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ABSTRACT: An intercluster reaction between Au,s(PET) and Irg(PET)s producing

the alloy cluster, Au,,Ir;(PET),4 exclusively, is demonstrated where the ligand PET is 2-

phenylethanethiol. Typical reactions of this kind between Au,s(PET),s and Ag,s(SR);, *\/” Auelr s & 7% =
and other clusters reported previously, produce mixed cluster products. The cluster = %% {

composition was confirmed by detailed high-resolution electrospray ionization mass
spectrometry (ESI MS) and other spectroscopic techniques. This is the first example of
Ir metal incorporation in a monolayer-protected noble metal cluster. The formation of a
single product was confirmed by thin layer chromatography (TLC). Density functional
theory (DFT) calculations suggest that the most favorable geometry of the
Au,,Iry(PET),g cluster is one wherein the three Ir atoms are arranged triangularly
with one Ir atom at the icosahedral core and the other two on the icosahedral shell.
Significant contraction of the metal core was observed due to strong Ir—Ir interactions.

Atomically precise noble metal nanoclusters are being
intensely investigated currently in the context of their
fundamental properties and potential applications.” Fundamen-
tal properties such as optical absorption over an extended
window,””* intense near-infrared luminescence,®~’ biocompat-
ibility,”'"" varying chemical functionalities and associated
properties,”'>'* and so forth are interesting features of these
materials. Homogeneous catalysis in solution and heteroge-
neous catalysis in the supported form are some of the
commonly investigated aspects of their science.”*”'® Despite
various studies in the area, new developments in cluster
catalysis demands new materials.'* Creating nanoalloys by
heteroatom incorporation into monolayer-protected clusters is
a promising strategy to synthesize new materials with novel
properties. Many such materials have been made by
incorporating elements like pd,'”'® Ag,19 Pt,*° Cu"*?
Hg>** and so forth into magic cluster systems such as
Auys(SR)g, and the properties of resulting alloys have been
investigated thoroughly.

Recently, Krishnadas et al.”> have demonstrated that
intercluster reaction is a facile method for alloy cluster
formation by taking Au,s(SR);s and Agu(SR); as model
systems. In yet another report,” they showed the structure and
topology preserving conversion of monolayer-protected clusters
upon reacting Au,s(SR);s and Ag,s(SR)s. Herein, we have
used the reaction between Au,(PET);g and Iry(PET), as a
method to create an unknown alloy cluster, Auy,Ir;(PET);s.
Unlike the previous cases,25’26 these clusters react, forming a
single alloy cluster.
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The clusters Au,s(PET),s”" ' and Irg(PET)s”> were
synthesized by reported methods and characterized by UV/
vis absorption spectroscopy and mass spectrometry (Figures S1
and S2). These show well-defined mass spectral features at m/z
7393 and 2553, respectively. Electrospray ionization mass
spectrometry (ESI MS) of Au,s(PET),; is isotopically resolved
and matches well with simulated spectrum. The simulated
spectrum of Ir,(PET); is fitted with the experimental spectrum;
the latter, MALDI MS, is not isotopically resolved. The UV/vis
absorption spectra show well-defined features as in the
literature.”> These clusters were used for all the experiments
without further modifications.

These two clusters were soluble in dichloromethane (DCM),
which was used as the solvent throughout the experiment, if not
mentioned otherwise. About 1 mg/mL of each cluster was
dissolved in DCM and mixed in a 1:1 (v/v) ratio. The mixture
was stirred at room temperature for 24 h. The product formed
was analyzed using UV/vis absorption spectroscopy and ESI
MS.

To begin with, the inherently negatively charged
Au,s(PET) 5 showed a sharp peak at m/z 7393 in the negative
ion ESI MS (Figure S1). On the other hand, Iry(PET), showed
a sharp peak centered at m/z 2553 in the positive ion MALDI
MS. When these clusters were reacted, the product had
distinctly different absorption features and mass spectra. The
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Figure 1. (A) ESI MS of Auy,Ir;(PET) 4 (red trace) and Au,s(PET) g (blue trace) in positive ion mode. CsOAc was used as the ionization enhancer.
(B) UV/vis absorption spectra of Au,,Ir;(PET)g(red trace), [Au,s(PET) 5]™ (blue trace), and [Au,s(PET);5]° (dotted black trace) in DCM. (C)
Simulated (red trace) and experimental (black trace) isotope distribution of Au,,Iry(PET),s. (D) Photographs of Au,s(PET);s (left) and
Au,,Iry(PET), (right) solutions in DCM with comparable concentrations.

product was not detected in negative jon ESI MS unlike the
parent Au,s(PET);s. We presumed that this is due to the
neutral charge state of the product. CsOAc was used as an
ionization enhancer to detect the corresponding ion in the
positive mode. Figure 1A shows the positive ion ESI MS of the
reaction product (red trace) as compared to that of the
Auys(PET) g, in the neutral or oxidized form.*> The neutral
Au,s(PET),;; was taken to ensure that both samples were
measured under identical conditions. Surprisingly, a single
sharp peak at m/z 7380 was observed in the mass spectrum of
the reaction mixture. Typically, a mixture of products is
obtained during intercluster reactions.””*° Because both
reactant clusters were protected with the same ligand (PET),
there was no complication due to ligand exchange. The product
peak was shifted by 12 mass units to the lower mass compared
to Auys(PET),, indicating more than one Ir substitution.

The as-formed cluster was assigned as [Auy,lr;(PET)4]%
based on perfect matching of the mass spectrum with the
simulated spectrum (Figure 1C). Due to the presence of
multiple isotopes of Ir [*'Ir (37.3%) and '’Ir (62.7%)], the
distribution changed significantly from that of Au,s(PET);s.
Two other smaller peaks separated by m/z 133 were also seen
due to Cs addition. Similar attachment was observed for the
parent Au,s(PET),g cluster (blue trace) also.

In Figure 1B, the UV/vis absorption spectra of
Auy,Irs(PET),g (red trace), [Auys(PET) 5]~ (blue trace), and
[Au,s(PET),5]° (dotted black trace) are compared. Significant
variations were observed in the UV/vis absorption spectrum of
[Au,s(PET),3]” upon Ir substitution, and the spectrum
resembles more closely to that of [Au,s(PET);5]°. Observations
such as the disappearance of the hump at 800 nm, appearance
of a hump near 600 nm, and increased intensity of the 400 nm
peak suggest that the cluster oxidizes upon Ir incorporation. We
know from the literature that the peak at around 680 nm in the
case of Au,(PET),s corresponds to a LUMO « HOMO
transition, which arises entirely due to the Auy; core.” A slight
shift of this peak in Au,,Iry(PET),q supports the incorporation
of Ir atoms in the core of Au,s(PET);s. In Figure 1D,
photographs of Au,s(PET)g (left) and Au,,Ir;(PET) g (right)
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solutions at comparable concentrations are shown. We can see
from the photographs that the color changes from reddish
brown to greenish brown upon Ir incorporation. We note here
that the color of Au,s(PET), changes to green upon single Pt
incorporation.

To check the effect of concentration of the reactants on the
reaction, concentration-dependent experiments were con-
ducted. Reactions were performed in three different composi-
tions by fixing the volume of Au,s(PET);; solution (1 mg/mL)
to 1 mL and varying that of the Ir,(PET ), solution (1 mg/mL)
to (i) 0.5 mL [1:0.5 (v/v) ratio], (ii) 1.0 mL [1:1 (v/v) ratio],
and (iii) 1.5 mL [1:1.5 (v/v) ratio]. UV/vis absorption spectra
and ESI MS of these reaction products are given in Figure S3.
In the first case (1:0.5), reaction was incomplete. The UV/vis
absorption spectrum and ESI MS showed the presence of
unreacted Au,s(PET),; (Figure S3A,B). In the second case
(1:1), the complete conversion of Au,;(PET);s to
Au,,Iry(PET),s was observed, as discussed earlier (Figure
S3C,D). In the third case (1:1.5), the absorption spectrum was
featureless, indicating significant degradation of Au,s(PET)
(Figure S3E,F). The product formed was not ionizable even
after adding excess CsOAC, and there was no trace of
unreacted parent cluster also. Hence, we conclude that these
two clusters react at an optimum composition of 1:1 (v/v) of
the 1 mg/mL solution, giving complete conversion of
Auy(PET) ;s to Auylrs(PET);5. We assume that the Au
atoms coming out of Au,s(PET),s during the formation of
Au,,Ir;(PET)5 are either incorporated into Iry(PET), or going
into the solution as thiolates. Ir,(PET), does not ionize in ESI
MS. Ionization occurs in MALDI, but the mass difference
between Au and Ir is S units, which makes it difficult to detect
any exchange product in MALDI MS. Due to these limitations,
we were unable to detect any Au substitution into Iry(PET)s.

ESI MS shows (Figure 1) that Au,s(PET),s converts
completely to Auy,Ir;(PET),s upon reaction with Irg(PET)s,
and no other products with one or two Ir incorporations were
observed. From a previous report, it is known that a simple
chromatographic method like thin layer chromatography
(TLC) can separate clusters.”* Hence, to confirm the existence
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Figure 2. (A) ESI MS of Au,,Ir;(PET) g before TLC compared with that after TLC. CsOAc was used as an ionization enhancer in each case. Inset
(1): Photographs showing TLC plates used for the separation of (a) Au,s(PET) g, (b) Iry(PET), and (c) their reaction mixture. The mobile phase
used was a 60:40 (by volume) DCM/hexane mixture. Inset (2): UV/vis absorption spectra of Au,,Ir;(PET),q before (black trace) and after (red

trace) TLC.
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Figure 3. (A) ESI MS/MS of [Au,,Iry(PET),5]" (black trace) compared with that of [Au,s(PET),s]" (red trace). Inset (1) shows expansion of the
fragment ion region, and (2) shows that of the parent ion peaks. (B) ESI MS of reaction between Au,;(PET),s and Ir-PET thiolates.

of a single product cluster in the reaction mixture, TLC
experiments were performed. The TLC experimental con-
ditions were adopted from the previous report,”* and the same
conditions were used for both the reactants and the reaction
products. The mass spectrum of the cluster before TLC is
shown in Figure 2A. Inset (1) of Figure 2 shows the
photographs of the TLC plates used for the separation of (a)
Auys(PET) 5, (b) Irg(PET),, and (c) their reaction mixture.
Au,(PET);3 moves on the TLC plate giving a single band,
whereas Irg(PET)¢ does not move on the TLC plate at the
specified conditions, forming an unmovable spot, which was
nonextractable into the solvent. The reaction mixture gave two
bands on the TLC plate, one unmovable (band 1) and another
movable (band 2); the latter moved a different distance as
compared to Au,s(PET);5 under similar conditions. Band 1 was

2789

not extractable, whereas band 2 was extracted into DCM. The
solution after TLC was characterized by UV/vis absorption
spectroscopy and ESI MS. The mass spectrum of the cluster
after TLC is shown in Figure 2B.

This shows the peaks of Auy,Ir;(PET)4 and its Cs adducts,
similar to that of the cluster before TLC. From this, it is evident
that only Au,,Ir;(PET),; was formed in the reaction. This
experiment also proves that the cluster is stable and intact after
TLC. Inset (2) of Figure 2 shows the UV/vis absorption
spectrum of Auy,Iry(PET),q after TLC as compared to that of
the cluster before TLC. The spectra match except for the
increase in intensity of the 400 nm feature. This indicates the
oxidation of the cluster upon running through the TLC plate.
This was observed for Au,s(PET),4 as well. The unmoved spot
(band 1) in the TLC plate of the reaction mixture, which was
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Figure 4. DFT-optimized structures of lowest-energy isomers of (A) Au,Ir(SMe)g, (B) Auylr,(SMe)q, and (C) Auy,lr;(SMe),q. The aspicule
representation of each structure is given below the structures. The positions of the Ir atoms are labeled prominently. Color code: Golden yellow, Au;
bright yellow, S; blue, Ir; gray, C; and white, H. (D) Calculated UV/vis absorption spectrum for the most stable isomer of Au,Ir;(SMe) ¢ (red trace)

compared with the experimental spectrum (black trace).

nonextractable in any solvent, was taken to be composed of
unreacted Iry(PET), and other reaction products like thiolates.
The TLC showed that Auy,lr;(PET),g is more labile than
Auys(PET) 4. This indicates that the product could be neutral
in comparison to the reactant, in agreement with the ESI MS
study.

To get further insight into the structure of the
Auylry(PET)g, tandem mass spectrometry (ESI MS/MS)
was performed. Au,s(SR);5 loses Au,(SR), units during
collision-induced dissociation (CID).* This fragmentation is
one of the ways to understand whether the staple or the core of
the cluster is modified by alloying. ESI MS/MS results of
Au,(PET) g and Auy,lr;(PET) g are compared in Figure 3A.
For [Au,s(PET)g]*, @ 90 V laboratory collision energy (CE)
was used to fragment the ion by CID using Ar gas.
[Au,,(PET),,]* was formed when Au,(PET), was lost from
[Au,s(PET)5]*. To fragment [Au,,Ir;(PET)4]%,
[Auy,Ir;(PET),4Cs]* was selected, which immediately frag-
mented to form [Au,,Ir;(PET)g]". This was further dis-
sociated by increasing the CE to 95 V, where a loss of
Au,Ir,(PET), was observed. At a similar condition,
[Auy,Ir;(PET)4]* required more energy to fragment, indicat-
ing higher gas-phase stability of the ion compared to
[Auys(PET),5]".

The fragment peaks are expanded in inset (1) of Figure 34,
showing a distinctly different isotope envelope of [Auylr-
(PET);s]*. A comparison of isotope patterns of Au,s(PET)q
and Au,,Ir;(PET),; is presented in inset (2) of Figure 3A. The
isotope pattern of the parent cluster is narrowed in the
fragment ion as a consequence of the isotope distribution of the
constituent elements. This further confirms the identity of the
cluster.

Out of the three, two Ir atoms were lost in the fragment. This
is possible if one of the Ir atoms occupies the center of the Au,;
icosahedron. Considering the Au,;(PET),s structure, the other
two Ir atoms can occupy positions either in the Au,(PET),
staple or in the shell of the Au,; icosahedron. Depending on the
positions of the two Ir atoms, multiple isomeric structures are
possible for the cluster (discussed later).

To check the possibility of more than three Ir incorporation,
multiple reactions between Au,i(PET),s and Ir-PET thiolates
were conducted. Concentration-dependent reactions were
performed by adding 50 and 100 uL of Ir-PET thiolate
solutions in acetonitrile to 1 mL (1 mg/mL) of the cluster
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solution in DCM. The mixtures were stirred for 1 h, and the
resulting products were analyzed by ESI MS (Figure 3B).
Unlike the reaction with Irg(PET) this reaction was
incomplete. A significant portion of Au,s(PET),; remained
unreacted, as confirmed by ESI MS, where a strong signal was
obtained for the parent cluster along with its Cs adducts.
Multiple low-intensity peaks were observed. These peaks were
assigned as [Au,,Ir;(PET)5Cs]* and [Auyelre(PET)5Cs]*
along with a few unassigned peaks. Different product formation
in this case could be due to the difference in reactivity of Ir-
PET thiolates as compared to Iry(PET),. The Ir-PET thiolates
could be having higher reactivity than Irg(PET),, thereby
leading to the formation of a product with higher Ir doping.

In these experiments, we were able to detect the Iry
substituted product. If this kind of product was formed in
reactions between Au,s(PET),g and Iry(PET)s we must have
been able to detect them. Hence, the monodispersity of the
product formed in the former case is indirectly proven by these
experiments. These also indicate higher stability of the products
when Ir atoms are exchanged in multiplicities of three,
compared to other possible products. It could also be possible
that different metastable Ir substituted products undergo
reaction among each other to form the most stable products
where multiples of three Ir atoms are exchanged. However, we
could not identify any such intermediate species in our time-
dependent study.

To understand the substitution in detail, density functional
theory (DFT) calculations were conducted. Au was replaced
with Ir in Au,s(PET),4 in a stepwise fashion. First, one Au was
replaced with Ir, and the energy-minimized structure was
calculated. Among the three possible isomers, one with Ir at the
center of the Au,; icosahedron was most stable. This is similar
to the cases of Pd in Au,,Pd(SR),s"® Cu in Au,,Cu(SR) >
and Pt in Au,,Pt(SR),,°® which preferentially occupy the
center of the icosahedron. To arrive at this conclusion, an Ir
atom was substituted at three different positions [center of the
icosahedron, shell of the icosahedron, and staple of
Au,s(SR) 5], The optimized geometry of the most stable
isomer is shown in Figure 4A, and structures of other isomers
are shown in Figure SS5. The aspicule representation of each
structure is given below the respective DFT-optimized
structure to make the representation better.”” Due to the
same ligand protection in the reacting clusters, the possibility of
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ligand exchange was not taken into account. However, PET was
replaced with —SMe to reduce the computational cost.

The calculated relative energies reveal that Ir in the center of
the icosahedron is more stable than that in other positions.
Substitution of Ir in the center does not disturb the symmetry
of the Au,5(SMe), g structure, whereas substitution in the staple
distorts the structure significantly (Figure SS). The Ir atom on
the staple is pulled towards the icosahedral core, and the angle
of S—Ir—S changes to 126° from that of S—Au—S which is
172.2°. These changes cause a rise in energy compared to the
substitution in the center of the icosahedron. These calculations
show that the isomers with one Ir substitution, that is,
Au,Ir(SMe),s, are stable and their formation energies are
negative. Hence, the formation of one Ir substituted product in
the reaction is favorable. Therefore, there is a possibility that
the formation of an undetected intermediate is the driving force
of the reaction. The most stable geometry with one Ir in the
center of the icosahedron was used for further studies on
substitution.

Two possibilities [shell of icosahedron and staple of
Au,(SMe) 5] were considered for the substitution of the
second Ir atom. The optimized geometries are displayed in
Figures 4B and S5, with aspicule representations of the
structures. The isomer with an Ir—Ir bond (substitution to the
shell of the icosahedron) gave the lowest energy. This is likely
to be due to the increased strength of Ir—Ir than Au—Au and
Au—Ir bonds. The calculated bond dissociation energies follow
the order Ir—Ir > Au—Au > Au—Ir, which are 385.974, 210.413,
and 95.729 kJ mol ™', respectively. We suggest that Ir—Ir bond
formation within the cluster increases its stability. Two Ir in the
icosahedron, one at the center and the other on the shell, that
is, structure B in Figure 4, were used for the subsequent step.

The third Ir atom was substituted in different positions of the
icosahedral shell and staple of the most stable Auy;lr,(SMe),q
isomer. The optimized geometries with their aspicule
representations are shown in Figures 4, S6, and S7. The
substitution in the icosahedron leads to minimum-energy
geometries when compared to the other possibilities. Three
isomeric structures are possible in this case (structures A, B,
and D in Figure $6), forming triangular, bent, and linear Ir,
moieties. The structure with a triangular Ir; unit containing
three Ir—Ir bonds is the lowest in energy compared to linear
and bent forms (see Figures 4 and S6). The symmetrical
structure of Au,s(SMe);; undergoes less distortion in this
lowest-energy geometry compared to the other structures.
Several other geometries were considered from random
substitution of three Ir atoms in staples and the core of
Au,(SMe),s, which are shown in Figure S6 (structures C, E,
and F) and Figure S7. The energies of these geometries are
higher than the lowest-energy structure of Au,,Ir;(SMe) g The
results reveal that the larger number of Ir—Ir bonds and fewer
distortions in geometry from the symmetrical arrangement
increase the stability of the structure.

Monodispersity of the product formed in this reaction is a
surprising finding as intercluster reactions generally produce a
mixture of products. In the reported cases,”>*° the reactions
were between Au and Ag clusters, leading to the formation of
Au—Ag alloy clusters. In the present case, the reaction is
between Au and Ir clusters. The affinity of Au and Ag to form
alloys is different from that of Au and Ir. This could be a factor
determining the formation of a single product. Another aspect
could be the unique structure of the Auy,lr;(PET)q cluster,
wherein three Ir atoms form a triangular unit within the cluster.
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This could give extra stability to the cluster compared to other
substitution products, forming the single alloy cluster. There
must be additional factors responsible, and they need to be
explored.

The theoretical UV/vis absorption spectrum for the most
stable isomer of Auy,lr;(SMe);s was calculated using time-
dependent density functional theory (TDDFT) methods (for
details, see the Supporting Information). The calculated
spectrum for the most stable isomer showed good agreement
with the experimental spectrum, except for the uniform red
shift (~60 nm) of the peaks, which has been corrected and is
shown in Figure 4 (the original spectrum is given in Figure S8).
The reasons for this shift may be the replacement of PET
ligands by SMe ligands in TDDFT calculations and errors in
the TDDFT methods like the use of effective core potentials for
Au and Ir atoms. These kinds of shifts are common in
calculations and have been reported in the literature.”**
Important features of the cluster are marked with the dotted
lines, which match with the experimental spectrum. The
prominent feature at around 680 nm exhibits a shift from
parent Au,s(PET)s, as compared in Figure 1. The match
between experimental and calculated spectra thus supports our
structural predictions.

In conclusion, a novel alloy cluster of Ir and Au, namely,
Auy,lry(PET),q, was synthesized by the reaction between
Au,ys(PET) g and Irg(PET). The formation of a single product
was confirmed by TLC and ESI MS studies. Tandem mass
spectrometry was used to understand the structural mod-
ification due to Ir substitution. CID of the cluster ion showed
loss of Au,Ir,(PET), instead of Au,(PET), [observed in the
case of Au,s(PET)s]. To understand the structure in greater
detail, DFT calculations were performed on the
Auy,Iry(PET) g Substitution of one Ir atom in the center of
the icosahedron and two Ir atoms in the shell of the
icosahedron forming a triangular Ir; unit leads to the lowest-
energy isomer. This type of structure was not seen before for
any other heteroatom substitution in Au,s(SR);s Study of
magnetic properties due to Ir incorporation would be an
immediate area of work for this newly synthesized cluster.
Enhanced catalytic activity is expected due to Ir substitution,
and this would be of great interest for the cluster community.

B EXPERIMENTAL METHODS

Synthesis of Au,s(PET);s. Auys(PET),g was synthesized by the
modified Brust—Schiffrin single-phase synthetic protocol.””**
Details are presented in the Supporting Information.

Synthesis of Irs(PET), This cluster was synthesized following
a recently reported solid-state protocol.’* The procedure is
described in detail in the Supporting Information.

Reaction between Au,(PET);s and Irs(PET), Reaction
between the two clusters was carried out in DCM, which is a
common solvent for both of them. A 1 mg/mL solution of
Auy(PET),s was made. To a fixed volume of this solution,
different volumes of 1 mg/mL solution of Iry(PET)s were
added to get (v/v) ratios of 1:0.5, 1:1, and 1:1.5 of Au,s(PET) 5
and Iry(PET)q, respectively, in the final mixture. The reaction
mixtures were stirred at room temperature for 24 h.

Reaction between Au,s(PET),s and Ir-PET Thiolates. The
thiolates were prepared in acetonitrile by taking a 1:4 molar
ratio of IrCl;-xH,0O and PET and stirring the mixture for about
1 h. The reaction between Au,(PET);s and thiolates was
carried out by adding varying amounts of thiolate solution in
acetonitrile (50 and 100 yL) to a 1 mg/mL solution of the
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cluster in DCM. This reaction was faster compared to the
reaction between the two clusters, and the product peaks were
observed in the mass spectrum within 1 h of mixing.

B COMPUTATIONAL DETAILS

The structure of Au,s(SR);g, as reported previously by Heaven
et al,”” was used in the present study (Figure S4). All of the
calculations were performed using Gaussian 09 software.”
More details are given in the Supporting Information.
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