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ABSTRACT: Light-matter interactions, especially in atomically
precise nanomaterials, belong to an unexplored realm of research
with potential benefits for the synthesis of materials. Here, we
present an interesting light-activated expansion process of an Ag,
nanocluster to an Ag,, analogue, both clusters being protected with
6-(dibutylamino)-1,3,5-triazine-2, 4-dithiol (shortly, TRZ-H,)
ligands. The conversion process was initially monitored through
UV—vis, revealing that the violet-colored Ags, got converted to
greenish Ag,,, exhibiting their characteristic absorption features.
High-resolution mass spectrometric studies confirmed that the as-
synthesized [Ag;(TRZ),,] with coexisting di- and monoanionic
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charged species in dichloromethane solution got converted to [Ag,,(TRZ),;] with a dipositive charge state. Electrochemical studies
revealed the photoresponsive nature of Ag;), and light illumination resulted in transient intermediate clusters covered with solvated
electrons, which contributed to the core expansion. Ags, is NIR-emitting, while Ag,, is red-emitting. The ultrafast transient
absorption studies reveal that Ag,, has strikingly short excited-state carrier dynamics than Ags;. The stable excited-state carriers for
Ag;, upon photoexcitation also underline the unique electronic characteristics responsible for such light-activated structural

evolution.

Bl INTRODUCTION

Atomically precise metal nanoclusters (NCs) with a kernel of
metal atoms, protected by various ligands, connecting the gap
between traditional nanoparticles and single atoms, have
emerged as a new class of functional nanomaterials with
unique optical and physicochemical properties.'~® Such type of
ultrasmall nanoparticles with a core dimension <3 nm
displayed exotic optical properties, such as molecule-like
multiple absorption and emission due to the electronic
transitions between their discrete energy levels.” ™ A wide
range of silver NCs with varying nuclearities, such as Ag,, Ag,,,
Agis Agy Ay Ao Agss Aao—Afus Agsy A8en A8ue
Ags4, and so forth, with protecting ligands were synthesized,
and some of them have been structurally characterized using
single-crystal X-ray diffraction studies.'”>'°7*' Atomic
arrangements of such nanomaterials, associated energy levels,
and surface reactivity promote their potential applications in
the fields of catalysis, molecular recognition, biomedical
imaging, and optoelectronic devices.””~>" The stability of
silver NCs mainly depends on the outer coverage of surface
ligands. The bare NCs without ligands are highly reactive, and
they react to themselves or with species in the surroundin

environments and form larger particles or adduct species.’

Different surface ligands, such as thiol, imine thiol, selenol,
phosphine, carboxylic acid, calixarene, alkynyl, and so forth,
create clusters with higher stability than bare NCs.*'~*
Generally, thiolated silver NCs are more stable than
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phosphine, hydride, and alkyne-protected ones.'™ We have
introduced a new bidentate thiol ligand for silver clusters, i.e.,
6-(dibutylamino)-1, 3, S-triazine-2, 4-dithiol (shortly, TRZ-
H,) having two butyl chains connected through a nitrogen
atom and a triazine ring. Steric bulk created by two butyl
chains attached to the triazine ring makes this ligand more
attractive than their bidentate thiol analogues such as benzene-
dithiol."”® The electron-withdrawing ability of three nitrogens
present in the triazine ring makes it less electron-dense than
benzene. The enhanced polarizability of the heterocycle rather
than benzene makes the 7—7z* electronic transition of the
triazine ligand different from the benzene analogues.”"**
Recently, we have demonstrated the multifunctional optoelec-
tronic and quantum coherence behavior of an ultrasmall Aug
NC protected by the same ligand.**

The past decade has witnessed the synthesis of various silver
NCs and an understanding of their structure—property
correlations. These nanomaterials spontaneously change their
nuclearity, size, and shape upon change in parameters such as
temperature, pressure, solvents, external metal ions, and so
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Figure 1. (a) Schematic representation of the synthesis of Ags, using the triphenylphosphine-assisted coreduction reaction. Photographs of (b) 200
mg powder of Agy; and (c) violet-colored Ags, in DCM. (d) UV—vis absorption spectrum of the cluster. (e) Full range ESI-MS spectrum in the
negative-ion mode. An intense dianionic peak at m/z 3024.02 and a monoanionic peak at 6048.01 indicate the presence of both the charge states of
the cluster. The inset shows the isotopic distribution of the experimental (black) and theoretical (red) spectra.

forth.**=*% For example, enhanced emission at a low
temperature was observed for silver NCs due to the
modulation of their optical band gap.*”*® Zang and co-
workers observed a visible color change in a single crystal of
silver-sulfide NC due to its structural strain at high pressure.’!
Along with a visible color change, bathochromic shifting of the
emission maxima with luminescence enhancement was also
observed for different silver NCs.>>* Interconversion of silver
NCs promoted by solvents and counterions is also manifested
in their surface sensitivity.””>> Recently, we have illustrated
metal—metal and metal—sulfide structural rearrangements of
silver NCs promoted by external bidentate organic linkers
resulting in functional metal—organic framework solids.*®
Compared to other stimuli, the effect of light exposure to
silver NCs is not well explored. However, silver nanoparticles
and nanostructures are known for their light sensitivity.”’ >’
Photoinduced structural effects of various silver nanostructures
lead to their applications in plasmon-assisted polymerization,
photodriven chemical transformations, photochromic effects,
surface-enhanced Raman scattering, and so forth.60¢*
Interactions between electromagnetic radiation and surface-
bound free electrons are responsible for such type of
photochemical effects. In this context, a detailed understanding
of the interaction between newly synthesized silver NCs and
light is an actively pursued research frontier.

In the present work, we present the synthesis of a TRZ-H,
protected silver NC, ie., [Agy;(TRZ),,] (shortly Ags;) using
triphenylphosphine-assisted metal thiolate coreduction reac-
tion. This is the first report of a silver NC protected by triazine
dithiol ligand. Due to the specific metal core and surface ligand
arrangements, it shows a characteristic UV—visible absorption
feature having three absorption maxima at 403, 527, and 600
nm. High-resolution mass spectrometry (MS) and other
spectroscopic and microscopic studies confirm the atomic
arrangement of the cluster. Thermogravimetric analysis shows
the thermal stability of the cluster in the solid state, and time-
dependent UV—vis shows the stability of the cluster in
solution. Interestingly, we have observed that the violet-

colored Ags, got converted to greenish Ag,, upon white light
illumination. MS investigations reveal the formation of a new
cluster, ie, [Ag,(TRZ),;], with higher nuclearity. The
photoluminescence (PL) studies show that NIR-emitting
Ags, got converted to red-emitting Ag,,. The formation of
mixed intermediate clusters with photogenerated electrons by
light exposure is probably the reason behind such a structural
expansion. Ultrafast transient absorption studies further reveal
the unique characteristics of the excited-state carriers in these
clusters. This work demonstrates the potential of light-
activated conversion of ligand-protected NCs with specific
optical and photophysical characteristics. Although there is a
large body of data on these clusters, their single crystals were
not obtained to determine their structures.

B EXPERIMENTAL SECTION

Chemicals. Silver nitrate (AgNO,) was purchased from Rankem
Chemicals. Sodium borohydride (NaBH,, 98%) and triphenylphos-
phine (TPP) were bought from Aldrich Chemicals. The ligand, TRZ-
H,, was purchased from TCI America. Sodium sulfate and
tetrabutylammonium hexafluorophosphate (TBAF) were purchased
from Fisher Scientific and Aldrich, respectively. Solvent grade
dichloromethane (DCM), chloroform (CHCl;), n-hexane, N,N-
dimethylformamide, and methanol were bought from Rankem
chemicals and Finar, India. Milli-Q water was used for the synthesis
and purification of clusters. Deuterated solvent, CDCl; (99.8 atom %
D), was purchased from Sigma Aldrich. All chemicals are
commercially available and were used as such without further
purification.

Synthesis of Ags; NC. Ag;, was synthesized at room temperature
using a triphenylphosphine-assisted silver-thiolate coreduction re-
action. In brief, 20 mg of AgNO; (0.12 mM) was dissolved in S mL of
methanol. 25 mg of TRZ-H, (0.09 mM) was dissolved in 9 mL of
DCM and added to the stirring condition. After 15 min of reaction, 75
mg of TPP (0.28 mM) dissolved in 2 mL of DCM was added to the
reaction mixture. After 10 min of reaction, 12—13 mg of NaBH,
dissolved in 1 mL of Milli-Q water was added. After adding NaBH,, a
dark reddish solution was formed, which eventually was converted to
a bluish-violet solution after an overnight reaction. After 12 h of
reaction, mixed solvents were removed at reduced pressure. The crude
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Figure 2. (a) Collision energy-dependent MS/MS fragmentation spectra of Ags, shows the losses of TRZ and silver fragments from the parent
cluster. An expanded view of the highlighted region is shown in the Supporting Information. (b) Scanning transmission electron microscopic image
of the Ag;; NC. The inset shows the particle size distribution profile with an average diameter of 1.8 + 0.21 nm. (c) Thermogravimetric analysis
and differential thermal analysis of Ag,; indicating its thermal stability up to 280 °C.

oily product was cleaned five to six times using methanol and hexane
in ultrasonic condition to make pure dark violet-colored powder. The
yield of the product was 75% in terms of silver.

Light-Triggered Conversion. The Ag;; powder (3 mg) was
dissolved in 3 mL of DCM or chloroform in a clean glass bottle to
study the light-illuminated conversion process. A white light source
(xenon arc lamp with a power of 100—200 W) from Newport, India
was used for irradiation. Continuous exposure to light leads to such
intercluster conversion, which was initially monitored by the visible
change in the color of the solution. To further verify the conversion,
UV—vis absorption and MS studies were performed. The yield of the
interconverted Ag,, cluster is 30—35% in terms of the Ags; cluster.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Ag;;. We have
synthesized TRZ-protected Agy; at room temperature (25 °C)
by triphenylphosphine-assisted coreduction of silver thiolate
precursor using NaBH, as the reducing agent. Figure 1a shows
the schematic representation of the synthesis. A detailed
synthesis protocol of Ags, is presented in the Experimental
Section. The formation of Ag;, was monitored using time-
dependent UV—vis (Figure S1), which shows the appearance
of characteristic absorption bands after 6 h of reaction and
which eventually becomes more prominent after the overnight
reaction. The purified cluster was used for further studies.
Photographs in Figure 1b,c depict the violet-colored cluster in
the solid state and in DCM solution, respectively. UV—vis
absorption characterized the Ag;), representing discrete
spectral bands at 403, 527, and 600 nm (Figure 1d). The

characteristic spectral feature is the fingerprint of the NC. To
understand the effect of TPP in the synthesis, we performed a
reaction with equal amounts of metal and thiolate precursors
without TPP. The product formed due to the reduction
without TPP is red, unlike violet-colored Ag;; with TPP. UV—
vis absorption spectrum is also not similar in both the cases
(shown in Figure S2). Furthermore, we successfully scaled up
the synthesis (S-fold) of Ag;; through TPP-assisted reduction
reaction, which was verified through UV—vis studies (Figure
S3).

The molecular composition of the Ag;, was substantiated
using high-resolution electrospray ionization mass spectrome-
try (HR-ESI-MS) studies. Additional details of instrumentation
and sample preparation are presented in the Supporting
Information. Figure le shows the negative-ion mode ESI-MS
spectrum of the cluster with an intense ion peak at m/z
3024.02 and a relatively weak peak at m/z 6048.01. A peak-to-
peak separation of isotopic distribution is 0.5 for m/z 3024.02
and 1 for m/z 6048.01 peaks, confirming that the charge states
of the ions were 2 and 1, respectively. The total mass of
6048.01 matches with the composition of [Ags (TRZ),,],
coexisting with the di- and monoanionic charge state species.
The isotopic envelope matches well with the theoretical
spectrum (shown in the inset of Figure le). We did not
observe any peak in the spectrum collected in the positive-ion
mode (Figure S4), manifesting the lack of additional cationic
species. Upon additional MS measurements using cesium
acetate as the ionizing agent, we observed the emergence of
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Figure 3. (a) Schematic representation shows light-irradiated conversion of Agy, to Ag,, in DCM solution, whereas Ag;, remains intact without
light irradiation. (b) Time-dependent UV—vis absorption spectra of Ags, show stability for a month without light exposure. (c) UV—vis absorption
spectra during the conversion process. The inset shows the photographs of the respective solutions at different time points. Upon further exposure
for 120 min, no change was noticed. (d) Positive-ion mode ESI-MS spectrum of as formed Ag,, after 30 min of light illumination. Complete

conversion of the parent cluster is noticed.

both mono- and dianionic species of the cluster (Figure S5).
Furthermore, a peak at 3094.41 (charge state 2—) correspond-
ing to Cs" attachment with the trianionic cluster, ie,
[Ag;,(TRZ),,]*", was detected. Collectively, these findings
provide evidence for the coexistence of multianionic charge
states of the cluster, with a dianionic cluster as the major
species in solution.

To gain additional insight into the molecular composition of
the cluster, we have performed collision energy-dependent
fragmentation studies upon isolating the parent dianionic
species at m/z 3024.02 (shown in Figure 2a). No
fragmentation of the parent peak was observed up to CE 10
(in an instrument unit). Upon further increasing the collision
energy from CE 10 to 35, we observed two new peaks with a
monoanionic charge state at m/z 5777.72 and 5399.82. The
mass losses of 270 and 648 amu represent the fragmentation of
TRZ and Ag(TRZ),, respectively, from the parent
[Ags1(TRZ),,] NC. Therefore, the two peaks at 5777.72 and
5399.82 are assigned to the molecular formulae,
[Ag;,(TRZ)o]™ and [Ag;o(TRZ)]™, respectively. Upon further
increasing the collision energy to CE 70, a few additional peaks
were observed at m/z 4913.13, 4157.06, and 3779.24. These
new fragments are assigned as [Ag,s(TRZ),]™, [Agy(TRZ),]",
and [Ag,s(TRZ),]”. We have also observed several new

fragmented peaks along with these prominent peaks at CE 60.
The major fragmented peaks at m/z 3019.84, 2633.04,
2351.79, 2320.04, 2120.32, 2061.42, 1836.29, 1779.93,
1350.52, 1232.74, and 1031.01 are assigned to the
compositions, [Ag4Ss(TRZ)s]7, [Ag;1S3(TRZ)]7, [Ag,S-
(TRZ)s]7, [Ag9(TRz)5]_; [Ag9sz(TRz)4H5]_;
[Agusz(TRZ)s]_, [Agn(TRZ)sz]_, [Ag9(TRZ)3]_;
[Ags(TRZ)3H]3 [AgsS3(TRZ)H4]_, and [Ag7(TRZ)H5]‘,
respectively (shown in Figures S6 and S7). Altogether, the
losses of different Ag and TRZ fragments during collision-
induced dissociation studies confirmed the molecular compo-
sition of Ag;,.

The Ag;, cluster was further characterized by scanning
transmission electron microscopy (STEM). The STEM
micrograph in Figure 2b shows ultrasmall particles with a
dimension of <2 nm. The 'H NMR chemical shifts at 3.54,
1.56, 1.32, and 0.89 ppm of the free ligands were shifted to
3.39, 1.43, 1.17, and 0.81 ppm in the cluster (Figures S8 and
S9). The broad spectral features of the Ags; cluster are due to
the large electron density of the silver core. Fourier transform
infrared (FT-IR) spectroscopy also depicts the binding of the
TRZ ligand on the cluster. Figure S10 shows the comparative
IR spectra of the free TRZ-H, ligand and the Ag;, cluster. The
C—H stretching peak at 2950 cm™ remains at the same
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conversion of Agy, to Ag,,. * indicates some complex species. (c) Schematic illustration of the intermediate species formed during the conversion

process.

position for the cluster, which suggests that the butyl chains
remain unaffected. The C=N stretching peaks at 1599 and
1536 cm™! for the TRZ-H, ligand were shifted to 1513 and
1478 cm™" due to the close proximity of triazine moiety. The
sharpness of the C—N stretching band was reduced, while the
peak remained at the same position (1126 cm™). X-ray
photoelectron spectroscopy (XPS) was performed on the Ags,
cluster, and the data are shown in Figure S11. The survey scan
shows the presence of the respective elements, ie., Ag, S, C,
and N, originating from the metal and ligands. We could not
successfully prepare single crystals suitable for X-ray
diffraction. The as-prepared violet powder shows weak X-ray
diffraction features due to poor crystallinity (Figure S12). To
investigate the thermal stability of the cluster, we measured its
thermogravimetric (TG) profile. TG measurement shows
thermal stability of the cluster without having any mass losses
up to ~200 °C (shown in Figure 2c).

Light-Triggered Intercluster Conversion. Despite am-
bient stability and thermal robustness, we observed the
conversion of Ags, to other clusters upon photoirradiation,
which is visible by the change in the color of the solution.
Figure 3a shows the schematic representation of the light-
illuminated conversion of Ags, to Ag,,, whereas no conversion
was observed for the same cluster without light irradiation. We
monitored the UV—vis absorption spectra of the cluster in
DCM for an interval of 2 days and observed identical
absorbance features after 30 days without any light irradiation
(Figure 3b). Ambient stability of the cluster was also observed
in chloroform solution (Figure S13). However, white light
irradiation (Xe arc lamp, 140 W) results in a visible change of
color from violet to green after 30 min of irradiation (Figure
3c). UV—vis absorption measurement showed that the green
product has absorption bands centered at 398, 419, 500, and
606 nm in a characteristic pattern, which indicates the
formation of a new cluster. Time-dependent UV—vis measure-
ments showed three characteristic bands at 403, 527, and 600
nm up to 15 min of light irradiation, which suggests that Ags,
remains intact in the solution. Further 20—25 min of

irradiation resulted in a grayish intermediate solution, which
was converted to a green-colored solution within 5—10 min.
The absorption features of the gray and green solutions are
nearly similar. After continuous light exposure up to 60 min,
absorption features remained the same, confirming that the
green solution is the final product in the conversion process.

The molecular composition of the end product and the
intermediate species formed during such a conversion process
were monitored using HR-ESI-MS studies. Time-dependent
MS studies showed the appearance of the peak at m/z 3024.02
(charge state 2—) after 1S min of light exposure (Figure 4a,b),
which suggests the presence of Ag;, cluster in solution up to 15
min. Additional peaks were not observed in the positive-ion
mode. The MS data of the grayish intermediate species
(formed after 20—2S5 min of light exposure) show two new
peaks at m/z 3358.79 and 4022.53 in the positive-ion mode
with a charge state of 2+. These peaks are assigned to
[Ag35(TRZ)10(C11H18N4S)]2+ and [Ag42(TRZ)13]2+- There are
multiple new peaks at m/z 2830.10, 2899.97, 3164.34,
3337.20, and 3407.16 with 2— charge state, which are assigned
as [Agzs(TRz)s(Cl1H18N4S)2]2_;
[Agz9(TRz)9(C11H18N4S)]2_; [Ag33(TRz)1052]2_;
[Ag3,(TRZ),,S]*", and [Agys(TRZ),,S,]%", respectively. The
green-colored end product has a single peak at m/z 4022.53,
with dipositive charge state with the composition as
[Ag,,(TRZ),5]*, and theoretical isotopic distribution matches
well with the experimental spectrum (Figure 3d). No other
species were observed throughout the MS spectrum. Also, data
collected in the negative-ion mode show no peaks, which
suggests the complete conversion of Ags, to Ag,, (Figure S14).
Therefore, light illumination resulted in clusters with lower and
higher nuclearities, and the intercluster reaction between these
species (summarized in Figure 4c) resulted in Ag,, as an end
product. Light-induced growth was observed for a gold NC
upon reorganization of the fragmented species arising from
light exposure.®’

Collision energy-dependent fragmentation studies were
performed to understand the structural skeleton of the Ag,,
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NC (Figure S). On increasing the CE from 0 to 50, no
fragmentation of the parent cluster was observed. Further
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Figure S. Collision energy-dependent MS/MS fragmentation spectra
of Ag,,. Sequential TRZ detachment of up to six ligands was observed
upon increasing the collision energy. An expanded view of the
highlighted region with peak assignments is shown in the Supporting
Information.

increasing the collision energy to CE 60, we observed the
appearance of five new peaks at m/z 3887.46, 3752.33,
3617.35, 3482.42, and 3347.53 with a dipositive charge state.
The sequential mass losses of m/z 270 indicate loss of TRZ
ligands from the cluster. Upon further increasing CE to 120,
we observed losses of six TRZ fragments from the cluster.
Increasing the CE beyond 120 leads to the fragmentation of
the metal core of the cluster. Detailed analyses of the molecular
composition of these fragments in the lower mass range are
presented in Figure S15. Fragmentation of TRZ ligands were
also observed.

We have observed a similar type of light-activated
conversion in chloroform solution, confirmed through UV—
vis absorption and MS studies (shown in Figure S16). The
identical absorption features (shown in Figure S17) up to 24
days in DCM and chloroform solutions, respectively, indicate
the stability of Ag,, in ambient conditions. XPS and IR studies
further confirm the binding of the TRZ ligands. The XPS
survey spectrum shows the presence of the expected elements,
ie, Ag, S, C, and N in Ag,, (Figure S18). The binding energy
of 368.4 and 374.4 eV represents the 3d;,, and 3d;,, of
metallic silver (0). Spectral fitting of the C 1s region shows
three peaks at 285.1, 286.1, and 287.6 €V due to C—C, C—N,
and C=N bonding of TRZ ligands. Deconvolution of the N 1
s region shows two peaks at 398.7 and 400.1 eV due to C—N
and C=N bonding, respectively. FT-IR studies (shown in
Figure S19) further confirm the binding of TRZ ligands with
the cluster. TEM investigation reveals the appearance of
ultrasmall Ag,,, having an average particle diameter of 1.93 +
0.12 nm (shown in Figure S20).

The intercluster conversion kinetics depends on the lamp
power and concentration of the cluster. We have studied the
conversion process using different lamp powers, i.e., 100, 140,

and 180 W having the same concentration (1 mg/mL).
Comparative UV—vis measurements (shown in Figure S21)
reveal a slowdown (~ 40 min) of the conversion kinetics under
the lamp power of 100 W, whereas the conversion took ~20
min under the 180 W lamp. Similarly, we measured the
conversion kinetics at 140 W at varying cluster concentrations
of 1, 3, and S mg/mL (shown in Figure S22). The conversion
took 30 min for 1 mg/ ml and 50 and 70 min for 3 and S mg/
mL concentrations, respectively. The reduction of the
absorbance of Ag,, in comparison to Ag,, also suggests the
reduction of the number of particles upon such a photo-
conversion process. Furthermore, we have studied the effect of
light activation in the solid state. A cluster film was prepared
on a glass slide upon drop casting 3 mg of Ags; upon
dissolution in DCM. Time-dependent UV—vis absorption
studies of the light-exposed thin film showed identical spectral
bands up to 210 min of light exposure (lamp power 140 W)
(Figure S23). Therefore, this light-activated intercluster
conversion is a solution-state phenomenon. The interactions
between clusters through long butyl chains on each TRZ
ligand promote the dissociation and aggregation reaction
pathways. The present finding provides new insight into the
ligand’s effect on light-induced intercluster conversion. Our
earlier studies demonstrated the light-induced conversion of
ortho-carborane 1, 2-dithiol, and tri6phenylphosphine copro-
tected silver NC in DCM solution.’® The presence of long
butyl chains and nitrogen with multiple binding sites on TRZ
ligands facilitates short-range intercluster interactions in
solution, playing a significant role in increasing the nuclearity
of the cluster.

To understand the electronic stability, we have calculated
the valence electrons of these clusters using the electron
counting formula as (Nv—M—Z), where N = number of metal
atoms, U = atomic valence of the metal atom, M = number of
ligands, and Z = overall charge.67_69 [Agy1(TRZ),0]* and
[Ag;;(TRZ),,])'™ have an electron count of 13e (31-20 + 2)
and 12e (31—20 + 1), respectively. This cluster showed
photosensitive behaviors, probably due to the lack of a close
shell superatomic electronic configuration. On the other hand,
the valence electron for the [Ag,,(TRZ);;]*" cluster is 14e
(42—26-2).

Understanding the Intercluster Conversion through
Photoelectrochemical Studies. To understand the photo-
activated conversion process, we have measured the open-
circuit potential (OCP) of Agy; solution (in DCM) during
light illumination conditions. This experiment refers to
previously studied measurements (by Bard et al.) of single
nanoparticle collisions by OCP and other electrochemical
techniques.””~"® We used 0.2 M TBAF as the electrolyte
during the measurement to enhance ionic conductivity of the
solution. The OCP measurements of Agy; solution (concen-
tration of 1 mg/mL) show a gradual rise in potential after light
exposure. Continuous light exposure up to ~3000 s shows
three different kinetics during this conversion process (Figure
6a). The rate of potential enhancement is 6.56 X 10™* V//s for
an interval of ~130 s, and this indicates the initial conversion
step. This rapid potential enhancement compared to other
steps is due to the enhanced Brownian motion of the Ags,
cluster. The second and third kinetics took ~1250 and ~1400
s, with the rate of OCP enhancement being 7.58 X 107> and
1.98 X 107° V/s, respectively. Electrons generated from the
negatively charged Ag;, are probably responsible for this light-
activated enhancement of potential. As these electrons are
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Figure 6. (a) OCP measurement of Ag;; in the presence of 0.2 M TBAF solution in DCM (conc. 1 mg/mL) during continuous light illumination
(140 W). (b) OCP profile of Agy; during a sequential light on and off cycle. Light exposure time is 200 s in each step. (c) Electrochemical LSV
current—voltage (I—V) characteristics of Agy, in the presence of 0.01 M Na,SO, solution. The inset shows a photograph of an ITO electrode
coated with Agy;. (d) Chronoamperometric measurement of the Agy; film at 0.72 V demonstrated a reversible photocurrent response.

generated in their respective solutions, we believe that they are
solvated. Propagating solvated electrons upon photoexcitation
was also observed for various gold and silver nano-
particles.”*””® To understand the role of the cluster, a control
OCP measurement was performed using the same electrolyte
solution without cluster, and there was no change in OCP
response under the photoillumination condition (Figure S24).
Independent OCP measurements using cluster concentrations
of 1, 2, and 3 mg/mL show similar first kinetic step (~130 s)
for all concentrations, whereas the time taken for the second
kinetic step increases from ~1250 s for 1 mg/mL to 2000 and
3000 s for 2 and 3 mg/mL clusters, respectively (shown in
Figure S25). All these measurements suggest that the second
conversion step is the rate-determining step for this conversion
process. Increasing concentration took more time to complete
the conversion, which is correlated with the concentration-
dependent UV—vis absorption studies (shown in Figure $22).
Rather than continuous exposure of light, a stepwise light
exposure cycle (time interval for each on—off step is 200 s)
shows a gradual reduction of the OCP photoresponse (shown
in Figure 6b). After ~3000 s of stepwise light exposure,
photosensitivity reduces significantly since the formed Ag,, is
less photoactive than Agj;. The newly formed intermediate
clusters, monitored through MS studies, along with the
solvated electrons are responsible for making the Ag,, cluster.
An independent cyclic voltammetry measurement also shows
the emergence of photogenerated electrons for Ags, cluster in
DCM solution (concentration of 1 mg/mL with 0.2 M TBAF)

(Figure S26a). On the other hand, the presynthesized Ag,,
cluster remains photosilent in similar electrochemical con-
ditions (shown in Figure S26b).

Considering the light sensitivity of Ags, cluster, electro-
chemical photocurrent measurements in the solid state were
performed upon preparing a thin layer of clusters on an indium
tin oxide (ITO) working electrode (active surface area 1 cm?).
Photocurrent measurements were performed using 0.01 M
aqueous Na,SO, electrolyte in the presence of Pt wire as a
counter electrode and Ag/AgCl as a reference electrode. Linear
sweep voltammetry (LSV) measurements for Ags, (Figure 6¢)
showed a positive photocurrent response in the potential range
of 0.5-0.9 V upon light illumination. Furthermore, chro-
noamperometric measurement shows a positive photocurrent
response of ~0.38 pA at a bias voltage of 0.72 V. The
photocurrent response was reversible up to five cycles (Figure
6d). Bare ITO electrodes did not impart any photocurrent
response in the same condition (Figure S27). Photogenerated
electrons of Ag;, were transferred to the ITO electrode, which
exhibited a photocurrent in the solid state. Intercluster
collisions between these charged species are interrupted in
the solid state. However, dynamic motions in solution and
subsequent intercluster collision are responsible for such
intercluster conversion.

Effect on Optical Emission. We have measured the
emission properties of both the clusters in their respective
solutions in DCM. Ag;; shows no visible luminescence under
365 nm UV light, as shown in the inset of Figure 7a. PL
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Figure 7. (a) PL excitation and emission spectra of Ag;; show a weak NIR-I emission. The inset shows the respective cluster under UV light. (b)
PL excitation and emission spectra of Ag,, show bright red luminescence. The inset shows an image of the cluster under UV light. (c) Fluorescence
decay profile of Ag,,. (d) Emission spectra of Ag,, before and after oxygenation. The excitation wavelength is 480 nm. The inset shows images of
the Ag,, cluster under UV light.
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Figure 8. (a) Contour plot of the fs-TA spectrum of Ag;; NC, where the pump excitation was at 400 nm. (b) Spectral evolution TA as a function of
time delay. (c) Kinetic decay traces of ESA and GSPB signals. (d) Nanosecond time evolution spectral profile measured by laser flash photolysis.

spectral measurement shows a weak emission at 697 nm in the nm UV lamp (shown in the inset of Figure 7b). The emission
NIR-I window, using excitations at 455 and 590 nm. On the maximum was centered at 642 nm upon photoexcitation at
other hand, the Ag,, has a bright red luminescence under a 365 376, 417, and 480 nm. The emissive lifetime of 1.69 ns in its
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Figure 9. (a) fs-TA contour map of Ag,,, where the pump excitation was at 400 nm. (b) Time evolution of the TA spectra of Ag,,. (c) Selected

kinetic decay traces for the 570 nm ESA features.

DCM solution (Figure 7¢) suggests fluorescence emission
originating from the singlet excited state. The expansion of the
emissive band gap (0.15 eV) and enhancement of the emission
intensity for the Ag,, cluster are probably due to the enhanced
symmetry of the ligand distribution around the cluster core,
which promotes enhanced interfacial charge transfer.

Although there is no significant visible color change of the
cluster in its solid state, we observed double emission bands
centered at 649 and 740 nm, where 740 nm is the primary
emission band (Figure S28). Intercluster interaction in the
solid state is probably the reason behind these low-energy
emission features. After oxygen bubbling, there is no significant
emission quenching, confirming that the emission originated
from a singlet state. However, we observed a visible color
change from orange to purple after oxygen bubbling (30—35
min). PL measurement (Figure 7d) shows a 642 nm peak that
shifted to 673 nm after oxygen exposure. Although the singlet
excited state is not quenched by oxygen, the interactions
between the Ag,, cluster and oxygen lead to the stabilization of
the excited state. Identical UV—vis absorption features (shown
in Figure S29) of the oxygenated sample suggest the structural
stability of the Agy, cluster.

Comparative Excited-State Electron Dynamics. We
conducted femtosecond transient absorption (fs-TA) and
nanosecond laser flash-photolysis (ns-LFP) studies to visualize
the excited-state carrier dynamics of these clusters. In our
measurements, we excited the sample in DCM solution with a
120 fs laser pulse at 400 nm, and the resulting change in the
system was monitored by time-delayed broad band pulses of
460—670 nm range. Specific instrumentation details can be
found in the Supporting Information. The fs-TA signals of Agy,
are plotted in Figure 8. The contour maps of Ag;; consist of
ground state photobleaching (GSPB) bands at 520 and 610
nm, along with three excited -state absorption (ESA) features
(yellow and red colors represent a positive signal) at 470, S80,
and 650 nm (Figure 8a).

For better quantification, the spectral cross-section at the
selected time delay is shown in Figure 8b. The figure shows
that the primary photobleach is at 520 nm, which is the
position of optical absorption (527 nm) manifested in the form
of a negative signal. However, the 610 nm GSPB band is visible
only in the downhill region in the ESA band. These
photobleach signals arise due to the phase-space filling of
excited-state carriers formed by pump excitation, and ESA is
due to the transitions of these carriers into elevated excited-
energy states. Here, it is interesting to see that among all these
features, photobleach (in the region of 520 and 610 nm) and
ESA (470 and 670 nm) have the same type of time evolution

but relatively different and correlated electron dynamics
compared to the ESA of 580 nm (Figure 8c). The features
of 520, 620, 470, and 670 nm build up immediately after
photoexcitation within the same time period of 0.5 ps and then
exhibit an early decay.

On the other hand, ESA of 580 nm rises slowly and builds
up in the decay duration. This behavior suggests that an ESA
of 580 nm arises after the early decay of all other features. For
quantification of this ultrashort-time behavior, the temporal
profile for the early time is shown Figure S30. By fitting the
decay with of the single exponential function, we found the
decay constant of 3.6 + 0.3 and 3.5 & 0.5 ps. This type of
ultrafast electronic behavior was also observed for the gold and
silver NCs and assigned to the internal conversion from
(LUMO+n) to LUMO states.””~”’ These studies suggest that
the observed electron dynamics of the excited state can be
linked to two different processes. The first fast relaxation is due
to internal conversion, and the subsequent slow component is
due to the relaxation within the ground state. Further, the
excited-state carriers do not relax completely, suggesting a long
lifetime. Therefore, to determine the decay kinetics of
relaxation to the ground state, ns-LFP of Ag;, was performed
(Figure 8d), revealing a microsecond-long lifetime for the
cluster.

TA spectral features of Ag,, are plotted in Figure 9, where
we see weak GSPB bands at 510 and 606 nm and prominent
excited-state absorption bands at 465, 560, and 650 nm.
Although the spectral features of both the clusters are nearly
similar, their lifetimes are contrastingly different. Temporal
evolution of TA in Figure 9c reveals a ns lifetime compared to
the us lifetime for the parent Ags).

B CONCLUSIONS

In conclusion, we present the first triazine dithiol-protected
silver NC, i.e., Ag;;, using a triphenylphosphine-assisted metal
thiolate coreduction reaction. The UV—vis absorption bands in
a characteristic pattern represent the discrete electronic energy
levels of the NC. MS measurements and collision energy-
dependent fragmentation studies confirm the molecular
composition of the cluster with mono- and dianionic charge
states. Thermally stable Ag;, shows light-triggered size
expansion in its solution. The visible color change from violet
to green and the changes in the UV—vis spectral features reveal
such a light-activated process. MS studies confirm the
formation of [Ag,;,(TRZ);;]** as an end product through
intercluster reactions between intermediate clusters with lower
and higher nuclearities. The PL spectral measurements showed
that the Ag;, is weakly NIR emissive, with an emission
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maximum at 697 nm, whereas the Ag,, is intensely red
emissive (maximum at 642 nm). The photoconducting Ags,
shows light-irradiated enhancement of OCP in photo-
electrochemical conditions. The formation of light-activated
solvated electrons might be triggering this conversion process.
The femtosecond and nanosecond ultrafast TA studies reveal
that the stable excited-state carriers of Agy, (lifetime in the s
range) got converted to Ag,,, having unstable carriers with ns
lifetime. Altogether, these studies showed an unusual size
evolution of a silver nanocluster triggered by light.
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