
Superstructural Assembly of Ag24 Nanoclusters with Different
Ligands Exhibiting Mechanoresponsive Luminescence
Deepak Kumar Patel, Ankit Sharma, Arijit Jana, Jayoti Roy, Amoghavarsha Ramachandra Kini,
Vivek Yadav, Subrata Duary, Kumaran Nair Valsala Devi Adarsh,* Sundargopal Ghosh,*
and Thalappil Pradeep*

Cite This: https://doi.org/10.1021/acs.inorgchem.6c01760 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: While single thiolate-stabilized silver nanoclusters (NCs) are well studied, multiligand-protected analogues remain
rare. Herein, we report a luminescent Ag24 nanocluster, co-stabilized by two distinct heterocyclic thiols, 2-mercapto-5-n-
propylpyrimidine and 6-(dibutylamino)-1,3,5-triazine-2,4-dithiol, together with triphenylphosphine, whose composition was
confirmed by high resolution electrospray ionization (HR-ESI) mass spectrometry. It shows aggregation-caused quenching as it self-
assembles into nonemissive sheets, but the emission reappears after mechanical grinding, demonstrating mechanoresponsive
luminescence. Interestingly, individual ligands form nonluminescent clusters exhibiting no aggregation behavior. Femtosecond
transient absorption measurements indicate that aggregation alters the excited-state dynamics, reflecting the effect of multiligand
stabilization on structural rigidity and photophysical behavior in the NCs.

Noble metal nanoclusters (NCs), particularly silver NCs,
have attracted considerable attention owing to their

atomically precise structures and size-dependent photophysical
properties arising from quantum confinement effects.1−4 Their
potential applications span across nanoelectronics, catalysis,
and bioimaging.5−7 As unprotected NCs are intrinsically
unstable, surface ligands are essential for stabilizing the metal
core and tuning their geometric, optical, and electronic
properties.1,6,8 Among the most commonly employed ligands
for coinage metal NCs are organothiolates, organophosphines,
and alkynyls.9−11 As the field of nanoclusters has expanded,
ligands such as selenolates, amines, and carbene-based ligands
have been incorporated, broadening the structural and
functional diversity of metal NCs.12−14

Heteroaromatic thiols are a distinct yet underexplored class
of ligands that can modulate metal−ligand charge transfer and
photophysical properties.15 However, nanoclusters stabilized
by multiple ligand types remain rare because of steric and
electronic incompatibilities at the cluster surface.16 Previous
studies have predominantly focused on monodentate or thiol
systems, leaving a fundamental gap in understanding how
heterogeneous ligand-shell environments created by multiple
heterocyclic thiols influence nanocluster stability, self-assem-
bly, and stimuli-responsive luminescence.17−19 In this context,
the investigation of mixed-ligand nanoclusters provides an
opportunity to explore the relationship between surface
chemical complexity, solid-state organization, and luminescent
behavior.
The optical properties of NCs are strongly influenced by

supramolecular organization through noncovalent interactions,
which can induce aggregation-induced emission (AIE) or
disaggregation-enhanced emission (DEE) in response to
external stimuli.20,21 For example, ligand dynamics in

Ag29(BDT)12(TPP)4 can modulate photoluminescence by up
to 13-fold.22 These studies highlight the critical role of ligand
shells in governing nanocluster assembly and photophysical
behavior.
Motivated by these observations, we employed a mixed-

ligand strategy using triphenylphosphine (TPP), 2-mercapto-5-
n-propylpyrimidine (HMPP), and 6-(dibutylamino)-1,3,5-
triazine-2,4-dithiol (TRZDT) to prepare an Ag24 nanocluster.
To our knowledge, this is a rare example of a luminescent silver
nanocluster co-stabilized by two nitrogen-containing hetero-
cyclic thiols and a phosphine ligand. The pyrimidine and
triazine ligands provide multiple coordination sites that
strengthen Ag−S bonding and promote intermolecular
interactions, while TPP enhances cluster stability through
steric and electronic effects.15,23

The Ag24 nanocluster was synthesized through a mixed-
ligand exchange reaction with [Ag18H16(TPP)10]2+, following a
ligand exchange-induced structural transformation (LEIST)
strategy (Figures S1 and S2).10 Briefly, HMPP (5 mg) and
TRZDT (3 mg) dissolved in methanol (2 mL) were added to
Ag18 NCs (15 mg in 5 mL methanol) under stirring. Color
changed from green to purple to yellowish green in 3 h. Post-
synthetic size focusing and phase stabilization yielded distinct
absorption features at 420, 580, and 620 nm (Figure 1b),
indicative of discrete molecular electronic states. Time-
dependent UV−vis spectroscopy revealed gradual conversion
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of Ag18 intermediates to Ag24, with increasing absorbance
intensity over time (Figure S2). Despite extensive crystal-
lization trials using various solvents, single crystals suitable for
X-ray analysis could not be obtained. Nevertheless, HR-ESI-
MS provided unambiguous evidence for the composition
Ag24(TPP)10(HMPP)8(TRZDT)3]2+. The positive-ion mass
spectrum displayed a distinct isotopic envelope centered at m/
z 3623.99 corresponding to a dicationic species (Figure 1c).
The peak-to-peak separation of m/z 0.5 confirmed the 2+
charge state. The total mass of 7247.98 was assigned to
[Ag24(C18H15P)10(C7H9N2S)8(C11H18N4S2)3]2+, representing
a rare example of a silver cluster stabilized by two distinct
thiolate and phosphine ligands. The experimental isotopic
pattern closely matched the simulated distribution. Tandem
MS/MS experiments performed with increasing collision
energy (CE) (Figure 1d) showed sequential loss of ten TPP
ligands (262 Da each) from the parent ion at m/z 3623.99
(2+) over the CE range of 0−100, confirming the presence of
ten TPP ligands and their labile coordination. Interestingly, use
of a single ligand yielded clusters with different nuclearity
(Figure S3).15

The coexistence of all three capping ligands (TPP, HMPP,
and TRZDT) in Ag24 was further verified by multinuclear
NMR and FT-IR spectroscopy (Figures S6−S9). The 1H
NMR spectrum shows a broad aromatic region between 7.1
and 7.7 ppm, arising from coordinated TPP and HMPP
ligands. In addition, three well-resolved aliphatic signals at
approximately 2.1, 1.3, and 0.8 ppm are assigned to the propyl
and butyl chains. The 13C NMR spectrum exhibits aromatic
carbon resonances in the range of 128−136 ppm, together with

three aliphatic signals at 31.5, 23.6, and 13.5 ppm, consistent
with ligand-bound alkyl groups. The 31P NMR spectrum shows
a dominant resonance at 7.4 ppm, along with a signal at 29.1
ppm, indicating coordinated TPP with a small contribution
from oxidized TPPO. FTIR spectra further confirm incorpo-
ration of both thiol ligands into Ag24 (Figure S9). The C−H
stretching vibrations in the 2950−2850 cm−1 region are
attributed to the butyl and propyl groups of TRZDT and
HMPP. In the free ligands, the C−N and C�N stretching
vibrations appear in the 1600−1500 cm−1 range; upon
formation of Ag24, these bands shift to lower wavenumbers
and broaden, reflecting changes in the electronic environment
upon coordination to silver. Notably, the S−H stretching
features observed for the free ligands are absent in the cluster
spectrum, confirming deprotonation and Ag-thiolate bond
formation.
XPS measurements further support the multiligand

protection of Ag24 (Figure S10, Table S1). The C 1s region
shows peaks at 284.8, 285.6, and 286.8 eV. The 284.8 eV peak,
assigned to adventitious carbon, was used for charge
calibration. The aliphatic C−C/C−H carbon atoms from the
ligands overlap with the adventitious carbon signal. The higher
binding energy components at 285.6 and 286.8 eV are
attributed to C−N/C−S environments from the HMPP and
TRZDT ligands. The S 2p3/2 signal at 162.5 eV is characteristic
of thiolate sulfur coordinated to silver. The P 2p3/2 peak
appears at 131.5 eV. The Ag 3d region, centered near 367.8 eV,
indicates predominantly Ag0/Ag−S species with a small
contribution from Ag(I) (Table S1).

Figure 1. (a) Synthesis of Ag24 NC. (b) UV−vis spectrum of Ag24 in methanol (inset is a photograph of the solution). (c) HR-ESI mass spectrum
with experimental and simulated isotopic patterns. (d) CE-dependent MS/MS fragmentation of the parent ion (m/z 3623.99), showing sequential
loss of ten TPP ligands up to CE 100.
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Interestingly, in a DMF−methanol mixture, Ag24 self-
assembled into uniform sheet-like aggregates through
solvent-mediated organization (Figure 2, Figure S11). The
assembly process was controlled by varying cluster concen-
tration and solvent ratios. A mixture of 5 mg Ag24 in 1 mL
DMF and 0.5 mL methanol yielded spheroidal nanosheets
(Figure 2a−c). Keyence digital microscope (VHX-X1 series)
and FESEM revealed nearly uniform spheroidal aggregates
approximately 500 nm in diameter (see Figure 2d−i, as well as
Figures S11 and S12). Similar solvent-driven aggregation has
been reported for phosphine-protected Au−Ag alloy NCs.20

FESEM-EDX analysis reveals elemental compositions (C, N, P,
S, and Ag) consistent with the proposed Ag24 formulation,
confirming retention of the cluster composition in the
assembled state (Figure S13). Upon redissolution, UV−vis
and ESI-MS recovered the characteristic features of the parent
nanocluster without evidence of new stable species (Figure
S17). TEM showed particle size below 2 nm, consistent with
the atomically precise Ag24 core (Figure S14). The assembly is

likely driven by hydrophobic interactions among the butyl
chains of TRZDT, π···π stacking between HMPP and TRZDT
ligands, and weak N···H hydrogen bonding. These interactions
stabilize the spheroidal assemblies, which exhibit aggregation-
caused quenching and are nonemissive in the assembled state.
The photophysical properties of Ag24 show a strong

dependence on supramolecular organization. The as-synthe-
sized nanocluster displays bright red photoluminescence under
UV excitation, attributed to ligand-to-metal charge transfer
within the Ag-thiolate framework. In contrast, the self-
assembled nanosheets are nonemissive (Figure 3a), consistent
with aggregation-caused quenching (ACQ) arising from
enhanced nonradiative decay pathways in the assembled state.
Mechanical grinding of the aggregated material for

approximately 1−2 min restores the emission intensity (Figure
3a). To investigate the associated structural changes, PXRD
measurements were performed before and after grinding
(Figure S15). The ground sample retains the major diffraction
features of the pristine material, although slight peak

Figure 2. Solvent-induced self-assembly of Ag24 clusters. (a−c) Optical images showing microspheres and sheet-like assemblies. (d−f) FESEM
images of the corresponding nanostructures. (g−l) EDX mapping of spheroidal assemblies of various elements.

Figure 3.Mechano-responsive luminescence of the Ag24. (a) UV photographs (365 nm) showing emission recovery upon grinding or dissolution of
nonemissive aggregates. (b,c) Normalized emission spectra and fluorescence decay profiles of Ag24 in DCM solution (blue), ground solid (green),
and redissolved sample (red). (d,e) 2D transient absorption maps of the ground and solution-state samples. (f) Transient decay kinetics of the
solution and ground samples up to 1 ns.
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broadening and intensity changes are evident. These
observations suggest that the dominant crystalline phase is
preserved, while increased structural disorder and/or reduced
crystallite size may be introduced. No new diffraction peaks are
observed after grinding. The recovery of luminescence is
therefore consistent with grinding-induced modifications of
intercluster packing and solid-state organization rather than a
complete phase transformation. The emission maximum
remains unchanged at 665 nm for both the as-synthesized
cluster, ground aggregate, and DCM solution via disaggrega-
tion-enhanced emission (DEE) (Figure 3b), indicating
preservation of the Ag24 core structure. The broader emission
profile of the ground solid sample is consistent with increased
structural heterogeneity and multiple local emissive environ-
ments. The PLQY was 2.1% in solution and 1.5% in the
ground solid at room temperature, with the solid retaining
∼71% of the solution-state emission efficiency.
Time-resolved photoluminescence measurements further

elucidate the excited-state dynamics of Ag24. The as-prepared
cluster solution exhibited a monoexponential decay with a
lifetime of 1.5 ns (Figure 3c). In contrast, the mechanically
ground powder displayed a triexponential decay (with τ1 =
0.204 ± 0.001 ns, τ2 = 1.14 ± 0.01 ns, and τ3 = 4.27 ± 0.03
ns). The three relaxation components indicate multiple
emissive environments and decay pathways following grinding.
The altered decay dynamics are associated with changes in the
local environment and intercluster interactions in the solid
state. The emergence of longer lifetime component (τ3 = 4.27
± 0.03 ns) suggests partial suppression of nonradiative
relaxation pathways, resulting in enhanced emission. Similar
l i f e t ime enhanc emen t h a s b e en r epo r t ed f o r
Ag29(BDT)12(TPP)4 nanocluster, where restricted structural
relaxation improved photoluminescence efficiency.22

To gain deeper insight into the mechanoresponsive
luminescence behavior, femtosecond transient absorption
spectroscopy was performed using a pump−probe technique.
Excitation was achieved using 400 nm, 120 fs laser pulses
generated via second harmonic generation (BBO crystal) from
an 800 nm fundamental wavelength. A fluence of 350 μJ/cm2

was used to populate higher-energy excited states, while a
white-light probe monitored carrier dynamics across the visible
region at different time delays. Both as-synthesized and ground
Ag24 samples exhibited a pronounced photoinduced absorption
(PIA) band centered near 530 nm, attributable to excited-state
absorption (Figure 3d). The Ag24 solution also showed a weak
negative transient signal near 620 nm. Because excitation at
400 nm accesses higher-energy electronic states, this feature is
assigned to depletion of ground-state population associated
with higher-energy optical transitions rather than the lowest-
energy transition. This feature was absent in the ground sample
(Figure S19), likely due to disruption of intercluster coupling
and redistribution of electronic states in the disordered phase.
This interpretation is consistent with the red-shift observed in
the steady-state absorption of the aggregated samples,
indicating a modified electronic environment. Time-dependent
analysis of the transient signal at the PIA maximum (∼530
nm) reveals clear differences in relaxation behavior (Figure
3e). Within the first ∼250 ps, the ground Ag24 powder decayed
more slowly than the solution sample, suggesting partial
suppression of nonradiative relaxation pathways arising from
changes in the local environment and intermolecular
interactions. At longer delay times, both samples exhibited
gradual and incomplete decay within the ∼1 ns time window,

indicating the presence of long-lived excited states. This slow
carrier relaxation likely reflects a triplet-to-singlet transition
and nonrelativistic effects in silver clusters.24

Longer-time excited-state dynamics were further examined
by time-resolved photoluminescence measurements. Upon
excitation at 405 nm, both the as prepared and ground-
solution samples decayed completely within ∼45 ns. In
contrast, the ground Ag24 solid exhibited an extended decay
tail that saturates by ∼60 ns. The extended lifetime is possibly
due to triplet-to-singlet transition and enhanced rigidity of the
ligand shell, which reduces molecular vibration and non-
radiative losses.
In summary, we synthesized and characterized a rare

luminescent Ag24 nanocluster co-stabilized by two distinct
nitrogen-containing heterocyclic thiols and a phosphine ligand.
Notably, the individual thiol ligands, when employed
separately, produce clusters with different nuclearities, high-
lighting the influence of the mixed-ligand environment on
cluster formation. The Ag24 exhibits aggregation-caused
quenching, disaggregation-enhanced emission, and reversible
grinding-induced luminescence recovery. UV−vis, ESI-MS,
PXRD, and time-resolved spectroscopic studies indicate that
the cluster identity is largely retained during the grinding, while
changes in solid-state organization and intercluster interactions
govern the luminescence switching behavior. The altered
excited-state dynamics of the ground material are consistent
with partial suppression of nonradiative relaxation pathways.
These findings demonstrate the potential of heteroligand-
protected silver nanoclusters for exploring the relationship
between surface chemical complexity, supramolecular organ-
ization, and stimuli-responsive photophysical properties.
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