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ABSTRACT: Surface-enhanced Raman scattering (SERS) has the potential to become a truly quantita-
tive spectroscopic method, but this goal remains constrained by the extreme sensitivity of the signal to
nanoscale plasmonic environments. In colloidal systems, the measured response is determined not only
by analyte concentration, but also by nanoparticle number density, colloidal stability, probe—surface [—/"——
interactions, and the balance between transient and persistent interparticle coupling. Here, we provide
evidence that nonlinear SERS amplification in colloidal gold suspensions may arise from two fundamen-
tally different regimes. In stable dispersions, the signal increase would be consistent with the formation of
dynamic hot spots associated with Brownian-motion-driven transient near-contact nanoparticle configu-
rations. In contrast, when the molecular probe perturbs colloidal stability, the enhancement becomes
dominated by aggregation-induced hot spots, followed by signal loss as aggregation progresses and active clusters precipitation from
suspension. These findings suggest that similar intensity trends may arise from distinct physical mechanisms with very different ana-
Iytical consequences. Distinguishing dynamic from aggregation-induced hot spots is therefore essential for the correct interpretation of
colloidal SERS data and for advancing SERS toward robust and reliable quantitation.

Ll Metrics & More | Article Recommendations | @ Ssupporting Information

+ NPs

+ Dynamic hot spots

KEYWORDS: surface-enhanced Raman scattering, gold nanoparticles, dynamic hot spots, colloidal suspensions, quantitative analyses

Bl INTRODUCTION

Surface-enhanced Raman scattering (SERS) spectroscopy is an
ultrasensitive vibrational technique that combines molecular
“fingerprint” specificity with plasmon-enabled signal amplifica-
tion."? In favorable cases, SERS can reach single-molecule sen-
sitivity.>* Despite major progress, two bottlenecks still limit
widespread analytical deployment: (i) acquisition speed (rela-
tive to fluorescence in many screening/ imaging contexts) and
(i) rigorous, transferable quantitation.”® The speed limitation
is increasingly addressed by parallelized approaches, e.g., wide-
field strategies and holography-based SERS that avoid point-
by-point scanning.7_9 Quantitation, however, remains more
challenging because ultrasensitive SERS enhancement domi-
nates high-field configurations (“hot spots”). SERS is acquired
either on solid substrates (films made by evaporation, or colloi-
dal casting or self-assembly, etc) or in colloidal suspensions. For
solid substrates, the stochastic spatial distribution of hot spots
within the probed area/volume produces heavy-tailed
enhancement-factor statistics, which can manifest as nonlinear
or poorly reproducible intensity—concentration relationships.'’
While lithography or imprinting can improve uniformity,
achieving robust, fabrication remains non-trivial and often
costly in time and complexity.” In contrast, unaggregated
ensemble (“average”) colloidal SERS is often treated as more
quantitative (assumed to be “self-averaging”), but only when
key first-order variables are controlled: analyte adsorption/par-
titioning and residence time at the enhancing surface,
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nanoparticle (NP) size/shape dispersity, surface chemistry,
and measurement geometry.”® Within this framework, NP
number density is a first-order variable that must be controlled.
Previous solution-phase AuNP/thiol SERS studies have shown
that both nanoparticle concentration and molecular surface cov-
erage strongly affect extinction and SERS intensities, including
under sub-monolayer coverage conditions.'' Thus, an increase
in SERS intensity with AuNP concentration is not, by itself,
the central novelty of the present work. Rather, the focus here
is to determine how the same AuNP concentration series pro-
duces different SERS regimes depending on analyte-
dependent colloidal stability and surface chemistry.

A related pitfall is that optical characterization can uninten-
tionally encourage incorrect assumptions about coupling.
Colloids are frequently characterized by extinction UV—vis after
dilution to keep extinction within the linear detector range,
whereas concentrated dispersions may enter strongly scattering
and multiple-/dependent-scattering regimes.'> Yet plasmonic
coupling is gap-sensitive: even small interparticle distance
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changes can cause pronounced spectral shifts/broadening and
orders-of-magnitude changes in local near-field enhance-
ment.''* In stable (non-flocculating) dispersions, Brownian
motion continuously modulates interparticle separations,
repeatedly forming and breaking transient near-contact pairs
or clusters within the scattering volume. The resulting observ-
able is a time-averaged enhancement that can increase nonli-
nearly with NP number density as the probability of sampling
near-contact configurations rises, without invoking permanent
aggregation.'® Previous real-time colloidal SERS studies have
shown that reversible nanoparticle collisions can generate tran-
sient SERS intensity fluctuations, whereas irreversible aggrega-
tion produces more persistent signal changes.'> In a related
but distinct class of dynamically modulated SERS systems,
interparticle coupling has been actively controlled using respon-
sive nanoparticle architectures, including pH-responsive
polymer-grafted nanoparticles and thermoresponsive supracol-
loidal assemblies.'™!® In those systems, hot-spot formation is
intentionally modulated by an external stimulus or by engi-
neered responsive linkers. By contrast, the present work exam-
ines concentration-dependent Brownian near-contact events in
native citrate-stabilized AuNP suspensions, without an external
trigger or responsive polymer functionalization.

Here, we design experiments using multiple analytes at fixed
concentration while systematically varying NP number density.
We quantify the response by combining SERS with extinction
UV—vis and diffuse-reflectance UV—vis to track plasmonic
extinction/scattering across dilute and turbid regimes. The
experimental trends are supported by a fully parameterized
3D Brownian dynamics simulation matched to the experimental
Au concentration range, together with gap-dependent electro-
magnetic near-field calculations. The simulation is used as a
mechanistic consistency test to evaluate whether increasing
nanoparticle number density can increase the probability of
transient near-contact configurations under Brownian motion.
Together, these measurements and simulations assess whether
such transient coupling events can contribute to the nonlinear
dependence of ensemble SERS intensity on NP number
density.

H EXPERIMENTAL SECTION
Materials

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl,-3H,0, 99.99%),
4-methoxybenzenethiol (BT-OMe, 98%), and 4-chlorothiophenol
(BT-Cl, 98%) were purchased from Thermo Scientific. Sodium citrate
tribasic dihydrate (>98%, CA) was obtained from Acros Organics.
Thiophenol (BT, >98%) was purchased from Fluka. All reagents were
used as received, without further purification. Milli-Q water
(18 MQ-cm) was used for the preparation of all aqueous solutions.
Thiol stock solutions were prepared in ethanol at 1 X 107> M. All
glassware was cleaned with freshly prepared aqua regia, thoroughly
rinsed with deionized water, and finally washed with ethanol before
use.

Synthesis of Citrate-Stabilized Spherical Gold
Nanoparticles

Citrate-stabilized spherical gold nanoparticles (AuNPs) with an aver-
age diameter of ca. 25 nm were synthesized following a modified liter-
ature procedure.'? Briefly, 500 mL of an aqueous HAuCl, solution (1.4
X 107 M, H,0) was heated to boiling under continuous stirring.
Once reflux was reached, SO mL of freshly prepared sodium citrate
solution (1% w/v, H,O) was rapidly added under vigorous stirring.

58516

The reaction mixture was maintained at boiling for 15 min, during
which the solution changed from pale yellow/colorless to deep red,
indicating nanoparticle formation. After 15 min, heating was stopped
and the colloid was allowed to cool to room temperature. The suspen-
sion was then brought to a final volume of 500 mL with Milli-Q water.
Because 0.700 mmol of Au was introduced into the synthesis, this final
volume corresponds to a nominal Au concentration of 1.40 mM. The
resulting AuNPs had a mean diameter of 23 + 3 nm, and the suspen-
sion was stored in the dark until use.

Nanoparticle Characterization

The size and morphology of the AuNPs were determined by transmis-
sion electron microscopy (TEM, JEOL JEM-1011) operated at an
accelerating voltage of 80 kV. The optical properties of the nanoparti-
cles were characterized by UV—vis spectroscopy using a Thermo
Scientific Evolution 201 spectrophotometer and by UV—vis—NIR dif-
fuse reflectance spectroscopy using a Jasco V-770 spectrophotometer
equipped with a Jasco ISN-923 integrating sphere.

Preparation of the AuNP Concentration Series

A series of 12 AuNP suspensions was prepared from the stock colloid,
covering the following nominal gold concentrations: 1.40 X 1073, 1.20
%X 1073,9.33 X 107* 7.00 X 107 6.00 X 10™* 4.60 X 10™* 3.50 x
1074233 X 107% 1.75 X 107%, 8.75 x 1075, 5.80 X 10~%, and 3.80
X 107> M. These suspensions were used for all concentration-
dependent SERS, UV—vis, diffuse reflectance, and imaging measure-
ments. The dilution series was prepared from the native citrate-
stabilized stock suspension using Milli-Q water. Additional sodium cit-
rate was not added during dilution because the aim was to reproduce
standard colloidal SERS sample-preparation conditions and because
excess citrate could introduce an additional variable affecting citrate/
thiol exchange at the Au surface.

SERS Measurements

SERS measurements were performed using a Renishaw inVia Reflex
Raman microscope equipped with a 2D CCD detector, a Leica confo-
cal microscope, and a 785 nm diode laser as the excitation source. For
each condition, 30 pL of the corresponding thiol stock solution (1 X
107 M, EtOH) was added to 3.0 mL of the selected AuNP suspension
and mixed briefly by vortexing, yielding a final thiol concentration of
approximately 1 X 107> M. After 10 min of incubation, spectra were
recorded directly in liquid using quartz cuvettes and a macro-
sampling lens. The instrumental parameters were: 785 nm excitation,
300 mW laser power, 1200 lines mm ™" grating, 10 s exposure time,
and 1 accumulation. Three independent measurements were per-
formed for each thiol and Au concentration using independently pre-
pared samples. For each concentration, the intensity of the selected
diagnostic SERS band was extracted after baseline correction and
reported as mean =+ standard deviation. The reported SERS intensities
therefore correspond to apparent ensemble intensities measured under
identical acquisition geometry; no correction was applied for
concentration-dependent laser attenuation, dependent scattering, or
collection-efficiency changes.

UV—Vis Extinction Measurements

UV—vis extinction spectra were acquired in transmission mode with a
Thermo Scientific Evolution 201 spectrophotometer. Because the mea-
sured signal includes both absorption and scattering contributions from
the AuNP suspensions, these spectra are reported as extinction spectra
rather than pure absorption spectra. Samples were prepared using the
same thiol-addition protocol described for the SERS measurements.
After 10 min of incubation, all samples were diluted to a final gold con-
centration of 3.8 X 10> M prior to measurement in order to keep the
extinction signal within the linear response range of the detector.

https://doi.org/10.1021/acsami.6c 12440
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Diffuse Reflectance Measurements

Diffuse reflectance spectra were recorded using a Jasco V-770
UV—vis—NIR spectrophotometer equipped with a Jasco ISN-923 inte-
grating sphere. Measurements were carried out before thiol addition
(t = 0) and 10 min after preparing the samples using the same thiol-
addition protocol described for the SERS measurements. Where indi-
cated, DRS spectra were min—max normalized in the non-saturated
650-900 nm region according to DRS, .. ) = [DRS;y — DRS_; 1/
[DRS,_ .. — DRS_. ], where DRS_, and DRS___were defined for each
spectrum within this wavelength window. This normalization was used
only to compare spectral shapes and was not used for quantitative
intensity analysis.

Zeta Potential Measurements

Zeta potential ({) measurements were performed using a Malvern
Zetasizer Pro. Measurements were recorded before thiol addition
(t = 0) and 10 min after the addition of thiol. Samples were prepared
by adding 30 pL of each thiol solution (107> M, EtOH) to 3.0 mL of
selected AuNP suspensions and mixing briefly by vortexing. The Au
concentrations chosen for {-potential measurements were selected
based on the corresponding SERS behavior, focusing on the most rep-
resentative stages of the concentration-dependent response. For each
condition, ten measurements were acquired.

Dynamic Light Scattering (DLS) Measurements

DLS measurements were performed using a Malvern Zetasizer Pro.
Measurements were recorded before thiol addition (t = 0) and
10 min after the addition of thiol. Samples were prepared using the
same thiol-addition protocol described for the SERS measurements.
The Au concentrations chosen for DLS measurements were
0.17 mM, 0.6 mM, and 1.4 mM.

Optical Images

Optical images were acquired using a smartphone camera. For each
condition, the selected AuNP suspension was prepared using the same
thiol-addition protocol described for the SERS measurements. The vial
was left undisturbed for 10 min, after which photographs were
recorded.

Theoretical Calculations

The formation of dynamic hot spots was modeled using a 3D
Brownian dynamics simulation incorporating a deterministic DLVO
pair-interaction force. The simulation domain was a cubic box with side
length 3419 nm where nanoparticles with a diameter of 23 nm were
randomly distributed within the simulation volume. We used 2, 13,
24, 35, 46, 57, 68, 79, and 90 NPs which correspond to [Au’] of
0.03, 0.20, 0.38, 0.55, 0.72, 0.89, 1.06, 1.23, and 1.41 mM respectively.
Reflecting boundary conditions were applied. The total simulated time
was 0.01 s (10,000,000 steps of df = 1 ns), preceded by an adaptive
equilibration phase to remove initialization artifacts from the random
initial configuration. Each concentration was evaluated across 30 inde-
pendent trajectories. The total interaction energy between two nano-
particle surfaces separated by a gap distance h was modeled as the
sum of van der Waals attraction and electrostatic repulsion (DLVO
framework):

Vtotal(h) = VA(h) + VR(h) (1)

For two spheres of equal radius R, the Van der Waals attraction
expression employed was:

~ _é IR? 2R2 N h(4R+ h)
Va(h)= 6 |h(4R+h) * (2R+h)* * ((2R+h)2)} @

58517

where A is the Hamaker constant for gold interacting across water. A
value of A = 3.5 X 10~"? J was used, within the size-corrected range
reported for gold nanoparticles of comparable radius and consistent
with the experimental (upper-bound) value of 4.0 x 107*? J tabulated
for Au—water—Au systems.*

For the electrostatic repulsion, the Hogg—Healy—Fuerstenau
(HHF) expression for two spheres of equal surface potential was used:

Vi (h) =2me.&0R woln (1 + e_Kh) (3)

where €_ is the relative permittivity of water, €, the vacuum permittiv-
ity, W, the surface potential, and k the inverse Debye screening length.
Surface potential () was calculated once, using the curvature cor-
2l
rection:

w=(1+ L) @)

applicable near xa 2 S. Constant ionic strength of 0.014 M was used.
This value was estimated for the highest Au concentration in the exper-
imental series (1.4 mM), from the citrate speciation at the measured
synthesis pH (4.65; pK, = 3.13, pK, =476, pK, = = 6.40) applied
to the final citrate concentration (34 mM), together with the associ-
ated Na* and CI~ released during synthesis. As the entire dilution
series was prepared from a single stock, ionic strength decreases pro-
portionally at lower Au concentrations; the value used here therefore
represents a conservative upper bound rather than an average across
the series. The diffusion coefficient was calculated via the
Stokes—Einstein relation:

kT
" 6mnR

©)

Particle positions were updated according to the overdamped
Langevin equation:

D - -
—F;dt+V2Ddt g, (6)

A)it dt=4>lt
) =T+ ¢

=
where &; is a vector of independent standard normal random variables

sampled at each step, and I?i is the net pairwise force acting on particle
i, computed analytically as F(h) = —dV,_,.,/dh. We adopted the DLVO
framework based on its established theoretical support and precedent
in the field. To account for aspects of the interparticle interaction not
explicitly captured by this framework in our BT-Cl system (e.g., surface
heterogeneity, hydration layers, or coating effects), a phenomenologi-
cal compression of the separation coordinate (hg = ath), with a = 9
was introduced, in the same spirit as effective parameters used else-
where in physics (e.g., effective mass or effective charge) to allow a
tractable model to reproduce the behavior of interest without repre-
senting a directly measured physical quantity. Results are therefore pre-
sented as demonstrating the plausibility of transient near-contact
configurations under this specific choice, rather than as a mechanistic
conclusion independent of it. Each replica was separated in two stages.
In an initial equilibration stage, particles diffused freely (no force term)
with a larger time step, appropriate given the negligible interaction
force at the large initial inter-particle separations resulting from ran-
dom initialization within the simulation box; this stage terminated once
any pair of particles approached within a defined interaction radius
(30 nm). In the subsequent production stage, the full force was
included, and statistics (hot-spot frequency, gap-distance distribution)
were accumulated with a time step dt = 1 ns.

Each particle number (and corresponding [Au®] concentration) was
simulated using 34 independent replicas, differing only in random seed.
Thirty-four independent trajectories (seeds 0-33) were generated at

https://doi.org/10.1021/acsami.6c 12440
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each of the nine simulated Au concentrations. Four seeds reached the
primary energy well at one concentration each; these seeds were
excluded from all nine concentrations to preserve a matched design
across concentrations, yielding 30 retained trajectories per concentra-
tion. Trajectories reaching the primary well were excluded because they
represent a qualitatively different, effectively irreversible regime outside
the scope of this analysis. Reported quantities (hot-spot frequency,
gap-distance distributions, estimated relative enhancement) represent
the mean across replicas, with uncertainty expressed as the standard
error of the mean (6/4/n, n = 30).

Near-field electromagnetic calculations were performed BEM* and
using the py_gmm library,” and the maximum field enhancement E/
E, was evaluated at the corresponding plasmon resonance. To ensure
optimal numerical control and eliminate potential artifacts during the
non-linear scaling phase, a cubic spline interpolation was directly
applied to the calculated gap-dependent E/E,, field curve.

For each simulation replica, particles were classified into two popu-
lations: isolated single nanoparticles and coupled pairs, with the latter
defined as any pair exhibiting a surface-to-surface separation within
the 1-11.5 nm range. The total SERS intensity per replica (R) was then
estimated as:

* Esin les + Mo E dk 4
Tiota,r = N ( E(g) ) +2 Xk: % (7

where Npy , is the total number of dynamic hot spots recorded in
replica R, the factor of 2 accounts for both particles contributing to
the SERS signal within each coupled dlmer, de)
ment interpolated at the exact instantaneous separatlon dy, and Ny,
represents the number of non-interacting nanoparticles. At each sam-
pled time step, the instantaneous surface-to-surface separation d, was
recorded for every coupled pair present in that frame, and the number
of isolated particles present in that frame was recorded separately. Both

records were accumulated over the full trajectory with identical time
resolution: Ny » is the total number of coupled-pair records accumu-
lated this way, with each record contributing its own d, to the sum in
eq 7, and Ny is the total isolated-particle count accumulated over the
same frames. This ensures that both populations are counted with the
same time resolution over the same trajectory length, avoiding an
asymmetric weighting between persistently coupled pairs and persis-
tently isolated particles. To yield a meaningful comparative metric, this
total intensity was normalized by the intensity of a single nanoparticle
in a box of the same size, such that a purely non-interacting system
yields a relative enhancement that scales linearly with particle number.

B RESULTS AND DISCUSSION

Citrate-capped Au nanoparticles (AuNPs) '° with a mean diam-
eter of 23 + 3 nm were selected as the model plasmonic sub-
strate (Figure 1A). This choice was motivated by their low
size and shape dispersity, the well-established affinity of thiols
for Au surfaces, and the comparatively well understood interfa-
cial chemistry of citrate-stabilized Au colloids during ligand
exchange and adsorption processes.”*™2 For nanoparticles in
this size regime, the extinction spectrum is expected to be dom-
inated by the dipolar localized surface plasmon resonance
(LSPR), and accordingly the colloid displays a single intense
plasmon band centered at ~520 nm (Figure 1B), consistent
with quasi-spherical AuNPs of ca. 20-25 nm dispersed in
water.”” Importantly, preparing the AuNP concentration series
from the native citrate-stabilized stock suspension produces
the expected change in optical density and, therefore, in the
apparent intensity of the red color in the vial photographs
(Figure 1C), while the aggregation state remains essentially
unchanged. This is confirmed by the extinction UV—vis—NIR
spectra, recorded by diluting the original suspension, which
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Figure 1. (A) TEM image of the AuNPs; inset: particle size distribution showing an average diameter of 23 #+ 3 nm. (B) UV—vis extinction spectrum
of the AuNP suspension, showing the dipolar localized surface plasmon resonance centered at ~520-525 nm. 3D near field distribution at 1 nm of
the surface of the AuNP as inset. (C) Photographs of the colloidal suspensions at selected Au concentrations (0.17 mM, 0.46 mM, 0.6 mM, and
1.4 mM), showing changes in optical density but no visible evidence of aggregation. (D) Diffuse-reflectance UV—vis—NIR spectra recorded over
the full Au concentration range, showing progressive broadening of the plasmonic response at higher concentrations. Dotted lines indicate detector
saturation. Inset: DRS spectra normalized between 0 and 1 in the non-saturated 650-900 nm region using DRS, ...y = [DRS;; — DRS_; 1/
[DRS_.. — DRS_, ], where DRS_, and DRS__are the minimum and maximum values within this spectral region. This normalization allows com-

parison of spectral shape independently of absolute DRS intensity.
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preserve the characteristic spectral profile of non-aggregated
colloidal Au, and by the consistently negative {-potential values
(below —30 mV) measured at selected concentrations across
the entire concentration range, all of which are consistent with
a colloid that remains electrostatically stable upon dilution or
concentration.”*”*® Because the AuNP concentration series
was prepared from a citrate-stabilized stock suspension, changes
in AuNP number density are accompanied by concomitant
changes in free citrate concentration and ionic strength.
However, the consistently negative {-potential values measured
at selected concentrations across the entire concentration range
indicate that these changes do not measurably destabilize the
citrate-capped AuNPs under the present conditions. The
absence of major aggregation was further supported by the
nearly constant hydrodynamic diameter measured by DLS
across the AuNP concentration series (Figure S1). At the same
time, the diffuse-reflectance UV—vis—NIR spectra recorded
directly from the undiluted suspensions (Figure 1D) reveal a
progressive broadening of the plasmonic response as the Au
concentration increases. Rather than indicating aggregation, this
behavior is more reasonably attributed to concentration-
dependent optical crowding effects, including weak interparticle
plasmonic coupling and increased scattering in the more con-
centrated dispersions. Thus, the concentration series preserves
the overall colloidal stability of the AuNP system while still cap-
turing subtle electrodynamic changes that arise as the average
interparticle separation decreases. Thus, although the present
dilution protocol, designed to reproduce standard solution-
phase colloidal SERS sample-preparation conditions, does not
independently decouple AuNP number density from citrate
concentration/ionic strength, the combined -potential, DLS,
extinction, and diffuse-reflectance data indicate that citrate dilu-
tion does not induce detectable colloidal destabilization in the
BT-Cl system.

With this stable colloidal platform established, 4-
chlorobenzenethiol (BT-Cl) was selected as a molecular probe
to examine how the SERS response evolves with nanoparticle
number density. Since previous solution-phase AuNP/thiol
SERS studies have demonstrated that both nanoparticle con-
centration and molecular surface coverage influence extinction
and SERS intensities,'' the analyte-to-surface ratio was esti-
mated for the present concentration series. For 23 nm AuNPs
and a molecular footprint of 0.64 nm? for benzenethiol mole-
cules,** each particle provides approximately 2.6 X 10°
thiol-binding sites. At the highest Au concentration used here,
this corresponds to approximately 9.7 X 107° M monolayer-
equivalent sites, comparable to the fixed thiol concentration of
approximately 1 X 107> M. Thus, the nominal analyte-to-
surface ratio varies from approximately one monolayer equiva-
lent at the highest Au concentration to increasing thiol excess
at lower concentrations. This calculation defines the available
adsorption capacity but does not quantify the amount of BT-
Cl adsorbed after 10 min. Changes in total adsorbed amount
and molecular surface coverage may therefore contribute to
the apparent SERS response and are considered together with
optical and interparticle-coupling effects.

The SERS spectrum of BT-Cl adsorbed on AuNPs
(Figure 2A) displays the expected aryl-thiolate fingerprint: the
bands at ~350 and ~545 cm™! are assigned to C—Cl/ring
deformation modes, the most intense manifold in the ~1060—
1110 cm™! region, resolved here as a triplet at ~1067/1086/
1100 cm™!, corresponds to the totally symmetric ring-

58519

breathing/ring-stretching vibration strongly coupled to the thio-
late anchor, v(C—S), the weaker feature near ~1013 cm™ is
associated with mixed ring and C—H deformation modes, and
the band at ~1571 cm™' is assigned to aromatic v(C=C)
stretching.

These assignments are in good agreement with reported
SERS spectra of halogenated thiophenols on Au nanoparti-
cles.>! When the Au concentration is varied at fixed BT-CI con-
centration (107> M), the overall spectral profile remains
essentially unchanged, indicating that the molecular identity
and adsorption geometry are preserved throughout the concen-
tration series. The intensity of the 1067 cm™' band changes
markedly with Au concentration (Figure 2B). At [Au] <
0.35 mM, the SERS response remains weak. Between 0.35
and 0.70 mM, the intensity increases sharply For each thiol
and Au concentration, three independently synthesized AuNP
batches were analyzed, with one sample prepared from each
batch and exceeds the concentration-proportional reference by
more than the variability among the three independent batches,
establishing a superlinear response region. At [Au] > 0.93 mM,
the mean intensities remain close to 32k counts and overlap
within  their standard deviations, defining the high-
concentration plateau. Importantly, this strong increase in
SERS intensity is not accompanied by evidence of major colloi-
dal destabilization. The {-potential values remain negative
across the concentrations measured, varying only moderately
from about —32 mV at low [Au] to —29/—33/—30 mV at
higher [Au], which is consistent with the preservation of elec-
trostatic stability rather than the onset of collapse or extensive
aggregation.

Likewise, the extinction spectra recorded after dilution
(Figure 2C) preserve the characteristic LSPR profile of dis-
persed AuNPs, supporting the absence of irreversible or long-
lived aggregation after sample preparation. However, because
these transmission spectra are acquired after dilution, they can-
not exclude reversible concentration-dependent coupling in the
original concentrated SERS samples. For this reason, diffuse-
reflectance spectra were also recorded directly from the undi-
luted suspensions (Figure 2D), where concentration-
dependent broadening and red-shifting of the plasmonic
response are observed. To compare spectral shape indepen-
dently of absolute DRS intensity, the inset shows the same spec-
tra after min—max normalization in the non-saturated 650—
900 nm region using DRS, ..y = [DRS;) — DRS_; 1/
[DRS,.. — DRS, . 1. After normalization, the profiles do not
show abrupt shape changes characteristic of aggregation-
dominated spectral broadening. These measurements are there-
fore used as ensemble indicators of colloidal and optical state,
rather than as proof that rare dimers or weak reversible clusters
are absent. The optical images (Figure 2E) further support this
interpretation: both the original AuNP suspensions and the cor-
responding AuNP + BT-Cl samples darken progressively with
increasing concentration, yet no obvious precipitation, phase
separation, or color change specifically induced by BT-Cl is
observed. Taken together, these results indicate that the nonlin-
ear increase in SERS intensity cannot be straightforwardly
ascribed to conventional aggregation-induced hot spots, but
they also do not exclude rare dimers, weak reversible clusters,
or a small population of highly enhancing SERS-active junc-
tions. This distinction is important because ensemble SERS sig-
nals can be dominated by a small number of strongly enhancing
configurations. The data are therefore consistent with a
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Figure 2. (A) Representative SERS spectrum of BT-Cl adsorbed on AuNPs. (B) Individual intensities of the 1067 cm™" band versus Au concentra-
tion at fixed BT-Cl concentration (10> M) for three independently synthesized AuNP batches; the curve and error bars show the mean + standard
deviation. The response exceeds this reference at intermediate concentrations and plateaus at approximately 32k counts for [Au] > 0.93 mM.
Selected C-potential values are indicated. (C) Extinction and (D) diffuse-reflectance UV—vis—NIR spectra across the Au concentration range.
Dotted lines indicate detector saturation. The inset shows DRS spectra normalized over 650-900 nm using DRS,.. 1y = [DRS(;) — DRS, .1/

[DRS,,.. — DRS

min]

, to compare spectral shapes independently of absolute intensity. (E) Optical images of the suspensions with and without

BT-Cl, showing preserved colloidal appearance across the concentration range. All data in panel (C) correspond to a concentration of 0.04 M. In
panel (D), concentrations increase from left to right, following the same order as in panel (E).

concentration-driven increase in the probability of transient
near-contact interparticle configurations within an otherwise
stable suspension,’> but this assignment remains indirect
because the present ensemble measurements do not resolve
individual particle-pair events, transient SERS intensity spikes,
or cluster dynamics during the acquisition time. In addition,
the measured SERS intensity is an apparent ensemble response
that may be influenced by optical-density effects in concen-
trated colloids, including laser attenuation, scattering, depen-
dent scattering, and changes in collection efliciency. These
effects can compress the detected signal at high AuNP concen-
trations and may contribute to the plateau. Accordingly, the pla-
teau is treated here as an empirical feature of the ensemble
response and is not assigned to a single microscopic process.
This uncertainty does not alter the observed superlinear
increase at intermediate Au concentrations or the absence of
progressive aggregation in the BT-Cl system.

58520

To test this interpretation more rigorously, we examined
whether a non-linear SERS contribution could arise from the
stochastic formation of transient coupling events when the bulk
nanoparticle concentration increases linearly. For this purpose,
a fully parameterized 3D Brownian dynamics simulation incor-
porating a deterministic DLVO pair-interaction force (electro-
static double-layer repulsion and van der Waals attraction)
was implemented, with the simulation volume and nanoparticle
number explicitly mapped to include the experimental gold con-
centration range (0.038-1.40 mM [Au’]). This provides a
direct correspondence between the simulated particle number
density and the experimental conditions. Representative snap-
shots at [Au®] = 02, 0.7, and 1.4 mM are shown in
Figure 3A. Particle diffusion was parameterized using the
Stokes—Einstein relation for a 23 nm AuNP in water. The
model does not explicitly include ligand-exchange kinetics or
experimentally measured particle—particle interactions specific
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(light lines: individual trajectories; bold lines: mean of 30 trajectories). Right: corresponding surface-to-surface gap distributions, normalized to the
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to the BT-Cl coating; therefore, it is not intended to prove the
mechanism in the actual BT-CI colloid. Rather, it tests whether
the experimental particle densities make transient near-contact
configurations statistically plausible within the SERS acquisition
timescale. Figure 3B shows the fraction of simulation frames
containing at least one dynamic hot spot configuration, defined
as a surface-to-surface separation between 1 and 11.5 nm, as a
function of simulation time, together with the corresponding
distribution of gap distances sampled across the trajectory.
The observed convergence confirms that reported near-
contact statistics are not artifacts of insufficient sampling. This
gap range was selected based on the strong distance depen-
dence of the electromagnetic field enhancement at the particle
junction.*Figure 3C shows the enhancement |E[*/|E,|* as a
function of gap distance for a representative gold nanoparticle
dimer (23 nm diameter), calculated at the corresponding plas-
mon resonance for each separation. The enhancement increases
sharply as the gap decreases, confirming that near-field coupling
is confined to close inter-particle separations and justifying the
gap range used to define a dynamic hot spot. Having established
that near-contact configurations are sampled reproducibly
within the model (Figure 3B), we examined their dependence
on Au concentration. Figure 3D shows that, within this dis-
persed regime (established independently by DLS, Figure S1),
the fraction of simulated configurations containing at least one
dynamic hot spot increases nonlinearly with concentration but
remains below 1.3% at 1.40 mM. Because the simulation vol-
ume and sampling protocol were identical at all concentrations,
this fraction provides a controlled relative occupancy metric
rather than a collision frequency or residence time. Its increase
reflects the combinatorial growth in the number of possible
interacting pairs with particle number. The gap-dependent field
enhancement was then used to estimate the relative electromag-
netic contribution of these near-contact configurations
(Figure 3E). BT-Cl was assumed to be uniformly distributed
among the nanoparticles, and each coupled pair was weighted
using the maximum junction-field enhancement, with a factor
of two accounting for the two contributing particles.
Variations in molecular surface coverage and contributions from
regions outside the junction were not included. Figure 3E there-
fore represents a qualitative estimate of the relative electromag-
netic contribution rather than a simulated SERS intensity. The
model is not expected to reproduce the experimental plateau
because it excludes adsorption, ligand-exchange kinetics, excita-
tion attenuation, dependent scattering, and collection-efficiency
changes. Nevertheless, its nonlinear deviation from the single-
particle baseline supports transient interparticle coupling as a
contributing mechanism to the nonlinear BT-Cl response.
The electronic nature of the substituent in benzenethiol-
derived SERS probes has a direct impact on the colloidal behav-
ior of Au nanoparticle suspensions and, consequently, on the
observed SERS response. While these molecules share a com-
mon adsorption motif through Au—S bond formation and dis-
play the expected aryl-thiolate spectral signature, they differ in
how they modify interfacial charge balance and interparticle
interactions. As a result, the evolution of SERS intensity with
increasing Au concentration cannot be interpreted solely in
terms of probe identity or nanoparticle number density, but
must also account for adsorption, {-potential, interparticle spac-
ing, and the extent to which electromagnetic coupling remains
dynamic and reversible or becomes dominated by aggregation.
This distinction is central for analytical SERS, since similar
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intensity trends can reflect fundamentally different enhance-
ment mechanisms and therefore different degrees of robustness
and quantitative reliability.

In Figure 44, the SERS spectrum of benzenethiol (BT)
shows the well-established thiophenolate pattern on Au. The
weaker band near ~690 cm ™" is assigned to an aromatic ring
deformation/C—S-associated mode, the features around
~999-1022 cm™" correspond to ring breathing and in-plane
aromatic deformation, the dominant band at ~1070 cm™" is
the totally symmetric ring-breathing/ring-stretching mode
strongly coupled to the thiolate anchor, and the feature near
~1575 cm™! is assigned to aromatic V(C=C) stretching.*>
When [Au] is increased at fixed BT concentration, the spectral
profile is largely preserved, but the intensity evolution
(Figure 4B) differs markedly from the BT-Cl case. The signal
is relatively stable at low [Au], then increases sharply at lower
Au concentration than for BT-Cl, reaches a maximum of about
37k counts, and finally decreases. The simultaneous drop in
C-potential, together with DLS measurements (Figure S1), the
red-shift/broadening in the UV—vis extinction and diffuse-
reflectance spectra, and the visible color change in the vials
(Figure 4C—E), indicates that the colloid is being destabilized
by BT. The most consistent interpretation is therefore that
the enhancement is no longer governed primarily by reversible,
Brownian-motion-mediated dynamic hot spots, but by persis-
tent interparticle junctions formed during aggregation.>* Such
junctions can transiently provide stronger local enhancement,
because plasmonic coupling increases extremely rapidly as inter-
particle gaps shrink, but extensive aggregation ultimately causes
sedimentation and reduces the number of optically accessible
hot sites in s.uspension.s‘13

In Figure 5A, the SERS spectrum of 4-methoxybenzenethiol
(BT-OMe) retains the same aryl-thiolate core fingerprint but
includes substituent-sensitive modes associated with the meth-
oxy group. The intense feature near ~1075 cm™' is again
assigned to the ring-breathing/C—S-coupled mode characteris-
tic of adsorbed aromatic thiolates, whereas additional bands in
the ~1170-1270 cm™' region are consistent with
aryl-O—CH,/C—O stretching coupled with aromatic C—H
in-plane deformation; the band near ~1584 cm™" corresponds
to aromatic V(C=C) stretching. These assignments are consis-
tent with computational and spectroscopic studies of para-
substituted benzenethiols on Au nanoclusters.** The intensity
trend in Figure 5B departs from the BT-CI behavior even earlier
than BT: after only a narrow low-[Au] regime with weakly vary-
ing signal, the SERS response increases abruptly, reaches a max-
imum of about 21k counts, and then collapses sharply. The
corresponding DLS (Figure S1), {-potential, UV—vis, diffuse-
reflectance, and visual data (Figure SC—E) all indicate earlier
and stronger colloidal destabilization than for BT.
Accordingly, the analytically useful window is narrower, and
the enhancement is dominated by aggregation-induced hot
spots rather than by the possible reversible dynamic-coupling
regime observed for BT-CI.

Taken together, these results would distinguish two physi-
cally different origins of the non-linear SERS increase with
nanoparticle concentration. For BT-CI, the absence of signifi-
cant changes in {-potential, extinction/reflectance spectra, or
vial appearance shows that the colloid remains stable over the
concentration range studied. In that case, the superlinear
increase in SERS may be rationalized by the formation of
dynamic hot spots: transient, near-contact NP pairs or small
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Figure 4. (A) Representative SERS spectra of benzenethiol (BT) adsorbed on AuNPs; the molecular structure is shown for reference. (B) The mean
SERS intensity of the 1070 cm™" band as a function of Au concentration at fixed BT concentration obtained from three independent measurements,
and shown together with the corresponding standard deviation, is presented, showing an early superlinear increase, a maximum of approximately 37k
counts, and a subsequent decrease; selected {-potential values are indicated. (C) Extinction UV—vis—NIR spectra and (D) diffuse-reflectance
UV—vis—NIR spectra recorded at the corresponding Au concentrations, showing plasmon broadening/red-shifting consistent with colloidal aggrega-
tion. Dotted lines indicate detector saturation. (E) Optical images of the colloidal suspensions in the absence and presence of BT. The combined
SERS, optical, and {-potential data indicate that BT induces colloidal destabilization, so the enhancement is dominated by aggregation-induced inter-
particle junctions rather than by dynamic hot spots. All data in panel (C) correspond to a concentration of 0.04 M. In panel (D), concentrations

increase from left to right, following the same order as in panel (E).

clusters generated by Brownian motion, whose probability
increases non-linearly with particle number density. This inter-
pretation is fully consistent with the Brownian dynamics analy-
sis in Figure 3 and with the well-known extreme sensitivity of
electromagnetic enhancement to nanogap distance."* By con-
trast, for BT and especially BT-OMe, the onset of signal ampli-
fication coincides with clear colloidal destabilization, showing
that the dominant enhancement no longer comes from tran-
sient pair encounters but from traditional aggregated hot spots
in long-lived clusters. Although both mechanisms produce non-
linear intensity growth, they differ critically in analytical conse-
quences: dynamic hot spots arise in still-dispersed colloids
and are, in principle, modelable and reproducible, whereas
aggregated hot spots introduce hysteresis, precipitation, and
poor quantitative transferability.

The substituent-dependent stability trend observed here is
consistent with prior work on para-substituted thiophenols
adsorbed on citrate-stabilized AuNPs. That study showed that

58523

the electronic character of the para substituent affects surface
charge and aggregation: electron-withdrawing substituents bet-
ter preserve negative {-potential and colloidal stability, whereas
electron-donating substituents more strongly reduce the nega-
tive surface charge and promote aggregation.>® Within that
framework, the present BT-Cl/BT/BT-OMe trend is expected:
BT-Cl gives the most stable colloid, BT shows intermediate
behavior, and BT-OMe produces the earliest and strongest
destabilization. Thus, the substituent-dependent stability order
itself is not the main novelty of this work. Rather, the key point
is that, under the same AuNP concentration series and thiol-
dose conditions, this known substituent-dependent surface
chemistry leads to distinct concentration-dependent SERS
regimes: BT-CI shows a nonlinear response without major
aggregation signatures, whereas BT and BT-OMe enter
aggregation-dominated regimes. Consequently, the practical
order for SERS linearity with increasing [Au] is BT-Cl > BT
> BT-OMe, whereas the tendency to enter an

https://doi.org/10.1021/acsami.6c12440
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Figure S. (A) Representative SERS spectra of 4-methoxybenzenethiol (BT-OMe) adsorbed on AuNPs; the molecular structure is shown for refer-
ence. (B) The mean SERS intensity of the 1080 cm™" band as a function of Au concentration at fixed BT-OMe concentration obtained from three
independent measurements, and shown together with the corresponding standard deviation, is presented, showing departure from linearity at lower
Au concentration than for BT-Cl and BT, a maximum of approximately 21k counts, and a sharp decrease at higher Au concentration; selected
C-potential values are indicated. (C) Extinction UV—vis—NIR spectra and (D) diffuse-reflectance UV—vis—NIR spectra showing earlier and more
pronounced aggregation signatures than in the BT case. Dotted lines indicate detector saturation. (E) Optical images of the colloidal suspensions
in the absence and presence of BT-OMe. These results indicate that BT-OMe most strongly destabilizes the AuNP dispersion, narrowing the ana-
lytically useful concentration window and shifting the SERS response toward an aggregation-dominated regime. All data in panel (C) correspond
to a concentration of 0.04 M. In panel (D), concentrations increase from left to right, following the same order as in panel (E).

aggregation-dominated regime follows the opposite direction,
BT-OMe > BT >> BT-CL

From an analytical perspective, this comparison is central to
the interpretation of non-linear SERS responses in colloids. A
signal jump with increasing nanoparticle concentration does
not necessarily imply macroscopic or even optically obvious
aggregation: in a stable system such as BT-CI, it could arise
from the increasing probability of transient, Brownian-motion-
driven coupled pairs within the probe volume. By contrast, once
the molecular probe perturbs the nanoparticle surface chemistry
strongly enough to reduce colloidal stability, as in BT and more
clearly in BT-OMe, the response enters an aggregation-
dominated regime. In this regime, previous concentration-
dependent colloidal SERS/collision studies have shown that
aggregation can initially increase hot-spot formation, whereas
further cluster growth and sedimentation reduce the number
of optically accessible junctions, producing a rise-and-fall
SERS profile.** This precedent is therefore most directly

58524

relevant to the BT and BT-OMe cases, while BT-Cl remains
distinct because it shows a rise followed by a plateau rather than
signal collapse. The combined use of SERS, {-potential, UV—vis
extinction spectroscopy, diffuse-reflectance spectroscopy, and
visual inspection is therefore essential to discriminate between
possible dynamic hot spots in stable colloids and traditional
hot spots in aggregating systems.

B CONCLUSIONS

In summary, the BT-Cl/AuNP results provide indirect evidence
that transient interparticle coupling can contribute to nonlinear
SERS amplification in colloidally stable suspensions. The super-
linear increase in signal with Au concentration occurs without
evidence of major aggregation in the ensemble stability mea-
surements and is consistent with an increased probability of
Brownian-motion-driven near-contact nanoparticle configura-
tions. Because individual transient events were not
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time-resolved, this mechanism is treated as an interpretation
supported by combined experimental and simulation evidence
rather than as a direct observation of particle-pair dynamics.
The apparent BT-Cl SERS response may also include contribu-
tions from increasing nanoparticle number and total Au surface
area, changes in the number of adsorbed BT-Cl molecules, rare
SERS-active junctions, concentration-dependent ionic strength,
and optical-density effects in concentrated suspensions.
Although the present study does not quantitatively partition
the measured intensity among these contributions, the com-
bined colloidal-stability data and Brownian dynamics simula-
tions support transient interparticle coupling as a contributing
mechanism to the nonlinear BT-Cl SERS response. By contrast,
BT and BT-OMe shift the system toward aggregation-induced
hot spots, where signal growth is accompanied by colloidal
destabilization and eventually followed by signal loss due to pre-
cipitation. The comparison between BT-Cl, BT, and BT-OMe
shows that nonlinear SERS responses can arise from different
physical regimes with different analytical implications. For
quantitative colloidal SERS, the key variables that must be con-
trolled include nanoparticle number density, analyte concentra-
tion, colloidal stability, surface chemistry and adsorption
behavior, {-potential, and the optical regime of the suspension
across dilute and turbid conditions. Together, these parameters
determine whether the measured response is consistent with
reversible dynamic coupling, aggregation-induced hot spots, or
a combination of optical and adsorption-related effects. Future
studies may investigate the number of particles involved in the
transient near-contact interactions, the magnitude of signal fluc-
tuations, and how the enhancement differs compared to opti-
mized fixed geometries.
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