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ABSTRACT: Structure—reactivity correlations in metal atom
substitution reactions of three model monolayer-protected
alloy clusters, Ag,s_,Au,(SR) g (I), Au,s_,Ag,(SR)g (I), and
Au,Ag,, (SR)y, (III) where (—SR = alkyl/arylthiolate), are
demonstrated. We show that the Au atoms of I and III and Ag
atoms of II can be substituted by their reactions with the
parent clusters Ag,s(SR);5, Agi(SR); and Au,s(SR)g,
respectively. Though these alloy clusters possess certain
common structural features, they exhibit distinctly different
reactivities in these substitution reactions. The Au of I and III
and Ag of II at the outermost sites, i.e., M,(SR); staples of I
and II and M,(SR); mounts of III, were substituted more
easily compared to those at the inner, icosahedral sites. Au
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atoms at the icosahedral shell of I were completely substituted while Ag atoms of II at similar positions were not labile for
substitution. This shows that the icosahedral shell of II is more rigid compared to that in I. We show that the Au atom in
Ag,,Au,;(SR) 5 cannot be substituted, which indicates that this Au atom is located at the center of the icosahedral shell. Similarly,
when x < 12, the Au atoms of III cannot be substituted, indicating that these atoms are located in the innermost icosahedral
shell. In summary, our results demonstrate that metal atom substitution reactions correlate with the geometric structures of these

clusters.

B INTRODUCTION

Structure—reactivity correlations are some of the central aspects
of chemistry. Chemistry of ligand-protected, atomically precise
noble metal clusters' " is an emerging area in nanomaterials
science. The molecule-like nature of these clusters has been
well-established by their discrete optical absorption features,’
luminescence,’ atomically precise compositions,7_14 and well-
defined geometric structures. Typically, these clusters consist of
a core containing a precise number of metal atoms protected by
a specific number of ligands; Au;p,(SR),,~ Auys(SR)s' ™"
Agy5(SR) 15" Auzg(SR),s" " Agus(SR)30, "' etc., where —SR is
an alkyl/aryl thiolate, are some of the better known examples.
Crystallographic studies”'"'>'*'® show that metal atoms and
the ligands of these clusters occupy distinct, symmetry-unique
sites. For example, M,s(SR);3 (M = Ag/Au)M’l&16 clusters
constitute an M,; icosahedron which is protected by six
M, (SR), staple motifs. Therefore, metal atoms of these clusters
can be classified into three symmetry-unique sites, namely,
center of the icosahedron (C), surface of the M,; icosahedron
(I), and M,(SR); staples (S). The ligands on M,s(SR)g
clusters can be classified into two groups, namely, terminal
and bridging ligands."”** Recent spectroscopic investigations
revealed conformations and stereochemistry of protecting
ligands of such clusters.”””” Structural models have been
evolved to understand the growth mechanisms, structural
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diversity, and reactivity of ligand-protected clusters.”*”>* In

spite of significant advances in understanding the structural
details of these clusters, their structure—reactivity relationships
are rarely addressed, except for a few studies on ligand-
exchange reactions.'”*’

Substitution or exchange of the ligands is one of the
earliest of their reactions. Ligand substitution reactions is the
only type of their reactions explored to date to understand the
structure—reactivity relations in these clusters, and such studies
indicated that the ligands on M,5(SR) ;3 (M = Ag/Au) clusters
occupy two distinct sites, terminal and bridging, as mentioned
earlier. However, because the ligands are connected to the
outermost sites, ligand substitution cannot provide overall
structural information on these clusters. Structural framework
of these clusters is largely determined by the arrangements of
metal atoms in the form of polyhedral shells, such as
icosahedra, dodecahedra, etc., and metal—ligand staples
(M,(SR);, for example)'* and mounts (M,(SR);, for
example).'” Hence, the metal atom substitution reaction is
expected to provide useful structural information about these
clusters. Metal atoms in these clusters can be substituted by
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reactions with metal ions, metal—ligand complex<>_s,31_34 or

with other clusters.” " Recently we have shown that metal
atoms, ligands, and metal—ligand fragments of these clusters
can be substituted through intercluster reactions.”>**%*!

Here we demonstrate that metal atom substitution reactions
of three well-known classes of alloy clusters, namely,
Agzs—xAux(SR)ls (1), Auzs—xAgx(SR)ls (I1), and
AuAgy, (SR);, (III) can be used to establish structure—
reactivity correlations in them. These alloy clusters were chosen
because the positions of metal atoms in them are precisely
known either from crystallography or from accurate computa-
tions.""*#**~* Though these clusters possess certain common
structural features, we demonstrate that they exhibit distinct
reactivities in substitution of their metal atoms. The metal
atoms at the outermost shells, i.e., M,(SR); staples for I and II
and M,(SR); mounts for III, were substituted more easily
compared to those at the inner shells. Metal atoms at the
middle icosahedral shell of I could be completely substituted
while those of IT were not labile for substitution. This shows
that the icosahedral shell of II is more strongly bound than that
in I. The Au atom in Ag,,Au,(SR),5 cannot be substituted,
which indicates that this Au atom is located at a unique
position, namely the center of the icosahedral shell. Similarly,
when x < 12, the Au atoms of III cannot be substituted,
indicating that these atoms are located in the innermost shell.
In summary, we show that the metal atoms belonging to
various sites could be distinguished using these substitution
reactions.

B EXPERIMENTAL SECTION

Materials. Chloroauric acid trihydrate (HAuCl,-3H,0), n-
butanethiol (BT), 4-fluorothiophenol (FTP), 2-phenylethane-
thiol (PET), 2,4-dimethylbenzenethiol (DMBT), tetraoctylam-
monium bromide (TOAB), tetraphenyl phosphonium bromide
(PPh,Br), and sodium borohydride (NaBH,) were purchased
from Sigma-Aldrich. Silver nitrate (AgNO;) was purchased
from Rankem India. All the solvents used, tetrahydrofuran
(THF), methanol, and dichloromethane (DCM), were of
analytical grade and used without further purification.

Synthesis of Clusters. [Ag,s(DMBT),;][PPh,] was
synthesized by adopting a method reported by Bakr et al.'®
[Au,s(PET),s][TOAB] was synthesized using a reported
method.”

[Auy5(FTP),5][TOAB] was synthesized through the ligand
exchange of Au,s(BT),;; with FTP. For the synthesis of
Auy(BT),5, 2 mL of S0 mM HAuCl,-3H,0 in THF was
diluted to 7.5 mL using THF. About 65 mg of TOAB was
added to this solution, and the mixture was stirred at 1500 rpm
for 30 min at room temperature. The initial yellow color of the
solution turned deep red during stirring. About 0.5 mmol of
pure BT was added at a stretch while stirring at the same speed.
The deep red color slowly turned to yellow, and the solution
eventually became colorless after about 45 min. After the
solution was stirred further for about 1.5 h, 2.5 mL of ice cold
aqueous NaBH, (0.2 M) was added in one shot. The solution
turned black immediately, and the mixture was stirred for 5 h.
The solution was then rotary evaporated; methanol was added,
and the precipitate was washed repeatedly with the same and
dried.

The [Agy,(FTP)50][PPh,], cluster was synthesized following
a previously reported method. A 20 mg sample of AgNO; and
12 mg of PPh,Br were thoroughly ground using an agate
mortar and pestle for S min. About 76 uL of FTP was added to

it at a stretch, and the mixture was ground further for about 3
min. About 45 mg of dry NaBH, was added, and the mixture
was ground until the pasty mass became brown. This paste was
extracted with about 7 mL of DCM and kept undisturbed at
room temperature until all the characteristic features of the
cluster appeared in the ultraviolet/visible (UV/vis) spectrum.
The clusters were purified adopting the same protocol used for
Auys(SR) 5.

Synthesis of | and its Reactions with Ag,5(DMBT);s.
Ag,s_.Au,(SR) 5 clusters containing 1—6 Au atoms, ie., x = 1—
6 (denoted as Ia), were prepared by adding SO uL of
Ag,s(DMBT),4 solution (0.63 mM, in DCM) to 700 uL of
DCM followed by the addition of 15 uL of Au,s(PET),s (1.25
mM, in DCM). Because the concentration of Agzs(DMBT)IS in
this reaction mixture was higher than that of Au,s(PET),s, the
latter was consumed completely. Due to this, Ag,s_.Au,(SR)g
alloy clusters formed were rich in Ag, and no Au-rich alloy
clusters, i.e., clusters such as Auy;_,Ag,(SR) were observed.
The solution of Ia thus formed was kept at room temperature
for about 1 h for equilibration. This solution of alloy clusters
was used for further reactions without any purification. In order
to substitute Au atoms in Ia by Ag atoms, 120 uL of a solution
of Ag,s(DMBT),; (0.63 mM) was added to the above Ia
solution at a stretch. The extent of metal atom substitution was
monitored by measuring the mass spectra of this reaction
mixture at various time intervals.

The Au-rich Ag,s_,Au,(SR)3, containing 15—22 Au atoms
(denoted as Ib) were prepared by adding 25 uL of
Ag,s(DMBT),4 solution (0.63 mM, in DCM) to 475 uL of
DCM followed by the addition of 40 uL of Au,s(PET),s (1.25
mM, in DCM). The concentration of Ag,s(DMBT),; in this
reaction mixture was less than that in the previous synthesis
(where 1—6 Au atoms were substituted); therefore, the Ib
clusters formed in this synthesis contained higher number of Au
atoms. In order to substitute the Au atoms of these alloy
clusters with Ag atoms, 40 uL of a solution of Ag,s(DMB)
(0.63 mM, in DCM) was added to it. The extent of metal atom
substitution was monitored by measuring the mass spectra of
this reaction mixture at various time intervals.

Synthesis of Il and Its Reactions with Au,;(PET);s.
Auzs_xAgx(SR)lg clusters containing 1—7 Ag atoms, i.e, x = 1—
7 (denoted as Ila) were prepared by adding 25 uL of
Auys(PET) 4 solution (1.25 mM, in DCM) to 475 uL of DCM
followed by the addition of 5 uL of Ag,s(DMBT);5 (0.63 mM,
in DCM). Because the concentration of Ag,s(DMBT); in this
reaction mixture was lesser than that of Au,s(PET)sg, all of the
Ag,s(DMBT),s was consumed by Au,s(PET),s. Therefore, the
ITa clusters formed were rich in Au and no Ag-rich alloy
clusters, i.e., clusters such as Ag,s_.Au,(SR) were observed.
The solution of IIa thus formed was kept at room temperature
for about 1 h for equilibration. We used this solution of alloy
clusters for further reactions without any purification. In order
to substitute the Ag atoms of these alloy clusters with Au
atoms, 20 uL of a solution of Au,s(PET),s (1.25 mM) was
added to the above Ila solution at a stretch and mass spectra of
this reaction mixture were measured at various time intervals to
monitor the substitution of the Ag atoms in Ila by Ag atoms
from the added Au,(PET);s. The extent of metal atom
substitution was monitored by measuring the mass spectra of
this reaction mixture at various time intervals.

Auys_,Ag,(SR),s clusters containing 9—16 Ag atoms
(denoted as IIb) were prepared by adding 25 uL of
Auy(PET),s solution (1.25 mM, in DCM) to 475 uL of
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Figure 1. Schematic of the crystal structures of M,s(SR),5 (M = Ag/Au) (A) and Ag,,(SR)3, (B) showing various symmetry-unique sites of metal
atoms and sulfur atoms of the thiolate ligands. The —R groups are omitted for clarity. Color codes of atoms: red, Ag/Au at the center (C) of
icosahedron; green, Ag/Au at the surface of icosahdedron (I); magenta, Ag/Au at the staple (S) and the mount (M) positions; blue, Ag/Au at the
dodecahedral cube vertex (D) positions; cyan, Ag/Au at the dodecahedral cube face (D) positions; yellow, sulfur.

DCM followed by the addition of 80 uL of Ag,s(DMBT)s
(0.63 mM, in DCM). In order to substitute the Ag atoms of ITb
with Au atoms, 60 uL of a solution of Au,s(PET),s (1.25 mM,
in DCM) was added to it. The extent of metal atom
substitution was monitored by measuring the mass spectra of
this reaction mixture at various time intervals.

Synthesis of Ill and Its Reactions with Ag,,(FTP);,.
Au,Ag,,_(FTP)s, clusters containing 4—9 Au atoms (denoted
as IIla) were prepared by adding 25 uL of Ag,(FTP);
solution (0.67 mM, in DCM) into 225 uL of DCM followed
by the addition of 10 uL of Au,s(FTP)z (0.48 mM, in DCM).
Because the concentration of Ag,(FTP);, in this reaction
mixture was higher than that of Au,s(FTP)s, all of the
Au,s(FTP),; were consumed by Ag,,(FTP);,. Therefore, the
IMTa clusters formed were rich in Ag and no Au-rich alloy
clusters derived from Au,((FTP)s ie. clusters such as
Auys_Ag (FTP),q, were observed. The solution of IIla thus
formed was kept at room temperature for about 1 h for
equilibration. We used this solution of alloy clusters for further
reactions without any purification. In order to substitute the Au
atoms of IIla with Ag atoms, 20 uL of a solution of
Ag,,(FTP)3, (0.67 mM) was added to the above IIla solution
at a stretch. The extent of metal atom substitution was
monitored by measuring the mass spectra of this reaction
mixture at various time intervals.

AuAgy, . (FTP)y, containing more than 12 (x > 12) Au
atoms (denoted as IIIb) were prepared by adding 50 uL of
Ag,,(FTP),, solution (0.67 mM, in DCM) to 450 uL of DCM
followed by the addition of 105 uL of Au,s(FTP),s (0.48 mM,
in DCM). In order to substitute the Au atoms of IIIb with Ag
atoms, 40 uL of a solution of Ag,,(FTP), (0.67 mM, in DCM)
was added to it. The extent of metal atom substitution was
monitored by measuring the mass spectra of this reaction
mixture at various time intervals.

Mass Spectrometric Measurements. Electrospray ioniza-
tion (ESI) mass spectrometry (MS) measurements were
performed using a Waters Synapt G2-Si mass spectrometer
which had a maximum resolution of 50 000 in the mass range of
interest. More details about the measurements and exact
instrumental parameters are given in the Supporting
Information.

Ultraviolet—Visible Absorption Spectroscopic Meas-
urements. The UV/vis spectra were recorded using a
PerkinElmer Lambda 25 UV/vis spectrometer. Absorption
spectra were typically measured in the range of 200—1100 nm.

Visualization of Crystal Structures. The structures of
M,5(SR);s (M = Ag/Au) and Agy(SR); (—R groups not
shown for clarity) in Figure 1A,B were built up with the help of
Avogadro software package.”> We used the coordinates from
the crystal structure of Au,s(SR) g, without any structural
relaxation, for building the structures of M,s(SR),s (M= Ag/
Au) because the overall structure of Au,s(SR)5 and Ag,s(SR) 4
are the same. The actual structures of these two clusters are not
exactly the same because of differences in the bond angles in
the ligand shell. The structure shown in Figure 1B is built up
using the coordinates from the crystal structure of
Agu(FTP);,."> All visualizations were created with visual
molecular dynamics (VMD) software.*®

B RESULTS AND DISCUSSION

Structures of M,;(SR);g (M = Ag/Au), Ag,4(SR)3, and
Alloy Clusters Derived from them. The clusters
Agzs(DMBT)ls; Auys(PET),5, Ag44(FTP)30r and Au,s(FTP);s
were synthesized as described in the Experimental Section.
Mass spectra and the UV/vis absorption spectra of these
clusters, presented in the Supporting Information (see Figures
S1—S4), confirm the purity and the identity of these clusters.
Schematics of their crystal structures showing various
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Figure 2. ESI mass spectra (A—C) and UV/vis absorption spectra (D) of Ia before and after the addition of Ag,;(DMBT),s. Traces A—C are the
mass spectra of Ia before, 2 min, and $ h after the addition of Ag,s(DMBT)g, respectively. All the features are with isotopic resolution, as illustrated
in the respective insets. Red, blue, and green traces in panel D are the UV/vis absorption spectra of Ia before, 2 min, and S h after the addition of
Ag,s(DMBT),q, respectively. UV/vis spectrum of pure Ag,;(DMBT),; is shown in the inset of panel D. The exact numbers of PET and DMBT
ligands in Ia are not known; hence, —SR is used in their formulas instead of PET and DMBT. Because the total number of ligands is the same as that
of parent clusters and the masses of these ligands are equal, peak positions are not affected by any difference in the exact numbers of PET and

DMBT in their formulas.

symmetry-unique sites of metal atoms and sulfur atoms of the
thiolate ligands are shown in Figure 1. Au,s(SR);3 and
Ag,s(SR) ;g possess identical structural framework,'®'¢ consist-
ing of three symmetry-unique metal atom sites, namely, center
(C) of the icosahedron, surface of icosahedron (I), and the
staple (S) positions, as shown in Figure 1A. Ag,,(SR)s, has an
innermost, hollow Ag), icosahedron, middle Ag,, dodecahe-
dron, and six outermost Ag,(SR)s mounts (see Figure 1B)."”
The Ag,, dodecahedron can be considered as made up of an
Agg cube whose faces are capped by a pair of Ag atoms.
Therefore, there are four symmetry-unique metal atom sites in
Ag,,(SR);0, namely the icosahedral (I), cube vertices and faces
of dodecahedron (D, and D respectively), and the mount
(M) positions (see Figure 1B).

The alloy clusters Ag,;_.Au,(SR);s (I), Auys_.Ag,(SR)g
(11), and Au,Ag,_.(SR);s (III) were synthesized by inter-
cluster reactions between the suitably chosen undoped clusters
as described in the Experimental Section. It has been shown
that I and II possess overall structural frameworks which are
similar to that of M, (SR);3 (M = Ag/Au).”’42
AuAg,, . (SR);s (III) alloy clusters were also reported
recently."*”*° In the following sections, we show that the
Au atoms of I and III and Ag atoms of II can be substituted by
their reactions with undoped Ag,s(SR);s, Ags(SR)s, and
Auys(SR);, respectively. We also show that these reactions can
be correlated with the positions of the metal atoms and the
rigidity of the icosahedral shells of these alloy clusters.

Substitution of Au of | with Ag Using Ag,5(DMBT);s.
The mass spectrum of Ag,s_,Au,(SR),s alloy clusters
containing 1—6 Au atoms (denoted as Ia) is presented in
Figure 2A. These alloys were formed by the substitution of Ag
atoms of Ag,s(DMBT),s by Au atoms of Au,s(PET),s (see
Experimental Section for details). Apart from Ag—Au
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substitution, DMBT can also be substituted by PET.>* Because
the masses of these ligands are equal (137 Da), the substitution
of DMBT with PET cannot be detected from standard mass
spectrometric measurements. Hence, we do not know the exact
numbers of these ligands in Ia. Therefore, we use —SR in their
formulas instead of PET and DMBT in the discussion about
the reactions of Ia.

In order to substitute the Au atoms in Ia with Ag atoms, a
solution of Ag,;(DMBT);; was added to the as-prepared
solution of Ia (see Experimental Section for details). The mass
spectra of this reaction mixture, measured within 2 min after
the addition of excess Ag,s(DMBT);; (see Figure 1B), reveals
that (i) the intensity of the features due to Ia with x > 1
decreased significantly and (i) Agy,Au;(SR);s was the most
prominent alloy cluster present in the reaction mixture. The
mass spectrum of the same reaction mixture measured after
about § h is presented in Figure 2C which showed that (i) the
only prominent clusters remaining in the solution were
Ag,,Au,(SR) g and Ag,;Au,(SR)5 and (ji) features due to Ia
with x > 2 disappeared. These observations show that Au atoms
of Ia were substituted by the Ag atoms of Ag,;(DMBT),; to
form Agy,Au;(SR);s and Ag,;Au,(SR);s. Furthermore, note
that Ag,,Au,(SR), is present in solution even after S h without
any significant decrease in the intensity. This could be due to
the higher stability of Ag,,Au;(SR),;s over alloy clusters
containing larger numbers of Au atoms. In order to confirm
this, Ag,s(DMBT);s was added to the solution, the mass
spectrum of which is shown in Figure 2C, containing
Ag,4Au;(SR) g and Ag,;Au,(SR) ;g Within 1 h, Ag,;(DMBT);4
disappeared (see Figure 3C), and Ag,,Au,(SR);s was still
present as the most prominent cluster in solution even after 12
h (see Figure 3D). The above set of experiments confirm that
(i) AgysAu;(SR);5 is more stable compared to Ag,s(DMBT)
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Figure 3. ESI mass spectra of a mixture of Ag,,Au;(SR);s and
Agy3Au,(SR) ¢ before (A), 2 min (B), 1 h (C), and 12 h (D) after the
addition of Ag,(DMBT); into it. The exact numbers of PET and
DMBT ligands in these clusters are not known; hence, —SR is used in
their formulas instead of PET and DMBT. Because the total number
of ligands is the same as that of parent clusters and the masses of these
ligands are equal, peak positions are not affected by any difference in
the exact numbers of PET and DMBT in their formulas.
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and (ii) Au atom in Ag,,Au;(SR),g cannot be substituted by
reaction with Ag,(DMBT),,. A possible reason for this will be
described later.

Changes in the UV/vis absorption spectrum of Ia, before and
after the addition of Ag,(DMBT),g, are presented in Figure
2D. Absorption spectrum of the as-prepared solution of Ia (red
trace in Figure 2D) changed significantly compared to those
after the addition of Ag,s(DMBT),; into it (blue and green
traces in Figure 2D). The addition of Ag,;(DMBT), resulted
in the appearance of new features in the absorption spectra at
~630 and ~475 nm (see green and blue traces in Figure 2D).
Note that the UV/vis spectrum after 2 min (see blue trace in in
Figure 2D) resembles that of undoped Ag,s(DMBT),. This
resemblance is not due to the presence of excess
Ag,s(DMBT),s in the reaction mixture because the mass
spectra of Ia before the addition of Ag,;(DMBT), (see Figure
2A) does not contain any features due to Ag,s(DMBT) g We
note that the absorption spectrum of Ag,,Au,; (SR),4 and that of
Ag,s(DMBT), 4 are almost similar’* except for a slight blue shift
in their peak maxima. Hence, our UV/vis spectroscopic
measurements further confirm that Au atoms of Ia were
substituted by the Ag atoms of Ag,s(DMBT);; to form largely
Ag,,Au;(SR) g along with some Ag,;Au,(SR) .

Crystal structure of Ag,s(SR),s (see Figure 1A) shows that
Ag atoms can occupy three symmetry-unique sites, namely,
center of the icosahedron (C), surface of the icosahedron (I)
and the staple (s).' Crystal structure of Ag,,Au,(SR),5 shows
that the Au atom occupies the C position.”* In the case of
Agys_.Au,(SR)yg, it has been theoretically predicted that when

x = 2—12, Au atoms prefer to occupy the I positions,”
however, this has not yet been verified experimentally.
Therefore, we think that the Au atom in Ag,,Au;(SR)g
formed in this reaction, is located at the at the C position and
that this atom will not be accessible for substitution because it
is well-protected by the compact Ag;, icosahedron and six outer
Ag,(SR); staples. In comparison to the Au atom at the C
position, those at the I positions would be more accessible
because (i) they are at the surface of the M;, (M = Ag/Au)
icosahedron and (ii) they can be considered as part of the
dynamic Agg(SR), rings.35

In order to check whether the Au atoms present at the I and
the S positions of I can be distinguished by metal atom
substitution reactions, we carried out a reaction between
Ag,s_.Au,(SR); alloy clusters containing 15—22 Au atoms
(denoted as Ib) with Ag,;(DMBT),, (see Figure SS). Because
there are only 12 positions for I and S sites, at least 3—7 Au
atoms in Ib can occupy the S positions. Panels B and C of
Figure S5 show that number of Au atoms in Ib has decreased
from 15 to 22 to 11—19 and 11—17 within 2 min and within 20
min, respectively, after the addition of Ag,s(DMBT) . These
observations clearly show that some of the Au atoms at the S
positions of Ib were substituted by Ag atoms of Ag,(DMBT) 4
within 2 min after its addition. Therefore, our experiments
show that Au atoms at the S positions of Ib were substituted
faster compared to those at the I positions. The experiments on
Ia and Ib presented above clearly demonstrate that the Au
atoms at the C, I, and S positions of Ag,s_,Au,(SR);s can be
distinguished using metal atom substitution reactions.

Substitution of Ag of Il with Au Using Au,5(PET),g. The
mass spectrum of Au,s_,Ag,(SR),s alloy clusters containing 1—
7 Ag atoms (denoted as IIa) is presented in Figure 4A. The
alloys were formed by the substitution of Au atoms of
Au,s(PET) 5 by Ag atoms of Ag,s(DMBT),5 (see Experimental
Section for details). As mentioned earlier in the case of I, the
substitution of PET with DMBT cannot be detected by
standard mass spectrometric measurements. Hence, we do not
know the exact numbers of these different ligands in Ila.
Therefore, we use —SR in their formulas instead of PET and
DMBT in the discussion about the reactions of Ila.

In order to substitute the Ag atoms of ITa with Au atoms, a
solution of Au,s(PET);s was added to the as-prepared solution
of ITa (see Experimental Section for details). The mass spectra
of the resulting mixture, measured within 2 min after the
addition of undoped Au,s(PET),; (Figure 4B), shows an
intense feature due to Au,s(PET)q itself and features due to
the alloy clusters. Figure 4C shows that (i) the intensity of the
feature due to undoped Au,s(PET)s decreased and (ii) most
of the alloy clusters which were originally present in Ila (see
Figure 4A) remain in solution even after S h. From Figure
4A,C, we see that Au,,Ag,(SR) 5 was the most abundant cluster
in the parent solution of Ila (see the peak corresponding to x =
4 in Figure 4A) while Auy,Ag;(SR);s5 Au,Ag,(SR) and
AuyAg;(SR) g (see the peaks corresponding to x = 1-3 in
Figure 4C) emerged with highest abundance after S h. This
small shift in the centroid of the mass spectra before and after
the addition of Au,s(PET);s shows that Ag atoms in IIa were
substituted by the Au atoms of Au,s(PET),s. However, alloy
clusters of Ila with x > 1, ie., Au,;Ag,(SR);s and
AuypAgs(SR) g were still present in the reaction mixture
along with Auys(PET) 5 (see Figure 4C). This is in contrast to
the case of Ia wherein substitution proceeded up to the
formation of Ag,,Au; (SR) 5 as an almost exclusive product (ie.,
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Figure 4. ESI mass spectra of Ila before the addition of
Ag,s(DMBT),5 (A), 2 min after the addition (B), and after S h (C).
The exact numbers of PET and DMBT ligands in ITa are not known;
hence, —SR is used in their formulas instead of PET and DMBT.
Because the total number of ligands is the same as that of parent
clusters and the masses of these ligands are equal, peak positions are
not affected by any difference in the exact numbers of PET and DMBT
in their formulas. Isotpoic patterns of some of the peaks are shown in
the insets.

Agys_Au (SR)g clusters with x > 2 disappeared; see Figure
2B,C), while in the case of Ila, product distribution remained
almost the same even after several hours after the addition of
Au,s(PET) 5. These observations clearly demonstrate that
metal atom substitution of Ila is less facile compared to that of
Ia. A possible reason for this will be described later.
Auys(SR) g has three symmetry-unique metal atom sites (see
Figure 1A) as in the case of Ag,s(SR)s.' *'® Single-crystal X-ray
diffraction and theoretical calculations suggest that when x <
12, the Ag atoms in Auy_,Ag.(SR)s prefer to occupy the
icosahedral surface (I) positions, compared to the C and the S
positions.”*>*®  Furthermore, in Au,s_,Ag,(SR);s, the C
position is the least preferred site for an Ag atom.*”*>**
Therefore, we think that the Ag atoms of Ila (shown in Figure
4A) also occupy the I positions. Therefore, as explained earlier
in the case of Ia, Ag atoms in Ila are less accessible for
substitution. The Ag atoms present in the S position are
expected to be more accessible for substitution. In order to
confirm this, we carried out a reaction between
Au,s_,Ag (SR),s clusters containing 9—16 Au atoms ie., x =
9—16 (denoted as IIb) with Au,s(PET),; (see Figure S6).
Assuming that the 12 Au atoms occupy all of the 12 I positions,
the remaining four Ag atoms in IIb occupy the S positions. We
observed that the number of Au atoms in it has decreased from
9—16 to 0—11 and 4—9 within 2 min and within § h,
respectively, after the addition of Au,s(PET),; (see Figure
S6B,C). These observations clearly show that the Ag atoms at
the S positions of IIb can be substituted more easily compared
to those at the I positions. Furthermore, these results confirm

that the Au atoms in the Au,;_,Ag,(SR);s when x < 12 are
present at the I positions. This is in accordance with the
previously reported crystal structures and theoretical calcu-
lations.””*® The experiments on Ila and IIb presented above
clearly demonstrate that the Ag atoms at the I and S positions
of Auys_,Ag,(SR);s can be distinguished using metal atom
substitution reactions. However, the crystal structures of the
reactants and the products are needed to unambiguously
confirm these observations.

The experiments described above indicate that the
substitution of Ag atoms of Ila is sluggish. However, as
mentioned earlier, substitution of ligands and metal—ligand
fragments of Au,s_.Ag,(SR);s also might occur which cannot
be detected by routine mass spectrometry because masses of
the PET and DMBT are equal. Therefore, we carried out a
reaction of Auzs—xAgx(SR)ls clusters containing 1—10 Au atoms
(denoted as Ilc) with Au,s(BT),q in order to test whether the
substitution of ligands and metal—ligand fragments occurs or
not. Furthermore, we thought that the use of another ligand,
BT, may enhance the metal atom substitution. Figure S7A
shows the mass spectrum of IIc. We see that within 2 min after
the addition of Au,s(BT);s (see Figures S7B and S8), the
number of Au atoms in Ilc decreased from 1-9 to 1—4.
Furthermore, peaks due to the substitution of Ag-SR fragment
(=SR = PET/DMBT) of Ilc with Au-BT fragment are also
observed in this mass spectrum (see Figure S8). These sets of
experiments clearly indicate that substitution of metal—ligand
fragments also contribute to the reduction in the number of
dopant metal atoms. However, even though fragment
substitution occurs, the reaction mixture still contains
Au,s_,Ag,(SR);s clusters with x = 1—4. This observation
further confirms that the substitution of Ag atoms of
Au,s_ Ag, (SR)ys is less facile.

The reactions of Ia, Ib, ITa, IIb, and IIc presented above
unambiguously prove that M,(SR); staples or Mg(SR), rings
are more rigid, and hence less labile for metal atom
substitution, when they are rich in Au (in the case of
Au,s_,Ag.(SR);5) compared to the situation when they are
rich in Ag (in the case of Ag,s_,Au,(SR)s). Note that even
although the alloy clusters Ia and ITa possess identical structural
frameworks, wherein the icosahedral sites can be considered to
be equally accessible, metal atom substitution of Ia was much
more facile compared to that of ITa. This shows that the steric
factors alone cannot explain the feasibility of intercluster
reactions. Biirgi et al. showed that Ag doping increases the
flexibility of metal—thiolate interface in Auss_,Ag,(SR),4
clusters*” which was attributed to the fact that the Au—Au
bond is stronger and less polar compared to that of Ag—Ag and
Ag—Au bonds. Therefore, we conclude that (i) the rigidity of
the structural framework plays an important role in dictating
intercluster reactions and (ii) irrespective of the similarity in the
structural framework of M,5(SR),3 (M = Ag/Au) they differ in
their metal atom substitution reactions.

Substitution of Au of lll with Ag Using Ag,,(FTP);,.
The mass spectrum of Au,Ag,, .(FTP)s, in the 4~ charge
state, containing 4—9 Au atoms (denoted as IIla) is presented
in Figure SA (see Experimental Section for details). In order to
substitute Au atoms in IITa with Ag atoms, a solution of
Ag,,(FTP), (0.67 mM) was added to the as-prepared solution
of ITa (see Experimental Section for details). The mass spectra
of the resulting mixture, measured within 2 min and 1 h after
the addition of Ag,,(FTP),, presented in panels B and C of
Figure §, respectively, reveal that the intensities of the features
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Figure S. ESI mass spectra of IIla before the addition of Ag,,(FTP)s,
(A), after 2 min (B), and after 1 h (C) of addition. Isotopic patterns of
[AusAgso(FTP),0]* and [Agy,(FTP)4]* are shown in the insets.

due to alloy clusters in IIla remain almost unchanged even
upon the addition of excess Ag,(FTP);,. Note that the features
due to Ag,,(FTP)s, are present in the spectra measured within
2 min (see Figure SB). Mass spectra of this reaction mixture
showing the 37 charge state of the alloy clusters, presented in
Figure S9, further confirm these observations. Hence, this set of
experiments shows that the substitution of Au atoms of IIla by
Ag,,(FTP),, is not possible. A possible reason for this will be
described later.

Crystal structure of Ag,,(FTP);, shows (see Figure 1B) that
Ag atoms occupy four symmetry-unique sites, namely, surface
of the icosahedron (I), dodecahedral positions (D, and D),
and the mounts (M)."”**™*7 Single-crystal X-ray crystallog-
raphy of Au;,Ags,(FTP),,, reported by Zheng et al, shows that
the 12 Au atoms in this cluster occupy the I position.'" In the
case of Au,Ag,, . (FTP),, it has been predicted theoretically
that when x < 12, Au atoms prefer to occupy the I positions
compared to the Dy, D,, and the M positions.”> Therefore, we
think that the Au atoms of IIla are also present at the I
positions; hence, these Au atoms will not be accessible for
substitution because the innermost icosahedron is well-
protected by the compact M,;, (M = Ag/Au) dodecahedron
and the six outermost Ag,(FTP); mounts.

In order to test whether Au atoms present at the outer sites
(D D, and M) can be substituted, we carried out a reaction
between Au,Ag,,_.(FTP),, containing more than 12 Au atoms
(denoted as ITIb) with Au,s(FTP),, (see Figures S10 and S11).
This reaction shows that Au atoms in IIIb can be substituted by
Ag atoms from Ag,,(FTP);. Mass spectra of this reaction
mixture showing the 37 charge state of the clusters, presented
in Figure S10, also confirm these observations. Furthermore,
reactions of IIa and IIIb presented above (see Figures S and
S9—S11) confirm that the Au atoms of III present in the outer
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sites (M, D and D) of Au,Ag,, .(FTP); can be substituted
while those at the I positions cannot be substituted. Au atoms
located at the D, D, or the M positions are more accessible
and hence more labile for substitution. The experiments on ITIa
and IIIb presented above clearly demonstrate that the Au
atoms at the I and outer positions of Au,Ag,, (SR);y can be
distinguished using metal atom substitution reactions. How-
ever, it has not been possible to distinguish between the metal
atoms at the D and the D, positions.

From the mass spectrometric and the UV/vis absorption
spectroscopic measurements presented above, we conclude the
following: (i) The Au atoms present in the I and the S positions
of I can be substituted almost completely by reactions with
Ag,s(DMBT),q; however, the Au atom at its C position cannot
be substituted. (ii) The Ag atoms present in the S positions of
IT can be substituted more easily compared to those at its I
positions, by reactions with Au,s(PET);s. (iii) The Au atoms
present in the I positions of III cannot be substituted by
reactions with Ag,,(FTP),; however, those Au atoms at the
other sites (D, D, and M) can be substituted. However, the
dynamics of these metal atom exchanges, i.e., which of the
metal atom sites (inner or outer) are involved in the initial
steps of these reactions, whether metals atoms exchange their
positions within the cluster,”" etc., are not understood in detail.
Note that we detected only the metal atom substitution
reactions. Other processes such as exchange of ligands and
metal—ligand fragments, decomposition of clusters, etc., also
could occur in solution, and details of such processes are
beyond the scope of the present study.

B CONCLUSION

In summary, we presented metal atom substitution reactions of
three model, ligand-protected noble metal alloy clusters,
Agzs—xAux(SR)lsx Auzs—xAgx(SR)lsx and AuxAg44_x(SR)3o- We
show that although these clusters possess a few common
structural features, they show distinctly different reactivities in
metal atom substitution reactions. The positions of the metal
atoms in these clusters could be distinguished using these
reactions which demonstrate that metal atom substitution
reaction correlates with the geometric structures (and
consequently thermodynamic stabilities) of these clusters.
Furthermore, our work demonstrates that the steric factors as
well as the structural rigidity of the clusters determine the
feasibility of intercluster reactions. We believe that our work
will initiate more activities to establish structure—reactivity
relations in the chemistry of monolayer-protected clusters.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the

ACS Publications website at DOI: 10.1021/acs.jpcc.7b07605.
Details of instrumentation and mass spectrometric
measurements; mass spectra and UV/vis spectra of
Agys(DMBT)g, Auys(PET)ys, Agey(FTP)y, and
Au,(FTP),q; additional ESI MS spectra (PDF)

B AUTHOR INFORMATION
Corresponding Author

*E-mail: pradeep@iitm.ac.in.

ORCID

Thalappil Pradeep: 0000-0003-3174-534X

DOI: 10.1021/acs.jpcc.7b07605
J. Phys. Chem. C 2017, 121, 23224-23232


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b07605/suppl_file/jp7b07605_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b07605/suppl_file/jp7b07605_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b07605/suppl_file/jp7b07605_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b07605/suppl_file/jp7b07605_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.7b07605
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b07605/suppl_file/jp7b07605_si_001.pdf
mailto:pradeep@iitm.ac.in
http://orcid.org/0000-0003-3174-534X
http://dx.doi.org/10.1021/acs.jpcc.7b07605

The Journal of Physical Chemistry C

Author Contributions

K.RXK. designed and carried out the reactions; D.G. carried out
mass spectrometric measurements; A.G. synthesized the
clusters; T.P. supervised the whole project. The manuscript
was written through contributions of all authors.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

KRK. and A.G. thank UGC for their senior research
tellowships. D.G. thanks IIT Madras for a senior research
tellowship. We thank Department of Science and Technology
for consistently supporting our research program.

B REFERENCES

(1) Templeton, A. C.; Wuelfing, W. P.; Murray, R. W. Monolayer-
protected cluster molecules. Acc. Chem. Res. 2000, 33, 27—36.

(2) Chakraborty, L; Pradeep, T. Atomically precise clusters of noble
metals: Emerging link between atoms and nanoparticles. Chem. Re.
2017, 117, 8208—8271.

(3) Jin, R;; Zeng, C.; Zhou, M.; Chen, Y. Atomically precise colloidal
metal nanoclusters and nanoparticles: fundamentals and opportunities.
Chem. Rev. 2016, 116, 10346—10413.

(4) Mathew, A; Pradeep, T. Noble metal clusters: applications in
energy, environment, and biology. Part. Part. Syst. Charact. 2014, 31,
1017—10S53.

(5) Zhu, M.; Aikens, C. M.; Hollander, F. J.; Schatz, G. C,; Jin, R.
Correlating the crystal structure of a thiol-protected Au,g cluster and
optical properties. J. Am. Chem. Soc. 2008, 130, 5883—5885.

(6) Wu, Z; Jin, R. On the ligand’s role in the fluorescence of gold
nanoclusters. Nano Lett. 2010, 10, 2568—2573.

(7) Jiang, D.-e.; Walter, M.; Akola, J. On the structure of a thiolated
gold cluster: Au,,(SR),3*". J. Phys. Chem. C 2010, 114, 15883—15889.

(8) Jin, R. Quantum sized, thiolate-protected gold nanoclusters.
Nanoscale 2010, 2, 343—362.

(9) Jadzinsky, P. D.; Calero, G.; Ackerson, C. J.; Bushnell, D. A;
Kornberg, R. D. Structure of a thiol monolayer-protected gold
nanoparticle at 1.1 A resolution. Science 2007, 318, 430—433.

(10) Harkness, K. M.; Tang, Y.; Dass, A.; Pan, J.; Kothalawala, N.;
Reddy, V. J; Cliffel, D. E.; Demeler, B.; Stellacci, F.; Bakr, O. M,; et al.
J. A. Ag,(SR)5;": a silver-thiolate superatom complex. Nanoscale
2012, 4, 4269—4274.

(11) Yang, H,; Wang, Y.; Huang, H.; Gell, L.; Lehtovaara, L.; Malola,
S.; Hikkinen, H,; Zheng, N. All-thiol-stabilized Ag,, and Auj,Ag;,
nanoparticles with single-crystal structures. Nat. Commun. 2013, 4,
2422.

(12) Desireddy, A.; Conn, B. E.; Guo, J.; Yoon, B,; Barnett, R. N;
Monahan, B. M,; Kirschbaum, K.; Griffith, W. P.; Whetten, R. L,
Landman, U,; et al. Ultrastable silver nanoparticles. Nature 2013, 501,
399—-402.

(13) Whetten, R. L; Khoury, J. T,; Alvarez, M. M;; Murthy, S,;
Vezmar, I; Wang, Z. L.; Stephens, P. W,; Cleveland, C. L.; Luedtke,
W. D.; Landman, U. Nanocrystal gold molecules. Adv. Mater. 1996, 8,
428—433.

(14) Akola, J.; Walter, M.; Whetten, R. L.; Hakkinen, H.; Gronbeck,
H. On the structure of thiolate-protected Au,s. J. Am. Chem. Soc. 2008,
130, 3756—3757.

(15) Aikens, C. M. Geometric and Electronic Structure of
Au,(SPhX) s~ (X = H, F, Cl, Br, CH3, and OCH,). J. Phys. Chem.
Lett. 2010, 1, 2594—2599.

(16) Joshi, C. P.; Bootharaju, M. S.; Alhilaly, M. J.; Bakr, O. M.
[Ag,s(SR);5]™: The “Golden” silver nanoparticle. J. Am. Chem. Soc.
2015, 137, 11578—11581.

(17) Dolamic, 1; Knoppe, S.; Dass, A.; Biirgi, T. First
enantioseparation and circular dichroism spectra of Aujg clusters
protected by achiral ligands. Nat. Commun. 2012, 3, 798.

(18) Heaven, M. W.; Dass, A.; White, P. S.; Holt, K. M.; Murray, R.
W. Crystal structure of the gold nanoparticle [N(CgH,;,),]-
[Au,s(SCH,CH,Ph),4]. J. Am. Chem. Soc. 2008, 130, 3754—3755.

(19) Ni, T. W,; Tofanelli M. A; Phillips, B. D.; Ackerson, C. J.
Structural basis for ligand exchange on Au,s(SR) ;. Inorg. Chem. 2014,
53, 6500—6502.

(20) Pengo, P.; Bazzo, C.; Boccalon, M.; Pasquato, L. Differential
reactivity of the inner and outer positions of Au,s(SCH,CH,Ph)
dimeric staples under place exchange conditions. Chem. Commun.
2018, S1, 3204—3207.

(21) Dolamic, I; Varnholt, B.; Biirgi, T. Chirality transfer from gold
nanocluster to adsorbate evidenced by vibrational circular dichroism.
Nat. Commun. 2015, 6, 7117.

(22) Ouyang, R;; Jiang, D.-e. Ligand-Conformation Energy landscape
of thiolate-protected gold nanoclusters. J. Phys. Chem. C 2018, 119,
21555—21560.

(23) Natarajan, G.; Mathew, A.; Negishi, Y.; Whetten, R. L.; Pradeep,
T. A unified framework for understanding the structure and
modifications of atomically precise monolayer protected gold clusters.
J. Phys. Chem. C 2018, 119, 27768—2778S.

(24) Xu, W. W,; Zhuy, B.; Zeng, X. C;; Gao, Y. A grand unified model
for liganded gold clusters. Nat. Commun. 2016, 7, 13574.

(25) Tlahuice-Flores, A.; Black, D. M.; Bach, S. B. H.; Jose-Yacaman,
M.; Whetten, R. L. Structure & bonding of the gold-subhalide cluster
I-Au,4,Clgo™. Phys. Chem. Chem. Phys. 2013, 15, 19191—19195.

(26) Dass, A; Holt, K.; Parker, J. F.; Feldberg, S. W.; Murray, R. W.
Mass spectrometrically detected statistical aspects of ligand pop-
ulations in mixed monolayer Au,sLs nanoparticles. J. Phys. Chem. C
2008, 112, 20276—20283.

(27) Guo, R; Song, Y.; Wang, G.; Murray, R. W. Does core size
matter in the kinetics of ligand exchanges of monolayer-protected Au
clusters? J. Am. Chem. Soc. 2008, 127, 2752—2757.

(28) Song, Y.; Murray, R. W. Dynamics and extent of ligand exchange
depend on electronic charge of metal nanoparticles. J. Am. Chem. Soc.
2002, 124, 7096—7102.

(29) Shiby, E. S,; Muhammed, M. A. H.; Tsukuda, T.; Pradeep, T.
Ligand exchange of Au,;SG; leading to functionalized gold clusters:
spectroscopy, kinetics, and luminescence. J. Phys. Chem. C 2008, 112,
12168—12176.

(30) AbdulHalim, L. G.; Kothalawala, N.; Sinatra, L.; Dass, A.; Bakr,
O. M. Neat and complete: thiolate-ligand exchange on a silver
molecular nanoparticle. J. Am. Chem. Soc. 2014, 136, 15865—15868.

(31) Wang, S.; Song, Y,; Jin, S; Liu, X.; Zhang, J.; Pei, Y.; Meng, X;
Chen, M;; Li, P,; Zhu, M. Metal exchange method using Au,
nanoclusters as templates for alloy nanoclusters with atomic precision.
J. Am. Chem. Soc. 2015, 137, 4018—4021.

(32) Yang, S.; Wang, S.; Jin, S.; Chen, S.; Sheng, H.; Zhu, M. A metal
exchange method for thiolate-protected tri-metal M;Ag,Au,, (SR) 50
(M = Cd/Hg) nanoclusters. Nanoscale 2015, 7, 10005—10007.

(33) Krishnadas, K. R; Udayabhaskararao, T.; Choudhury, S.;
Goswami, N.; Pal, S. K; Pradeep, T. Luminescent AgAu alloy clusters
derived from Ag nanoparticles - manifestations of tunable Au(I)-Cu(I)
metallophilic interactions. Eur. J. Inorg. Chem. 2014, 2014, 908—916.

(34) Bootharaju, M. S.; Joshi, C. P.; Parida, M. R.;; Mohammed, O. F.;
Bakr, O. M. Templated atom-precise galvanic synthesis and structure
elucidation of a [Ag,,Au(SR);s]™ nanocluster. Angew. Chem. 2016,
128, 934—938.

(35) Krishnadas, K. R;; Baksi, A.; Ghosh, A.; Natarajan, G.; Pradeep,
T. Structure-conserving spontaneous transformations between nano-
particles. Nat. Commun. 2016, 7, 13447.

(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) Krishnadas, K. R; Ghosh, A; Baksi, A; Chakraborty, 1;
Natarajan, G.; Pradeep, T. Intercluster reactions between Au,s(SR),g
and Ag,,(SR)3. J. Am. Chem. Soc. 2016, 138, 140—148.

(38) Ghosh, A;; Ghosh, D.; Khatun, E.; Chakraborty, P.; Pradeep, T.
Unusual reactivity of dithiol protected clusters in comparison to

DOI: 10.1021/acs.jpcc.7b07605
J. Phys. Chem. C 2017, 121, 23224-23232


http://dx.doi.org/10.1021/acs.jpcc.7b07605

The Journal of Physical Chemistry C

monothiol protected clusters: studies using Ags;(BDT),o(TPP); and
Agyo(BDT) ,(TPP),. Nanoscale 2017, 9, 1068—1077.

(39) Zhang, B.; Salassa, G.; Biirgi, T. Silver migration between
Aug(SC,H,Ph),, and doped AgAus,,(SC,H,Ph),, nanoclusters.
Chem. Commun. 2016, 52, 9205—9207.

(40) Bhat, S.; Baksi, A.; Mudedla, S. K; Natarajan, G.; Subramanian,
V.; Pradeep, T. Auy,Ir;(PET) : An unusual alloy cluster through inter-
cluster reaction. J. Phys. Chem. Lett. 2017, 8, 2787—2793.

(41) Krishnadas, K. R;; Baksi, A.; Ghosh, A.; Natarajan, G.; Som, A,;
Pradeep, T. Interparticle reactions: An emerging direction in
nanomaterials chemistry. Acc. Chem. Res. 2017, 50, 1988.

(42) Kumara, C.; Aikens, C. M.; Dass, A. X-ray crystal structure and
theoretical analysis of Au,s,Ag,(SCH,CH,Ph),s" alloy. J. Phys. Chem.
Lett. 2014, 5, 461—466.

(43) Guidez, E. B.; Mikinen, V.; Hikkinen, H.; Aikens, C. M. Effects
of silver doping on the geometric and electronic structure and optical
absorption spectra of the Au,s_Ag.(SH);s~ (n=1,2, 4,6, 8, 10, 12)
bimetallic nanoclusters. J. Phys. Chem. C 2012, 116, 20617—20624.

(44) Yan, J; Su, H; Yang, H; Malola, S.; Lin, S.; Hakkinen, H,;
Zheng, N. Total structure and electronic structure analysis of doped
thiolated silver [MAg,,(SR);s]* (M = Pd, Pt) clusters. J. Am. Chem.
Soc. 2015, 137, 11880—11883.

(45) Hanwell, M. D.; Curtis, D. E.; Lonie, D. C.; Vandermeersch, T.;
Zurek, E.; Hutchison, G. R. Avogadro: an advanced semantic chemical
editor, visualization, and analysis platform. J. Cheminf. 2012, 4, 17.

(46) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular
dynamics. J. Mol. Graphics 1996, 14, 33—38.

(47) Zhang, X.; Yang, H.-Y.; Zhao, X.-].; Wang, Y.; Zheng, N.-F. The
effects of surface ligands and counter cations on the stability of anionic
thiolated M,Agy, (M = Au, Ag) nanoclusters. Chin. Chem. Lett. 2014,
25, 839—843.

(48) Walter, M.; Moseler, M. Ligand-protected gold alloy clusters:
doping the superatom. J. Phys. Chem. C 2009, 113, 15834—15837.

(49) Zhang, B.; Biirgi, T. Doping silver increases the Auss(SR),,
cluster surface flexibility. J. Phys. Chem. C 2016, 120, 4660—4666.

(50) Knoppe, S.; Dolamic, I; Biirgi, T. Racemization of a chiral
nanoparticle evidences the flexibility of the gold—thiolate interface. J.
Am. Chem. Soc, 2012, 134, 13114—13120.

(51) Bootharaju, M. S.; Sinatra, L.; Bakr, O. M. Distinct metal-
exchange pathways of doped Ag,s nanoclusters. Nanoscale 2016, 8,
17333—17339.

23232

DOI: 10.1021/acs.jpcc.7b07605
J. Phys. Chem. C 2017, 121, 23224-23232


http://dx.doi.org/10.1021/acs.jpcc.7b07605

