
gold nanoparticles. The authors attributed the presence of DCA
to a species-stabilizing effect caused by the synthetic conditions
in which the citrate-reduced gold nanoparticles were obtained,
that is, using near stoichiometric citrate-to-gold ratios (i.e., 1.3:1)
and fast reactant addition kinetics. The latter was hypothesized to
cause a rapid nucleation of nanoparticles, on which the enolate
tautomer of DCA (Scheme 1) immediately adsorbs by formation of
a charge transfer complex with gold.®” The resulting enolate-gold
surface complex is in resonance at 633 nm, and thus, it can be
observed by SERS measurements at or close to that excitation
wavelength, without any prior aggregation (Fig. 4a). On the other
hand, control experiments in which the citrate-to-gold ratio was
higher (i.e., 2.5:1), and thus closer to the traditional Turkevich®*
protocol, and in which the kinetics of reagents addition was
slower (ie., drop by drop), show no presence of m/z peaks
ascribable to DCA. This absence was explained in terms of a
slower nucleation kinetics and a DCA decomposition rate that was
faster than the time scale at which DCA adsorbs onto gold.®” SERS
measurements of the resulting colloid show the typical, mostly
flat spectrum profile when analyzed as such, while they exhibit
citrate bands after prior colloid aggregation (Fig. 4b), consistent
with the seminal data on citrate-reduced silver nanoparticles
published by Munro et al.®
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A SERS spectrum with a mostly flat background in both
unaggregated and aggregated conditions is typical of hydroxy-
lamine-reduced silver colloids. In this method, also known as
Leopold and Lendl’s,’® an alkalinized hydroxylamine hydro-
chloride solution is utilized as the reducing environment for
silver ions, generating nitrogen gas and water as the hydro-
xylamine oxidation products.®®* 7° The SERS background signal
of this colloid is indeed characterized by the sole presence of an
intense band at ~243-247 cm™ ', which is assigned to (Ag-Cl)
from adsorbed chloride.”*””® It must be recalled that this band
is also present in virtually all bottom-up fabricated gold nano-
particles as a result of the ubiquitous use of tetrachloroauric
acid as the gold precursor salt, and in other preparations
that involve the use of chloride-containing species, such as boro-
hydride-reduced silver nanoparticles obtained in the presence of
spermine tetrahydrochloride.*®

5230 | Chem. Soc. Rev,, 2025, 54, 5224-5247

Bottom-up fabrication protocols for the synthesis of colloi-
dal plasmonic nanoparticles are nowadays innumerable, and
an extensive treatment of each and every redox reaction would
be impossible in the space of a section in a review paper. Not
only hydroquinone or hydrogen peroxide,”*””® but also diverse
extracts from plants or other organisms have been used to
obtain plasmonic colloidal nanoparticles.””®* For the sake of
brevity, we have chosen to treat only the most commonly used
reducing agents for the fabrication of nanospheres, that is,
sodium borohydride, citrate, and hydroxylamine, and hope to
have equipped the reader with a methodological approach that
they will be able to translate to other systems. One last mention
that we think should be given, and that is outside the listed
popular reducing agent triad, is L-ascorbic acid.

Also known as vitamin C, r-ascorbic acid is a mild reducing
agent that is widely employed in the growth of anisotropic

This journal is © The Royal Society of Chemistry 2025
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colloidal nanoparticles, such as nanorods, nanostars, and
nanotriangles.****%® The redox behavior of this molecule has
long been studied because it is an enzyme cofactor in both
animals and plants, as well as an important nutrient and
antioxidant additive in the food industry.®*°! The redox beha-
vior of 1-ascorbic acid entails the transfer of two electrons per
molecule, which can be transferred one at a time, generating a
free radical intermediate, semidehydro-L-ascorbate, followed
by the fully oxidized species, dehydro-i-ascorbic acid (DHA,
Scheme 2).89°%% At reaction completion, r-ascorbic acid, or
more likely, its anionic form r-ascorbate (pK,; 3.69-4.45°), and
DHA will both be present in solution, with ratios that depend
on the stoichiometry of the nanofabrication process. While
L-ascorbate likely adsorbs on the surface of gold and silver,
albeit weakly,”®®” no dedicated study has been found on the
adsorption properties of DHA on plasmonic metals. Infrared
characterization of ascorbate-reduced nanospheres of a less
common plasmonic metal, copper, has evidenced the presence
of polyhydroxyl species on the surface, which have been
hypothesized by the authors to be a possible hydrolysis product
of DHA.?® This species is indeed reported to undergo hydrolysis
in aqueous environment (Scheme 2), with a half-life that is a
function of pH and solution composition.”**°"*°* For example,
the half-life of DHA in aqueous solution is around 30 hours at
pH 5 and shortens to 30 minute when increasing the pH to
7.4;°° at the same pH but in phosphate buffered saline, the half-
life increases to 90 minutes,'®" while in presence of carbonate
ions it has been reported to decrease below 2 minutes."® It is
therefore apparent that more in-depth studies on both end-
of-reaction solution species and surface adsorbed species of
ascorbate-reduced nanoparticles should be performed, to
elucidate their actual capping population and the role of the
solution environment and the nanoparticle themselves in
determining it.
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Scheme 2 One-electron and two-electron oxidation-reduction of
L-ascorbate in aqueous solution, and hydrolysis of dehydro-L-ascorbic
acid (DHA) into 2,3-diketo-L-gulonate. The hydrolytic product 2,3-diketo-
L-gulonate can further degrade to multiple 5-carbon and 4-carbon
species.’® The reaction diagram reports the best accepted structures of
the species.92'94'1°2'105
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2.2 The bulk of the solution and the unchanged surface
population: surfactant and polymeric shape directors

In contrast with the chemically changing nature that we have
discussed for the reducing agents, are species that take active
part in the synthesis mechanism, but do not necessarily che-
mically change during it. These species are mainly ascribable to
surfactants and polymers that are utilized as shape directors in
anisotropic nanoparticle synthesis; by adsorbing with different
affinity and coverage on different crystal facets, surfactants and
polymers can direct the growth along one or more preferential
directions, leading to the fabrication of nanorods, nanostars,
nanoplates, etc. Because of the role of these molecules as shape
directors, they do interact with the surface, and their presence,
adsorption energy, and coverage must be considered when
representing a nanoparticle architecture and planning its use
as a SERS substrate.

While it is beyond the scope of this review to discuss the
interactions of surfactants during synthesis (the reader is
redirected to other reviews'®®), it is important to understand
how they might be interacting with the surface at reaction
completion and understand that, while they might not be
typically involved in the redox process that leads to the nuclea-
tion and growth of plasmonic nanoparticles (i.e., they are not
subjected to a chemical transformation during nanofabrication),
they might in fact undergo supramolecular rearrangements that
might be crucial to subsequent applications in SERS. Different
supramolecular arrangements might indeed imply different
surface-ligand energetics and resulting coverage.

For example, molecular dynamics simulations by Meena
and Sulpizi'®” and Da Silva and Meneghetti'®® showed that,
towards reaction completion, cetyltrimethylammonium bro-
mide (CTAB) in gold nanorods passes from a micellar arrange-
ment to a bilayer arrangement, influenced by interface
phenomena governed by co-adsorbed species, such as bromide.
The surfactant’s counterion has indeed the ability to complex
gold;'® in molecular dynamics simulations, gold-bromide
complexes travel along the intermicellar channels formed by
the cetyltrimethylammonium cation (CTA"), leading not only to
a faster deposition of metallic gold along the surfaces that are
curved and less densely packed by the surfactant,'®''° but also
to an increase in the concentration of bromide at the metal-
surfactant interface.'®”'°® These processes ultimately cause the
micelles to collapse into the densely packed CTAB bilayer that
is experimentally observed in mature nanorods.'*®''*1?

As expected for halides with weak ion-solvent interactions
(in the order, I < Br~ < Cl7),"*® bromide strongly adsorbs on
gold, forming a chemical bond that has a more covalent than
ionic character,’"* and whose stretching mode is observable in
SERS spectra at ~176 cm™ """ The energy of this interaction,
together with the strong electrostatic attraction of bromide with
CTA', are such that they alter the native surfactant conforma-
tion in solution, stabilizing a densely packed bilayer on the gold
nanorod. As evidenced by recent small-angle X-ray and neutron
scattering (SAXS and SANS) measurements,''® the strong elec-
trostatic interaction between bromide and CTA" enhances the
screening of the cationic head groups, causing an increase in
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the packing density of the surfactant at the gold surface.
Patchier, micellar aggregates of CTA" are instead reported for
nanorods obtained using chloride as a counterion,™*® consis-
tent with the previously mentioned halide-solvent interaction
trends, and thus, metal-halide bond energy and coverage
trends.""*

When talking about ions and, more in general, species in
solution, it is important to stress that their presence does not
necessarily imply that they adsorb on the nanoparticle surface,
and if they do, they might not do so strongly enough to be
relevant under a SERS perspective. It must also be recalled that
adsorption ultimately depends on the electronic structure of
the surface,'”” and while gold and silver are often comparable,
they do have different electronic structures due to which they
can exhibit a different behavior towards adsorbing molecules."'****
The complexity and interdependence of such statements can be
illustrated using the polyatomic anion nitrate as an example.
Nitrate is known to be a generally weakly-bound species,""” to
the point that it can be approximated to a non-adsorbing
species on gold surfaces.'’”"*” Fundamental studies for cata-
lytic purposes show how the adsorption strength of nitrate is
still very low on pure silver, albeit higher than gold; however,
nitrate’s affinity for the surface can be modulated via surface
silver alloying of gold, which exhibits maximized adsorption
strength on geometries that are rich of defects and have sub-
monolayer silver alloying on the outermost layer of a gold
surface.'”” Therefore, in nitrate-containing colloids, such as
most silver nanospheres as well as gold nanorods®*** and some
gold nanostars,*®**5712 the majority of this ion is generally
expected to populate the solution bulk,** rather than the sur-
face, and the surface coverage of the anion is expected to be
best in gold-silver alloyed systems that are predominantly gold
and bear a sub-monolayer of alloyed silver on the surface.""”
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Following on this topic, the coverage with which adsorbates
cap nanoparticles is certainly a function of their binding
affinity towards the metal, with densely packed crystal facets
typically being associated with higher adsorbate binding
energlllii 124

in adsorbate-surface interactions can be seen as a form of

and lower steric effects.””” Because steric hindrance
nonbonding interaction similar to the one existing among
neighboring ligands complexed on the same metal center in
traditional organometallics, it can be stated that the local
surface geometry, and in particular, its curvature, directly
contributes to the steric effects that result in a given adsorbate
surface configuration.'** The effects of surface curvature on the
topographical adsorbate distribution across a nanoparticle
have been indirectly observed for decades,'**™**” starting with
early reports on the anisotropic reactivity of CTAB-capped
gold nanorods,"*®'*® which were indeed hypothesized to be
caused by a lower capping density at the curved tips. Pioneering
studies involving the application of aberration-corrected scan-
ning transmission electron microscopy coupled with electron
energy loss spectroscopy (STEM-EELS) allowed for the direct
visualization and quantitation of the organic adsorbate distri-
bution across both gold nanorod surfaces deposited on graphene
substrates.”*® The distribution of the CTAB bilayer across as-
synthesized gold nanorods was reported to be 40% less dense at
the tips compared to flatter regions along the longitudinal axis of
the nanoparticle (Fig. 5),"*° and successive independent molecu-
lar dynamics simulations™ "~ showed curvature-specific packing of
CTAB also in its micellar conformation during synthesis.

These results might seem in contradiction with the common
knowledge that nanocrystals display higher binding reactivity
at their step edges (i.e., high energy surface sites), which are
typically identified as the tips in anisotropic nanostructures.

110

For example, analogous measurements performed on gold
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Fig. 5 STEM/EELS analysis of the organic shell of gold nanorods deposited on graphene substrates. (a) EELS carbon compositional map of an isolated
CTAB-capped gold nanorod, after graphene background subtraction. Low heat map values are observed for the carbon signal at the tips of the nanorod,
indicating lower packing density of CTAB at those locations. The scale bar is 10 nm. (b) Relative binding density of CTAB as a function of position along the
boundary of multiple gold nanorods. The solid line represents the Savitsky—Golay filtered median of the individual datapoints in the scatter plot (positive
x-axis side). The scatter plot and median are mirrored across x = 0 for ease of visualization. The capping density of CTAB decreases at the tips of the
nanorods. Figures adapted from Janicek B. E. et al, Nano Lett. 2019, 19 (9), 6308-6314; figures licensed under ACS Editor's Choice via CC BY 4.0
International Public License, https://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html.
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nanorods natively capped by (16-mercaptohexadecyl)trimethyl-
ammonium bromide (MTAB), show a ~10% increase of ligand
density at the tips."*® STEM-EELS studies performed on gold
nanostars also show higher capping density at the tips; while
no information on the as-synthesized system was provided
(i.e., identity of the native surface capping), gold nanostars that
were post-synthetically functionalized with unmethylated CpG
DNA strands display a higher capping density in correspon-
dence of higher convex curvature when compared to the cover-
age on flat nanoparticle domains.”" Jiang et al.’** reconcile the
two opposite curvature-capping scenarios on the basis of cap-
ping agent concentration, and thus, coverage. At low coverage,
preferential adsorption occurs at high-curvature sites (i.e., tips),
while at high coverage, that is, in the presence of excess
adsorbing species, sparser packing at the high-curvature domains
occurs.’® In other words,"** under a high coverage regime,
nonbonding interactions at high-curvature sites prevail. These
considerations are particularly important when utilizing
surfactant-capped nanoparticles for SERS applications. The
washing procedures to which these colloids are typically
subjected'®® decrease the concentration of the surfactant,
thus altering the adsorbate/free molecule equilibrium at the
surface. Therefore, when working under these conditions,
we must be cognizant of the possible regioselective surface
packing rearrangements that might occur as a consequence
of the diminished global coverage of the nanoparticles.

As discussed, surfactants aggregate into supramolecular
structures whose architecture, size, and packing density are
not only a function of the chemical identity of the constituting
individual molecules, but are also a function of pH, tempera-
ture, ionic strength, and composition of the solvent system in
which they exist,"** which includes the nanoparticle itself, with
its possible co-adsorbed species. Like surfactants, polymers are
sensitive to solvent parameters, as reported for example by
Qin’s group™® for polyvinylpyrrolidone (PVP) on silver nano-
cubes. While the interaction of PVP with the metal is not
modified upon changing the nanoparticle dispersion solvent
and adsorption occurs via the n-donor pyrrolidone’s carbonyl
in all investigated instances,*™"*” changes in the dispersion
solvent cause reversible, SERS-observable conformational
changes due to the different degree of hydrogen bonding
between the polymer and the solvent.*> Consequently, the
packing density of the polymer on the surface is altered.'*
Being cognizant of these types of conformational rearrange-
ments at the surface is extremely important to tailor the surface
accessibility for ligand exchange reactions and SERS tag fabri-
cation, as well as for direct SERS measurements.

While for predominantly historical reasons the bulk of the
scientific literature on surfactant interactions on plasmonic
nanoparticles entails CTAB and its supramolecular arrange-
ment on gold nanorods during and after synthesis, the range of
surfactants and polymers that a SERS user can encounter in
everyday practice is the most disparate,”>'**'*! and CTAB
represents only a minimal, albeit notable, portion of this very
complex world. Unfortunately, owing to the intrinsic complexity
of modeling large supramolecular systems at plasmonic surfaces
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and the general difficulties associated with the implementation
of adequate solution-phase characterization techniques, knowl-
edge of the conformation of other surfactants or polymers on
plasmonic nanoparticles, including facet- and curvature-directed
patchiness, is sparse at best, when not completely lacking. For
example, Triton X-100 is utilized for the synthesis of high-yield
six-branch nanostars,**"*° and it is known from early SERS
literature'*? to interact with silver via its polyethylene oxide tail,
when utilized above its critical micellar concentration (CMC).
However, the higher-level architecture of the micelles on specific
crystal facets or possible supramolecular rearrangements at
reaction completion are at present unknown, and a similar
scarcity of knowledge can be observed for several other bulky
shape directors. However, in the same way in which we have
tried to equip the reader with a methodological approach on how
to think about the complexities related to the reducing agents,
we hope to invite considerations also about the complexities
related to the architecture of the so-called “organic shell” of
nanoparticles at reaction completion and in the successive steps
of their use as enhancing substrates for SERS, as these details are
determining towards a full understanding of the surface for a
true rational design of SERS-based experiments.

It must be pointed out that, while it is true that shape-
directing surfactants and polymers can be generally regarded as
chemically unchanged at reaction completion, there might be
instances in which these species do undergo chemical changes.
For example, some polymers and surfactants have mild reduc-
ing properties that are sometimes exploited to achieve specific
morphological control during synthesis, such as in the case
of polyols like polyethylene glycol (PEG), ethylene glycol, and
glycerol."*® Other examples are PVP'** or the poloxamers
commercially known as the Pluronic series,'*>'*® which are
hypothesized to exert their mild reducing action via their
terminal hydroxyl groups,"** or their degradation into reactive
oxygen species,'?’ respectively. These chemical transformations
might introduce surface-interacting moieties in the system such
as carbonyl functional groups, which contribute to diversifying
the surface adsorbate population. While it is beyond the scope of
this review to detail these types of changes, the reader should be
warned that, albeit not predominant in common SERS-relevant
nanosystems, these mechanisms could also take place, and thus,
an aprioristic exclusion of their existence is not advisable.

2.3 The dynamic nature of a plasmonic surface:
reconstructions and rearrangements at the nanoscale

Except for the considerations made on surfactants and polymers
rearrangements on the surface, we might have so far painted a
rather static picture of a plasmonic nanoparticle surface. Besides
the obvious reminders that anything at a solid/solution interface
exists in a dynamic equilibrium, we must additionally stress that
the metallic domain of that interface is also highly mobile and
subjected to changes over different time scales. Gold surfaces are
prime examples of highly mobile systems, and this is particularly
evident when we observe the strong restructuring that highly
anisotropic gold nanoparticles undergo over time, producing
duller features and ultimately more thermodynamically stable
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morphologies with aging.?”"'*® Mono- or multilayer shells of
other metals or the presence of chemisorbed inorganic and
organic species can modulate this property by either enhancing
or limiting it. For example, silver has lower mobility compared
to gold, and increasing content of atomic silver on the surface
of six-branch gold nanostars has been reported to halt their
surface reconstruction and preserve the morphology during
aging;*® on the contrary, the partial n character of the dative
charge transfer of halides and thiols to gold surfaces weakens
the bond energy among surface atoms, thus increasing their
diffusion coefficient and creating local adatom features on the
surface."*>"* Interaction with light such as during a SERS
measurement can exacerbate this adatom feature by further
pulling these weakened atoms, generating transient single-
atom defects (i.e., picocavities).’****° On a less localized nano-
scale, chemisorbed species can be seen as agents that actually
stabilize the overall morphology of a nanoparticle. This process
is observed in highly anisotropic plasmonic nanoparticles that
retain their shape over time when they are capped by chemi-
sorbing surfactants or small molecules.***”

Changes in the surface due to adatom reconstructions might
also trigger different binding motifs for the adsorbed species,
and thus, their susceptibility to displacement by another cap-
ping ligand or a SERS analyte. Grys et al.”> showed that gold
nanospheres obtained with the Turkevich-Frens method
undergo surface restructuring via thermally activated adatom
formation during aging. Gold sols were stored at different
temperature conditions (7 = 5, 18, and 28 °C) for 35 days, and
investigated by SERS at different time points, after prior aggre-
gation with molecular spacer cucurbit[5]uril (CB[5]). During
aging, the capping citrate molecules were observed to transi-
tion from a bidentate coordination via the central carboxylate
(~(CC) at 1020 cm ™) to a double bidentate coordination invol-
ving both central and terminal carboxylate moieties (¢(CC) at
1080 cm '), indicating the formation of adatoms on the sur-
face, as supported by DFT calculations (Fig. 6a).” This change in
the surface configuration of adsorbing citrates was more evident
the higher the temperature of storage of the gold colloid. The
concomitant observation of an intensity decrease of the CB[5] ring
breathing mode at 830 cm ' also suggested a variation of the
binding energy with time, in line with the expected strength of a
single bidentate coordination complex vs. a double bidentate
complex (Fig. 6b).> This binding energy modulation is particularly
important as it signals that colloids prepared in the same exact
way but differently stored and differently aged can show different
surface affinities for a given identical species (CB[5], in the case
presented by Grys et al.’), which is extremely important when
evaluating the reproducibility of SERS results across different
laboratories, or even by the same group but on different days.
Grys et al® also demonstrated that etching and subsequent
boiling of the aged gold sols lead to a complete refreshing of
the surfaces, thus improving their reliable application in sensing.’
We must however point out that such processes might not be
valid for anisotropic shapes, as the overall morphological, and
thus optical, properties might not be retained post-treatment, as a
consequence of the high adatom mobility reported above.

5234 | Chem. Soc. Rev,, 2025, 54, 5224-5247

View Article Online

Review Article

0701020

]

|

!

Pog o
! ) Q
5 o)\//b/ko
]

i

1

]

!

5°C 28°C
1080 cm’
€ L
%) | o 08883
% 1 1 1 1
n 0 10 20 30 0 10 20 30
time (days) time (days)

Fig. 6 Adatom-induced changes during aging of citrate-reduced gold
nanoparticles. (a) Proposed citrate coordination on fresh citrate-reduced
gold nanoparticles (left) and adatom-induced citrate reconfiguration upon
aging (right), as hypothesized from SERS spectra obtained after prior
aggregation with CB[5]. (b) SERS intensity changes over time of the marker
bands of CBI5] at 830 cm™! (left) and bridging coordination of citrate at
1080 cm™? (right), at three different temperatures. Changes are more
prominent at higher storage temperatures, indicating a role of thermally
activated adatoms in the aging process that causes the citrate coordina-
tion mode to rearrange and CBI5] to experience an affinity decrease for
the surface. Figures adapted from Grys D. et al.,, ACS Nano 2020, 14 (7),
8689-8696; figures licensed under ACS AuthorChoice via CC BY 4.0
International Public License, https://pubs.acs.org/page/policy/authorch
oice_ccby_termsofuse.html.

Time-dependent changes due to the aging of the adsorbate
population must also be considered. As briefly mentioned in
Section 2.1 when discussing r-ascorbate-reduced surfaces,’»*°*!
molecules that are adsorbed or in solution might degrade over
time, by action of oxidative, photo-initiated, or hydrolytic pro-
cesses, just to name a few. Consequently, the identity of the
adsorbate(s) might change over time, leading to the formation
of degradation products on the surface that have different
(i.e., stronger or weaker) interactions with the plasmonic metal,
compared to those established by the original, unaltered adsor-
bates. In the same way, species that were initially nonadsorbing
can potentially degrade into species with an increased affinity
for the metal and populate the nanoparticle surface over time,
changing its chemical reactivity. Because literature on this
specific topic is lacking, a data-driven weighing of adsorbate
degradation and aging in the overall pool of factors that deter-
mine SERS reproducibility cannot be made. However, because of
this very lack of data, efforts must be made not to lose sight of
the dynamic nature of SERS-active surfaces and what it implies
on different timescales.

Expanding on the subject of timescales, it must be recalled
that surface rearrangements do not exclusively pertain to the

This journal is © The Royal Society of Chemistry 2025
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timescale of what is commonly referred to as the aging pro-
cesses (i.e., days, months), but they also occur transiently, at the
ultra-short timescale. As mentioned at the beginning of this
section, random, light-, and/or thermally induced surface
reconstruction events can also happen transiently, and their
interplay is associated to the typical fluctuations that are
observed in single molecule and high-speed acquisition experi-
ments.””""*> A multitude of timescales should be therefore
considered to gather a full picture of the extent and type of
surface reconstructions that characterize plasmonic metal nano-
particles and that ultimately have an effect on the observed SERS
response. Additionally, rearrangements could also involve the
electronic structure of the surface; these changes can be induced
by plasmon-mediated electron transfer events that lead to the
formation of charged radical species within the adsorbate
population.’®*'** Finally, local heating during illumination
might not only lead to a deformation and rearrangement of
the original nanostructure surface, but it could also induce
temperature-dependent enrichment-depletion gradients at the
adsorbate level,"*® thus contributing to the complexity of the
generated illumination- and time-dependent SERS spectral
profiles.

3. Utilizing surface chemistry and
thermodynamics to understand
SERS-relevant adsorption hierarchies

Now that the main elements that go into assembling a realistic
depiction of a colloidal plasmonic surface have been discussed,
a question must be asked: Is this surface conducive to our
analytical objectives? It might happen that the answer is no,
and suitable ligand exchange reactions must be performed.
In certain lucky cases, where the nucleation and growth pro-
cesses are unaffected or negligibly perturbed by the presence of
our added surface-modifier, proper ligand exchange reactions
can be avoided and the right capping species for our applica-
tions can be added during synthesis, such as in the incorpora-
tion of spermine for the fabrication of cationic silver
nanospheres.*® In most other cases, however, ligand exchange
cannot be avoided. The process of tuning the surface chemistry
for a given analytical application is not trivial, and it requires
extensive work that should be considered an essential and non-
negotiable part of SERS method development. Even though a
trial-and-error approach will eventually produce the desired
practical result, it is evident that knowledge of the surface
chemistry and thermodynamics of the system to be modified
could greatly simplify the task. Additionally, important infor-
mation on the dynamic equilibria established during SERS
sample preparation can be more clearly derived: Which adsorp-
tion hierarchies are established upon analyte addition to the
colloidal sol? Is the analyte displacing the capping species on
the surface? Is the capping species complexing the analyte? Are
other species in solution modulating the adsorption equilibria?
Ultimately, why does the generated spectrum profile look the
way it does?

This journal is © The Royal Society of Chemistry 2025
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In this section we will present some new techniques to
quantitatively determine the energetics involved in the adsorp-
tion of common plasmonic nanoparticle capping agents, as
well as computational studies that elucidate the thermo-
dynamic parameters among common capping agents and
plasmonic surfaces and how they can be utilized to the advan-
tage of a SERS protocol development pipeline, involving either
ligand exchange reactions or direct SERS measurements. Finally,
we will discuss emerging N-heterocyclic carbenes (NHCs) and
their role in incrementing the variety of persistent functionaliza-
tion species that can be utilized in applications that require low
susceptibility to adsorbate displacement.

3.1 Quantifying affinities to elucidate and tailor analyte
adsorption: displacement vs. multilayer adsorption vs. co-
adsorption

The lack of widely available and established in situ charac-
terization techniques for the quantification of the binding
strength of adsorbate systems on colloidal nanoparticles in
their native state makes this task particularly challenging.
As we have outlined in Section 2, colloidal nanoparticles are
complex, heterogeneous systems that dynamically change in
response to external stimuli, inevitably making ex situ charac-
terizations an approximation of their properties in their native
state. Over the years, first-principles computational studies
such as DFT calculations have come to the nanoscientist’s aid
and advanced the understanding of nanoscale phenomena that
were (or are still) not experimentally accessible, providing
insight into the thermochemistry of the nanoscale adsorption
of molecules on specific metal surfaces or clusters,3!20:156-138
It must be recalled that, in their simplest implementations,
DFT calculations describe isolated systems in the gas phase;"*°
while this approach is certainly valid for certain applications,
such as the calculation of Raman spectra of analytes in the
solid phase,*®® condensed phases such as colloidal nano-
particles are more accurately described by the introduction of
explicit, implicit, or hybrid explicit-implicit solvents that
account for their native conditions and properties. The latter
approach, which combines the modeling of an explicit first
solvation shell and the application of a dielectric continuum,***
allowed to gain insight into the participation of water molecules
to the surface coordination of doubly deprotonated citrate, on
both monometallic Au,, and bimetallic Au;Ag (111) clusters
representing the alloyed surfaces of 18: 1 AuAg nanostars."*’ The
theoretical adsorption free energies in solution of both directly
bound and water-mediated citrate/metal systems were in line
with experimental values (vide infra), and ranged from —7.7 to
—14.3 keal mol ™, indicating weak chemisorptive interactions
that are likely established via lone-pair-driven charge transfer
complex formation.'*’

As previously addressed, being cognizant of the type and
magnitude of the binding interactions between a stabilizer and
the metal surface on which it is chemisorbed is of utmost
importance when developing a ligand exchange or a SERS
protocol, as they will determine the final configuration of the
species on the plasmonic surface. For example, it was recently
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shown that amines interact with gold surfaces via their lone
pair, with energies that are positively correlated to their basi-
city, net of corrections for steric hindrance.'®®> The most basic
primary amine that was investigated, ethylamine, was reported
to adsorb on Au(111) with an energy of —0.673 eV, which
corresponds to —15.5 kcal mol"."®> Because the basicity of
amines increases with alkyl substitution, and because the
theoretical free energies of adsorption discussed for citrate*°
and ethylamine'®* can be in principle utilized as benchmarking
points, we could reasonably expect that a tertiary alkylamine,
either utilized as a ligand in an exchange reaction or a target
analyte in a SERS sample, would displace citrate on gold
surfaces, winning the competition for adsorption sites. Such
type of quantitative, benchmarking information is crucial to
understand whether a SERS sample system is a monolayer of
our analyte, a mixed monolayer of our analyte and one or more
additional species, or a multilayer system in which our analyte
is not the species that is closest to the metal surface. Because
SERS is a near field tensorial effect, these adsorption hier-
archies are key to understanding and interpreting SERS spectra
(Fig. 7).

As the computational cost of DFT calculations scales with
the number of electrons composing the system,"® a detailed
modeling of complex surfaces with large, adsorbed molecules
may not be feasible on a reasonable timescale. While the use of
pseudopotentials renders the treatment of metals such as gold
and silver computationally affordable,"® large assemblies of
organic molecules or individual macromolecules, such as sur-
factant micelles or polymers, also heavily contribute to both
computational cost and degrees of freedom of the system,
greatly complicating its DFT modeling. For these reasons, such
large organic systems are often simplified to their individual
constituents, segmented into their relevant functional units,
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or reduced to oligomers, as exemplified by a recent work on
divinylpyrrolidone (DVP), which was utilized as a model com-
pound to study the adsorption behavior of PVP on silver.'®® The
DFT-calculated binding energy of the dimer was 1.13 eV
on Ag(100) and 1.06 eV on Ag(111), corresponding to about
—26.1 and —24.4 kcal mol ™', respectively.'®® Interestingly, the
authors report that the presence of co-adsorbed chloride on the
surface was positively correlated with the binding strength of
DVP, and that chloride preferentially binds to Ag(100) facets,
thus determining the facet-selectivity of the dimer, and as an
extension, of the polymer, too. While these studies were origin-
ally conducted to examine the role of trace chloride in reagent
grade PVP, SERS users know that chloride is a common anion
that can be introduced when utilizing inorganic aggregation
salts (NaCl, KCl, LiCl, MgCl,, ...) or performing the so-called
“chloride passivation” (or ‘‘activation’”). Knowledge of the
described interplay of chloride and DVP adsorption energies
could therefore be utilized to elucidate possible stabilization of
PVP on silver nanoparticles in the presence of such salts, as it
has been shown to happen for CTA* and Br~ (Section 2.2).
Experimentally, if the adsorbate to be studied is charged,
and its adsorption behavior can be modeled by a thermodyna-
mically derived isotherm function, electrophoretic light scatter-
ing (ELS) titrations can be utilized to derive { potential values at
different adsorbate concentrations, which can in turn be lever-
aged to calculate the associated adsorption constant and free
energy, directly on the nanoparticles, in their native colloidal
state.*>'®* This approach was demonstrated for the characteri-
zation of citrate’s thermodynamic quantities and cooperativity
when adsorbed on sparingly-capped, -ascorbate-reduced gold-
silver (18:1) nanostars, concluding that it weakly chemisorbs
in a positively cooperative way (ngy;; > 1), with an affinity
constant in the order of 10> M~ " and energies of —4.36 + 0.08

a b c
analyte\.

capping agent \A \A &

metal

d e
+
t uncharged \

N charged capping

n 6 o capping 320 o agent Ty

Fig. 7 Schematic representation of some of the possible adsorbate architectures that can generate at the surface of a colloidal nanoparticle upon
analyte addition during SERS sample preparation, provided that for all instances K.qlanalyte/metal] > K,glanalyte/analytel. If K,qlanalyte/metal] >
Kaglcapping agent/metall, the analyte can displace the capping agent and (a) form a chemical bond with the substrate or (b) physically interact with it.
(c) Analyte addition to a substrate with pre-adsorbed species having K,qlcapping agent/metal]l ~ K,qglanalyte/metal] might result in co-adsorption with no
displacement. If K glanalyte/metal] < K.qlcapping agent/metal], and there is no ensuing repulsive interaction between the capping environment and the
analyte, a layered surface architecture can form instead. (d) Depending on the physicochemical properties of the capping agent, the analyte can (d) form
an ionic pair, (e) form a chemical bond, or interact via dispersion forces, and reside at a distance that is proportional to the steric bulk of the capping agent
itself.
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and —4.58 £ 0.05 k] mol " at 10 and 20 °C, respectively.*” These
results are in agreement with the previously cited DFT-
simulated data of hybrid implicitly-explicitly solvated citrate
on both pure gold and Au;,Ag clusters.'*® Elucidating adsorp-
tion cooperativity is important not only to obtain a clearer
depiction of how the adsorbate layer organizes itself (e.g.,
number of molecules constituting the adsorbate layer, prefer-
ence for the solvent rather than the metal, etc.), but also because
it provides a way to corroborate free energy adsorption trends, as
cooperativity tends to weaken and approach 1 (ie., absence
of cooperativity, pure Langmuir adsorption) the stronger the
adsorbate/surface interactions are.””

Although ELS is affordable and easily implementable, it only
provides an average picture of the assembly that is subjected to
the applied voltage. In other words, it is a bulk measurement.
We have seen, however, that adsorption might differ from
nanoparticle domain to nanoparticle domain, as a function
of crystallography and surface curvature (Section 2.2), and in
certain cases those differences might need to be assessed.
To directly measure such differences, new in situ characteriza-
tion techniques with sub-particle resolution are being imple-
mented. For example, energetics and cooperativity information
at the sub-nanoparticle level can be derived via a competition-
enabled imaging technique with super-resolution—COMPEITS.'*®
COMPEITS makes use of a solid particle-catalyzed fluorogenic
reaction to derive affinity constants and cooperativity informa-
tion relative to a ligand of interest, which competes for adsorption
sites with the auxiliary fluorogenic reaction, thus modulat-
ing its fluorogenic kinetics. Because COMPEITS is based on
fluorescence, the product of the auxiliary reaction, and the
competition-induced fluorescence suppression thereof, can be
imaged with nanometer resolution by single-molecule fluorescence
localization microscopy, achieving concomitant nanometer-scale
spatial information on the nonfluorescent adsorption process of
interest.’®® This technique has been utilized to characterize
in situ the energy involved in the interaction of common noble
metal nanoparticle adsorbates (i.e., CTAB, PVP, halides, a small
thiol) on different crystallographic domains of large (micro-
meters wide, ~ 14 nm thick) gold nanoplates, coated with a meso-
porous silica shell for stability, as well as on small (J = 5 nm) gold
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nanospheres sparingly capped with sub-uM citrate.®” Fig. 8 shows
the COMPEITS image relative to the CTAB studies, which indicate
adsorption differences across the different crystallographic
domains of the nanoparticle—Au(111) at flat regions and
Au(110) at side facets—with abundance increasing from the edges
to the corners.”” In particular, it was possible to measure that the
affinity constants are in the order of high to mid 10> M~ and
trended as corner (110) > edge (110) > flat-facets (111), with
cooperativities varying from (1.7 £ 0.2) and (1.8 £ 0.2) on (110)
facets to (2.2 & 0.2) on (111) facets.” These results are in
accordance with previously discussed gold nanorod EELS map-
ping results'* showing that CTAB more densely packs on the
sides of nanorods than on the tips, which are characterized by
Au(111) surfaces. It must be specified that these studies were
conducted below the CMC of the surfactant, to avoid complica-
tions due to the presence of micelles.

On 5-nm gold nanospheres, where crystallographic-specific
information could not be resolved (COMPEITS resolution is
around 20 to 40 nm),”” the COMPEITS-determined adsorption
constant for CTAB was of the same order of magnitude,
10° M, with positive cooperativity of about 2, consistent with
the known formation of an interfacial bilayer. Interestingly,
bromide affinity measurements made with KBr as the anion
source showed that the adsorption constant of this halide is in
the order of the low 10° M~ range, which would comparatively
imply that the contribution of bromide to the overall CTAB
adsorption constant is only 0.2%, thus making its role appar-
ently negligible.”” However, comparison with COMPEITS-
derived adsorption constant of CTAB analogs CTAC and CTAOH
indicate that synergistic effects due to the nature of the surfactant
counterion are in fact present,”” in line with a wide variety of
literature on the modulating effects of CTA" adsorption on gold by
different counterions, such as chloride or iodide.

Another interesting finding that emerges from COMPEITS
reports is that PVP with standard molecular weight for nano-
fabrication (i.e., 55 k) showed an average adsorption constant to
5-nm gold nanospheres in the order of 10° M, a value that
is two orders of magnitude higher than that measured for
B-mercaptoethanol on the same system (Kyqmg) = 2.6 £ 0.1 X
107 M ").%” However, this adsorption constant decreased with

10

Fig. 8 Super resolution images of COMPEITS fluorogenic auxiliary reaction products on an individual gold nanoplate coated with a mesoporous silica
shell. (a) SEM image of an individual gold nanoplate coated with a mesoporous silica shell. The bright spots are small mesoporous silica particles adsorbed
onto the shell; the authors report no observable interfering effects on the COMPEITS experiments. (b) Super resolution image of the COMPEITS
fluorogenic auxiliary reaction products on an individual gold nanoplate coated with a mesoporous silica shell. (c) Super resolution image of the
COMPEITS fluorogenic auxiliary reaction products on an individual gold nanoplate coated with a mesoporous silica shell and [CTAB] = 0.50 uM. The pixel
size of the super resolution images is 40 x 40 nm?, while n is the number of COMPEITS fluorogenic auxiliary reaction products detected over 45 minutes.
All scale bars correspond to 500 nm. Figures adapted from Ye, R. et al. Nat. Commun. 2019, 12, 4287; figures licensed under CC BY 4.0 International
Public License, https://creativecommons.org/licenses/by/4.0/.
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decreasing polymer molecular weight, reaching (2.9 + 0.3) x
10® M~ for 10 k PVP and showing no significant adsorption at
the investigated concentrations when monomer vinylpyrroli-
done was probed, indicating chain length-dependent multi-
valency effects.”” In addition, negative cooperativity was observed
for all investigated molecular weights of the polymer, suggesting
the existence of either repulsive electrostatic interactions between
charged PVP chains (pK;, of N-alkylpyrrolidone is around 3.5, while
the COMPEITS titrations were performed at pH of about 7.4) or
strong solvation effects that might cause PVP to prefer interactions
with water rather than with itself.””

It is important to reiterate that quantitative, in situ informa-
tion on the adsorption of stabilizers on noble metal nano-
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quantities that we were able to retrieve from the literature are
relatively few and are reported in Table 1. Knowledge of
affinities and changes in free energy of adsorption is important
because it enables a rationalization of the “interaction archi-
tecture” that is established on the nanoparticle surface when a
SERS sample is prepared, and with it, an increased under-
standing of the physical meaning of the SERS spectrum
itself.’®® It is also worthy to stress that, in the absence of a
thermodynamically-guided design of a surface-analyte pair, it
is statistically wise and realistic to believe that our SERS sample
will likely contain non-negligible co-adsorbates. Recently,
Zhang et al.'°® highlighted how common halide “passivating”
(or “activating”) techniques that are traditionally achieved by

particles

is unfortunately generally lacking—the notable

addition of halide salts and deemed to form full anion mono-

Table 1 Summary of experimentally determined affinity constants and other thermodynamic parameters of common plasmonic nanoparticle capping
adsorbates relevant to SERS applications

AGaa Bibliographic

Adsorbate Nanoparticle system Measuring technique Ko M7 Cooperativity (kcal mol™")  details
3-Mercapto- Commercial, 5 nm citrate- Isothermal titration (3.3 +0.5) x 10°  0.37 + 0.01 -8.9 £04 Ref. 167
propionic acid  capped Au nanospheres calorimetry, 25 C°
6-Mercapto- Commercial, 5 nm citrate- Isothermal titration (2.7 £ 0.4) x 10°  0.20 £ 0.01 -8.8 £ 0.2 Ref. 167
hexanoic acid  capped Au nanospheres calorimetry, 25 C°
Ascorbate 5 nm Au nanospheres Bulk fluorimetry Kip ~ 6.4 x 102.%  N/A N/A Ref. 97
Bromide 5 nm Au nanospheres Bulk fluorimetry (1.5 £0.3) x 10° 1 N/A Ref. 97

5 nm Au nanospheres COMPEITS, particle averaged (1.2 + 0.3) x 10> 1 N/A

Au nanoplates, corners COMPEITS, particle averaged (1.3 + 0.1) x 10° 1 N/A

Au nanoplates, edges COMPEITS, particle averaged (1.6 & 0.1) x 10> 1 N/A

Au nanoplates, flat facets ~ COMPEITS, particle averaged (2.8 £ 0.2) x 10> 1 N/A
Citrate AuAg (18:1) surfactant- ELS titrations, 10 °C (2.0 £0.3) x 10° 2.8+ 0.3 -4.36 + 0.08 Ref. 32

free nanostars

AuAg (18:1) surfactant- ELS titrations, 20 °C (2.3 +02) x 10° 3.4+ 04 -4.58 £ 0.05

free nanostars
CTAB 5 nm Au nanospheres Bulk fluorimetry (6.0 £1.2) x 10° 1.8+ 0.4 N/A Ref. 97

5 nm Au nanospheres COMPEITS, particle averaged (6.6 + 0.2) x 10° 2.0 & 0.1 N/A

Au nanoplates, corners COMPEITS, particle averaged (9.3 & 0.8) x 10° 1.7 4+ 0.2 N/A

Au nanoplates, edges COMPEITS, particle averaged (7.6 & 0.6) x 10° 1.8 4+ 0.2 N/A

Au nanoplates, flat facets ~ COMPEITS, particle averaged (5.8 + 0.3) x 10° 2.2 £ 0.2 N/A
CTAC 5 nm Au nanospheres Bulk fluorimetry (3.5 +1.1) x 10° 1.2 4+ 0.1 N/A Ref. 97

5 nm Au nanospheres COMPEITS, particle averaged (4.7 + 0.1) x 10° 1.1 £ 0.1 N/A
Todide 5 nm Au nanospheres Bulk fluorimetry (1.8 +£0.5) x 10”7 1 N/A Ref. 97

5 nm Au nanospheres COMPEITS, particle averaged (1.8 £ 0.5) x 107 1 N/A

Au nanoplates, corners COMPEITS, particle averaged (5.2 + 0.3) x 10° 1 N/A

Au nanoplates, edges COMPEITS, particle averaged (5.8 + 0.5) x 10° 1 N/A

Au nanoplates, flat facets ~ COMPEITS, particle averaged (6.4 + 0.5) x 10° 1 N/A
PVP (MW, ~ 5 nm Au nanospheres Bulk fluorimetry (2.5 £0.8) x 10°  0.81 + 0.11 N/A Ref. 97
55 k) 5 nm Au nanospheres COMPEITS, particle averaged (2.0 + 0.2) x 10°  0.75 + 0.03 N/A

Au nanoplates, corners COMPEITS, particle averaged (1.4 & 0.1) x 10°  0.83 & 0.02 N/A

Au nanoplates, edges COMPEITS, particle averaged (6.4 + 0.2) x 10°  0.75 + 0.01 N/A

Au nanoplates, flat facets ~ COMPEITS, particle averaged (4.0 + 0.4) x 10°  0.68 %+ 0.05 N/A
PVP (MW, ~ 5 nm Au nanospheres Bulk fluorimetry (1.6 £0.8) x 10°  0.71 £ 0.09 N/A Ref. 97
40 k) 5 nm Au nanospheres COMPEITS, particle averaged (1.4 + 0.1) x 10°  0.68 + 0.02 N/A
PVP (MW, ~ 5 nm Au nanospheres Bulk fluorimetry (4.2 £1.4) x 10  0.63 £ 0.07 N/A Ref. 97
10 k) 5 nm Au nanospheres COMPEITS, particle averaged (2.9 + 0.3) x 10°  0.64 + 0.02 N/A

Au nanoplates, corners COMPEITS, particle averaged (5.1 + 0.3) x 10°  0.89 + 0.02 N/A

Au nanoplates, edges COMPEITS, particle averaged (4.6 & 0.4) x 10°  0.84 £ 0.03 N/A

Au nanoplates, flat facets ~ COMPEITS, particle averaged (3.1 + 0.6) x 10°  0.76 + 0.05 N/A
-Mercapto- 5 nm Au nanospheres Bulk fluorimetry (3.54+0.5)x 107 1 N/A Ref. 97
ethanol 5 nm Au nanospheres COMPEITS, particle averaged (2.6 £ 0.1) x 10”7 1 N/A

Au nanoplates, corners COMPEITS, particle averaged (5.1 + 0.4) x 10’ 1 N/A

Au nanoplates, edges COMPEITS, particle averaged (4.8 £ 0.3) x 107 1 N/A

Au nanoplates, flat facets ~ COMPEITS, particle averaged (4.8 + 0.2) x 107 1 N/A

“ Ky, is the apparent adsorption constant derived from fitting the ascorbate/Au nanoparticle titration data with an empirical kinetic saturation
equation of the form v, = (ak,[Ligand])/(1+ Ky ,[Ligand]) + b,"*® where a and b are empirical constants and the reaction rate constant is 50% of the
saturation rate at [Ligand]=1/K;,.””
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layers and displace citrate in its entirety, do not actually form
complete monolayers on gold. Rather, they alter the adsorption
equilibria of the species in solution, generating halide-specific
adsorbate landscapes. In fact, patchy adsorbate layers are
formed, with spacings that are hypothesized to be mainly
dictated by the steric bulk of the anion itself. As a result,
a well-packed, near full monolayer is formed by chloride,
while bromide and iodide organize on the gold surface as
increasingly incomplete monolayers, regardless of the incubation
time. Albeit in a non-quantitative way, the authors spectro-
scopically demonstrate that these differences determine vary-
ing changes in the chemistry of the resulting nanoparticle
surface, and thus, in the solid/solution equilibria; for example,
a selective desorption of citrate in favor of the adsorption of its
thermal decomposition byproduct acetoacetate (Section 2.1)
was observed for “chloride-activated” citrate-reduced gold
nanoparticles, generating a mixed ligand surface of chloride
and acetoacetate on gold that is observable by SERS itself, after
colloid aggregation with MgS0,."®

Incomplete halide monolayers on halide-aggregated citrate-
reduced gold and silver nanoparticles and modulation of analyte
(co-)adsorption were also reported by Xie et al,'®® who investi-
gated the synergistic effects that take place between analyte,
halide aggregating agent, and gold or silver surfaces during the
preparation of a SERS sample. Everyday SERS practice shows that
the order of addition of such components can have a dramatic
influence on the intensity of the resulting SERS spectrum, often
producing differences also in terms of band position and band
presence or absence (Fig. 9); such behavior was explained by the
authors as a result of competitive adsorption and synergistic
effects between analytes and halides and the establishment of
mixing conditions that favor direct analyte adsorption over ion
pairing (i.e., multilayer adsorption). Again, while no quantitative
measure of the binding affinities of the species at play were
provided, it is interesting to highlight that despite the small size
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Fig. 9 Effect of sample components addition on the SERS spectrum
profile of indole alkaloid koumine (1 mg L™, obtained utilizing citrate-
reduced gold nanoparticles and either NaBr or Nal as the aggregating
agent. The effect of the order of addition of the three components
(i.e., analyte, nanoparticle, aggregating agent) and the resulting chemical
environment is evident. Adapted with permission from Xie, L. et al. J. Phys.
Chem. Lett. 2020, 11 (3), 1022-1029. Copyright 2020 American Chemical
Society.
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of the capping halides and the consequent residence of the
analytes within 1 nm from the surface in either case, differences
between direct adsorption and co-adsorption by ion pairing were
evident in terms of intensity.'®

3.2 When displacement is unwanted: N-heterocyclic carbene
chemistry for persistent adsorbates

As we have discussed so far, (purposely) populating the surface
of a plasmonic nanoparticle with displaceable ligands is a
sought-after characteristic when implementing direct SERS
applications. On the contrary, the fabrication of nanotags'*®'7°
for indirect SERS applications or nanoparticle oligomers'”*"'” for
engineered hotspot formation might instead require the use of
adsorbates that strongly bind to the metallic surface and exhibit a
high desorption barrier. Typically, organosulfur ligands like thiols
and o-o dithiols are utilized to this scope, due to their known
high affinity for gold and silver and their ability to self-assemble
as densely packed monolayers. While thiol-gold and thiol-
silver bonds are strong (e.g., bond enthalpies in the order of
~125 kJ mol " for alkenethiol-gold systems'’®), they are not
inert, and might instead be labile and lead to ligand desorption
when submitted to relatively harsh conditions, such as biologically
relevant oxidizing environments and high temperatures,"”*'”> or
resonant illumination."”®

Ligands based on N-heterocyclic carbene (NHC) chemistry
have emerged as powerful thiol replacements as they form
stronger, less labile bonds with plasmonic metals."”””'”® NHCs
are stable heterocyclic compounds characterized by the presence
of a divalent carbon with a six-electron valence shell and at
least one adjacent nitrogen within the ring (Fig. 10a)."”*"®° The
presence of the nitrogen(s) adjacent to the carbene carbon provide
electronic stability to the ligand by both lowering the energy of the
carbene’s occupied & orbital (stabilization by inductive effect) and
simultaneously behaving as n electron-donors, providing added
electron density to the carbene’s p orbital (stabilization by
mesomeric effect).'®® Additionally, the N-substituents (“wingtip
groups”) lie on the same plane as the binding site (ie., the
carbene carbon), thus directly determining its steric environ-
ment and contributing to the kinetic stabilization of the whole
NHC by sterically disfavoring the typical dimerization equili-
brium of stable carbenes.’”®™*%> All of these stability features are
retained by the complexes of NHC ligands with their substrates,
including gold, and ensure higher stability performances of
the resulting adsorbate systems compared to common self-
assembled monolayers based on thiol chemistry,'””*80:183

In addition to an improved stability of the functionalized
surface towards pH, thermal, and chemical oxidation treat-
ments,'®* NHC chemistry can also offer a platform to explore
regioselective adsorption. As seen in Section 2.2, the steric
environment at an adsorbate binding site generates nonbond-
ing interactions between the adsorbate and the surface, which
result in curvature-specific regioselectivity.'** Consequently,
because the steric environment of NHC ligands is controlled
via the identity of the N-substituents,'® regioselective binding
can be modulated by carefully choosing their steric hindrance,'**
whereby bulky groups achieve preferential binding at adatom and
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high curvature sites, such as step edges and tips.'**'®*'%° and anisotropic adsorbate packing is observed across a multi-

In Section 2.2, we have seen that some level of regioselectivity tude of adsorbates, due to the interplay between surface
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Fig. 10 Structures of common N-heterocyclic carbenes (NHC) and their orientation on gold surfaces according to experimental and theoretical studies.
(a) Ground state electronic structure of a minimalistic NHC and most common backbones and N-substituents. Figure inspired by Hopkinson, M. et al.*%°
(b) STM images of the surface patterning produced by differently N-substituted 1,3-dialkylbenzimidazol-2-ylidenes NHCs adsorbed on Au (111) at
saturation coverage, and their respective DFT-simulated surface configurations: (I-1ll) the symmetric tert-butyl-N-substituted species self-assembles
into short closely packed lines and is calculated to lie perpendicularly to the gold surface, (IV=VI) while the less bulky, asymmetric ethyl- and isopropy!l-
N-substituted species forms flat-lying (NHC),Au complexes. Figure adapted from Inayeh, A. et al. Nat. Commun. 2021, 12, 4034; figure licensed under CC
BY 4.0 International Public License, https://creativecommons.org/licenses/by/4.0/. (c) DFT-simulated (top, blue and red profiles) and experimental
SERS spectra (bottom, black profiles) of two differently N-substituted benzymidazolylidenes. Despite the DFT-calculated energies for the vertically
aligned and the flat-lying orientations indicate a more favorable formation of the latter, both orientations are experimentally observed. The bands that are
uniquely associated with the flat-lying orientation are marked with an asterisk. Adapted with permission from Thimes, R.L. et al. J. Phys. Chem. Lett. 2023,
14 (18), 4219-4224. Copyright 2023 American Chemical Society.
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curvature, different crystallographic-dependent affinities and
packing, and overall surface coverage.'>*"*”3°32 However, a
finer control and modulation of regioselectivity via the identity
of the substituents flanking the ligand binding site as enabled
by NCH chemistry is not achievable with common o-® adsor-
bates, such as the typical alkylthiols utilized in SERS-relevant
nanofabrication (e.g.,, o-® mercaptoamines or mercapto-
carboxylates).

In common o-o thiol ligands, the position of substituents
is opposite to the ligand binding direction, and prevents the
establishment of the nonbonding interactions between
the surface and the binding site, which indeed appear to be
the crucial contributors to NHC regioselectivity control."**
On this subject, it must be recalled that the same nonbonding
contributions to surface interaction generate a trade-off between
regioselectivity and bond strength, because the NHC-metal bond
strength decreases with increasing steric bulk of the so-called
wingtip groups.’**'®*> Consequently, the orientation of the NHC
ligand to the surface, as well as its mobility and propensity to
deform the outermost atomic layer of the metal surface, can
also be controlled via a careful choice of the identity of the
N-substituents.'®>'8® Recent scanning tunnelling microscopy
(STM) observations and DFT simulations on differently sub-
stituted 1,3-dialkylbenzimidazol-2-ylidenes NHCs (Fig. 10b) have
highlighted this trend, where the presence of non-bulky wingtip
groups such as asymmetric isopropyl and ethyl N-substituents
result in a higher mobility of the ligand compared to minimally
bulkier tert-butyl substituents.'®® Moreover, they have thermo-
dynamically preferred flat conformations at the surface, and tend
to cause adatom abstraction and complexation as desorbed free
molecules when they interact with Au(111) surfaces.'®

The orientation on the surface of colloidal gold nanoparticles
is however more complex than what has been elucidated for
non-colloidal gold surfaces, and recent studies based on SERS
and accompanying DFT calculations demonstrated that both
flat and upright conformations are present on spherical nano-
gold across different benzimidazolium NHCs of varying steric
bulk of the wingtip group (i.e., methyl, ethyl, hexyl, and tert-
butyl)."®” DFT calculations of putative upright- and flat-oriented
complexes on Ausg clusters show that flat configurations at the
surface are clearly preferred for all structures, with adsorption
energies that are 10 to 30 kcal mol™" more negative compared
to those calculated for upright model complexes (Fig. 10c, top);
however, the SERS spectra show the coexistence of the two
orientations (Fig. 10c, bottom), probably resulting from the
stabilization of a small population of the less thermodynami-
cally favored upright adsorbates via kinetic trapping or solvent
effects.'®” The comparison among the experimental SERS spec-
trum and the DFT-simulated spectra obtained by averaging the
contributions of upright- and flat-oriented populations with
varying relative abundancies showed that the N-methyl NHC/Au
nanoparticle system is consistent with a 1:25 upright:flat
ratio,"®” in line with previously discussed results on Au(111)
surfaces and NHCs bearing N-substituents with low steric
hindrance."®® On the contrary, the N-tert-butyl NHC/Au nano-
particle system exhibited opposite behavior to what has been

This journal is © The Royal Society of Chemistry 2025

View Article Online

Chem Soc Rev
reported for Au(111) surfaces,'®> with a best match of the
experimental SERS spectrum of the functionalized nanoparticle
system with the DFT-simulated one that was obtained by
modeling a 1:10 upright: flat orientation ratio, and presence
of experimental SERS bands that are unambiguously related to
the flat NHC configuration, such as those centered at 929 and
1448 cm ™' (Fig. 10c)."®” This behavior could be explained by a
possible adatom effect, which could accommodate bulky sub-
stituents that would otherwise be forced in an upright position
on a perfectly flat surface."® The general importance of eluci-
dating adsorption configuration trends in addition to overall
regioselective trends stems from the fact that SERS is intrinsi-
cally less sensitive to modes that lie parallel to the plasmon-
sustaining surface, thus making the surface orientation
preferences of a given ligand non-decouplable from sensing
performance when a functionalized system is designed for a
defined, analytical scope.

The way NHC ligands can be adsorbed onto colloidal gold
nanoparticles is not trivial. As demonstrated by Dominique
et al,'®® the known transmetalation reactions commonly
utilized in organometallic chemistry to transfer an NHC ligand
from a starting metal center (e.g., silver or copper) to gold have
more complex dynamics when applied to colloidal gold nano-
particles than in simple organometallic complexes. The compu-
tationally-supported multianalytical (XPS, SERS, laser desorption
MS) approach utilized by the authors highlighted that proper
NHC transmetalation on citrate-capped gold nanoparticles
occurs as a complex function of the NHC scaffold (benzimida-
zole vs. imidazole), the steric bulk of the N-substituents, and
the metal center of the starting NHC complex."®® For example,
copper complexes of N-diisopropylphenyl-substituted imidazole-
NHC are conducive to transmetalation, with transfer of the NHC
ligand to a nanoparticle gold adatom, while silver complexes of
the same NHC ligand do not undergo transmetalation, but form
adducts via the incorporation of the silver center onto the surface
of the gold nanoparticle as an alloyed adatom. Alloying of silver
into the gold nanoparticle was also observed with silver complexes
of N-isopropyl-substituted imidazole-NHC, but in this case proper
transfer of the NHC to gold and formation of an NHC-Au bond
occurred."®® Readers interested in NHC-functionalization of SERS-
active colloidal nanoparticles should therefore be aware that this
chemistry might not only alter the original adsorbate landscape at
the nanoparticle surface, but it can also change the nature, and
thus, the electronic structure of the metallic surface domain.

It is probably evident at this point that the fine mechanistic
details of NHC chemistry for plasmonic nanoparticle engineer-
ing offers tremendous room for exploration, and research must
be pushed such that we can paint a more rounded and realistic
picture of the strengths and limitations of this class of noble
metal modifiers. For example, the groups of Camden, Jenkins,
and - Arroyo-Curras*®*®'® have recently highlighted that the
various domains in which NHC adsorbates outperform thiol
should not include electrochemical stability. NHC monolayers
were in fact shown to exhibit an electrochemical behavior that
is similar to thiols’ in the —1.0 to 0.5 V vs. Ag|AgCl voltage
range,"?® while outside it, NHC molecules cathodically desorb
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at lower bias than thiols, and anodically desorb at analogous
bias."®® Moreover, susceptibility to degradation via continuous
cycling and consequent operational lifetime were found to be
a function of the NHC backbone.'® These findings evidence
limitations that must be taken into account for a robust
implementation of these surface architectures in applications
such as electrochemical SERS.

4. Alternative surface chemistries:
Semiconductors

In bioanalytical SERS, it is not infrequent to find gold nano-
particles or SERS nanotags that are encapsulated by a silica
shell, with the scope of enhancing the stability and biocompat-
ibility of the system itself in biological media.'*® Obviously, the
presence of a SiO, shell makes it such that the chemical
environment at the solid/solution interface is different from
that of the native, plasmonic-only nanoparticle—and the differ-
ences are substantial. The first that comes to mind is the way
metal oxides develop a charge in solution. As opposed to what
has been discussed for noble metal nanoparticles, which are
zero-valent and develop a charge in solution as a consequence
of the charged adsorbed species on their surface, metal oxide
surfaces can be seen as a network of undercoordinated metal
cations and oxygen anions; as a result, most metal oxides are
amphoteric in solution, and their charge can be switched upon
pH modulation.*” Certainly, in a colloidal environment,
adsorbed species will populate the surface of metal oxides,
and they will modulate the overall surface charge of the
nanomaterial depending on their identity. However, it is impor-
tant to remember that the thermodynamic trends that are
observed for plasmonic nanomaterials, and thus, the types
and strengths of the interactions between the surface and the
adsorbates that are commonly found in SERS applications,
might not translate identically on the two materials. For
example, the electronegativity of the anionic component of
the metal oxide lattice (i.e., oxygen) is such that, among halides,
only fluoride is able to form strong bonds with the surface
metal atoms.""® This feature is distinctive of metal oxides and is
sensibly different from the halide binding trends reported
for traditional plasmonic nanomaterials like gold and silver
(see Section 3.1).

When considering emerging semiconductor materials for
SERS substrates, for example metal chalcogenides like MoS,'?
and CuTe," differences in the electronegativity of the anionic
component of their lattices compared to oxygen in metal oxides
makes it such that these surfaces do form strong bonds with all
halides via their cationic surface lattice component.™** While it
is beyond the scope of this review to discuss the details of the
surface chemistries of all of the many semiconductor nano-
materials that are nowadays starting to find application in
SERS,'*® this section wants to reiterate that, the control and
exploitation to full potential of any surface-specific pheno-
menon must pass by the understanding of the surface chemistry
that enables it, and SERS is not an exception to this rule of thumb.
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When semiconductors are exploited as SERS substrates, either
as a shell or decoration in a composite material or as the sole
constituent, this necessity becomes even more stringent, because
the chemical mechanism will be the preponderant phenomenon
in enabling the signal enhancement of the analyte. Whenever
an interposed semiconductor shell or decoration is present on
top of a plasmonic core, and even more so, when a semi-
conductor is utilized as a SERS substrate in the absence of a
plasmonic constituent, the chemical enhancement mechanism
relies on the interaction between the conduction band of
the semiconductor and the HOMO and LUMO of the analyte,
dictating the necessity for analyte-semiconductor chemisorption.
Consequently, the exploitation of semiconductor and composite
semiconductor-plasmonic materials as SERS substrates and the
rational development of analytical methods based on them
cannot disregard the study of their surface chemistry. On the
contrary, the understanding of the surface interactions that
occur between the nanoparticle and the molecular analyte is
essential and must come first and foremost, and a careful, ad
hoc surface-analyte match is essential.

5. Conclusions and perspectives

Surfaces are well known to be complex entities that are extre-
mely difficult to study, and consequently, any phenomenon
that is somewhat related to them inherits similar challenges in
fully accessing and understanding it. When we transpose this
concept to SERS, we must also deal with the challenges imposed
by the nanoscale dimension, which are not only difficult to
envision, but often also extremely complex to study. However,
we often find ourselves stuck by constraints that are dictated by an
unchallenging attitude towards the status quo, rather than an
actual lack of experimental or theoretical means to access new or
more extensive information on nanoscale surfaces. For example,
the dynamics with which a capping agent interacts with the
substrate in the presence of an analyte is a very complex matter,
and typically, over the course of the years, contrasting or contra-
dicting hypotheses have been formulated, especially when experi-
mental techniques to directly measure the phenomena have
remained unavailable or unestablished. Nevertheless, despite
the actual and substantial improvement of our knowledge in
the field, some of these hypotheses seem to have passed on from
scientist to scientist in the form of a ground truth, contributing to
further contradictions along the line. This “old wives’ tale” type of
approach has in turn been fueling the reputation of unreliable
technique that SERS seems to still have among scientists, oddly
enough even within the SERS scientific community. In this review,
we aimed at revitalizing old SERS literature in the light of our
current understanding of the nanoscale, and connecting it to
literature collected from neighboring fields, centralizing the
aspects of surface chemistry to create a methodological paradigm
that can be utilized to rationally approach method development
and quantitatively dispel the myth. In our view, a centralization
of surface chemistry considerations can tangibly contribute to
robust, reproducible, and physically meaningful analytical SERS
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results, thus contrasting the backlash that this technique has
accumulated over the years.

Because SERS is a highly multidisciplinary technique, it is
important to keep in mind that sister sciences, such as energy
and catalysis, or even apparently unrelated ones, such as food
chemistry, can sometimes be explored to obtain crucial pieces
of information, as demonstrated, for instance, for sodium
borohydride and r-ascorbic acid degradation, respectively. For
example, catalysis literature should be seen as an important
source from which to gather specific information on the surface
chemistry of metal oxides and semiconductors in general,
as surface structures, defects, and adsorption of reactants on
these substrates are core topics in the field. This information
can be then suitably translated to a SERS context and wisely
leveraged to extrapolate fundamental key points in the study
of surface-molecule interactions among an analyte and a
semiconductor-based SERS substrate. Similarly, keeping on
with the comparison among different scientific fields, the SERS
community should look in detail at the history of the growth of
mass spectrometry as the reliable analytical technique that it
is today. If one looks closely, in fact, differently generated SERS
spectra, obtained from different interactions of the analyte
under study with the SERS substrate, are different in the same
way that differently generated fragmentation patterns in mass
spectrometry are different. We have seen that this has been a
non-problem in mass spectrometry: so, why should it be a
problem in SERS?

Reciprocally, we could leverage our knowledge in SERS to
benefit sister sciences and processes, such as nanomaterials
chemistry and the rational bottom-up synthesis of new SERS
colloidal nanoparticles. Knowledge of interaction modes and
energetics, and their role in defining the relative velocity of
deposition and diffusion of as-reduced metallic atoms during
the growth of a plasmonic nanoparticle would allow us to tailor
the synthesis process from the start, instead of performing
ligand exchange, hoping for it to be successful without incur-
ring in destabilization and precipitation of the nanoparticle
during the process. The approach of learning from and inform-
ing other fields should be purposely leveraged to generate a
feedback loop enhancement of knowledge in the materials
chemistry and analytical chemistry sides of SERS research, thus
allowing for a more rapid solution of long-standing issues, as
well as an effective, productive translation of SERS in the
industrial and medical fields.

Finally, while looking sideways in neighboring fields, we
should also look backwards into them, exploring the rich
knowledge collected by our colleagues in the past. One of such
instances is the field of self-assembled monolayers (SAM), an
area of science that has been extremely productive in the
1990s."°® SAMs are by nature ubiquitous in nanoparticles, even
though nowadays we tend not to call them as such anymore.
Rapidly assembling from molecules in solution on a metallic
surface, they rearrange over time to reach their thermodynami-
cally stable state, if allowed, or local potential minima in
constrained situations. Their stability, or lack thereof, on the
surface of metal nanoparticles determines successful colloidal
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suspension, functionalization, ligand exchange, and all the
other phenomena that we have described throughout this
review. Over the years, mixed SAMs have attracted much atten-
tion and have been studied in depth because of their techno-
logical potential."**'® However, in SERS, SAMs, and most
importantly mixed SAMs, while actively engineered when fab-
ricating tags,'”” are only seldom taken into consideration
when interpreting direct SERS results or when hypothesizing
a plausible adsorbate population in direct SERS samples. This
approach appears almost as if it were dictated by a fear of
acknowledging the surface complexity of SERS samples, as if its
existence could detract from the validity of the measurement
and the technique as a whole, and as if the need of addressing
it could “‘scare away”’ possible investors interested in bringing
the technology to the market. In our opinion, this vision is
underselling the SERS community and its expertise. In fact,
while it is true that several issues need to be addressed to
effectively bring SERS to the market, most of which related to
our understanding of the surface, as we have seen, it is also true
that we, as a community, have the means and knowledge to
collectively address them. All we need to do is to define these
issues, understand them, and overcome them.

We believe that now is the moment to go back to the
fundamentals, revisit SERS with a new lens, and make it more
robust and reliable, ultimately enabling its true translatability
to routine industrial and clinical applications. With this review,
we thus ultimately hope to promote the incorporation of sur-
face chemistry considerations into SERS method development
and its use as a tool to explore future directions of SERS that are
progressively less and less based on trial and error.
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