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Despite the significant progress accomplished in the synthesis and characterization of atomically precise
noble metal nanoclusters (APCs) through ligand exchange-induced structural transformation (LEIST), an
in-depth understanding of the chemistry remains elusive. Herein, we report a study of the transformation
of [Ag1gH16(TPP)10]2" (where H- and TPP are hydride and triphenyl phosphine ligands, respectively) into
smaller molecular entities upon ligand exchange with TFMBT-H (acronym for 2,3,5,6-tetrafluoro-4-(trifl-
uoromethyl) benzenethiol) at different stoichiometric ratios, and investigate the reaction pathways using
experimental and computational approaches. Different products, namely, [Ag(TFMBT)(TPP)],
[Age(TFMBT)g(TPP)g] and [Ag7(TFMBT)g(TPP)s], were formed depending on the cluster to thiol ratio. The
study shows that the composition provides a valuable handle for isolating and characterizing the inter-
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Introduction

Monolayer-protected atomically precise noble metal nano-
clusters (APCs) possessing well-defined compositions and
molecule-like electronic structures have gained considerable
interest due to their role in deepening the fundamental under-
standing of nanoscale matter."”” These molecular entities are
metastable and transform into other structures triggered by
incoming molecules (thiols, phosphines, carbenes, polymers,
etc.) and external stimuli such as heat, light, surface ligands,
pH, etc.>” As the structure of APCs largely determines their
functions, the transformation of clusters into different struc-
tures causes a need to investigate their physicochemical pro-
perties in greater detail. Thus, the transformation chemistry of
APCs is an interesting area of research, offering new insights
into cluster dynamics and reactivity. Ligand-exchange-induced
structure transformation (LEIST) of APCs has evolved as a syn-
thesis strategy to introduce new surface-protecting ligands and
tune their properties.>”® Although the LEIST method is well-
established, a comprehensive understanding of the structure—
property relationship of newly formed nanoclusters during
ligand exchange remains elusive. Monitoring the reaction to
identify the key intermediates and roles of ligands in the
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mediates involved in the ligand exchange process of clusters.

exchange reaction helps to comprehend the nanocluster’s struc-
tural transformation, growth, and properties. There are some
reports on gold clusters describing their transformation and
property evolution. Jin et al. have revealed the role of structural
isomerism in the excited-state dynamics of Auzg(SC,H,Ph)y,
nanoclusters.” Mandal et al. have shown the partial reversible
conversion of gold nanoclusters via the Au,;(S-c-C¢H,4)y7 inter-
mediate.”® Yao et al. have shown the reversible transformation
of a bimetallic AuCd cluster."" However, examples of silver nano-
clusters remain relatively scarce, likely due to the higher chemi-
cal reactivity of the intermediates, a pronounced tendency to
aggregate into larger nanoparticles under harsh conditions, and
their inherent susceptibility to oxidative degradation.>™* This
motivated us to investigate the transformation of a silver nano-
cluster systematically.

In LEIST, the outcome of the reaction is dominated by the
incoming thiol. It plays an important role in determining the
core size and structure of newly formed products through its
steric demand, coordination preference and electronic
characteristics.">"” It manipulates properties (optical/elec-
tronic) through its electron push-pull effect.'® Sometimes,
different non-covalent interactions (CH-x, n-x, etc.) of pro-
tected ligands in the solid state enhance emission by promot-
ing radiative decays.'**?

Herein, we have conducted an investigation of the reaction
of [Ag1sH16(TPP),o]*" (briefly, Ag;s) with 2,3,5,6-tetrafluoro-4-
(trifluoromethyl)benzenethiol (briefly, TFMBT-H) at stoichio-
metric ratios of 1:1, 1:2 and 2: 1, respectively. For a cluster to
thiol ratio of 1:1, the disintegration of Ag,s leads to several
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smaller species as products, proceeding through a visible
colour change of the reaction solution during the course of the
reaction. Two stable intermediates were crystallized from the
initial and final reaction mixtures, namely, [Ag(TFMBT)(TPP);]
and [Ags(TFMBT)s(TPP)s] (briefly Ag-1 and Ag-6, respectively).
For a 1 : 2 ratio, Ag;g produces small complexes with the reac-
tion solution becoming a stable white suspension. Whereas,
Ag,s transforms into [Ag;(TFMBT)g(TPP)s] (briefly, Ag-7) with
stable brown coloured solution for 2 : 1 ratio.

Results and discussion

The precursor cluster Ag;s was synthesized by a direct
reduction method following a reported procedure (see the
Experimental section in the SI).'"> The Ag;s nanocluster was
characterized using UV-vis spectroscopy, electrospray ioniza-
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tion mass spectrometry (ESI MS) and transmission electron
microscopy (TEM) (Fig. S1). The cluster core is composed of
silver-hydride (Ag-H) bonds, which are labile. When thiol
(TFMBT-H) is added, its core disintegrates, which is likely due
to the formation of covalent Ag—S bonds, resulting from orbital
overlap between silver and sulphur.?® Transformation of the
Ag;g nanocluster was performed upon probing it with different
stoichiometric ratios of the cluster to thiol (1:1,1:2 and 2:1)
under ambient conditions. For a cluster to thiol ratio of 1:1,
the transformation was monitored through UV-vis spec-
troscopy, TEM and ESI MS. The Ag;s nanocluster dissolved in
methanol shows UV-vis peaks at 554 and 618 nm, which van-
ished immediately after the addition of thiol (Fig. 1a). UV-vis
spectra of the reaction mixture (10 pL diluted to 1.5 mL metha-
nol) show two prominent peaks at 430 and 490 nm, and a
small broad peak at 770 nm. With the progress of the reaction,
the 770 nm peak disappeared, while the other two peaks
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Fig. 1 Reaction monitoring of ligand exchange for a cluster to thiol ratio of 1: 1. (a) Time dependent UV-vis spectra showing the Ag;s nanocluster’s
transformation; the rise in the background from 5 min is due to the turbidity of the solution. (b) Scheme of the reaction and photographs of visible
colour change at different times. Inset: TEM images (below panel) showing aggregate-mediated cluster transformation (scale bars: 1 pm and
100 nm, respectively). (c and d) ESI MS spectra indicating the formation of the intermediates with the progress of the reaction.
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remain prominent. After 5 min of reaction, a white suspension
(inset of Fig. 1b) with yellow emission was formed, which
gradually changed to a brown coloured solution with
quenched emission (Fig. S2). Such a visible colour change of

Table 1 List of molecular species for a 1:1 reaction between the
cluster and thiol

View Article Online
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the cluster solution (photographs of Fig. 1b) and changes in
UV-vis spectra (Fig. 1a) indicate that the transformation of
Ag;g occurs in a stepwise manner. The reaction was monitored
up to 60 min, presenting the changes in the absorption charac-
teristics of in situ formed species (Fig. 1a). TEM images show
that the Ag;g nanocluster forms aggregates upon reaction with
thiol (lower panel of Fig. 1b, 5 min), which exhibit yellow emis-
sion (Fig. S2a). Such aggregates become smaller with time
(lower panel of Fig. 1b, 60 min). This type of aggregate-

Molecular species miz Molecular formula  jnduced cluster growth and size focusing is similar to the
i 1608.72 Ag;(TFMBT),(TPP), seed-mediated or nanoparticle-mediated growth of noble
ii 2228.02 Ag4%TFMBT%sETPP%4 metal nanoclusters.”" To understand the molecular transform-
iii 2847.31 Ags(TFMBT),(TPP)s . . S .
iv 5108.02 Ag(TFMBT),(TPP), atl.on dul.rlng the rea}ctlon, in situ formefi species were a'lnalyzed
v 3204.30 Ago(TFMBT);(TPP); using high-resolution ESI MS at different time intervals
vi 3466.59 Ag6ETFMBT%5ETPP%6 (Fig. 1c and d, ionization conditions are provided in the
vii 4058.11 Ag;(TFMBT)g(TPP)s . .
viii 14321.20 Ag.(TFMBT),(TPP), ExpenmenFal s.ectlon of the SI). Full range .ESI MS spectra are
ix 4583.91 Ag,(TFMBT)s(TPP), Ppresented in Fig. 1c, and an expanded region is presented in
X 4844.11 Ag;(TFMBT)s(TPP)s  Fig. 1d. It reveals that the peak at m/z 2290.16 (2+) corres-
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Fig. 2 Reaction monitoring of ligand exchange for a cluster to thiol ratios of 1 :

2. (a) Time dependent UV-vis spectra showing the

Agis nanocluster’s transformation. (b) Scheme of the reaction and photographs of the reaction mixture showing that the colour of the mixture
remains white during the course of the reaction. (c) TEM images at different times show aggregates (scale bar: 2 pm). (d) ESI MS spectra indicate the

formation of small complexes during the course of the reaction.
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Table 2 List of molecular species for a 1:2 reaction between the
cluster and thiol

Molecular species m/z Molecular formula
i 1117.21 Ag(TFMBT),(TPP)
ii 1130.12 Ag(TFMBT),(TPP),
iii 1143.56 Ag(TFMBT)(TPP),
iv 1156.31 Ag(TPP),
v 1212.12 Ag,(TFMBT),
vi 1237.42 Ag,(TFMBT),(TPP),
vii 1252.08 Ag,(TFMBT)(TPP);
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ponding to the Ag;g nanocluster disappeared immediately,
and it formed a mixture of different nuclearities; Ag;, Age, Ags,
Ag, and Ag; (i-x, the insets of Fig. 1c and d). The composition
of the in situ formed molecular species is presented in Table 1.
Matching between the isotopic mass distributions of the
experimental and simulated spectra is shown in Fig. S4.
Surprisingly, the Ags cluster’s peaks (m/z 3204.30 and 3466.59)
increased gradually with time (15 min to 60 min) and
remained prominent (Fig. 1d), which suggests its growing con-
centration in solution before its subsequent isolation through
crystallization. Next, we have studied the reaction using cluster
to thiol ratios of 1:2 and 2:1 sequentially. For the stoichio-
metric ratio of 1:2, immediate formation of a white suspen-
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Fig. 3 Reaction monitoring of ligand exchange for a cluster and thiol ratio of 2 : 1. (a) Time dependent UV-vis spectra showing Ag;g nanocluster’s
transformation. (b) Scheme of the reaction and photographs of reaction solution showing that the colour of the reaction mixture remains brown
during the course of the reaction. (c) TEM images at different times show aggregates of clusters (scale bars: 2 pm and 50 nm, respectively). (d) ESI

MS spectra indicate the formation of Ag-7 exclusively.
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sion was observed, and the solution colour remains the same
over time (upper panel of Fig. 2b). UV-vis spectra show one
peak at 298 nm (Fig. 2a). TEM images show the formation of
larger aggregates in solution (Fig. 2c). Time dependent ESI MS
spectra show that the parent peak (2290.16, 2+) of Ags
immediately vanished, and small nuclearity complexes were
produced (Fig. 2d). The composition of these complexes is pre-
sented in Table 2. For the stoichiometric ratio of 2 : 1, the solu-
tion colour becomes brown after adding thiol to it, and its
colour remains the same over time (upper panel of Fig. 3b).
UV-vis spectra show two peaks at 410 and 501 nm, which
become less intense with time. TEM images indicate the
agglomeration of clusters with time (lower panel of Fig. 3d).
Time dependent ESI MS spectra show that Ag-7 was formed as
a major product (Fig. 3c). Due to phosphine (PPh;) loss from
Ag-7 species, other peaks were also observed. The composition
corresponding to such peaks is presented in Table 3.
Crystallization of the stable intermediate species was
carried out for different stoichiometric ratios of cluster to thiol
(scheme described in Fig. S5). For the 1:1 reaction, two inter-

Table 3 List of molecular species for a 2:1 reaction between the
cluster and thiol

Molecular species mlz Molecular formula
i 3796.74 Ag,(TEMBT)s(TPP),
ii 4059.22 Ag-(TFMBT)s(TPP);
iii 4321.35 Ag;(TEMBT)5(TPP)s
iv 4583.61 Ag-(TFMBT)s(TPP),
v 5108.08 Ag;(TFMBT)g(TPP)o

Linear chain
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mediate  species, namely, [Ag(TFMBT)(TPP);] and
[Ags(TFMBT)s(TPP)s] (briefly, Ag-1 and Ag-6), were crystallized
from the white cloudy suspension (reaction mixture, 5 min) by
hexane diffusion at 4 °C, and from the brown solution (reac-
tion mixture, 45 min) in a mixed solvent of MeOH-CHCl;,
respectively. Ag-1 was also crystallized from a white suspension
of the 1:2 reaction mixture, but no crystal was grown from the
2:1 reaction mixture. UV-vis spectra reveal that Ag-1, Ag-6 and
Ag-7 are stable for ~6 days, ~15 days and ~10 days, respectively
(Fig. S6). Field emission scanning electron microscopy
(FESEM) of single crystals of Ag-1 and Ag-6 verifies the
different elemental compositions (Fig. S7). The powder X-ray
diffraction spectrum of the synthesized Ag-1 and Ag-6 was
recorded using ~25 mg of the microcrystalline sample, and it
shows similar peaks as predicted from single crystal structure
analysis (Fig. S21). Ag-1 belongs to the triclinic crystal system
with the P1 space group. In the solid state packing, Ag-1 mole-
cules are arranged in a linear chain as revealed by SC-XRD ana-
lysis (Fig. 4a). Two molecules of Ag-1 are present in each unit
cell, and silver is coordinated by three phosphorus and one
sulphur donor site of ligands (Fig. S8a and S8c). In the solid
state, Ag-1 molecules are held together by different supramole-
cular interactions like CH-nr, CH-F, and CF-rn (Fig. S8a). Such
non covalent interactions restrict intermolecular rotations and
vibrations, and thus promote radiative transitions in the solid
state, making Ag-1 yellow emissive (emission ~550 nm,
Fig. 518).”* Ag-6 belongs to the trigonal crystal system with the
R3:H space group. In the solid state packing, Ag-6 molecules
are arranged in a linear channel, as revealed by SC-XRD ana-
lysis (Fig. 4b). Three molecules of Ag-6 are present per unit
cell, and each silver is coordinated by three p;-sulphur and

Linear channel

Fig. 4 Single crystal structure and packing along the c-axis. (a) Structured packing (3 x 3 x 3) of Ag-1 showing a chain-like orientation. (b) Structured
packing (3 x 3 x 3) of Ag-6 showing a channel-like orientation with a pore size of 5.26 A. Channel and pores are clearly visible along the b-axis.

This journal is © The Royal Society of Chemistry 2026
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one phosphorus donor site (Fig. S8b and S8d). The sequential
arrangement of Ag and S leads to a stable AgSe cyclic porous
framework with a diameter of ~5.26 A. AgsSs molecules are
held together through CF-r interactions of their ligand shells
(Fig. 4b). X-ray photoelectron spectroscopy (XPS) analysis
shows the presence of all elements in the respective crystal
structures of Ag-1 and Ag-6 (Fig. S9). The binding energies of
Ag 3ds,, in Ag-1 and Ag-6 are 368.4 and 368.3 €V, respectively
(inset of Fig. S9a and b). The Ag MNN Auger spectrum of Ag-1
shows peaks at kinetic energies of 349.4 and 354.6 €V, respect-
ively, which indicates silver (+1) (Fig. S10a). For Ag-6, the peaks
are at 351.6 and 356.8 eV, respectively, which indicates that the
oxidation state of silver lies in-between 0 and +1 (Fig. S10b).
The binding energies of S 2py/, in Ag-1 and Ag-6 are 163.6 and
163.8 eV, respectively (inset of Fig. S9a and b). To understand
the electronic energy levels and the associated optical pro-
perties of Ag-1 and Ag-6, their structures were optimized using
density functional theory (DFT) with the Gaussian 09
package,”” and the optimized structures are shown in Fig. S11.
Further computational details are provided in the SI. The time
dependent DFT calculations of Ag-1 reveal that the experi-
mental absorption peaks of Ag-1 at 260 nm and 273 nm corres-
pond to transitions involved in HOMO-3 — LUMO+24 (4.84
eVv/256 nm) and HOMO-1 — LUMO+17 (4.47 eV/277 nm),
respectively (Fig. S12). The Kohn-Sham (K-S) molecular orbital
(MO) analysis shows that the occupied MOs are dominated by
S (3p), P (3p), C (2p), and Ag (4d) orbitals in the optical tran-
sitions (Fig. $13). In contrast, unoccupied MOs are dominated
by Ag (5s) and C (2p) orbitals. Projected density of states
(PDOS) analysis shows that the band gaps of Ag-1 derived from
the SC-XRD and DFT-optimized structure are 2.80 and 2.30 €V,
respectively (Fig. S14). TD-DFT calculations of Ag-6 reveal
that the experimental absorption peaks at 413 nm and
496 nm correspond to the electronic transitions involved in
HOMO-7 — LUMO+2 (3.37 eV/410 nm) and HOMO-2 —
LUMO+1 (2.55 eV/486 nm), respectively (Fig. S15). These tran-
sitions shown in occupied MOs are dominated by S (3p), Ag
(4d), and C (2p) orbitals, whereas the unoccupied MOs are
dominated mainly by C (2p) and Ag (5s), as depicted in
Fig. S16. PDOS analysis shows that the band gaps of Ag-6
derived from the SC-XRD and DFT-optimized structures are
2.70 and 2.50 eV, respectively (Fig. S17).

Conclusions

This study presents a systematic investigation of the transform-
ation of the [Ag;sH16(TPP);0]*" (Ag15) nanocluster upon stoichio-
metric reaction with 2,3,5,6-tetrafluoro-4-(trifluoromethyl)benze-
nethiol (TFMBT-H) using UV-vis, TEM, and ESI MS results
together. For a cluster to thiol ratio of 1:1, Agys disintegrates
into several smaller species proceeding through a visible colour
change of the reaction solution. Two intermediates, [Ag(TFMBT)
(TPP);] and [Ags(TFMBT)s(TPP)s] (Ag-1 and Ag-6, respectively),
were crystallized from a yellow emissive white suspension and a
non-emissive brown solution. For the cluster to thiol ratios of 1 :
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2 and 2 : 1, Ags cluster transforms into a yellow-emissive white
suspension and a non-emissive brown solution, respectively,
which are predominantly populated with small complexes and
the Ag-7 cluster, as revealed by ESI-MS. This study indicates that
the stoichiometric ratio of cluster to thiol emerges as a valuable
handle for controlling the transformation of the Ag;s nano-
cluster into smaller molecular entities. Overall, this work pre-
sents an understanding of an atomically precise metal nano-
cluster’s transformation by capturing the intermediates.
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