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Understanding proton capture and cation-induced
dimerization of [Ag29(BDT)12]3� clusters by ion
mobility mass spectrometry†

Papri Chakraborty,‡a Ananya Baksi,‡§a Sathish Kumar Mudedla,b Abhijit Nag,a

Ganesan Paramasivam,a Venkatesan Subramanian b and Thalappil Pradeep *a

Proton transfer reactions have been a topic of fundamental interest in several areas of chemistry and

biology. However, such reactivity has not been explored in detail for nanoscale materials. In this article, we

present a unique reaction of an atomically precise monolayer-protected silver nanocluster, [Ag29(BDT)12]3�,

with a proton (H+). Under controlled conditions, the strong proton affinity facilitated a complete conversion

of the cluster to its protonated form, [Ag29(BDT)12H]2�. Moreover, binding of alkali metal ions (Li+, Na+, K+,

Rb+ and Cs+) induced specific structural changes and also favored dimerization of the cluster. In this case,

the cations acted as a bridge between the two clusters and the degree of dimerization was specific to the

size of the cations. The conformational changes and separation of the alkali–metal ion bound dimers from

their respective monomers have been investigated by ion mobility mass spectrometry (IM MS) and tandem

mass spectrometric studies. Density functional theory (DFT) calculations have been used to determine

the possible structures of the monomers and the dimers. Similar reactivity of the cluster can also be

extended to other metal ions. While the present study helps to expand the ion-chemistry of atomically

precise clusters, gas-phase basicity of the molecule can be explored in further detail and this can find

applications in the areas of sensing and materials in general.

1. Introduction

Monolayer-protected clusters are emerging as an interesting
family of nanomaterials. These nanoscale materials are becom-
ing increasingly important due to their structures, diverse
properties, and widespread applications.1–5 Condensed phase
science of these clusters is expanding in different directions due
to their potential applications in sensing, catalysis, imaging, etc.
Up to now, several clusters have been crystallized and their
structures have been solved by X-ray crystallography. Some of
the noted examples are clusters like Au25(SR)18,6 Au38(SR)24,7

Au102(SR)44,8 Ag44(SR)30,9 Ag25(SR)18,10 Ag29(S2R)12,11 etc. These
clusters are well characterized by distinct absorption features

and also by mass spectrometry. Isotope patterns obtained
from high resolution mass spectrometric techniques have
helped to identify their molecular formulae and hence the
exact composition of the clusters in the gas phase. Solution-
phase properties of the clusters have been studied for a long
time. However, gas-phase studies provide new insights into
understanding their properties, and recently such studies have
become important.12–15 Another emerging field is intercluster
reactions.16 Detection of intermediate products helps to under-
stand the reaction mechanism.17 Several interactions like
H-bonding, van der Waals forces, and dipole–dipole interactions
exist and they can result in the formation of different types of
adducts of clusters. Ag44(p-MBA)30 (p-MBA is para mercapto
benzoic acid) clusters remain hydrogen bonded to their neigh-
boring ones in their superlattice structures.18 Such interactions
are important in controlling highly precise cluster-mediated self-
assemblies.19 Au25(SBu)18 (SBu is butane thiolate) is known to
form a linear polymer in its crystal structure via Au–Au single
bonds stabilized by appropriate orientation of the clusters.20 An
intercluster reaction between [Au25(SR)18]� and [Ag25(SR)18]�

also involves the formation of a transient dianionic adduct,
[Au25Ag25(SR)36]2�.16 Polymeric forms of [Au25(SR)18]� clusters have
been detected in the gas phase.21 However, aurophilic interaction
is one of the essential factors favoring such a dimerization process,
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which was reflected in the absence of any dimerization in the
structurally similar [Ag25(SR)18]� cluster. Similarly, [Ag29(S2R)12]3�

also does not dimerize, possibly due to the lack of suitable
interactions to favor such a process.

In this article, we present a new aspect of cluster dimerization
mediated through cations. This is possibly due to additional
interactions that arise in the system due to the incorporation of a
new metal center. We have characterized and separated the
dimers by ion-mobility mass spectrometry (IM MS). IM MS
studies help in understanding the structure and conformational
dynamics present in a system.22 Though such techniques have
been used extensively to study proteins and macromolecules,23–27

recently these techniques have also become useful in the case of
clusters.28,29 Reactivity of the cluster with a series of alkali metal
ions (Li+, Na+, K+, Rb+ and Cs+) and their effect on the dimeriza-
tion process have been studied. Ion-mobility and dissociation
studies reflect the similarity in their structures. Such interactions
can be expanded across a number of similar metals. Another
aspect that is brought about in this article is the uniqueness of
the interaction of the [Ag29(BDT)12]3� cluster with protons.
Interaction of hydrogen with [Au25(SR)18] clusters has been
studied theoretically, which predicts that hydrogen can behave
as a metal atom in the clusters and contribute its one electron to the
superatomic free-electron count.30 Hydride protected Ag, Cu and Fe
clusters have also been characterized.31–34 Herein, we explore the
reactivity of a proton (H+) with the cluster [Ag29(BDT)12]3�.
H+ interacts with the cluster to form [Ag29(BDT)12H]2�.
Affinity towards protons can give an idea regarding the gas-
phase basicity of a molecule.35–39 Proton-transfer reactions are
of immense importance in chemistry and in biomolecular
processes.40–43 So, it has been an important area of research
for years and such studies have been performed for a wide
range of molecules starting from small molecules, amino acids,
peptides and proteins. Structural changes resulting from the
interaction of the cluster with a proton as well as alkali metal
ions have been studied by density functional theory calcula-
tions. Computational studies are also presented to understand
the possible structures for the dimers.

2. Experimental section
2.1 Reagents and materials

All the materials were commercially available and used
without further purification. Silver nitrate (AgNO3, 99.9%) was
purchased from Rankem, India. 1,3-Benzene dithiol (1,3-BDT),
sodium borohydride (NaBH4), and formic acid (98%) were
purchased from Sigma Aldrich. Triphenylphosphine (TPP)
was purchased from Spectrochem, India. Ammonium acetate
(NH4OAc), sodium acetate (NaOAc), lithium bromide (LiBr),
potassium acetate (KOAc), rubidium bromide (RbBr) and
cesium acetate (CsOAc) were purchased from Sigma Aldrich.
All the solvents, dichloromethane (DCM), methanol (MeOH),
ethanol (EtOH) acetonitrile (ACN) and dimethylformamide
(DMF), were of HPLC grade and were used without further
distillation.

2.2 Synthesis of the [Ag29(BDT)12(TPP)4] cluster

The [Ag29(BDT)12(TPP)4] cluster was synthesized following a reported
protocol with slight modifications.11 About 20 mg of AgNO3 was
dissolved in a mixture of 5 mL of methanol and 10 mL of DCM. To
this reaction mixture, about 13.5 mL of 1,3-benzene dithiol (1,3-BDT)
ligand was added. Then, the mixture was kept under stirring
conditions. Shortly after this, 200 mg of TPP dissolved in 1 mL of
DCM was added to the reaction mixture. The solution turned
colorless indicating the formation of a Ag–S–P complex. After about
10 min, 10.5 mg of NaBH4 dissolved in 500 mL of ice-cold water was
added. Upon addition of NaBH4, the solution turned dark brown
in color immediately. Gradually, the color changed to orange.
Continuous stirring was carried out for 3 h under dark conditions.
The reaction mixture was then centrifuged and the supernatant was
discarded. The precipitate was washed twice with methanol and then
dissolved in DMF and centrifuged. The precipitate was discarded and
the supernatant contained the purified clusters dissolved in DMF.

2.3 Instrumentation

The UV-vis spectra were measured using a PerkinElmer Lambda 25
UV-vis spectrometer. Mass spectrometric measurements were
carried out in a Waters Synapt G2–Si high definition mass spectro-
meter. The instrument is well equipped with electrospray ioniza-
tion and ion mobility separation techniques. A concentration of
about 1 mg mL�1 was used for the cluster solution. Samples were
infused at a flow rate of 20 mL min�1. The source and desolvation
temperatures were set at 100 1C and 200 1C, respectively. Soft
ionization conditions involving capillary voltage: 1.5 kV, cone
voltage: 0 V, source offset: 0 V, source and desolvation temperature:
50 1C, and desolvation gas flow rate: 100 L h�1 were used for
preventing the TPP loss during the ionization and observing the
intact TPP protected clusters.

2.4 Computational details

We used density functional theory (DFT) with projector augmented
waves (PAWs) as implemented in GPAW.44,45 The PAW setup used
was Ag(4d105s1), S(3s23p4), C(2s22p2), P(3s23p3), H(1s1), Na(3s1) and
Cs(5S25p66s1), with scalar-relativistic effects included for Ag. The
PBE46 functional and DZP (double zeta plus polarization) basis set
were chosen in LCAO mode47 to improve the efficiency of the
calculations. The geometry optimizations were carried out with a
grid spacing of 0.2 Å and minimizing the residual forces without any
symmetry constraints by 0.05 eV Å�1. The relative energies (REs)
were calculated with respect to the most stable isomer. The binding
energies of the cations to the cluster were calculated by subtracting
the sum of the energies of the cluster [Ag29(BDT)12]3� and M (M = H,
Na etc.) from their respective complexes, [Ag29(BDT)12M]2�. The
structures of the dimers have been optimized using the same level
of theory as that used for the monomers.

3. Results and discussion

The [Ag29(BDT)12(TPP)4]3� cluster was synthesized by the method
described above (see Experimental section 2.2) and characterized
using UV-vis and ESI MS (see Fig. S1, ESI†).11 The cluster was
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well characterized by distinct molecule-like features at 447 nm and
513 nm in its optical absorption spectra. In ESI MS, an intense peak
was observed at m/z 1603, which corresponded to [Ag29(BDT)12]3�.
The labile TPP ligands were lost during the ionization. The intact
[Ag29(BDT)12(TPP)4]3� cluster could be observed only under soft
ionization conditions (Fig. S1C, ESI†). So, the gas-phase measure-
ments and the related theoretical calculations have been per-
formed primarily with [Ag29(BDT)12]3� clusters.

3.1 Protonation of [Ag29(BDT)12(TPP)4]3� clusters

It is known from previous reports that the [Ag29(BDT)12(TPP)4]3�

cluster11 consists of an icosahedral Ag13 core protected by staple
motifs consisting of Ag and S atoms. Though the core remains
highly protected, the Ag and S atoms in the exterior shells may
exhibit some selective affinity towards specific binding groups.
The delocalized negative charge density of the cluster also imparts
an affinity for binding with suitable positively charged counter-
parts. In an attempt to explore such reactivity, we studied the
effect of the addition of cations to the cluster. As there are
numerous S atoms exposed in the outer staples, they may interact
with protons and induce some specific structural changes in the

system. Experiments were carried out by adding formic acid
(a well-known proton donor) to the cluster solution and its reactivity
was monitored carefully using ESI MS. A solution of about 0.1 mM
cluster solution was prepared, and in the presence of about 1 mM
formic acid in DMF, a peak at m/z 2406 started increasing in
intensity. This is shown in Fig. 1A(a). The peak increased in intensity
with increasing concentration of the acid (Fig. S2, ESI†) and became
maximum when the formic acid concentration was around 12 mM
(Fig. 1A(b)). However, the concentration of the acid could not be
increased further to favor a complete conversion as, beyond this
concentration of the acid, the cluster started to show degradation.
Addition of formic acid changes the pH of the solution, it may
also cause a change in the charge distribution of the cluster
and all these factors can significantly affect the cluster stability.
The new peak was assigned as [Ag29(BDT)12H]2�. The inset of
Fig. 1A(a) shows the comparison between the experimental
isotope patterns and the calculated patterns, which confirms
its composition. The reactivity can be expressed in the form of
the following chemical equation,

[Ag29(BDT)12]3� + H+ = [Ag29(BDT)12H]2�

Fig. 1 (A) ESI MS of (a) [Ag29(BDT)12]3� cluster in the presence of 1 mM formic acid and (b) maximum conversion of [Ag29(BDT)12]3� to [Ag29(BDT)12H]2�

upon addition of formic acid. Inset of (a) shows the experimental and calculated isotope patterns of [Ag29(BDT)12H]2� and inset of (b) shows the lowest
energy DFT optimized structure of [Ag29(BDT)12H]2�. The proton is marked in the figure. Experimental spectrum (inset of (a) extends beyond 2415 due
to overlapping contribution from other ions). (B) Isotope patterns of (a) [Ag29(BDT)12H]2�, (b) and (c) gradual changes in the pattern upon replacement
of H by D and (d) [Ag29(BDT)12D]2�. See the change in the intensities of the peaks on the dotted lines in relation to the nearby peaks from (a) to (d). Color
codes: red: Ag of core; blue: Ag of staples; yellow: S; grey: C; white: H atoms; and purple: proton.

PCCP Paper

Pu
bl

is
he

d 
on

 1
2 

Fe
br

ua
ry

 2
01

8.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

C
he

nn
ai

 o
n 

16
/0

3/
20

18
 1

0:
44

:0
1.

 
View Article Online

http://dx.doi.org/10.1039/c7cp08181b


7596 | Phys. Chem. Chem. Phys., 2018, 20, 7593--7603 This journal is© the Owner Societies 2018

However, this species should not be confused with the
2� charge state of the parent cluster as that would have only
a difference of m/z 0.5 with respect to this protonated species.
The isotope distribution of the species [Ag29(BDT)12H]2� was
also compared with the theoretical pattern of [Ag29(BDT)12]2� to
show the clear distinction between them (see Fig. S3, ESI†). As
the cluster was sensitive to the presence of H+ in solution, a few
other control studies were also carried out by varying the
solvents and the proton sources in order to get more insights
about its proton capture affinity. The cluster was dissolved in a
1 : 1 mixture of DMF : MeOH to enhance the polarity of the
medium and its mass spectrum was measured without the
addition of any formic acid. In this case also, the peak for
[Ag29(BDT)12H]2� was observed, though at low intensity, as
shown in Fig. S4A (ESI†). It was even sensitive to the proton
concentration when one drop of water was added to the cluster
solution in DMF (see Fig. S4B, ESI†). We also studied the
feasibility of H/D exchange in the system by adding D2O as
the D+ source and within 2 min of D2O addition, there was a
complete exchange and [Ag29(BDT)12D]2� was formed. In
Fig. 1B, where (a) represents the ESI MS of [Ag29(BDT)12H]2�,
gradual changes in the distribution of the peaks of the isotope
pattern start upon addition of D2O, which is shown in (b) and
(c). Finally, on complete conversion to [Ag29(BDT)12D]2�, there
was a shift to higher mass by m/z 0.5 and this is shown in (d).
H/D exchange further confirmed the binding of a proton to the
cluster and hence the assignment.

Again, the cluster solutions were prepared in NH4OAc buffer
solutions of varying concentrations (0.25 M, 0.5 M and 1 M) in a

1 : 1 mixture of DMF and MeOH and ESI MS was measured. The
conversion of [Ag29(BDT)12]3� to [Ag29(BDT)12H]2� increased
with an increase in the concentration of NH4OAc and finally
in a solution of 1 M NH4OAc, there was a complete conversion
of the cluster to [Ag29(BDT)12H]2�. This was monitored by ESI
MS, as shown in Fig. 2A. The decay in the relative intensity of
[Ag29(BDT)12]3� and the corresponding growth in the intensity
of [Ag29(BDT)12H]2� with an increase in the concentration
of NH4OAc are shown in Fig. 2B. There was no complexation
with NH4

+, instead, proton transfer occurred from the reaction
medium (pH of the medium was 6.8). This supports the strong
proton capture tendency of the cluster. When a tertiary amine
salt (NMe4Br), which has no transferable protons on the
N atom, was added, the cluster showed complexation with
the (NMe4)+ group (Fig. S5, ESI†). However, in all such reac-
tions, the absorption features of the cluster were not much
affected (Fig. S6, ESI†). In the structure of the cluster, there are
no free groups like –OH, –NH2 or –COO� in the ligands that can
become easily protonated. So, the proton possibly interacts at
some specific site of the cluster and that results in a change in
the overall charge delocalization. MS/MS studies were also carried
out to gain better insight into the structure and the binding
interactions (Fig. S7, ESI†).27,48–50 Upon increasing energy, the
proton was lost and the cluster [Ag29(BDT)12]3� was reformed.
[Ag5(BDT)3]� is a common fragment of [Ag29(BDT)12]3–12 and
the proton was found to be associated with the thiolates as
[Ag4(BDT)3H]�. Further, by the use of soft ionization condi-
tions, we have observed that proton capture can occur with the
intact [Ag29(BDT)12(TPP)4]3� clusters that exist in solution,

Fig. 2 (A) ESI MS of [Ag29(BDT)12]3� cluster in 1 : 1 DMF/MeOH solution of NH4OAc at different concentrations: (a) 0 M, (b) 0.25 M, (c) 0.5 M and (d) 1 M.
The spectra show that there is an increase in the conversion of [Ag29(BDT)12]3� to [Ag29(BDT)12H]2� with an increase in the concentration of NH4OAc.
(B) Plot showing the decay in the relative intensities of [Ag29(BDT)12]3� and growth in the relative intensities of [Ag29(BDT)12H]2�, respectively with an
increase in the concentration of NH4OAc.
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leading to the formation of [Ag29(BDT)12H(TPP)n]2� (n = 1–4)
clusters, as shown in Fig. S8 (ESI†). To understand the possible
structures of [Ag29(BDT)12H]2�, computational studies were carried
out. The most stable structure is shown in the inset of Fig. 1A(b).

3.2 DFT optimized structure of [Ag29(BDT)12H]2�

The structure of [Ag29(BDT)12]3� was optimized using the
coordinates of the crystal structure from previous reports.11

A proton may interact with Ag and S atoms. In the exterior shell,
two types of S atoms are present, S atoms that form the Ag3S3

crown motifs are bonded only to Ag atoms of the staples and
the other S atoms are bonded to both the core and staple Ag
atoms (Fig. S9, ESI†). The possible structures of [Ag29(BDT)12H]2�

were optimized using DFT calculations and the optimized geo-
metries are shown in Fig. S10 (ESI†). We first started with the
attachment of a proton onto the S atoms that are bonded only to
the outer shell Ag atoms in the structure of [Ag29(BDT)12]3�.
Initially, the proton was placed in the vicinity of three S atoms
of one Ag3S3 unit but during optimization, it was shifted towards
one of them (Fig. S10A, ESI†) and forms a bond with S at a
distance of 1.38 Å. This results in the cleavage of one of the Ag–S
bonds and this Ag–S distance changes from 2.52 to 3.59 Å. The S
atom retains its bonding with the other Ag atom. Next, the proton
was interacted with the S atom that is connected to one of
the core Ag atoms. DFT optimization suggests the formation
of a bond in this case also (Fig. S10B, ESI†). However, the
interaction of a proton at this position was less favorable. The
relative energies for all the proton-bound clusters were calcu-
lated and are shown in Fig. S10 (ESI†). The proton attached to
the S atom that is bonded only to the outer shell Ag atoms was
the most stable structure. This optimized structure is shown
in the inset of Fig. 1A(b) and also in the ESI.† The binding
energy of the proton to the cluster in the most stable structure
of [Ag29(BDT)12H]2� is �74.07 kcal mol�1. The H–S bond
distance (1.38 Å) is slightly higher than the normal covalent
H–S bond length (1.34 Å) and subsequently the binding energy
is also slightly less than the average value reported for a
covalent H–S bond energy (�86.8 kcal mol�1).51

As the proton capture can occur with the intact [Ag29(BDT)12-
(TPP)4]3� clusters, we have further optimized the structure of
[Ag29(BDT)12H(TPP)4]2� by using DFT calculations. In the
presence of TPP ligands, the binding of a proton also occurs
in a similar manner and the S–H bond distance (1.38 Å) is the
same in both cases (Fig. S11, ESI†). Binding energy is also
similar in both the structures [Ag29(BDT)12H]2� (�74.07 kcal mol�1)
and [Ag29(BDT)12H(TPP)4]2� (�73.92 kcal mol�1), which suggests
that the TPP ligands do not impart additional steric hindrance
or play any major role in the stabilization of the proton addition
to the cluster. Further, the reactivity of a cluster depends on
the energy gap between its highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). The
interaction with the proton can alter the HOMO–LUMO energy
gap. The calculated HOMO–LUMO gap decreases from 1.62 eV
to 1.15 eV in the most stable structure of [Ag29(BDT)12H]2�.
However, these HOMO–LUMO calculations are based on the
ground state geometry of the clusters. Actual comparison with

the experimental optical absorption spectra requires further
studies involving time dependent density functional theory
(TDDFT) calculations that will consider the optical excitations.

We have not observed more than one proton binding to the
cluster in our experiments. However, computationally, we have
checked the effect of the addition of another proton to the
structure of [Ag29(BDT)12H]2�. The structure of [Ag29(BDT)12H2]�

was constructed by adding a proton to another equivalent S atom
in the structure of [Ag29(BDT)12H]2� and then optimizing it in
DFT (see Fig. S12, ESI†). Binding energy of the second proton
(�36.20 kcal mol�1) decreases significantly compared to that of
the first proton (�74.07 kcal mol�1). The protons are likely to
attach on the S atoms, which weakens the bonding of the –SR
groups with the Ag atoms. Hence, if more protons are bound to
the cluster, it might ultimately lead to degradation of the system
due to significant weakening of the bonding of the thiol group
with the metal core.52 Further, as the interaction of the protons
is mainly with the S atoms of the thiol groups, this indicates that
such protonation might also be possible for free-standing
Ag(I)SR oligomers.

3.3 Reactivity with alkali metal ions

The study was extended to a series of alkali metal ions (Li+, Na+,
K+, Rb+ and Cs+). While moving down the periodic table, from
Li+ to Cs+, the ions show increasing atomic radius, decreasing
electronegativity, and increasing reactivity. The Li+ ion is the
smallest and it has a high hydration energy in the gas phase, its
reduction potential is more negative than the others indicating
it to be the most electropositive alkali metal. Due to such
properties, there may be some difference in the reactivity of
the cluster with the metal ions. However, the cluster reacted
with each of these metal ions to form [Ag29(BDT)12Li]2�,
[Ag29(BDT)12Na]2�, [Ag29(BDT)12K]2�, [Ag29(BDT)12Rb]2�, and
[Ag29(BDT)12Cs]2�, respectively. Fig. 3 shows the ESI MS of
the cluster in the presence of about 1 mM solutions of the
respective salts. The isotope patterns of each of these peaks have
been matched with the calculated patterns to confirm their com-
position, as shown in the insets of Fig. 3. Each of these species was
subjected to MS/MS studies. The fragmentation pattern was similar
to the case of [Ag29(BDT)12H]2�. With the increase of energy, the
metal ions were lost and the cluster ion [Ag29(BDT)12]3� was
reformed. Along with the formation of the common fragment
[Ag5(BDT)3]�, the alkali metal ions were found to be associated
with the thiolates as [Ag4(BDT)3M]� (M = Li, Na, K, Rb, Cs) (Fig. S13,
ESI†). Though the dissociation pattern proposes a similarity
between all these structures, significant differences are expected
as compared to the structure of [Ag29(BDT)12H]2� as the proton is
smaller in size and also has different properties. We have studied
the possible structure of one of these species, [Ag29(BDT)12Na]2�, by
DFT calculations. Similar to the case of the proton, the alkali metal
ion capture can also occur with the intact [Ag29(BDT)12(TPP)4]3�

clusters that exist in solution (Fig. S14, ESI†).

3.4 DFT optimized structure of [Ag29(BDT)12Na]2�

The structure of [Ag29(BDT)12Na]2� was optimized in a similar
manner as in the case of the proton. Interestingly, Na+ sits
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above the plane of three S atoms, which is in contrast to the
binding pattern of the proton. The optimized structures are
shown in Fig. 4, where (A) represents the DFT optimized
structure with Na+ sitting over the plane of three S atoms,
one of which is connected to the core, and (B) represents the
structure with Na+ sitting over the plane of three S atoms of a
Ag3S3 motif, all S atoms of which are bonded only to Ag atoms
of the staples. The distances between Na and S range from 2.74
to 2.77 Å and 2.84 to 2.86 Å in the two cases, respectively. Na+

also interacts with the Ag atom that resides at the center of the
three S atoms at a distance of 2.99 Å in the case of structure (A),
whereas it has interactions with all three Ag atoms of the outer
shell at a distance of 2.97–3.03 Å in the case of the second
structure (B). The structure (A) is energetically more stable,
which is reflected in its lower bonding distances and inter-
action energies. The interaction energies are �60.43 kcal mol�1

and�45.51 kcal mol�1 for the structures (A) and (B), respectively.
The strength of the interaction is weaker when compared to the
proton and in the case of Na+, the interactions were mainly
electrostatic in nature. To understand the interaction, bader
charge analysis was performed on the complex, which shows
that the charge on Na in the complex is 0.86e. The interaction of
a molecule with a metal ion can have several components such

as electrostatic, charge transfer and polarization. Here, the
interactions were stabilized by both electrostatic and charge
transfer contributions.53 The calculated HOMO–LUMO gap for
[Ag29(BDT)12Na]2� is 1.14 eV, which is less than the HOMO–
LUMO gap for [Ag29(BDT)12]3� (1.62 eV), which implies that the
electrostatic interaction changes the reactivity of the cluster.

A similar structure is expected for the clusters with the other
alkali metal ions. Cs+ was interacted with the cluster in a
similar fashion to understand the effect of the size of the ions.
The structure is similar with Cs+ situated above the plane of
three S atoms at a distance of 3.65 Å from the Ag atom, situated
at the centre of the plane of the three S atoms, which is higher
than that of Na+ (2.99 Å) and this is due to the larger size of
Cs+ (Fig. S15, ESI†). The distances between Cs+ and the neigh-
bouring three S atoms range between 3.31 and 3.40 Å, which is
also higher compared to that of Na+.

3.5 Separation of the dimers [Ag29(BDT)12M]2
4� [M = Na, K,

Rb, Cs] by ion mobility mass spectrometry (IM MS)

Cation binding is known to induce conformational changes in
proteins, amino acids, drugs, carbohydrates, etc.54–59 Proton-
bound and alkali-metal bound dimers60–64 have also been
observed in several cases. Similarly, on complexation with the
alkali metal ions, new metal centers are introduced into the
cluster system and new interactions originate at specific sites.
The cation bound species were subjected to ion mobility
studies by passing them through the mobility drift tube. The
changes in their structures were reflected in their drift time
values (Fig. 5A). With an increase in the size of the cations
(H+ o Li+ o Na+ o K+ o Rb+ o Cs+), there was a slight increase
in the drift time of the monomeric species [Ag29(BDT)12M]2�

[M = H, Li, Na, K, Rb, Cs]. With appropriate optimization of the
ion mobility conditions, dimerization was observed in some of
these species. Dimers having a composition of [Ag29(BDT)12M]2

4�

[M = Na, K, Rb, Cs] were separated in the mobility cell and this
phenomenon was selective to the nature of the cations (Fig. 5A).
An optimised condition involving a trap gas flow of 10 mL min�1,
He gas flow of 180 mL min�1 and IMS gas flow of 120 mL min�1

was used for separating the dimers. The wave velocity and wave
height were kept at 650 m s�1 and 35 V, respectively. The
relative population of the respective monomers and dimers was

Fig. 3 ESI MS of (a) [Ag29(BDT)12Li]2�, (b) [Ag29(BDT)12Na]2�, (c)
[Ag29(BDT)12K]2�, (d) [Ag29(BDT)12Rb]2�, and (e) [Ag29(BDT)12Cs]2�. Insets
show their respective experimental and calculated isotope patterns.
‘*’ indicates the peak for [Ag29(BDT)12]3�.

Fig. 4 DFT optimized structure of [Ag29(BDT)12Na]2� with Na+ atom sitting
over the plane of three S atoms, (A) one of which is connected to a core Ag
atom and (B) all of which are bonded only to Ag atoms of the staples.
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specific to the instrumental conditions used. Fig. 5B shows the
calculated and experimental isotope patterns of the dimer of
one such species, [Ag29(BDT)12Na]2

4�, along with the drift scope
view showing its separation. The isotope patterns of the other
dimeric species are included in the ESI† (Fig. S16). Dimer
formation was not observed for the species containing the
smaller sized cations H+ and Li+. From such phenomena, it is
clear that specific metal ions are required for the dimerization
process to be favorable. The size of the cations may be one such
critical factor. The cluster itself does not dimerize (Fig. S17,
ESI†), dimerization is induced by the presence of cations in this
case. The interactions should be strong enough to hold the two
clusters together. DFT calculations revealed some changes in
the structure and binding interactions between H+ and Na+

bound clusters, and this was reflected in their tendency
towards dimerization as well. In order to form dimers, a
monomer of the cluster should interact with another monomer
through H+ or Na+. The proton resides inside the space between
the three S atoms due to its smaller size. Hence, it is not
available for interacting with another cluster. Na+ is more
exposed as it is present over the plane of the three S atoms
on the outer surface of the cluster. Therefore, it is available to

interact with another cluster. This explains the need for a
critical size of the metal ions for forming the dimers.

A protonated benzene dimer with a sandwich like structure was
reported by Jouvet et al.65 In the structure of the [Ag29(BDT)12]3�

cluster, the benzene rings of two BDT ligands lie in parallel
orientation. So, there are additional possibilities of such sandwich
protonated structures and the fact that smaller cations like H+ and
Li+ do not form dimers might also be due to such structures
remaining in competition. To consider such possibilities, we have
constructed a structure of [Ag29(BDT)12H]2� with the proton
sandwiched between the benzene rings of two BDT ligands and
optimized it using DFT calculations. As an initial input, the proton
was placed equidistant from the benzene rings of the two BDT
ligands. However, in the final structure obtained after complete
optimization, the proton was bound to a C atom of one of the
benzene rings with a bond length of 1.13 Å, which is slightly higher
than that of the usual C–H bond distance. The distance of the
proton from the nearest C atom of the other benzene ring is 2.54 Å
(Fig. S18, ESI†). This conformation with the proton sandwiched
between the benzene rings of two BDT ligands is similar to that
observed in the case of the protonated benzene dimer.65 However,
when compared to the structure of [Ag29(BDT)12H]2� with the

Fig. 5 (A) Drift time profile of (a) [Ag29(BDT)12H]2�, (b) [Ag29(BDT)12Li]2� and dimers and monomers of (c) [Ag29(BDT)12Na]2�, (d) [Ag29(BDT)12K]2�,
(e) [Ag29(BDT)12Rb]2� and (f) [Ag29(BDT)12Cs]2�. (B) Experimental and calculated isotope patterns of the dimer [Ag29(BDT)12Na]2

4� along with the plot
of drift time vs. m/z showing the separation of monomers and dimers.
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proton attached at the staple S atoms, this sandwiched structure is
energetically less favourable (the structure is 20.30 kcal mol�1

higher in energy than the lowest energy structure). Thus, it is
verified that structures with cations sandwiched between the
benzene rings are less likely to be in competition.

3.6 DFT optimized structure of the dimer [Ag29(BDT)12Na]2
4�

Computational studies were extended to understand the structure
of the dimers. Since dimerization is induced by the metal ions,
Na+ of one of the monomers can interact with another monomer
in different ways and act as a bridge between the two clusters. The
possible DFT optimized structures and the calculated relative
energies are shown in Fig. 6. Na+ interacts with the S atoms
present in another monomer. The stability of these structures is
attributed to Na–S interactions. In the lowest energy structure (A),
two monomers are bonded with the help of two Na+ ions. In
another possible structure (B), only one Na+ participates in the
dimerization process. The energy difference between the two
isomeric structures is 23.86 kcal mol�1. The Na–S bond distances
are about 2.76–2.85 Å and 3.76 Å for structures (A) and (B),
respectively. The greater number of Na–S interactions provides
higher stability to structure (A). The structure of the dimers,
[Ag29(BDT)12Na]2

4�, is very different to the structure of the dimers
of Au25(SR)18 clusters, reported recently.21 While the dimerization
of Au25(SR)18 was favored by aurophilic interaction and inter-
staple bonding, in this case, dimerization is due to the incorpora-
tion of the additional metal center linking the two clusters.

3.7 Structural correlation between the monomers and the
dimers from IM MS and dissociation studies

Correlation between the structures of the monomeric species,
[Ag29(BDT)12M]2� (M = H, Li, Na, K, Rb, Cs), as well as their

dimers, [Ag29(BDT)12M]2
4� (M = Na, K, Rb, Cs), was clearly

reflected in their drift time values. Drift time (ms) of the species
was studied as a function of m/z for all the monomeric as well
as the dimeric species (see Fig. 7A and B). As discussed earlier,
with an increase in the size of the metal ions, there was an
elongation of the M–S bond length, which resulted in an increase
in the overall size of the cluster, and this was reflected in the
increasing drift time values for the monomers and their respec-
tive dimers. The collision cross section (CCS) values of the
respective monomers and dimers, measured from IM MS studies,
also suggested a similar increase in the overall size of the species
with an increase in the size of the metal ions (Fig. S19, ESI†).
Monomers and dimers containing larger sized cations show a
significant increase in CCS values compared to those of the
protonated species. This might also be due to the fact that larger
cations like Rb+ and Cs+ are not buried into the ligands and are
situated away from the surface of the cluster. Dissociation studies
were also carried out on the dimers. Upon increasing the
collision energy (CE, instrumental units), fragmentation of the
dimers to their respective monomers occurred. Drift time pro-
files showing the CE dependent abundances of the monomers
and the dimers with increasing energy are presented in Fig. S20
(ESI†). Relative abundance of the monomers and the dimers are
plotted as a function of the applied CE in Fig. 7C. It was observed
that all the dimeric species followed a similar trend in their
dissociation. At CE 30, there was about 50% dissociation of the
dimers to their respective monomers, whereas, after CE 50, there
was complete dissociation to the monomers. The dissociation
thresholds were similar in all cases, which suggests a similarity
in the structure of the dimers formed by the different metal ions.

3.8 Possibilities of interaction with other metal ions,
detection of [Ag29(BDT)12Ag]2

4�

Similar reactivity can be extended to a range of other metal ions
also. Complexation of the cluster with Ag+ was also observed,
which leads to the formation of the cluster–metal ion adduct
having a composition of [Ag29(BDT)12Ag]2�. When it was passed
through the ion mobility cell, dimers of [Ag29(BDT)12Ag]2� were
also separated under similar conditions, as shown in Fig. 8. The
area under the peaks of the mobilogram reflects the relative
abundance of the respective species. The experimental and
calculated isotope patterns of the dimers and the monomers are
shown in the insets of Fig. 8, which confirm their composition.
The drift time of the [Ag29(BDT)12Ag]2� monomer is 11.40 ms
and that of the [Ag29(BDT)12Ag]2

4� dimer is 8.57 ms, which are
much lower drift time values than expected from the drift time
vs. m/z correlation of the species [Ag29(BDT)12M]2�, as shown in
Fig. 7A and B. Thus, it is evident that this correlation between
drift time (ms) and m/z might not be valid in the case of Ag+ or
other monovalent cations. With an increase in the mass of the
alkali metals, there is also an increase in their size from Li+ to
Cs+. The structures of [Ag29(BDT)12M]2� may vary depending on
the nature of the metal. This implies that Ag cation capture may
lead to a very different bonding scheme and incorporation of Ag
within the Ag core can also occur. However, the exact structure
of [Ag29(BDT)12Ag]2� cannot be predicted only from the drift

Fig. 6 DFT optimized structures of the dimer, [Ag29(BDT)12Na]2
4�, with

two monomers bonded with (A) two Na+ and (B) only one Na+.
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time vs. m/z correlation. For complete structural elucidation,
detailed studies are required, which are areas for further
investigation.

4. Conclusions

In summary, we have explored the reactivity of a proton (H+)
and alkali metal ions (Li+, Na+, K+, Rb+ and Cs+) with the

[Ag29(BDT)12]3� cluster. The structural changes resulting from
the binding of the ions have been studied and alkali metal-
bound dimers of the cluster have been separated by IM MS.
While this study helps to identify the structural changes and
interactions that can favour the formation of cluster aggregates,
such transient states can also be related to the chemical
reactivity of the cluster. The sensitivity of the cluster towards
H+ can be used to quantify the proton concentration in organic
solvents. As affinity towards H+ gives an idea regarding the gas-
phase basicity of a molecule, the acid base chemistry involving
the cluster can be explored in more detail. Due to the strong
tendency of the cluster to bind to cations, it may be used in the
detection of alkali metal ions like Na+, K+, etc.
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