Downloaded viaINDIAN INST OF TECH MADRAS on December 31, 2019 at 06:44:45 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

m MATERIALS < c.c v cer s s o 0o

pubs.acs.org/cm

Intercluster Reactions Resulting in Silver-Rich Trimetallic

Nanoclusters

Esma Khatun, Papri Chakraborty, Betsy Rachel Jacob, Ganesan Paramasivam, Mohammad Bodiuzzaman,

Wakeel Ahmed Dar, and Thalappil Pradeep*

Department of Chemistry, DST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence (TUE), Indian Institute of

Technology Madras, Chennai 600036, India

© Supporting Information

ABSTRACT: Herein, we present an intercluster reaction
leading to new trimetallic nanoclusters (NCs) using bimetallic
and monometallic NCs as reactants. Dithiol protected
bimetallic MAg,s(BDT) ,(PPh,), (BDT = 1,3-benzenedithiol
and M = Nj, Pd, or Pt) and monothiol protected Au,;(PET);,
(PET = 2-phenylethanethiol) were used as model NCs. A
mixture of trimetallic MAu,Ag,s_.(BDT);,(PPhy), (x = 1—
12) and bimetallic Ag,Au,s_(PET);5 (x = 1-7) NCs were
formed during the reaction as understood from time-
dependent electrospray ionization mass spectrometry (ESI
MS). Detailed studies of intercluster reaction between
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Ag,o(BDT),,(PPh;), and Au,s(PET);s were also performed. Although both MAg,s(BDT),(PPh;), (M = Ag, Ni, Pd, or
Pt) and Au,s(PET);4 contain 13 atoms icosahedral core, only a maximum of 12 Au doped NCs were formed for the former as a
major product and not the 13 Au doped one, unlike the previous reports of intercluster reaction. The transfer of Ni, Pd, or Pt
atom from the center of icosahedron of MAg,s(BDT),,(PPh;), to Au,s(PET),s was not observed, which suggests that the
central atom is not involved in the reaction. Density functional theory (DFT) calculations were performed to know structures
and properties of the formed NCs. This study demonstrates the use of intercluster reaction as an effective synthetic protocol to

make multimetallic alloy NCs.

B INTRODUCTION

Atomically precise nanoclusters (NCs) composed of an
interior metal-core and exterior metal—ligand shell have gained
significant attention due to their precise compositions and
well-defined structures.'~* Robust stability of some NCs allows
the growth of single crystals enabling structure determination
by single-crystal X-ray diffraction leading to a detailed
understanding of cluster-based materials.” " They exhibit
fascinating optical, catalytic, magnetic, and electrochemical
properties which make them suitable for various applica-
tions.”'* The unique properties of NCs can be tuned by
changinfg their structure, atomicity, protecting ligands,

SIS Among different NCs, alloy NCs composed of
two or more metals are of great interest nowadays.'””**
Alloying in Au and Ag NCs usually shows significant effects on
catalysis, optics, etc., and therefore, it is of high importance in
broadening their applications.”>~>” The very first example of
an atomically precise bimetallic cluster synthesized was
PdAu,,(SR),s.”**" After that, many alloy NCs were synthe-
sized which exhibited drastic change in structure and
properties from their monometallic analogues. For example,
26-fold enhancement in photoluminescence (PL) was
observed by the doping of S Au atoms in Ag,o(BDT),,(PPh,),
(BDT = 1,3-benzenedithiol and in short Agzg).30 Also, doping
of Au increases the stability of NCs as observed in
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Ag,,(TBBT),, (tert-butylbenzenethiol).”’ Although poor
stability of Ag,,(TBBT),, did not allow the formation of its
single crystals, doping of one Au atom improved its stability
and AuAg(TBBT),, was crystallized.” The effect of
heteroatom doping in catalysis is well-studied.">** Alloy NCs
displayed higher catalytic activity than the monometallic
analogues as observed in the oxidation of benzyl alcohol
using Pd doped Au,s(PET) 3 (PET = 2-phenylethanethiol and
in short Au,).>*

A wide variety of combinations and compositions are
possible for alloy NCs.> Their structures depend on synthetic
methods and conditions applied.”> Among different synthetic
procedures of alloy NCs, the most common procedures are
coreduction, galvanic reduction, antigalvanic reduction, and
intercluster reaction.”*™** Depending on the metal atom and
synthetic procedures, the doping position in alloy NCs can be
defined which has significant effect on their properties.”” A
large number of alloy NCs have been synthesized by the
coreduction method. However, it is hard to control the
structures of the obtained alloy NCs. In the case of galvanic
and antigalvanic reduction methods, structures and morphol-
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ogy of the formed NCs depend on the metal precursor used in
the reaction.”” Properties of NCs depend on the morphology
as in the case of sphere and rodlike Au,; NCs which showed
different catalytic activity toward electro-reduction of CO,."’

Intercluster reaction is a new and effective method for the
synthesis of alloy NCs.*' Krishnadas et al. introduced
intercluster reactions between Au,s and Ag,,(FTP),, (FTP =
4-fluorothiophenol and in short Ag,,), which resulted in a
mixture of bimetallic NCs.** Further, they studied the
intercluster reaction between structurally similar Au and Ag
NCs, Au,s and Ag,s(DMBT),; (DMBT = 2,4-dimethylbenze-
nethiol and in short Agzs).Ar3 These intercluster reactions
manifested the molecule-like reactions possible between
atomically precise NCs. The bimetallic NCs formed during
these reactions showed the conservation of structures. Other
than these conventional methods, a new synthetic protocol was
reported by Biirgi et al. where metal foils were used as doping
reagents.”* Their study revealed the importance of ligands and
the metal-core during intercluster reactions. Though the
reaction between monometallic NCs has been studied for
the past several years, intercluster reaction using multimetallic
NCs is still unexplored.

In this report, we have presented the formation of trimetallic
NCs by intercluster reaction between dithiol protected
bimetallic NCs, MAg,3(BDT),(PPh;), (M = Ni/Pd/Pt) (in
short MAg,5) and a monothiol protected NC, Au,. At first, we
synthesized new bimetallic NCs, PdAg,s and NiAg,s along with
the synthesis of known PtAg,s by ligand exchange-induced
structural transformation (LEIST) method starting from
MAg,, NCs (M = Ni/Pd/Pt). The synthesized bimetallic
NCs were used as precursors for the reaction with Au,; leading
to the formation of trimetallic alloy NCs,
MAu,Ag,s_(BDT),(PPh;), (in short MAu,Ag,s_, where M
is Ni/Pd/Pt and x = 1—12). Also, a detailed understanding of
the intercluster reaction between Agyy and Au,g has been
presented which was not been addressed in our previous
work.** The intercluster reaction between Ag,, and Auy led to
the formation of a mixture of bimetallic NCs,
Au,Ag,y_,(BDT),(PPhy), (in short Au,Agy,_, where x = 1—
12) and Ag,Auy;_,(PET) s (in short Ag,Au,s_, where x = 1—
7). Unlike the previous intercluster reactions where the metal-
core was fully replaced by Au atoms, in this case, we found the
formation of Auj,Ag;; as the major product rather than
Auj;Ag s upon completion of the reaction. The reaction
between MAg,s and Au,s also resulted in the formation of
MAu,,Ag4 as the major product, which is understood as due
to the reaction occurring at the surface of the NCs. The inner
icosahedral core is seemingly protected by the metal-dithiol
linkages in such a way that direct interaction with the metal-
cores is not possible during the reaction. This was further
confirmed from the fact that the central Ni, Pd, or Pt of MAg,,
was not being transferred to Au,s. Further, theoretical
calculations were carried out to understand structures and
properties of the formed NCs.

B RESULTS AND DISCUSSION

We synthesized bimetallic MAg,, (M = Ni/Pd/Pt) NCs
following a reported protocol as mentioned in the
Experimental Section. NiAg,,, synthesized for the first time,
exhibited prominent absorption features at 483 and 665 nm
(panel b in Figure S1A). The absorption maximum of NiAg,,
was 7 nm blue-shifted from that of Ag,; (panel a in Figure
S1A). Panel b’ in Figure S1B presents ESI MS of NiAg,, which

exhibits a sharp peak at m/z 2558 with 27 charge state
corresponding to [NiAg,,(DMBT)s]*". The formed NiAg,, is
stable at low temperature for a few months. However, at room
temperature, it is less stable than Ag,s. Their absorption
spectra at room temperature are presented in Figure SIC.
Panels ¢/c¢’ and d/d’ in Figure S1 show UV-—vis absorption
spectra and ESI MS of PdAg,, and PtAg,,, respectively, which
are in accordance with the previous reports.

The LEIST method was followed for the synthesis of
unknown Ni/PdAg,, and previously known PtAg, (details are
given in the Experimental Section). Optical absorption
spectrum of Ni-doped Ag,y shown in Figure 1A manifests a
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Figure 1. (A) UV—vis absorption spectrum of NiAg,s (green trace),
compared to Ag,y (red trace). (B) ESI MS of NiAg,s which shows
two peaks at m/z 1190 and 1587, corresponding to [Ni-
Ag,5(BDT),]* and [NiAg,s(BDT),,]*", respectively. Theoretical
and experimental isotopic distributions of [NiAg,s(BDT),]*" and
[NiAg,s(BDT),,]>~ are shown in the inset of (B) which match
perfectly.

well-defined absorption peak at 440 nm along with a shoulder
peak at 517 nm (green trace). The absorption maximum is 7
nm blue-shifted, while the shoulder peak is 4 nm red-shifted
from that of Ag,o (red trace in Figure 1A).* An intense peak at
m/z 1190 was observed along with a less intense peak at m/z
1587 in ESI MS which corresponded to [NiAg,s(BDT),,]*"
and [NiAg,s(BDT),,]*", respectively (Figure 1B). Theoretical
and experimental isotopic patterns of [NiAg,s(BDT),,]* /3~
matched exactly with each other as shown in the inset of Figure
1B. The NiAg,, got ionized at high pressure and high voltage
conditions in which detachment of all PPh; ligands took place.
On the other hand, the species did not get ionized at low
voltage and low gas pressure conditions, and hence, we were
unable to get PPh; attached peaks in ESI MS. X-ray
photoelectron spectrum (XPS) of NiAg,s given in Figure S2
shows the presence of Ag 3ds,,, Ni 2p;/5, P 2p;/5, and S 2p;,
at 368.6, 853.9, 132.0, 163.0 eV, respectively. The NiAg, is
more stable than the NiAg,, which is revealed from their time-
dependent absorption spectra presented in Figure S2B. It also
shows good stability at high temperature (60 °C), although it
is less stable than that of Ag,s as shown in Figure S2C.
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Pd doped Ag,, cluster was synthesized by the LEIST
method which manifested distinct absorption features at 444
and 518 nm (Figure 2A). The absorption maximum (444 nm)
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Figure 2. (A) UV—vis absorption spectrum of PdAg,s having a
maximum at ~444 nm (blue trace) is compared with that of Ag,, (red
trace). (B) ESI MS of PdAg,s which shows an intense peak at m/z
1202 corresponding to [PdAg,s(BDT);,]*" along with a less intense
peak at m/z 1603 corresponding to [PdAg,s(BDT),,]*". Insets show
experimental and theoretical isotopic distributions of
[PdAg,s(BDT),]* and [PdAg,s(BDT),]*" which fitted well with
each other.

was 3 nm blue-shifted than that of Ag,, while the shoulder
peak was ~S nm red-shifted. ESI MS shown in Figure 2B
consists of an intense peak at m/z 1202 along with a weak peak
at m/z 1603. These correspond to 4~ and 3™ charge states of
[PdAg,s(BDT),,]. The presence of four PPh; ligands was
confirmed by ESI MS measurement under low voltage and low
gas pressure conditions (see Figure S3). PdAg,; was also
characterized with the help of other analytical tools such as
XPS and secondary electron microscopy/energy dispersive X-
ray spectroscopy (SEM/EDS) (Figure S4). XPS shows the
presence of P, S, Pd, and Ag (Figure S4A). The Ag 3ds,, peak

appears at 368.5 eV which is at a higher value than that of Ag
(0) (367.9 eV).

The Pd 3ds;, peak appears at 337.5 eV which is also at a
higher value than that of Pd (0) (335.5 eV). SEM/EDS
characterization of the cluster is shown in Figure S4B. The
elemental mapping clearly shows the presence of C, P, S, Ag,
and Pd. The inset of Figure S4B shows the SEM image of the
solid cluster and EDS mapping of the elements. Following a
similar procedure, PtAg,s was synthesized. Absorption
spectrum presented in Figure SSA displays two prominent
features at 425 and 491 nm which are in agreement with the
previous report.”® Two peaks at m/z 1224 and 1632 were
noticed in ESI MS which are due to [PtAg,s(BDT),,]*" and
[PtAg,s(BDT);,]*", respectively. Theoretical isotopic distribu-
tion of the peak at m/z 1224 matched exactly with the
experimental one confirming the assignment of
[PtAg,s(BDT),,]*" (inset of Figure SSB). Unlike MAg,,,
the MAg,; (M = Ni/Pd/Pt) clusters show both the 4™ and 3~
charge states which imply that Ni, Pd, or Pt act as both
zerovalent and univalent dopants (d'%° and d’s'), although the
intensity of the zerovalent one is higher than the other.

For the sake of understanding the structure of the newly
synthesized NiAg,s and PdAg,s, we measured ESI MS as a
function of collision energy (CE), and the data are presented
in Figure S6. We observed the loss of smaller fragments such as
[Ags(BDT);]” and [Ag;(BDT),]” at higher CE. Ni or Pd
atoms were not found in smaller fragments which suggest that
Ni or Pd atoms do not occupy the staple motifs, rather they
occupy the icosahedral core, similar to the case of PtAg,s.*
This is because of their higher electronegativity similar to the
previous reports.”****’ Absorption spectra of both NiAg,s and
PdAg,g are similar to Ag,, suggesting that they have the same
structures. Hence, we calculated the structures of NiAg,s and
PdAg,, using density functional theory (DFT) and the most
stable structures are presented in the insets of Figure 3A,B.
Detailed descriptions of DFT calculations are given in the
Experimental Section. Their optical absorption spectra
calculated using time-dependent DFT (TDDFT) method are
given in Figure 3A,B. They are consistent with the
experimental ones, although there are some red-shifts (14
and S nm for NiAg,; and PdAg,,, respectively) which are in
accordance with the previous reports.””*® Other possible
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Figure 3. Theoretical (black) and experimental (red) UV—vis absorption spectra of (A) NiAg,s and (B) PdAg,g. Insets of (A) and (B) show the
DFT-calculated most stable structures of NiAg,s and PdAg,, respectively. Color code: light green, light pink, and pink denote Ag atoms, cyan
denotes S atoms, orange denotes P atoms, sea blue denotes the Ni atom, and navy blue denotes the Pd atom.
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Figure 4. Time-dependent ESI MS of intercluster reaction between PdAg,s and Au,g (1:S ratio) where panel (A) shows the reaction at the PdAg,,
side and panel (B) presents the reaction at the Au,s side. The red asterisk corresponds to thiolates produced during the reaction. The species

observed are [PdAu,Ag,;_.(BDT);,]* and [Ag.Auys_(PET)]”

are not mentioned in the text for simplicity.

abbreviated as PdAu,Ag,s_, and Ag Au,;_,, respectively, and the charged species

structures of NiAg,s and PdAg,s but higher in energy available
from computations are shown in Figure S7.

Intercluster Reaction between PdAg,g and Au,s. After
the synthesis of bimetallic MAg,; (M = Ni/Pd/Pt) NCs and
their thorough characterization, they were used for intercluster
reaction with Au,s. At first, intercluster reactions between
PdAg,; and Au,s were performed for the synthesis of
trimetallic PdAu,Ag,s_, NCs (x = 1—12). From the time-
dependent ESI MS of the reaction mixture of PdAg,s and Auy;
presented in Figure 4, it is evident that the intercluster reaction
ended up with the formation of a stable trimetallic alloy NC,
PdAu,Ag,s along with an unstable PdAu,3;Ags which
disappeared with time. Along with the trimetallic NCs,
bimetallic Ag,Au,s_, (x = 1-7) NCs were also formed (Figure
4) as the final products. The rate of intercluster reaction
between PdAg,s and Au,s was found to be highly dependent
on their molar ratio. To study the concentration dependence,
we carried out reactions using different molar ratios of PdAg,,
and Au,; such as 4:1, 2:1, 1:1, 1:2, and 1:5, which are shown in
Figure S8. The reaction rate was observed to be extremely slow
when the amount of Au,s used was less than that of PdAg,,
(for 4:1 and 2:1 ratios of PdAg,4:Ag;s). Using a 1:1 ratio, we
saw a satisfactory rate, although it took more than 1 day for the
completion of the reaction. However, an increase in the
amount of Au,s (PdAgys:Ag,s = 1:5) led to the completion of
the intercluster reaction within 24 h. Figure 4A shows that after
S min, 2 Au atoms replace 2 Ag atoms to form PdAu,Ag),
and consequently 2 Ag atoms replace 2 Au atoms, forming
Ag,Au,;s_, where x is 0—2 (red traces in Figure 4A,B). But with
increasing time, the number of doped Au atoms in PdAg,s and
doped Ag atoms in Au,g were not the same. After 30 min of
reaction, we noticed that 6 Au atoms were doped in PdAg,s
while only 3 Ag atoms were doped in Au,s (blue traces in
Figure 4A,B). At 1 h, 6 b, and 12 h, 8, 11, and 12 Au-doped
PdAg,, respectively, were formed while only 3, 4, and 5 Ag
atom doping in Au,; were seen (pink, green, and violet traces,
respectively, in Figure 4A,B). After 12 h, a small amount of 13
Au-doped product, PdAu,;Ags, was observed but when the
reaction was continued up to 24 h, only 12 Au-doped product
PdAu,,Ag;s was formed as the main product (orange trace in

Figure 4A). After 24 h, only up to 7 Ag-doped Au,; NCs were
formed (orange trace in Figure 4B). Theoretical and
experimental isotopic distributions of PdAu;,Ag,s are
presented in Figure S9 which fit well with each other,
confirming the assigned composition. Time-dependent ab-
sorption spectra of the reaction mixture were measured, which
are presented in Figure S10. The reaction mixture contains
both trimetallic and bimetallic NCs as observed in ESI MS, but
absorption spectra show the features of Ag,Au,s_, (1—7). This
is because of the higher Au,s; concentration used in the
reaction than PdAg,; which masks the absorbance of PdAg,,.
Interesting aspect in this intercluster reaction is that the Au
atoms of Au, are getting doped in PdAg,s to make trimetallic
NCs, while no Pd atom is getting inserted in Au,; to make the
corresponding bi and trimetallic NC. To understand the
mechanism, we studied other bimetallic NCs, PtAg,s and
NiAg,s and performed their intercluster reactions with Auyg,
and the data are discussed in the subsequent section.
Intercluster Reaction between PtAg,s and Au,s. Time-
dependent ESI MS of the intercluster reaction between PtAg,,
and Auys (PtAg,g:Au,s = 1:5) is presented in Figure S. Similar
to PdAg,s, the intercluster reaction using PtAg,s displayed
systematic progress with time. The reaction was completed
within 30 h which showed the formation of trimetallic
PtAu,,Ag;s NC as the major product (orange trace in Figure
S). Theoretical and experimental isotopic distributions of
PtAu,,Ag s matched perfectly as shown in Figure S11. ESI MS
of the reaction toward the Au,; side presented in Figure S12
manifests only 7 Au doping similar to the reaction between
PdAg,s and Auy;. Time-dependent absorption spectra are
shown in Figure S13 which also reveal systematic change with
time, and the final spectrum looks more like Ag;Au;3 NCs due
to the use of higher concentration of Au,; than that of PtAg,,.
Intercluster Reaction between NiAg,s and Au,s. To
demonstrate the intercluster reaction between NiAg,s and
Au,;, we performed time-dependent ESI MS as shown in
Figure S14. After 4 h of mixing, we found doping of 8 Au
atoms in NiAg,s. Further monitoring of ESI MS was not
possible due to the lower intensity of the formed trimetallic
NCs. Therefore, we assume that similar to Pd and Pt, in the
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Figure 5. Time-dependent ESI MS of intercluster reaction between
PtAg,s and Auyg (1:5 ratio) showing the reaction at the PtAg,; side.
The reaction starts slowly and gets over within 30 h. The species
formed are [PtAu,Ag,s_(BDT),,]*" abbreviated as PtAu,Ag,s_,, and
the charged species are not mentioned in the text for simplicity.

case of NiAg,s, doping of 12 Au atoms is feasible, although we
were unable to detect NiAuj,Ag¢ due to its lower ionization
efficiency. Theoretical and experimental isotopic distributions
of NiAuAg,, are shown in Figure S15 which fit well with each
other.

Intercluster Reaction between Ag,, and Auys. To get
more insight into the reaction mechanism, intercluster reaction
between Agyy and Au,; was performed in detail which was not
mentioned in our previous report.45 Similar to MAg,s (M =
Ni/Pd/Pt), this reaction also required higher Au,s concen-
tration in comparison to Ag,, (Figure S16). Time-dependent
ESI MS corresponding to the reaction of 1:5 mixture of Agy,
and Auyg is presented in Figure S17. It exhibited a slower
reaction rate than MAg,; (M = Ni/Pd/Pt) and was not
completed even after 36 h. This is because of the lower
reactivity of undoped NCs than the doped ones as evident
from the previous reports.”’ To increase the rate, the reaction
was carried out at a higher temperature which is shown in
Figure 6. At 60 °C, the reaction was completed within 4 h
which led to the formation of highly intense Auj,Ag,, along
with a small amount of Au,;Ag;s and Au,;Ag,, (see blue trace
in Figure 6). Though Ag,, is having a similar Ag,; icosahedral
core compared to Ag,s, Auj,Ag); was formed as a major
product rather than Auj;Ag;s. The experimental isotopic
distribution of Auj,Ag;, is shown in Figure S18, which is in
good agreement with the theoretical one. The reaction at Auy
side shows the insertion of 7 Ag atoms similar to the MAg,s
(M = Ni/Pd/Pt), as shown in Figure S19. Time-dependent
absorption spectra of the mixture shown in Figure S20 also
display similar absorption features to that of the reaction
product of MAg,; (M = Ni/Pd/Pt).

Mechanistic Details. Understanding the mechanism of a
chemical reaction is an important aspect. According to the
early reports of intercluster reactions, the metal—ligand
interface plays an important role.”*' Hence, dithiol protected
NCs exhibit slow reaction rate than the monothiol protected
ones due to the stronger metal—ligand binding as well as
higher intracluster noncovalent interactions between the
protective ligands. In the case of monothiol protected NCs,
the exchange of both metals and ligands were observed.
However, for dithiol protected NCs, only metal exchange but
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Figure 6. Time-dependent ESI MS of the reaction mixture of Ag,
and Au,s (Agyo:Au,s = 1:5) at a higher temperature (60 °C). The
reaction at the Ag,q side is shown here. The species observed are
[AuAgy,_(BDT),,]>” abbreviated as Au,Ag,,_,, and the charged
species are not mentioned in the text for simplicity.

no ligand exchange was feasible. It is also due to the stron
binding of dithiol which cannot be replaced by a monothiol.*
In the previous example of intercluster reactions involving
monothiol protected NCs such as Ag,s and Au,s, exchange of
more than 12 atoms was observed during the reaction as they
have more fluxional structures which were demonstrated by
the Borromean ring model.** According to the Borromean ring
model, NCs were viewed as a combination of three interlocked
rings among which breakage of one ring can lead to the
destruction of the whole structure during the reaction. Hence,
the core atoms became easily accessible for interaction during
the reaction which resulted in the doping of more than 12
atoms.”"*> However, the structure of Agyo (or MAgzs) is
different from that of Ag,s. It has the Ag; icosahedron
protected by four Ag;Sg crown motifs and four AgPPh; units.”’
Out of the two kinds of staples present in Ag,, crown-like
Ag;S4 staples are easier to interact due to their less crowded
surroundings as shown in Figure 7A. On the other hand, Auy;
consists of Au,; icosahedron and six Au,S; staples (shown in
Figure 7A). During the reaction, there may be weak van der
Waals interactions of one Ag,y with four Au,s approaching
from four tetrahedral directions at different times in the
process of reaction which may lead to the formation of
Au,,Ag), at the end of the reaction. This kind of van der Waals
interactions were feasible during the intercluster reaction
between Ag,s and Au,.*> We suppose that 12 Au atoms
occupy the crown motifs (see Figure 7B) of Ag,,. In an early
report, 5 Au atoms were doped in Ag,, following the
coreduction method. The crystal structure of AuAg,; was
reported where the Au atom occupies the central position.
Further, the use of a higher amount of AuPPh;Cl led to the
incorporation of more number of Au atoms which were
incorporated at the terminal positions according to the NMR
study. However, no crystal structure was reported for the
higher number of Au doped NC.”" In the case of intercluster
reactions involving MAg,s (M = Ag/Ni/Pd/Pt) and Au,;, Ag
atoms of the crown motifs get exchanged due to the geometry
of approach of the two NCs during their interaction. Further,
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Auy,Ag,; (crown staple)

Auy,Agy; (IS)

Figure 7. (A) The weak van der Waals interactions between staple
metals of Agy, and Au,s which results in (B) the formation of
Au,,Ag,; where Au atoms are doped in the crown motifs of Ag,. (C)
The rapid interchange between Au atoms on staples and Ag atoms on
the icosahedral surface leads to the formation of a thermodynamically
stable isomer of Auj,Ag.

the Au atoms present in crown motifs can rapidly interchange
their positions to form other isomers which are energetically
more stable.””>* There are four doping positions in MAg,s (M
= Ag/Ni/Pd/ Pt), among which the central atom is not getting
replaced by Au atoms as we observed experimentally. Among
the remaining three positions, icosahedral surface (IS) is
energetically more stable (DFT calculated structure of
Auj,Ag,, is given in Figure 7C) than the other isomers as
per DFT calculations. However, other isomers of Au,Ag;, also
can exist in the solution, and their structures are shown in
Figure S21. As Ni/Pd/PtAg,; NCs are having similar
structures to that of Ag,, they exhibit the same reaction
mechanism and form similar products. Also, Ni/Pd/
PtAuj,Ags possess similar structures to that of Au;,Ag),
containing Ni, Pd, or Pt at the center of the icosahedron.

We used higher concentration of Au,; than Ag,g or MAg,s to
speed up the reaction as discussed above which resulted in the
doping of less number of Ag atoms in Au, than the number of
exchanges in Ag,, (experimentally, incorporation of 7 Ag
atoms were observed). Similar to Ag,,, Ag atoms are supposed
to dope first in the staple of Au,s during the reaction and then
undergo rapid atom exchange to attain the energetically
favored structure of Ag Au,s_, (x = 1—7) where Ag atoms are
doped in the icosahedral surface positions.”>°

B CONCLUSION

In conclusion, we discussed the formation of trimetallic NCs
by intercluster reaction of bimetallic and monometallic NCs.
We used dithiol protected MAg,s (M = Ni, Pd, or Pt) and
monothiol protected Au,g for the reaction. The reaction was
monitored by time-dependent ESI MS measurements. The

reactions revealed that the central doped metal atoms, Ni, Pd,
or Pt of MAg,; were unavailable for exchange by Au atoms and
hence only Ag-rich trimetallic NCs got formed. At the end of
the reaction, 12 Ag atoms of MAg,s; were replaced by 12 Au
atoms to form MAu,Ag s The intercluster reaction between
Agyo and Au,; also showed the formation of Auj,Ag), as the
major product. The study demonstrates that unlike the
monothiol protected NCs, dithiol protected ones show strong
metal—ligand binding due to the presence of strong non-
covalent intracluster interactions between protective ligands.
This led to the formation of MAu,Ag;s (M = Ag/Ni/Pd/Pt)
by the outer metal—ligand shell interactions with Auyg.
Therefore, inner cores were not involved in the reaction
directly and remained unchanged. Intercluster reaction is thus
found to be a useful tool to make multimetallic NCs that
enrich the chemistry of atomically precise NCs.

B EXPERIMENTAL SECTION

Materials and Chemicals. Sodium borohydride (NaBH,, 95%),
1,3-benzenedithiol (BDT) (>99%), 2,4-dimethylbenzenethiol
(DMBT), 2-phenylethanethiol (PET), chloroauric acid trihydrate
(HAuCl,-:3H,0), tetraoctylammonium bromide (TOAB), tetraphe-
nylphosphonium bromide (PPh,Br), palladium acetate (Pd(OAc),),
nickel acetate (Ni(OAc),), chloroplatinic acid (K,PtCl,), and
triethylamine were purchased from Sigma-Aldrich. Silver nitrate
(AgNO;) was purchased from Rankem chemicals. Triphenylphos-
phine (PPh;, 98%) was purchased from Spectrochem. Dichloro-
methane (DCM), dimethylformamide (DMF), acetone, tetrahydro-
furan (THF), and methanol (MeOH) were purchased from Rankem
and were of HPLC grade. All chemicals were used without further
purification.

Synthesis of Auys(PET);g (Au,s). For the synthesis of Au,s, we
followed a reported synthetic procedure.”” About 40 mg of HAuCl,:
3H,0 was taken in 7.5 mL of THF and ~65 mg of TOAB was added
and stirred for 15 min to get a deep red solution. Next, ~68 uL of
PET was added, and the solution was stirred for 2 h to get a colorless
solution indicating the formation of Au-SR. Then, the formed thiolate
was reduced by adding ~39 mg of NaBH, (in 2.5 mL of ice-cold
water), and the stirring was continued for another 6—7 h to get a
reddish-brown colored solution. After that, the reaction mixture was
completely dried in rotavapor, and the cluster was precipitated by the
addition of MeOH. The precipitate was washed thoroughly by MeOH
to remove excess thiol and other impurities that were discarded with
the supernatant solution. This washing was repeated for 2—3 times
followed by the extraction of the Au,s cluster in acetone which helps
to remove bigger particles and then the pure cluster was extracted in
DCM.

Synthesis of Ag,s(DMBT),g (Agys). The cluster was synthesized
following a reported method after a few modifications.”® About 38 mg
of AgNO; was dissolved in S mL of MeOH and then ~9 mL of DCM
was added to it. To this solution, ~90 uL of DMBT was added which
resulted in a thick yellow mixture. After S min, ~6 mg of PPh,Br (in
0.5 mL of MeOH) was added followed by the addition of 0.5 mL of
an ice-cold aqueous solution of NaBH, (~23 mg) after 20 min. The
reaction mixture was stirred for ~8 h and aged for 24 h. The dark
brown solution was centrifuged, and then the supernatant was
concentrated to ~5 mL using a rotary evaporator. The cluster was
precipitated by the addition of excess MeOH and washed several
times with MeOH. Then the precipitate was dissolved in DCM and
the cluster was extracted.

Synthesis of MAg,,(DMBT),5 (MAg,, where M = Ni, Pd, or
Pt). For the synthesis of NiAg,,, we followed a reported method after
some modifications.*® At first, ~10 mg of AgNO; was dissolved in
MeOH (S mL) along with ~10 mg of Ni(OAc), (9 mL of DCM).
Then, ~10 4L of DMBT in 0.5 mL of DCM was added to the mixture
followed by the addition of ~10 mg of PPh,Br (in 0.5 mL of DCM).
After ~20 min, NaBH, (40 mg in 0.5 mL of ice-cold water) was
added, resulting in the reduction of Ag-Ni-phosphine-thiolate to form
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NCs, and 50 pL of triethylamine was added after S min. The solution
was kept stirring overnight. The formed cluster solution was
evaporated and then washed with MeOH. The clusters were extracted
in DCM. Following the similar synthetic route, PtAg,, and PdAg,,
were synthesized using K,PtCl, and Pd(OAc),, respectively, instead
of Ni(OAc),.

Synthesis of Ag,o(BDT);,(PPh3); (Agys). The cluster was
synthesized adopting an already reported method.*” First, ~20 mg
of AgNOj; was dissolved in S mL of MeOH, and then 9 mL of DCM
was added. After a few mins, ~13.5 uL of BDT (0.5 mL of DCM) was
added to the solution. Then, after 5 min of stirring in the dark, ~200
mg of PPh; (in 0.5 mL of DCM) was added to the mixture, and next,
0.5 mL of an ice-cold aqueous solution containing ~11 mg of NaBH,
was added, which immediately changed the color of the solution to
dark brown. The reaction was kept for 3 h under dark conditions.
Then, the precipitate (red color) was collected by centrifugation and
the concentrated solution was collected by rotary evaporation. The
cluster was washed several times with MeOH and then dissolved in
DCM. The reddish-orange colored cluster was collected after the
removal of unwanted byproducts.

Synthesis of MAg,g(BDT),,(PPh;), (MAg,s where M = Ni, Pd,
or Pt). The ligand exchange induced structural/size transformation
(LEIST)® method was used for the synthesis of MAg,s. MAg,, was
taken in DCM as precursors, and then BDT and PPh; were added to
the solution which was kept for 1 h. After that, DCM was evaporated
and the formed cluster was washed with MeOH several times. Then,
the cluster was extracted in DMF and used for further character-
izations.

Synthesis of MAu,Ag,s_,(BDT);,(PPh;), (MAu,Ag,s_, where
M = Ni, Pd. or Pt; x = 1—13). The trimetallic clusters were prepared
through the intercluster reaction between MAg,s and Au,s. MAg,,
was taken in DMF and mixed with DCM solution of Au,s. Excess
DMF was added to the mixture and then characterized using
absorption spectroscopy and high-resolution electrospray ionization
mass spectrometry (ESI MS).

Characterizations. Optical absorption spectra of samples were
obtained using a PerkinElmer Lambda 25 spectrometer. Electrospray
ionization (ESI) mass spectra (MS) of samples were measured using a
Waters Synapt G2-Si high-resolution mass spectrometer. X-ray
photoelectron spectra of samples were obtained using an Omicron
ESCA Probe spectrometer with polychromatic Al Ka X-rays (ho =
1486.7 eV). The pass energy for survey scans was kept at S50 eV
during the measurements and changed to 20 eV for specific regions.
Calibration of binding energies (BE) of the core levels was done with
C 1s BE set at 285 eV. Secondary electron microscopic (SEM)
measurements were done using FEI Quanta 200 operating at 30 kV
equipped with energy-dispersive X-ray spectroscopy (EDS).

Computational Details. The structure and optical properties of
NiAg,g, PdAgyg, and Auj,Ag,, were calculated using density functional
theory (DFT) and time-dependent DFT (TDDFT) which were
implemented in Grid-Based Projector Augmented Wave method
(GPAW).>>% In order to include only the interactions of the valence
electrons, the PAW setup was considered as Ag(4d'%5s'5p®),
S(3s*3p*), P(3s*3p’), C(2s?2p*), and H(1s') with scalar relativistic
effects which were included for Ag. Initially, the reported crystal
structure of Ag,y was taken and the other structures were built up by
replacing Ag atoms with Ni, Pd, and Au atoms. The geometry of all
clusters was optimized using the PBE exchange function®" in real-
space finite difference (FD) mode in GPAW.51 having a grid spacing
of 0.2 A, and the convergence criterion for the forces on each atom
was set to 0.05 eV/A. Further, the optical absorption spectra were
calculated by time-dependent DFT (TDDFT) using the optimized
structures.®
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