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ABSTRACT: We present an example of an interparticle
reaction between atomically precise nanoclusters (NCs) of
the same metal, resulting in entirely different clusters. In
detail, the clusters [Ag12(TBT)8(TFA)5(CH3CN)]

+ (TBT =
tert-butylthiolate, TFA = trifluoroacetate, CH3CN =
acetonitrile) and [Ag18(TPP)10H16]

2+ (TPP = triphenyl-
phosphine) abbreviated as Ag12 and Ag18, respectively,
react leading to [Ag16(TBT)8(TFA)7(CH3CN)3Cl]

+ and
[Ag17(TBT)8(TFA)7(CH3CN)3Cl]

+, abbreviated as Ag16
and Ag17, respectively. The two product NCs crystallize
together as both possess the same metal chalcogenolate
shell, composed of Ag16S8, making them indistinguishable. The occupancies of Ag16 and Ag17 are 66.66 and 33.33%,
respectively, in a single crystal. Electrospray ionization mass spectrometry (ESI MS) of the reaction product and a
dissolved crystal show the population of Ag16 and Ag17 NCs to be in a 1:1 and 2:1 ratio, respectively. This suggests
selective crystallization in the cocrystal. Time-dependent ESI MS was employed to understand the formation of product
clusters by monitoring the reaction intermediates formed in the course of the reaction. We present an unprecedented
growth mechanism for the formation of silver NCs mediated by silver thiolate intermediates.
KEYWORDS: nanoclusters, intercluster reactions, homometallic clusters, cocrystals, Ag16 and Ag17

Atomically precise noble metal nanoclusters (NCs) are
an emerging class of materials. Studies on them are
motivated by their unusual structures and associated

properties.1−6 NCs possess exceptional geometric and
electronic structures, having a core size below 3 nm, exhibiting
intriguing properties due to molecule-like energy levels, strong
photoluminescence, color tunability, high catalytic activity,
facile surface tailorability, and good photostability, which are
different from bulk nanoparticles, with diameters >3 nm.3−7

Scalable fabrication of the NCs results in new materials with
distinctly different applications.8,9 Attempts to design novel
NCs have been there using diverse methodologies. Clusters
with varying cores can be obtained by different synthetic
procedures such as size focusing methodology,10,11 interpar-
ticle reactions,12 and many others.2−6 To understand the
distinct properties of NCs, detailed knowledge of their
structures is important. In the recent past, atomically precise
silver (Ag) nanoclusters with a wide range of nuclearity have
been characterized, including Ag14,

13 Ag16,
14 Ag17,

15 Ag33,
16

Ag20,
17 Ag21,

18 Ag25,
19 Ag22,

20 Ag29,
21 Ag40,

22 Ag44,
23 Ag46,

22

Ag123,
24 Ag320,

25 Ag344,
24 Ag352,

25 Ag490,
25 etc., with varying

thiols, as well as with secondary ligands, mostly phosphines.
Charge is an integral part of the cluster system, with many
existing in multianionic forms. Structural studies of nano-
clusters revealed that the metal core is protected by an outer
layer, composed of the metal and ligands. A closed-shell
electronic structure makes these clusters stable, which often
results in an overall charge for the system. In a few cases, an
unusual possibility of two NCs of similar outer structure
covering varied inner cores exist during the nucleation of a
crystal, leading to the formation of multicomponent molecular
solids or cocrystals.22 They have properties of both the
clusters. The study of cocrystals is a well-known aspect of
modern crystal engineering.26 They may have several
applications in pharmaceutical sciences.27 Many cocrystals of
noble metal NCs are known now.22,28−30 These have been
synthesized either by reducing thiolate or phosphine
complexes or by ligand-exchange-induced size transformation
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reactions (LEIST).31 NCs are considered as stable entities and
are expected to retain their identity in solution. Chemical
reactions between NCs or interparticle reactions belong to a
special class of reactions introduced by our group, which
typically involve the exchange of metals and ligands between
different clusters, leading to product clusters.32−34 These
reactions were performed by reacting monolayer-protected
clusters composed of different metals, for example, Ag and Au
NCs. Reaction between Au25 and Ag44 were reported initially
followed by the reaction of Ag25 and Au25.

32,33 Many others
were also studied subsequently.34−37 Here, we explored an
interparticle reaction methodology between homometallic
clusters to make new clusters. To understand the growth of
NCs, time-dependent electrospray ionization mass spectrom-
etry (ESI MS) studies were performed. We note that the size
evolution mechanism for the formation of Ag and Au NCs via
homoleptic thiolate-stabilized precursors has been reported
recently.28,38,39

We present the synthesis, optical properties, ESI MS
analysis, and structures of atomically precise NCs, costabilized
by TBT (tert-butylthiolate) and TFA (trifluoroacetate) ligands.
The synthesis involves a homometallic interparticle reaction of
silver NCs using [Ag12(TBT)8(TFA)5(CH3CN)]

+ and a
h yd r i d e a nd pho s ph i n e c o p r o t e c t e d c l u s t e r ,
[Ag18(TPP)10H16]

2+, abbreviated as Ag12 and Ag18, respec-
tively, as reactants, which are known previously.40,41 The

reaction mixture formed cocrystals of product NCs viz.
[Ag16(TBT)8(TFA)7(CH3CN)3Cl]

+ denoted as Ag16 and
[Ag17(TBT)8(TFA)7(CH3CN)3Cl]

+ denoted as Ag17. The
two NCs are structurally similar and are indistinguishable in
the lattice. We probed the mechanism of interparticle reaction
using time-dependent ESI MS and UV−vis spectroscopy,
which gave deep insights into the formation of the NCs
mediated by silver thiolate intermediates. Our approach
represents a different method of synthesizing atomically
precise NC cocrystals, which could result in unusual properties
and applications.

RESULTS AND DISCUSSION

The Ag12 NC was synthesized by dissolving silver thiolate,
Ag(TBT)n, and CF3COOAg in a mixture of acetonitrile and
methanol. To this was added a methanolic solution of Ag18
(synthesized by a reported method).41,42 A dark brown
solution along with a black precipitate was formed; the
mixture was kept stirring for 1 h, and the solution was
centrifuged at 8000 rpm (5868g). The black precipitate was
discarded as it did not dissolve in various organic solvents. The
resultant supernatant dark brown solution was initially
analyzed by UV−vis absorption spectroscopy for its optical
properties that displayed the characteristic molecular tran-
sitions at 439 and 611 nm. The solution obtained after

Figure 1. Total structures of (A) [Ag16(TBT)8(TFA)7(CH3CN)3(Cl)]
+ and (B) [Ag17(TBT)8(TFA)7(CH3CN)3(Cl)]

+. The Ag16 NC is hollow
inside, and Ag17 contains one additional Ag atom inside. Light gray and yellow spheres in the ball-and-stick model represent Ag and S atoms,
respectively, and other nonmetals are represented by a wire frame model. Space-filling models of (C) Ag16 and (D) Ag17. Color code: Ag,
light gray; S, yellow; F, light green; C, gray; N, light blue; Cl, black.
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centrifugation was left for slow evaporation at 5 ± 5 °C for
crystallization, and after 1 week, light brown crystals suitable
for single-crystal X-ray diffraction (SCXRD) were obtained.
SCXRD, ESI MS, and UV−vis spectroscopic techniques were
employed to characterize the product formed.
A block-shaped single crystal was evaluated by SCXRD.

Analysis of the crystallographic data showed that there exist
t w o t y p e s o f N C e n t i t i e s v i z .
[ A g 1 6 ( T B T ) 8 ( T F A ) 7 ( C H 3 C N ) 3 C l ] + a n d
[Ag17(TBT)8(TFA)7(CH3CN)3Cl]

+, acronymed as Ag16 and
Ag17, respectively, in a single crystal, as shown in Figure 1.
Each NC exhibits a sandwich-like molecular structure,
assembled in a monoclinic P21/n space group (Table S1).
These NCs have identical outer structures, and they can easily
exchange positions in a lattice. They are, therefore, not able to
distinguish each other and crystallize together. The geometrical
framework of the Ag16 NC can be represented by surface-
connected 16 Ag and 8 S atoms, thereby forming an Ag16S8
hollow shell, arranged in a layered fashion: Ag4S4−Ag8−Ag4S4,
forming a sandwich-like structure (Figure S1). For the Ag17
NC, a single Ag atom is encapsulated in the Ag16 shell and has
an occupancy of 1/3. Thus, in the cocrystal, 2/3 NCs have 16
Ag atoms and 1/3 NCs have 17 Ag atoms. In Ag16S8 shell, each
S atom is coordinated to four Ag atoms, forming Ag4S capping
around the periphery of the shell (Figure 2D). The Ag16 and
Ag17 NCs in a cocrystal are primarily protected by the TBT
ligand. In addition, seven units of TFA, three molecules of
acetonitrile and one chlorine atom are coordinated to the
Ag16S8 shell. One molecule of acetonitrile per unit cell is also
located in the lattice. The Ag16 NC structure is almost similar
to the she l l o f a recen t l y r epor t ed [Ag1 6C l -
(StBu)8(CF3COO)7(DMF)4(H2O)]·1.5(DMF) NC, although
it encapsulates Cl− within the cluster core.43 Recently, a
[Ag17I3S(C2B10H10S2)6(CH3CN)11] NC was reported, but it

has a different geometry.15 The construction of Ag17 is shown
in Figure 2A−C, in which the central Ag atom is coordinated
to eight Ag atoms of the shell, resulting in a distorted square
anti-biprismatic geometry. We have not seen any counterion
upon solving the structure of these NCs. To identify the
counterion, we have performed the IR (infrared) spectroscopy
of a cocrystal. The IR spectrum exhibits a characteristic band at
1365 cm−1 (Figure S2), which can be assigned to N−O
stretching of the NO3

− ion.44 It indicates that the NO3
− ion is

the counterion existing in a cocrystal. The NO3
− has its origin

from AgNO3 used in the synthesis of Ag18 NCs.
41,42

ESI MS was performed to probe the existence of NCs in the
solution. A single crystal was dissolved in acetonitrile for
carrying out mass spectral measurements. Other details of the
sample preparation and instrumental conditions are described
in the instrumentation section of the Supporting Information
(SI). The mass spectrum (MS) exhibits three major peaks at
m/z 3055, 3277, and 3499 in the positive ion mode (Figure
3Ai). Expanded peaks show a characteristic peak separation of
m/z 1.00, which confirms the +1 charge state. Therefore, the
peaks at m/z 3499, 3277, and 3055 are assigned to
[ A g 1 7 ( T B T ) 8 ( T F A ) 7 ( C H 3 C N ) 3 C l ] + ,
[ A g 1 6 ( T B T ) 8 ( T F A ) 6 ( C H 3 C N ) 3 C l ] + , a n d
[Ag15(TBT)8(TFA)5(CH3CN)3Cl]

+, respectively. This was
further confirmed by matching the experimental (violet
trace) and simulated (red trace) isotopic distributions of the
peaks (Figure 3Aii). The presence of Ag15 and Ag16 peaks in
the mass spectrum may be a result of fragmentation. To probe
this, we performed collision-induced dissociation (CID)
experiments of the peaks due to Ag16 and Ag17 by varying
the laboratory collision energy. For the Ag16 peak, CID results
in the Ag15 moiety, as a result of the loss of CF3COOAg. Other
fragmented species were also formed upon increasing the
collision energy (Figure S3). CID studies of the Ag17 peak

Figure 2. (A) Construction of Ag17, by the addition of one silver atom between the Ag atoms, (B) showing distorted square anti-biprismatic
geometry in which the central Ag atom is bonded to eight Ag atoms. (C) Top view of the Ag9 metallic framework. (D) View of Ag16S8 shell
showing Ag4S capping around the periphery of the shell. (E) Top view of Ag16 and (F) Ag17 NC shells: Ag (gray) and S (yellow).
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shows the systematic loss of TBT and TFA moieties, with an
increase in collision energy, but no signature of the conversion
to Ag16 NC was observed, as shown in Figure S4. We conclude
that the peak corresponding to Ag16 is due to a separate entity
and not arising from a fragment of Ag17. The above observation
proves the presence of two kinds of NCs in solution.
Populations of Ag16 and Ag17 are not equal in the ESI MS
(Figure 3Ai), assuming that both the species have similar
ionization efficiencies. The Ag16 peak, whose population is
more than Ag17 in the crystal, supports its appearance as the
major NC species. Although there are additional factors such
as ionization efficiency and ion transmission, which determine
mass spectral intensities, the intensity ratio supports excess
concentration of Ag16. MS of the solution obtained after 1 h of
the reaction shows the population of Ag16 and Ag17 to be
almost equal (Figure S5). In order to correlate the findings of
the single crystal and the reaction mixture, we carried out the
MS of the supernatant left behind after crystallization. It was
observed that the supernatant also contains peaks correspond-

ing to Ag16 and Ag17 (Figure S6). These findings suggest that
the single crystal stabilizes with a population of 66.66 and
33.33% of Ag16 and Ag17 NCs, respectively, rather than the 1:1
ratio noted in another set of clusters,22 despite the presence of
extra Ag17 species in the supernatant. This could be due to the
minimum energy considerations.22 These results allow us to
write a balanced chemical equation given below (considering
the mass balance of silver and sulfur atoms only). To the best
of our knowledge, this is the early observation of a
homometallic interparticle reaction of silver NCs yielding
cocrystals. We believe that the hydride-rich Ag18 is important
for inducing the reaction. We suggest the following processes
(Scheme 1).
The mass spectral intensities in the reaction mixture and

supernatant support this conclusion. Equal intensities of Ag16
and Ag17 in the reaction mixture were changed to 2:1 for a
solution prepared from the crystal. In the supernatant, the
amount of Ag17 increased, although the ratio in the supernatant
is not 1:2, which is understandable as some of the Ag16 and

Figure 3. (A) (i) ESI MS in positive ion mode of crystals dissolved in acetonitrile solution. Peak (a) corresponds to
[Ag17(TBT)8(TFA)7(CH3CN)3(Cl)]

+. Peak (b) corresponds to [Ag16(TBT)8(TFA)6(CH3CN)3(Cl)]
+, and another peak corresponds to b-

CF3COOAg. (ii) Isotopic distribution of (a) experimental spectrum (violet trace) is compared with simulated spectrum (red trace). (iii)
UV−vis absorption spectrum of a crystal dissolved in acetonitrile solution. (B) UV−vis spectra of a reaction mixture in acetonitrile during t
= 2−60 min. Arrows mark the position of absorption bands. (C) UV−vis and ESI MS of the methanolic solution of [Ag18(PPh3)10H16]

2+. (D)
UV−vis and ESI MS of [Ag12(TBT)8(TFA)5(CH3CN)]

+ in acetonitrile. Experimental and simulated mass spectra are compared in the insets
of (Ciii) and (Diii).
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Ag17 may have only crystallized. To further explore the
individual properties of Ag16 and Ag17 NCs, attempts were
made to synthesize these separately by changing the reaction
conditions, but we could not succeed in this process.
ESI MS of the reaction mixture measured at various time

intervals (t = 2, 5, 15, 30, 60 min and 7 days) after the addition

of a methanolic solution of Ag18 into a solution of Ag12 are
shown in Figure 4. These measurements show that the
characteristic peaks of individual Ag18 and Ag12 NCs
disappeared completely after mixing them. At t = 2 min
(right after the reaction), a characteristic peak at m/z 4928,
which could be assigned to [Ag30(TBT)9(TFA)6(CH3CN)5]

+,
denoted as Ag30, was observed. The appearance of this peak
suggests that an addition reaction had taken place between
Ag12 and Ag18 NCs. Many peaks were observed in the range
between m/z 100 and 1000. All of these low molecular weight
species (m/z < 1000) were assigned to thiolates and
phosphines formed during the reaction, shown in Figure S7.
MS recorded after 5 min of reaction show many peaks in the
region between m/z 1000 and 3000, which were assigned to
the heteroleptic reaction intermediates. No such peak was

Scheme 1

Figure 4. Time-dependent ESI MS spectra of the reaction mixture during the synthesis of [Ag16(TBT)8(TFA)6(CH3CN)3(Cl)]
+ and

[Ag17(TBT)8(TFA)7(CH3CN)3(Cl)]
+ via silver-thiolate-based reaction intermediates (assigned from 1 to 21). Insets shows the magnified

regions of ESI MS containing intermediates. Assignments of the peaks are on the right.
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observed at m/z 4928. This suggests that the adduct Ag30 is
fragmented into smaller intermediates. Therefore, it appears to
be a top-down approach and is different from the reported
one.28,38 MS monitored from time t = 15−30 min shows that
significant changes occur. Color of the reaction mixture
changes from dark to light brown. An important aspect noticed
after 30 min is the emergence of different peaks whose m/z
m a t c h w i t h t h e m o l e c u l a r m a s s o f
[ A g 1 5 ( T B T ) 8 ( T F A ) 5 ( C H 3 C N ) 3 C l ] + ,
[ A g 1 6 ( T B T ) 8 ( T F A ) 6 ( C H 3 C N ) 3 C l ] + , a n d
[Ag17(TBT)8(TFA)7(CH3CN)3Cl]

+. After 1 h, MS does not
show the appearance of any kind of intermediate(s). Intensities
of the peaks corresponding to Ag16 and Ag17 were stabilized.
MS of the crystal dissolved in acetonitrile also show signatures
corresponding to Ag15, Ag16, and Ag17 similar to that obtained
after 1 h of the reaction, however, with different intensities. It
suggests that stable NCs are formed after 1 h of the reaction.
We were able to identify as many as 21 intermediates in the
entire path of the reaction, which undergo dissociation and
rearrangement via a “growth mechanism” which leads to the
formation of Ag16 and Ag17 NCs. These intermediates can be
r e p r e s e n t e d b y a g e n e r a l f o r m u l a ,
[Agp(TBT)q(TFA)r(CH3CN)sClt]

+, where p = 6−15 and 30,
q = 2−9, r = 1−6, s = 0−5, and t = 0−1 (Table S3). We,
therefore, conclude that all of the silver thiolate intermediates
formed during the reaction will size-focus to stable NCs, viz.
[ A g 1 6 ( T B T ) 8 ( T F A ) 6 ( C H 3 C N ) 3 C l ] + a n d
[Ag17(TBT)8(TFA)7(CH3CN)3Cl]

+. Both the NCs have zero
valence electron count. A flowchart of the reaction is shown in
Scheme S1.
UV−vis absorption spectra of the reaction mixture were

studied at different time intervals (t = 2, 5, 15, 30, 60 min and
7 days) after the addition of a methanolic solution of Ag18 into
a solution of Ag12, as shown in Figure 3B. The UV−vis
measurements during time t = 2−15 min show a broad
absorption band with λmax at 419 nm, followed by a shoulder at
483 nm. The absorption features of Ag12 and Ag18 NCs
disappeared completely upon mixing them (Figure 3Ci, Di).
This suggests the possibility that a reaction had taken place
between Ag18 and Ag12 NCs. During t = 30−60 min, a notable
red shift was observed, and the absorption peaks were shifted
to λmax 438 and 611 nm (Figure 3B). The color of the reaction
mixture changed from dark to light brown. After 1 week, the
UV−vis absorption features of the crystal dissolved in
acetonitrile were similar to that observed after 60 min of the

reaction (Figure 3Aiii). This implies that a stable composition
had formed, and the reaction products did not transform
subsequently.
Time-dependent density functional theory calculations were

performed on the optimized structures of Ag16 and Ag17 NCs
to understand their optical transitions (Figure S8). In the
optimized structures, F, C, and H atoms were relaxed, and all
other atoms were kept fixed. This setup was established using
the hybrid Perdew, Burke, and Ernzerhof (PBE) model
without any symmetry constraints. The following PAW setups,
Ag(4d105s1), Cl(3s23p5), S(3s23p4), F(2s22p5), O(2s22p4),
N(2s22p3), C(2s22p2), and H(1s1), were used including the
scalar-relativistic effects for silver. The optical absorption
spectra of optimized clusters having the simplified model
ligand (CH3) were calculated using linear response time-
dependent density functional theory.45 The oscillator strengths
of both Ag16 and Ag17 NCs were added in a 2:1 ratio in order
to obtain the absorption spectrum of the cocrystal. The
absorption spectrum was plotted with a Gaussian broadening
of 0.085 eV in the energy range of 400−900 nm, and it is
compared with the experimental spectrum (red trace), as
shown in Figure S9. The calculated spectrum displays the
molecular transitions at 356 and 742 nm. The absorption peaks
were observed at 439 and 611 nm in the experiment which are
blue-shifted by 43 nm and red-shifted by 103 nm, respectively,
from the calculated spectrum. This difference could be due to
the reduced structure utilized for theoretical calculations.45,46

The molecular orbitals (MOs) involved for the transitions at
356 and 742 nm are shown in Figures S10 and S11,
respectively. These transitions have mainly ligand to metal
character. From the density of states (DOS) analysis, it is seen
that significant difference in the spectra between Ag16 and Ag17
clusters lies only in the frontier orbitals (Figure 5). HOMO of
the clusters is dominated by 2p and 3p atomic orbitals (AOs)
of ligands, whereas LUMO is composed of 5s of Ag. The
HOMO−LUMO gap is larger for Ag16 than for the Ag17 cluster
and may be due to the presence of a central Ag atom, which
significantly alters its electronic structure. Therefore, to
understand the role of the central Ag atom in the Ag17 cluster,
the partial DOS spectrum was separately plotted for the central
Ag atom and of the Ag16 shell (Figure 6). From this, it is clearly
noted that the AOs of the central Ag atom were extensively
populated only in the frontier orbitals, and the rest of the MOs
were dominated by the AOs of the Ag16 shell. However, the
HOMO is comparably contributed by the 4d AOs of Ag16 shell

Figure 5. DOS analysis of molecular orbitals of the model cluster, (A) [Ag16(TBT)8(TFA)7(CH3CN)3Cl]
+ and (B)

[Ag17(TBT)8(TFA)7(CH3CN)3Cl]
+.
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and 5s AOs of the central Ag atom, whereas the near LUMOs
are predominantly due to 5s AOs of the central Ag atom.
Furthermore, the optical absorption transitions of both Ag17
and the cocrystal at a wavelength of ∼742 nm might be
significantly influenced by the high spherical symmetry of 5s
AOs of the central Ag atom of Ag17 rather than the 4d AOs of
the Ag16 shell. Therefore, the peaks at 742 and 356 nm are
attributed to sp−sp intraband transition and pd−sp transition,
respectively. Contributions of AOs to the MOs were analyzed
using the Kohn−Sham MOs and DOS.

CONCLUSIONS
To summarize, we report an interparticle reaction between two
atomically precise NCs [Ag12(TBT)8(TFA)5(CH3CN)]

+ and
[Ag18(TPP)10H16]

2+ abbreviated as Ag12 and Ag18, respectively,
resulting in products [Ag16(TBT)8(TFA)7(CH3CN)3Cl]

+ and
[Ag17(TBT)8(TFA)7(CH3CN)3Cl]

+ which cocrystallize to-
gether. The reaction proceeds via a growth mechanism
utilizing silver thiolate intermediates. Both the NCs have an
identical Ag16S8 shell, arranged in a layered fashion of Ag4S4−
Ag8−Ag4S4, forming a sandwich. This makes the NCs
indistinguishable, and they cocrystallize. In a single crystal,
the occupancies of Ag16 and Ag17 NCs are 66.66 and 33.33%,
respectively. MS of the reaction product shows the population
of Ag16 and Ag17 to be almost equal, whereas that of a crystal
dissolved in acetonitrile shows a 2:1 ratio of their intensities.
This may possibly suggest that the concentrations of Ag16 and
Ag17 are almost equal in the product, but selective
incorporation occurs in the crystal. For further validation,
MS of the supernatant after crystallization was measured which
showed peaks corresponding to Ag16 and Ag17 NCs, but with
an excess of the latter. These findings support that the single
crystal stabilizes with 2:1 ratio of Ag16 and Ag17 NCs, despite
the presence of extra Ag17 species in the supernatant. Our
results allowed us to write a balanced chemical equation for the
reaction. We believe that our results will initiate more activities
in the area of atomically precise clusters.

EXPERIMENTAL SECTION
Chemicals and Materials. tert-Butylthiol (TBT), silver trifluor-

oacetate (CF3COOAg), triphenylphosphine (TPP), and sodium
borohydride (NaBH4, 98%) were purchased from Aldrich. Silver
nitrate (AgNO3) was purchased from Rankem Chemicals. All
chemicals were used as received without further purification. All of
the solvents, such as dichloromethane (DCM), methanol (MeOH),
acetonitrile (CH3CN), and chloroform (CHCl3), were purchased

from Rankem Chemicals and were of analytical grade. Milli-Q water
was used for the synthesis.

Synthesis of a Mixture of [Ag16(TBT)8(CF3COO)7(CH3CN)2Cl]
+

and [Ag17(TBT)8(CF3COO)7(CH3CN)2Cl]
+. Synthesis of

[Ag12(TBT)8(TFA)5(CH3CN)]
+: 200 mg of silver thiolate, Ag-

(TBT)n, was added to a solution of acetonitrile and methanol (3 mL
each). To this was added 200 mg of CF3COOAg upon stirring, and
after some time, a clear transparent solution appeared, which resulted
in the formation of [Ag12(TBT)8(TFA)5(CH3CN)]

+ denoted as Ag12.
About 1 mL of methanolic solution of [Ag18(TPP)10H16]

2+ denoted as
Ag18 (∼5 mg/mL) was added to the above reaction mixture. Ag18 was
synthesized by a reported procedure (see the Supporting Information
for a detailed synthesis).41,42 A dark brown solution along with a black
precipitate was formed; the mixture was kept stirring for 1 h, and the
solution was centrifuged at 8000 rpm (5868g). The black precipitate
was discarded. The solution obtained after centrifugation was left for
slow evaporation at 5 ± 5 °C for crystallization, and after 1 week, light
brown crystals were obtained. Crystals were soluble in acetonitrile,
methanol, ethanol, and DCM. Yield of the synthesis was 25% in terms
of silver.
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(25) Anson, C. E.; Eichhöfer, A.; Issac, I.; Fenske, D.; Fuhr, O.;
Sevillano, P.; Persau, C.; Stalke, D.; Zhang, J. Synthesis and Crystal
Structures of the Ligand-Stabilized Silver Chalcogenide Clusters
[Ag 1 5 4 S e 7 7 (Dppxy ) 1 8 ] , [Ag 3 2 0 (S

tBu) 6 0 S 1 3 0 (Dppp) 1 2 ] ,
[Ag352S128(S

tC5H11)96] and [Ag490S188(S
tC5H11)114]. Angew. Chem.,

Int. Ed. 2008, 47, 1326−31.
(26) Braga, D.; Maini, L.; Grepioni, F. Mechanochemical
Preparation of Co-Crystals. Chem. Soc. Rev. 2013, 42, 7638−7648.
(27) Vishweshwar, P.; McMahon, J. A.; Bis, J. A.; Zaworotko, M. J.
Pharmaceutical Co-Crystals. J. Pharm. Sci. 2006, 95, 499−516.
(28) Cao, Y.; Guo, J.; Shi, R.; Waterhouse, G. I. N.; Pan, J.; Du, Z.;
Yao, Q.; Wu, L. Z.; Tung, C. H.; Xie, J.; et al. Evolution of Thiolate-
Stabilized Ag Nanoclusters from Ag-Thiolate Cluster Intermediates.
Nat. Commun. 2018, 9, 2379.
(29) Yan, J.; Malola, S.; Hu, C.; Peng, J.; Dittrich, B.; Teo, B. K.;
Hak̈kinen, H.; Zheng, L.; Zheng, N. Co-Crystallization of Atomically
Precise Metal Nanoparticles Driven by Magic Atomic and Electronic
Shells. Nat. Commun. 2018, 9, 3357.
(30) Wu, Z.; He, L.; Gan, Z.; Xia, N.; Liao, L. Alternative Array
Stacking of Ag26Au and Ag24Au Nanoclusters. Angew. Chem., Int. Ed.
2019, 58, 9897−9901.
(31) Zeng, C.; Chen, Y.; Das, A.; Jin, R. Transformation Chemistry
of Gold Nanoclusters: From One Stable Size to Another. J. Phys.
Chem. Lett. 2015, 6, 2976−2986.
(32) Krishnadas, K. R.; Ghosh, A.; Baksi, A.; Chakraborty, I.;
Natarajan, G.; Pradeep, T. Intercluster Reactions between Au25(SR)18
and Ag44(SR)30. J. Am. Chem. Soc. 2016, 138, 140−148.
(33) Krishnadas, K. R.; Baksi, A.; Ghosh, A.; Natarajan, G.; Pradeep,
T. Structure-Conserving Spontaneous Transformations between
Nanoparticles. Nat. Commun. 2016, 7, 13447.
(34) Bhat, S.; Baksi, A.; Mudedla, S. K.; Natarajan, G.; Subramanian,
V.; Pradeep, T. Au22Ir3(PET)18: An Unusual Alloy Cluster through
Intercluster Reaction. J. Phys. Chem. Lett. 2017, 8, 2787−2793.
(35) Krishnadas, K. R.; Ghosh, D.; Ghosh, A.; Natarajan, G.;
Pradeep, T. Structure-Reactivity Correlations in Metal Atom
Substitutions of Monolayer-Protected Noble Metal Alloy Clusters. J.
Phys. Chem. C 2017, 121, 23224−23232.
(36) Krishnadas, K. R.; Baksi, A.; Ghosh, A.; Natarajan, G.; Pradeep,
T. Manifestation of Geometric and Electronic Shell Structures of
Metal Clusters in Intercluster Reactions. ACS Nano 2017, 11, 6015−
6023.
(37) Ghosh, A.; Ghosh, D.; Khatun, E.; Chakraborty, P.; Pradeep, T.
Unusual Reactivity of Dithiol Protected Clusters in Comparison to
Monothiol Protected Clusters: Studies Using Ag51(BDT)19(TPP)3
and Ag29(BDT)12(TPP)4. Nanoscale 2017, 9, 1068−1077.
(38) Luo, Z.; Nachammai, V.; Zhang, B.; Yan, N.; Leong, D. T.;
Jiang, D. E.; Xie, J. Toward Understanding the Growth Mechanism:
Tracing All Stable Intermediate Species from Reduction of Au(I)-
Thiolate Complexes to Evolution of Au25 nanoclusters. J. Am. Chem.
Soc. 2014, 136, 10577−10580.
(39) Yao, Q.; Yuan, X.; Fung, V.; Yu, Y.; Leong, D. T.; Jiang, D. E.;
Xie, J. Understanding Seed-Mediated Growth of Gold Nanoclusters at
Molecular Level. Nat. Commun. 2017, 8, 927.
(40) Huang, R. W.; Wei, Y. S.; Dong, X. Y.; Wu, X. H.; Du, C. X.;
Zang, S. Q.; Mak, T. C. W. Hypersensitive Dual-Function
Luminescence Switching of a Silver-Chalcogenolate Cluster-Based
Metal-Organic Framework. Nat. Chem. 2017, 9, 689−697.
(41) Ghosh, A.; Bodiuzzaman, M.; Nag, A.; Jash, M.; Baksi, A.;
Pradeep, T. Sequential Dihydrogen Desorption from Hydride-
Protected Atomically Precise Silver Clusters and the Formation of
Naked Clusters in the Gas Phase. ACS Nano 2017, 11, 11145−11151.
(42) Bootharaju, M. S.; Dey, R.; Gevers, L. E.; Hedhili, M. N.;
Basset, J. M.; Bakr, O. M. A New Class of Atomically Precise,
Hydride-Rich Silver Nanoclusters Co-Protected by Phosphines. J. Am.
Chem. Soc. 2016, 138, 13770−13773.
(43) Alhilaly, M. J.; Huang, R.-W.; Naphade, R.; Alamer, B.; Hedhili,
M. N.; Emwas, A.-H.; Maity, P.; Yin, J.; Shkurenko, A.; Mohammed,

ACS Nano Article

DOI: 10.1021/acsnano.9b06740
ACS Nano 2019, 13, 13365−13373

13372

http://dx.doi.org/10.1021/acs.chemrev.8b00726
http://dx.doi.org/10.1021/acs.chemrev.8b00726
http://dx.doi.org/10.1021/acsnano.9b06740


O. F.; et al. Shkurenko, Assembly of Atomically Precise Silver
Nanoclusters into Nanocluster-Based Frameworks. J. Am. Chem. Soc.
2019, 141, 9585−9592.
(44) Qu, M.; Li, H.; Xie, L. H.; Yan, S. T.; Li, J. R.; Wang, J. H.; Wei,
C. Y.; Wu, Y. W.; Zhang, X. M. Bidentate Phosphine-Assisted
Synthesis of an All-Alkynyl-Protected Ag74 Nanocluster. J. Am. Chem.
Soc. 2017, 139, 12346−12349.
(45) Walter, M.; Ha ̈kkinen, H.; Lehtovaara, L.; Puska, M.;
Enkovaara, J.; Rostgaard, C.; Mortensen, J. J. Time-Dependent
Density-Functional Theory in the Projector Augmented-Wave
Method. J. Chem. Phys. 2008, 128, 244101−244110.
(46) Alhilaly, M. J.; Bootharaju, M. S.; Joshi, C. P.; Besong, T. M.;
Emwas, A. H.; Juarez-Mosqueda, R.; Kaappa, S.; Malola, S.; Adil, K.;
Shkurenko, A.; et al. [Ag67(SPhMe2)32(PPh3)8]

3+: Synthesis, Total
Structure, and Optical Properties of a Large Box-Shaped Silver
Nanocluster. J. Am. Chem. Soc. 2016, 138, 14727−14732.

ACS Nano Article

DOI: 10.1021/acsnano.9b06740
ACS Nano 2019, 13, 13365−13373

13373

http://dx.doi.org/10.1021/acsnano.9b06740

