Downloaded viaINDIAN INST OF TECH MADRAS on March 14, 2026 at 16:24:15 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO... 5

pubs.acs.org/NanoLett

Atomically Precise Nanoclusters as SERS Probes

Sujan Manna, Anant O. Bhasin, Vivek Yadav, Soham Chowdhury, Subrata Duary, Samapti Mondal,
Sajal Kumar Giri, Tomas Base,* George C. Schatz,* and Thalappil Pradeep™

I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acs.nanolett.5c05462

ACCESS |

ABSTRACT: Atomically precise nanoclusters (NCs) exhibit molecule-like
fingerprints, yet their Raman response is usually buried under intense
luminescence. Herein, we report the use of surface-enhanced Raman
spectroscopy (SERS) to probe the molecular nature of the stable eight-

electron silver NC, [Ag;,(0;-carboranethiolate),,]*~ (abbreviated as Ag;,), by .
integrating it with plasmonic gold nanotriangles (Au NTs), forming an Ag,,@ wy W
Au NT nanohybrid. This is the first demonstration of an atomically precise NC
functioning as a stable next-generation Raman probe under harsh laser
conditions. Synergistic electromagnetic (EM) and chemical enhancement
(CE) mechanisms yield an overall enhancement factor of up to ~6 X 10°, with
~2 X 10” attributed to CE, consistent with time-dependent density functional
theory (TDDFT) calculations. TDDFT reproduces the observed spectra and
reveals low-lying hybrid charge-transfer excited states, underpinning the CE
pathway. Plasmonic confinement and charge transfer cooperatively amplify the Raman scattering of the Ag—Ag bonds and carborane
framework at the nanoscale junctions of the Ag;;@Au NT nanohybrid.
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S urface-enhanced Raman spectroscopy (SERS) is a surface-
sensitive technique in which metal nanostructures
concentrate the electromagnetic (EM) field at their surface,
thereby contributing to signal enhancement.' > The chemical
enhancement (CE) mechanism of SERS depends on the
electronic pull and push between the metals and the probes.””
The charge transfer (CT) depends on the relative alignment
between the Fermi level of the metal and the frontier orbital of
the adsorbed molecule.”” Similar to the CT enhancement
strategies employed in semiconductors and 2D materials,” "’
NCs have been used to modulate CT in nanoparticle systems
to enhance SERS signals.'’

Noble metal NCs,"”~" bridging molecules and plasmonic
nanocrystals in physical dimensions, possess atomic precision
and have unique optical properties."*™"? Several Ag NCs with
well-defined molecular formulas have been synthesized.”"*’
Although Ag NCs are typically less stable and more sensitive to
environmental factors,” stability can be enhanced significantly
through careful ligand design, as in [Ag;;(o,-carboranethio-
late),,]>” (abbreviated as Ag;,), which is stable up to 125 °C
in the solid state.”” The emergence of carboranethiol-protected
NCs offers new possibilities due to their enhanced
stability.”>*" The free o-carborane cage attains a high polarity,
with a dipole moment of about 4.45 D.*' Carboranes (CBs),
characterized by robust c-aromatic bonding and electron-
deficient skeletal frameworks,** act as strong substituents that
promote interfacial CT.”"****
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Gold nanotriangles (Au NTs) have strong localized surface
plasmon resonance (LSPR) and are favored in SERS due to
their sharp vertices and edges.35’36 NTs outperform spheres
and spherical aggregates due to their anisotropy.’” >’

Extending this anisotropy effect, nonoverlapping LSPR with
Ag,, absorption and CT, we coupled Ag;; NCs with Au NTs
to show that NCs can act as molecular probes for SERS with a
quantifiable CE. Traditional SERS reporter molecules, such as
4-aminothiophenol (4-ATP) and dyes like rhodamine
derivatives, often suffer from photodegradation, photooxida-
tion, and dynamic binding.*>*' Moreover, small probe
molecules can adsorb in different orientations on metal
surfaces,"”"* leading to unpredictable SERS selection rules
and intensity variations. In contrast, the Ag,, cluster is an ~1.7
nm multiligand entity that anchors to Au NTs, forming
atomically precise interfaces via multiple weak interactions,
e.g., electrostatic attraction of its anionic shell to the CTAC-
stabilized Au surface. This multivalent adsorption, along with
the rigid carborane-cage ligand structure, results in a more
fixed orientation and a more stable spectral output.
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Figure 1. Ag;;@Au NT nanohybrid platform: concept, interfacial speciation, and morphology. (a) Schematic illustration of the workflow for Ag;,
on Au NTs with a representative spectrum. (b) XPS of the nanohybrid in the Au 4f region, consistent with metallic Au (top left); Ag 3d region
deconvoluted into Ag(I) and Ag(0), confirming thiolate-bound Ag (bottom right). (c-f) TEM images: (c) Overview of uniform Au NTs. (d) High-
magnification TEM image of the Au NT with flat facets and sharp vertices. (e) TEM image of the Ag,,@Au NT, with different orientations exposed
to the electron beam. (f) High-magnification TEM image of the Ag;,@Au NT showing Ag NCs on hot spots and flat faces.

Consequently, the NC—NP nanohybrids yield synergistic
charge-transfer and field effects. These effects result in an
enhancement factor (EF) of ~6 X 10° calculated using
established SERS quantification methods,™ with a relative
standard deviation (RSD) of 9.1% and a detection limit of 1.64
nM. Time-dependent density functional theory (TDDFT) and
finite-difference time-domain (FDTD) simulations reveal that
low-lying hybrid charge-transfer states drive the chemical
pathway, while plasmonic coupling at NT tips provides
localized field amplification. These combined effects establish
a reproducible, luminescence-free SERS platform that converts
NCs into next-generation molecular reporters for precision
sensing. However, reproducibility at scale requires stabilization
of the nanocluster—nanoparticle (NC—NP) interface to
minimize spectral variance across probe populations. Recent
developments in molecular tethering, surface functionaliza-
tion,* self-assembled monolayer (SAM) engineering, alloyed
anisotropic nanopartlcles, nanoshell encapsulatlon,47 8 and
ligand-exchange chemistry”” enable reproducible interparticle
architectures. Such precision nanostructures have the potential
to function as new diagnostic tools in areas such as quantum
sensors, molecular electronics, and interdigitated nanoelec-
trode arrays.

Planar Au NTs (with an edge length of ~72.5 nm),
synthesized by the Scarabelli protocol,”” showed a uniform
morphology (Figures S1 and S2), while Ag,; prepared by
Yadav’s method,” was characterized by UV—vis, ESI-MS, and
XPS (Figures S3, S4, and SS5a). UV—vis measurements showed
that Ag;, exhibited bands at 400, 312, 268, and 240 nm,
consistent with the reported values.”” PL measurements
confirmed negligible visible emission (Figure S3c) and good

Raman scattering (Figure S6), in contrast to those of several
NCs. The synthetic protocols are described in detail in the
Experimental procedures of the Supporting Information.

For SERS measurments, Ag;, crystals, prepared by slow
evaporation of DCM, were dissolved in ethanol to ensure that
Au NTs were unaffected upon contact with the cluster
solution. Figure la schematically shows the drop casting of
Ag; on a Au NT-covered glass substrate; the latter was
immobilized using 3-mercaptopropyltrimethoxysilane
(MPTMS) functionalization. MPTMS provided thiol function-
alities for anchoring Au NTs. A minimal dose of MPTMS
(0.5% (v/v)) was employed, sufficient to promote stable
adhesion of the Au NTs, while ensuring that no detectable
Raman signal from the silane layer contributed to the
measurements. The spectrum, along with the schematic
(Figure 1a), represents Ag;, as a Raman probe. The oxidation
states of Ag and S are vital, and any change in these can dictate
the loss of structural integrity and hence the change or
breakdown of the NCs during nanohybrid formation. The peak
positions, indicating the immediate environment and the
intensity ratio of Ag(0) to Ag(I) were unaltered after the
formation of the nanohybrid. In the bottom right corner of
Figure 1b, XPS of Ag,,@Au NT showed no observable Au—Ag
exchange. The Ag(0) peaks at 374.2 and 368.2 eV and Ag(I)
peaks at 374.9 and 368.9 eV, corresponding to 3ds,, and 3ds,,
respectively, with an 80:20 Ag(0):Ag(I) ratio match precisely
with the parent Ag;, NC (in Figure S4). A similar trend of no
exchange of atoms was observed in 4f;, and 4f;/, of Au NT
with the presence of 87.4 and 83.7 eV peaks, respectively, as
shown at the top left of Figure 1b. This rules out cluster
fragmentation to form individual ligands or Ag atoms, which
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Figure 2. SERS signatures and mode quantification for Ag;,@Au NTs. (a) Comparative Raman overlays of the Ag;;@Au NT, Ag,,, and 0,-CBT
under identical conditions. (b) Comparison of the intensities of various modes (at 133, 374, 587, and 776 cm™) for the three entities. Together,
these panels demonstrate a molecular fingerprint of Ag;;@Au NTs and provide a basis for assignment and subsequent EM analyses. One hundred
spectra were collected per sample to calculate the mean and standard deviation.

detach to bind Au NT. This is also confirmed by the absence
of a Au—S signature in XPS (Figure 1 and Figure S5b).”° This
validates the protective role of the CBT ligands. High-
resolution TEM (by drop casting NCs on a NT-covered
TEM grid) provides direct visualization of the adsorption
geometry, lattice continuity, and local contrast variations,
validating that hybrid formation occurs without morphological
distortion. Panels c and d of Figure 1 present the TEM images
of Au NTs before Ag, addition. Panels d and f of Figure 1
show the immediate environment of a single Au NT before
and after the Ag), addition. Tiny dark spots or contrast
differences at the Au NT edges and flat surfaces mark the
presence of Ag, clusters (Figure le,f). The NCs, ranging from
1 to 2.2 nm in diameter,"” can perfectly fit into the hot spots
created by NTs. Moreover, Au NTs offer a large, atomically flat
(111) facet area, where clusters can adsorb without severe
structural distortion. It can create more chances for van der
Waals-type interactions with the shell, driving physisorption.
This interfacial confinement creates a synergistic environment
for a few of the o;-carboranethiolate (0,-CBT) ligands,
sandwiched between the Au NT and Ag;,; metal core.

The prepared nanohybrid is expected to enhance the Raman
scattering of 0,-CBT owing to its specific geometry and
interface. Accordingly, we started with a solution-based SERS
detection protocol using a Au NT colloidal system. The SERS
spectra were recorded in a confocal microscope-based Raman
spectrometer with a 633 nm laser, which is resonant with the
LSPR of the Au NT at 638 nm, as shown in Figure Sla, and is
off-resonant with the electronic transitions of Ag;,. In Figure
2a, the comparison of Raman spectra of the free ligand, the NC
(10 mM), and the NC—NP nanohybrid with a concentration
of 1 uM unveils a sequential 2-fold increment of spectral
intensity. Raman spectra were recorded at 2S5 distinct positions
from drop casting of Ag;, (Figure S7) and the Ag;;@Au NT
nanohybrid (Figure S8) on glass substrates. The incident laser
power of 0.2 mW on the sample was kept constant throughout
the measurements to avoid power-induced spectral variations.
Moreover, the photostability of the Ag;@Au NT was
examined under continuous laser exposure at 0.01 mW/cm?
for 20 min, as shown in Figure S9. The major peaks of NC
remain stable, and the relative intensities of the peaks are
almost invariant, although their intensities decrease gradually
over time. In addition, a calibration strategy has been
performed to account for variations in the local optical fields
at plasmonic hot spots, as shown in Figures S10—S13.

Following the internal standard protocol reported by Lorén
et al,”" 4-cyano-N-(2-mercaptoethyl) benzamide (CMEB) was
employed as a thiolated self-assembled monolayer internal
standard, exploiting its CN stretching band in the spectrally
silent region at 2300 cm™' to enable robust normalization
against fluctuating SERS enhancement. The Ag;; NC was
treated analogously to the Au NT, as described in the
reference, thereby ensuring firm chemisorption of the CMEB
layer via metal—sulfur bonding and minimizing competitive
adsorption.

Figure 2b shows variations in the major peaks, reflecting the
SERS behavior. The Raman intensities of the characteristic
peaks at 133, 374, 587, and 776 cm™" were compared across
the free ligand, Ag;; NC, and Ag;@Au NT nanohybrid. The
0,-CBT ligand showed sharp peaks, with a missing peak at 133
cm™!, corresponding to the Ag—Ag NC core vibration. As
there is no observation of Au—S bond formation, the
electrostatic interaction between the slightly positive Au NT
(¢ potential of 30 + 5 mV after two washes in water) and the
negatively charged Ag;; NC plays the key role in forming the
NC-NP nanohybrid while keeping the Ag, intact. The
negative ion mode of high-resolution electrospray ionization
mass spectrometric studies (Figure S14) showed that Ag,
remained unchanged in the nanohybrid in a water/ethanol
solvent mixture, with an ion at m/z 1312.42, matching exactly
with the parent Ag;,, with a —3 charge.”” No additional peaks
from Au—Ag exchange in the Ag;;@Au NT nanohybrid, along
with the same isotropic distribution pattern, confirmed the
structural integrity of the NC. London dispersion forces can
also help to stabilize this interaction.”” Figure S15 shows that
nanospheres show less enhancement than NTs, proving that
the surface curvature of the NPs plays an important role. A
bare Au NT substrate was also measured as a control. It
showed no significant Raman peaks, as sufficient centrifuga-
tions were performed to remove the excess protecting ligand,
cetyltrimethylammonium chloride (CTAC), of the Au NT.
The IR spectra of Au NTs before and after washing showed the
absence of CTAC features postwashing (Figure S16). This
confirms the minimal presence of CTAC, which is sufficient to
suppress nanoparticle aggregation while ensuring no detectable
Raman contribution from the surfactant. To isolate the
contribution of the NC core from that of the ligand, a control
experiment was performed by using free 0,-CBT adsorbed on
Au NTs under identical conditions. In Figure S17, comparative
spectra of free 0,-CBT and the Au NT with 0,-CBT with a
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concentration similar to that of Ag,, show that the enhance-
ment is not as high as that of the Ag,,@Au NT, confirming the
crucial role of the cluster core as an electron reservoir.

Table 1 highlights the peaks corresponding to the Ag,; core
vibration (Ag—Ag vibrations) and the ligand’s different

Table 1. Raman Marker Bands and Assignments for the
Vibrations of the Free 0,-CBT Ligand

Raman Raman
shift shift
(em™) spectral assignments (em™) spectral assignments
133 Ag,; core vibration 871, BBH bending mode
(Ag—Ag vibrations) 960
191, B-B, B—S, and B—C 1038, skeletal breathing and
335, vibrational modes 1074 B—H bending mode
491
586, BBB breathing mode 1117, C—H bending mode
630 1170
678 BBC breathing mode
724 B—B bending 2618, B—H stretching mode and
2645 contribution of S—H
stretching mode
776 icosahedral breathing 3051, C—H stretching mode
mode/pulsation of the 3070

icosahedral cage

vibrational modes. Although there are many vibrations due
to the CB ring, the modes related to Ag—Ag vibrations, cage
breathing, and B—H bending are of particular interest due to
their sensitivity to changes in the electronic environment.>> >

To determine the Raman enhancement behavior, we
measured the SERS intensity as a function of Ag,
concentration while keeping the concentrations of Au NTs
and laser parameters constant. Figure 3a shows that the marker
bands from the CBT shell intensify systematically while
positions and line shapes remain almost invariant, indicating
nondestructive adsorption of Ag,. Figure 3a shows the
concentration-dependent SERS intensity variations of Ag,,
under the experimental conditions in the presence of the Au
NT. Beyond that range, the signal-to-noise ratio became less
than 3, and hence, it was not considered for evaluation. Below
this threshold, the spectral signal merged with the baseline
noise, confirming the statistical limit of SERS detectability
under the employed optical configuration. Furthermore, we
have calculated the LOD to be 1.64 nM by calibrating the

SERS intensities of the 776 cm™" peak for the Ag;,@Au NT at
1,2, 4, 6,8, and 10 nM. The calibration curve (Figure S18)
and the detailed calculations are shown in the Supporting
Information, following the standard protocol.”**” Experimental
data show a gradual increase in intensity as the concentrations
of Ag,; are changed from as low as 1 nM to 100 #M. Gradual
enhancement with an increase in concentration has been
demonstrated for the peaks at 129, 776, and 860 cm™! (Ag—Ag
stretching, cage breathing, and BBH bending, respectively), as
shown in Figure 3b. Variations in Raman amplification across
bands reflect mode-specific coupling strengths arising from the
complex electronic and geometric structures of the Ag,@Au
NT nanohybrid.

To investigate the effect of the cluster core on the vibrational
profile of 0,-CBT, we compared the Raman spectra of the free
0,-CBT ligand with those of the Ag;; NC. The computed
Raman spectra of the Ag;; NC reproduced the experimental
features with small shifts attributed to gas-phase simulation
conditions, validating the computational model (Figure S19).
To explore CE, we analyzed the electron density redistribution
in the Ag;; NC using 12 0,-CBT ligands in their thiolate form,
revealing a reorganization of charge density (Figure 4a). Figure
4b shows the simulated Raman intensities of the 0,-CBT and
Ag); NC, confirming the observed Raman spectral intensity
amplification. A signal enhancement of ~2 X 10* from the
calculation, with specific vibrations more prominently
enhanced, is also consistent with experiments. We also
observed a slight shift in the Raman signal of Ag,,, indicating
a potential electron density redistribution around 0,-CBT. To
understand the nonuniformity of the enhancement for various
modes, we utilized a model system of [Ag;,(0,-CBT)]*", as
shown in Figure S20. The electron density was shifted from the
Ag,, core to the 0,-CBT ligand, as expected, given that the
latter is a highly electronegative ligand.”® The resulting
separation was spatially localized with the most significant
changes in electron density observed in the region proximal to
the Ag,, core. This can increase the local dipole moment and
modify the electrostatic environment experienced by atoms
involved during vibrations. In contrast, the atoms located
farther from the core displayed much smaller variations in
electron density, consistent with the short-range nature of
electronic coupling between metals and ligands. This
potentially explains the greater enhancement of specific
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Figure 3. Loading-dependent SERS response of Ag;;@Au NTs. (a) Overlaid Raman spectra of the Ag;;@Au NT acquired under identical

conditions after incubation at increasing Ag;, concentrations. (b) Integrated intensities of three representative bands at 129, 776, and 860 cm

-1

(Ag—Ag vibrations, cage breathing, and BBH bending, respectively) vs Ag,, concentration, showing a steady increase. One hundred spectra were

collected per sample to calculate the mean and standard deviation.
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Figure 4. Simulation results. (a) Electron density difference plot of Ag;,. Yellow and blue regions correspond to increased and decreased electron
density, respectively. Atom colors: green for boron, white for hydrogen, black for carbon, red for sulfur, and metallic gray for silver. (b) Calculated
Raman spectra of 0,-CBT and Ag,,. (c) Calculated UV—vis absorption spectrum of Ag,,. Panels a—c were obtained using TDDFT. Calculated
electric field enhancement (IEI*/IEyl*) from FDTD simulations for a (d) single Au NT and (e) two Au NTs with an edge length of ~73 nm
separated by 3 nm. Here, |El and |Ey| represent the amplitudes of the generated and incident electric fields, respectively.

vibrational modes observed experimentally, such as the
icosahedral breathing mode and the B—H and C—H bending
modes, as shown in Figure 2a. While exploring EM
enhancement, TDDFT shows that Ag;; lacks resonant
transitions at the experimental wavelength of 633 nm as it
has an absorption maximum of ~400 nm. It rules out the
possibility of EM from the NC, as shown in Figure 4c.
Additionally, the lack of spectral overlap also eliminates the
possibility of resonance Raman enhancement, suggesting that
the Ag,, core aids in the enhancement of the Raman signal,
predominantly via the CE mechanism.

Once the role of the Ag;, core in 0,-CBT Raman signal
enhancement in the NC was understood, the electromagnetic
effect imparted by the Au NT was examined. The size of the
Au NT was ~72.5 nm, which lay beyond the scope of DFT
and TDDFT. Hence, the role of the plasmonic Au NT was
explored using FDTD simulations. The extinction spectrum of
the Au NT displayed a plasmonic peak at around 630 nm
(Figure S21). (IEP/IEy*) was used for the local intensity
enhancement of the electromagnetic field for mapping the hot
spots, whereas the SERS enhancement factor was calculated as
(IEI*/IEyl*) at a wavelength of 633 nm without considering the
Stokes shift. As expected for the Au NT, we observed ~2 X
10 to 3.43 X 10*fold enhancement in the induced electric
field at 633 nm across the surface and at the tips of the
triangles (Figure 4d and Figure $22). During the experiment,
SERS signals are often dominated by a small number of
molecules located at highly localized hot spots, while the
majority of surface sites contribute weakly to the measured
response.”” Here, we expect the overall SERS intensity to be an
ensemble average over different hot spots, but since we cannot
characterize this distribution, the overall enhancement cannot
be uniquely quantified. Simulations of a dimer showed the
potential for a hot spot in a configuration where the tips of two
Au NTs face each other with a 3 nm separation, as shown in

Figure 4e. This hot spot is well-suited for trapping Ag;; NCs
with a diameter of ~1.7 nm.”’ Experimental observation of
Raman signal enhancement is less intense (EF ~ 10*) than
what we expected using the Au NT dimer. We rationalize the
computational results with experimental findings by consider-
ing that the organic ligands, CTAC, were excluded from the
FDTD simulation to remove complexities. This will increase
the distance of Ag), from the Au NT, leading to a smaller
enhancement, even with a plasmonic response. Considering
the dimer case, although intense, the contribution from such a
geometry will be smaller due to the low probability of such a
configuration with no explicit experimental control. Based on
our results, we propose that control over distance and
orientation between different Au NTs will lead to greater
enhancement (~10° to ~10°). The experimental EF decreases
since the ligands are not uniform under a high field intensity.
Overall, we found that CE from Ag;; and EM enhancement
from Au NT lead to the observed enhanced intensity of the
Raman signal of 0,-CBT. In short, the EM field concentration
of the NT sets the stage, while TDDFT-resolvable CT
channels provide the band-specific boosts seen across these
canonical experiment—theory pairs.

In summary, we established atomically precise NCs as
intrinsic SERS probes when coupled with Au NTs, uncovering
charge-transfer-mediated enhancement through o0,-CBT li-
gands while reaffirming their molecular identity. We develop
a mechanistic framework linking quantized charge-transfer
states in atomically precise NCs to macroscopic plasmonic
enhancement, offering molecular-level insight into SERS
amplification pathways. Beyond conventional techniques such
as UV—vis, mass spectrometry, and X-ray diffraction, Raman
and SERS uniquely capture the vibrational fingerprints of these
hybrids, providing direct insight into NC—NP interactions.
Comparative experimental and theoretical analyses reveal that
Ag,,; exhibits Raman amplification analogous to molecular
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probes, with ligand dynamics and NC—NP coupling dictating
stability and reproducibility. Unlike regular reporter dyes, the
0,-CBT ligand enhances photostability under irradiation, while
Ag,@Au NTs synergistically boost CE and EM contributions,
yielding intense and stable signals. Such NC—NP nanohybrid
platforms establish a design principle for creating a library of
NCs as robust SERS reporters, thereby expanding the scope of
cluster-based quantum sensing. Importantly, the reproduci-
bility of such NC—NP nanohybrids depends on the
stabilization of the interfacial junction, as uncontrolled cluster
migration or configurational drift can change the intrinsic
charge-transfer signatures. Rational interface engineering,
including molecular tethering, directed surface functionaliza-
tion, protective encapsulation, and ligand-shell modulation, can
produce better nanohybrids. They represent practical routes to
minimize spectral dispersion while preserving the electro-
magnetic—chemical synergy, thereby increasing the likelihood
of using NCs as stable SERS probes.
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