@ Cite This: ACS Nano 2018, 12, 2415-2425

www.acsnano.org

Fullerene-Functionalized Monolayer-Protected
Silver Clusters: [Ag,o(BDT);,(Cgo), >~ (n = 1-9)

Papri Chakraborty, Abhijit Nag, Ganesan Paramasivam, Ganapati Natarajan, and Thalappil Pradeep™

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

Technology Madras, Chennai 600 036, India

© Supporting Information

ABSTRACT: We report the formation of supramolecular
adducts between monolayer-protected noble metal nano-
clusters and fullerenes, specifically focusing on a well-
known silver cluster, [Ag,,(BDT),,]>", where BDT is 1,3-
benzenedithiol. We demonstrate that Cg, molecules link
with the cluster at specific locations and protect the fragile
cluster core, enhancing the stability of the cluster. A
combination of studies including UV—vis, high-resolution
electrospray ionization mass spectrometry, collision-in-
duced dissociation, and nuclear magnetic resonance spec-

[Agzg(BDT)u]}

[Agzg(BDT)u(Cso)a]g_ [Agzg(BDT)u(cso)s]s_

troscopy revealed structural details of the fullerene-functionalized clusters, [Ag,o(BDT),(Cg),]*~ (n = 1-9). Density
functional theory (DFT) calculations and molecular docking simulations affirm compatibility between the cluster and Cg,
resulting in its attachment at specific positions on the surface of the cluster, stabilized mainly by 7—z and van der Waals
interactions. The structures have also been confirmed from ion mobility mass spectrometry by comparing the experimental
collision cross sections (CCSs) with the theoretical CCSs of the DFT-optimized structures. The gradual evolution of the
structures with an increase in the number of fullerene attachments to the cluster has been investigated. Whereas the
structure for n = 4 is tetrahedral, that of n = 8 is a distorted cube with a cluster at the center and fullerenes at the vertices.
Another fullerene, C,,, also exhibited similar behavior. Modified clusters are expected to show interesting properties.

KEYWORDS: monolayer-protected clusters, fullerenes, supramolecular functionalization, hybrid nanostructures, host—guest chemistry,

mass spectrometry, ion mobility

tudy of atomically precise clusters of noble metals,
covering over 100 well-defined molecular systems, is an
expanding discipline.' ~* Among these, the clusters
investigated thoroughly include AuZS(SR)lg,S’6 Aug(SR),,,
Auy(SR) 4" Agzs(SR)18;9 Ag44(SR)30:w'H Ag29(szR)12;12 etc.
While single-crystal X-ray diffraction has been used to solve
their crystal structures, mass spectrometric techniques,
especially electrospray ionization (ESI) and matrix-assisted
laser desorption ionization (MALDI), have been the principal
tools to understand their molecular composition.'”"* These
clusters show specific signatures in their optical absorption and
luminescence spectra which depend strongly on the ligand—
metal interface.'”"¢
Several ligand-protected noble metal clusters of the type
Auys(SR) 5 Agys(SR)15, Agro(SyR) 1y, efc. are negatively charged
and exist with counterions in their crystal lattice. The inherent
charge and electron density of the clusters are typically
distributed at the ligand—metal interface. In addition,
appropriate molecular dimensions of the system and
orientation of the ligands on the cluster surface can induce
specific host—guest interactions.'” These suggest a possibility of
exploring supramolecular chemistry of monolayer-protected
clusters. An important chemical probe to utilize such properties
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of the clusters is fullerenes due to their tendency to form self-
assembled structures.'* >’ Cq, is known to form supra-
molecular complexes with a wide variety of molecules like
rotaxanes, catenanes,”’ calixarenes,” cyclodextrins,23 cucurbi-
turils,”* crown ethers,”® and porphyrins.”*~>* Such complexes
are mainly stabilized by 7—z, C—H—z, or van der Waals (vdW)
interactions.””*’

Fullerenes, due to their large number of lowest unoccupied
molecular orbitals, which are typically degenerate, can also
accept multiple electrons, leading to golyanionic species.
Compounds such as K,Cq, (n = 1—6)>"** are well-known for
interesting properties such as metallicity and superconductiv-
ity.”~* In addition to complete electron transfer leading to
(Ce)w™s Cgo is also known to form partial charge transfer
complexes with donors such as tetrathiafulvalene,”®>” dithia-
diazafulvalene,*® tetraphenyldipyranylidene, and metallo-
cenes.”” The extent of charge transfer is also limited by the
close approach of the molecules and steric factors affecting the
overlap of molecular orbitals.*’
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Figure 1. (A) (a) Full range ESI MS, (b) experimental and calculated isotope patterns, and (c) DFT-optimized structure of the
[Ag,o(BDT),]*" cluster. (B) (a) ESI MS of [Ag,o(BDT);,(Cg),]>~ (n = 1—4) complexes, (b) experimental and calculated isotope patterns of
[Ag,(BDT) ,(Cg0)4]*", and (c) schematic of the possible structure of [Ag,o(BDT);,(Cg)4]>”- Color codes for the atoms in the inset pictures:
yellow, S atoms; gray, Ag atoms of the icosahedral (Ag,;) core and the bonds connecting them; blue, 12 Ag atoms of the trigonal planes in the
exterior shell and the bonds connecting them to the S atoms of the Ag;S; motifs; red, four Ag atoms face-capping the core at four tetrahedral
positions of [Ag,o(BDT);,]*>” and the bonds connecting each of these Ag atoms to the neighboring three S atoms; green, BDT ligands; black,

Cgo molecules.

The foregoing suggests the possibility to create intercluster
compounds of monolayer-protected clusters with fullerenes. In
view of the specific geometry of the clusters, accessibility of Cg,
to the cluster surface may be limited, allowing specific
composition of the adducts to be feasible. Considering the
easiness of accessibility of the metal cluster surface, we chose
[Agy(BDT),]>""* as the cluster of choice for these
investigations, which confirmed our conjecture. Our studies
involved mass spectrometry extensively along with critical
inputs from NMR spectroscopy and computational studies.
The cluster—fullerene complexes, [Ag,o(BDT);,(Cq),]*~ (1 =
1-4), were mainly stabilized by vdW forces and n—zx
interactions of the fullerenes with the benzene rings of the
BDT ligands of the cluster, and they can be characterized
completely in the gaseous and solution phases. We further
show that, by controlling the conditions, the entire surface of
the cluster can be functionalized by fullerenes, which forms
close-packed structures. Density functional theory (DFT)
calculations and molecular docking simulations were used to
elucidate the structure of the fullerene-protected clusters,
[Agy(BDT),,(Cg),)*~ (n = 1—4, 8, and 9). Studies suggest
the occupation of tetrahedral sites of the cluster by Cq;. When
these positions were occupied as in the case of [Agy,-
(BDT),,(TPP),]*>", where TPP is triphenylphosphine, Cg,
substitution did not occur, supporting the structural predic-
tions. Interaction of the cluster with another fullerene, C, is
also presented in this study.

RESULTS AND DISCUSSION

[Ag,o(BDT) )% cluster'” was synthesized following a reported
protocol with slight modifications, as described in the
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Experimental section and characterized using optical absorption
and ESI MS studies (Figure S1). The structure consists of a
Ag,; icosahedral core, which is further capped by 12 Ag atoms
of the exterior shell. These 12 Ag atoms form four tetrahedrally
oriented trigonal prisms, and another four Ag atoms face-cap
the 13 atom core at four tetrahedral positions. This tetrahedral
orientation is shown in Figure 1A(c), where the four Ag atoms
resemble the vertices (V) of a tetrahedron and four trigonal
planes formed by the 12 Ag atoms lie over the faces (F) of the
tetrahedron (see Figure S2 for more details). We follow this
notation throughout the paper. Additional structural insight
may be derived from a three-dimensional view (Video V1 in the
Supporting Information).

Characterization of [Agzg(BDT)u(Cso),,]?" (n = 1-4)
Complexes. Complexes of Cq with the cluster, [Ag,y
(BDT),,)*", were obtained by adding a solution of Cg, in
toluene to the solution of the cluster in DMF in various molar
ratios. In Figure 1A, panel (a) shows the ESI MS of the
synthesized [Agy(BDT),]*" cluster, which exhibits the
molecular ion peak around m/z 1603. Experimental and
calculated isotope patterns are shown in (b). DFT-optimized
structure based on the crystal structure of the cluster'” is in (c).
Reactivity of Cg, with [Ag,o(BDT),,]*” was studied by ESI MS,
as shown in Figure 1B. A series of peaks appeared upon
addition of Cg,. Expansion of these peaks showed that the
separation between each of the peaks present in the isotope
pattern was 0.33, which corresponded to a charge state of 3™ for
the addition complexes, as well. The peaks were separated by
m/z 240, which corresponded to the addition of Cq, (mass of
Cgo is 240 X 3 = 720). The number of C, additions increased
with increase in the concentration of Cq, added to the cluster
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Figure 2. (A) CID study on [X(Cg)]*™ at increasing collision energies (CE in instrumental units) of 2 (a), 8 (b), and 20 (c). (B) CID
spectrum of [X(Cg),]*” (n = 2—4) are shown in (a—c), respectively, at CE 10, X = Ag,s(BDT),.

Scheme 1. Fragmentation Pathway of [Ag,o(BDT),(Cg),]*>~ (n = 1—4) Complexes

C
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(Figure S3). At an optimum concentration, where the cluster/
fullerene molar ratio was 1:4, up to four Cg, additions were
observed in ESI MS, as shown in Figure 1B(a). The
experimentally obtained isotope patterns were matched with
the calculated patterns to further confirm their composition.
The isotope patterns of one of the complexes, [Ag,o-
(BDT);,(Cg)4]*", is shown in (b), and the rest are included
in the Supporting Information (Figure S$4). From a comparison
of the absorption spectra of the adducts with that of the cluster
and Cgy, it appeared that the absorption features of the adducts
were mainly additive with slight changes in the absorbance
when compared to their added spectrum (Figure SS). There
was an increase in the absorbance of the Cg, features in their
adducts. Though such changes reflected the possibility of some
electronic coupling between the cluster and the fullerenes, it
was very small, and the interactions were mainly supra-
molecular in nature.*”*'

As the parent [Ag,(BDT),]* clusters were synthesized
without the co-protection from the TPP ligands, they were
stable only for a few hours.'” However, functionalization with
Cg increased the stability of the cluster. The complexes were
stable for more than a week (Figure S6). C¢, molecules act as
secondary ligands protecting the cluster core. The dithiol
ligands of the cluster are bound in such a fashion that,
surrounding each tetrahedral vertex position of the cluster,
benzene rings of three of the BDT ligands are oriented in a way
that can enhance the stabilization of a C¢, molecule at those
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positions by z7—7 interaction and also by C—H—x contacts at
the ligand periphery. Also, appropriate geometry and increased
accessibility of the cluster surface allows Cqy molecules to come
in close proximity of the cluster, which reveals the importance
of the structure in the formation of such complexes. A
schematic of the most plausible structure of [Ag,(BDT);,-
(Cg)4)* is shown in Figure 1B(c).

The binding of fullerenes to the cluster was further
supported by elemental analysis. The Ag/S/C atomic ratio
for the fullerene adducts of the cluster as obtained from
scanning electron microscopy (SEM)/energy-dispersive X-ray
spectroscopy (EDS) was 1:0.82:9.07 (expected atomic ratio in
[Agyo(BDT) 1, (Coo)s]®™ is 1:0.83:10.76) (Figure S7A). In the
case of only the cluster, SEM/EDS showed a Ag/S/C atomic
ratio of 1:0.80:2.26 (expected atomic ratio in [Ag,o(BDT),,]*"
is 1:0.83:2.48) (Figure S7B). The percentage of C in the
composite material ([Ag,o(BDT),(Cg), >~ (n = 1—4))
increased in comparison to the parent cluster ([Ag,o-
(BDT),,)*"), and the atomic ratios were in close agreement
with the expected atomic ratios from their molecular formulas.
The slightly reduced carbon content in the experiment in
comparison to the theoretical value in [Ag,o(BDT) ,(Cgo)4l*”
was due to the various Cq, adducts (n = 1—4) possible in the
sample.

Collision-Induced Dissociation (CID) Studies. We
carried out CID studies on each of these complexes,
[Ag,0(BDT)5(Cgo), >~ (n = 1—4) (Figure 2) to gain further
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insight into the structure and nature of interactions.*”** For the

simplest case of one C4, addition to the cluster,
[Agy(BDT),,(Cg)]*", upon increasing the collision energy
(CE, instrumental unit), C4, was lost from the cluster, and
[Ag,o(BDT),]*” and C4~ were detected (Figure 2A). Apart
from that, [Ag,o(BDT),]*” was also detected in very low
intensities. The dissociation pattern was similar for the other
higher complexes also, which showed sequential loss of Cg,
molecules with an increase in CE. In Figure 2B, we have
presented a CID spectra for [Ag,o(BDT),(Cq), )~ (n =2—4)
at CE 10. A systematic energy-dependent study is included in
the Supporting Information (Figure S8). CID suggests that the
probable fragmentation pathway of these complexes is by the
loss of neutral C¢, molecules, as shown in Scheme 1.

Some contribution of charge separation during fragmentation
leads to the formation of [Ag,y(BDT),,]*” and Cg . Even
without any applied collision energy, some extent of
dissociation was observed in all cases. Such a behavior was
also reflected in the intensity pattern of the complexes observed
in ESI MS, as shown in Figure 1B(a). Fragmentation during
ionization thus complicates the exact quantification of the
proportion of each of these complexes in solution.

NMR Study. NMR experiments were performed in order to
evaluate the interaction between the cluster and the Cg,
molecules (Figure 3). The *C NMR was taken in a binary

Free C
(c) [60

143.59

Bound Cg,

143.03

[Ag6(BDT) > + Cgo

|
|
|
|
i
i (1:15)
|
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[Ag,5(BDT), % + Cgy
(1:4)

1 1 1
144 143 142

Chemical shift (ppm)

)
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Figure 3. NMR of (a) C4 showing a peak at 143.59 ppm, (b)
adducts at a cluster/fullerene molar ratio of 1:4 showing a peak at
143.03 ppm for the Cg, molecules in the bound state, and (c)
adducts at an excess concentration of Cg, (cluster/fullerene molar
ratio of 1:15) showing a predominant peak for free Cq, (143.59
ppm) and a less intense peak for bound Cg, (143.03 ppm).

solvent mixture, DMF/toluene (2:1 v/v). The peak for Cy, was
observed around 143.59 ppm (Figure 3a). NMR for the
complexes was taken at a cluster/fullerene molar ratio of 1:4.
Upon addition of the cluster, with no change in solvent
composition, there was an upfield shift to 143.03 ppm (Figure
3b). Thus, when compared to the NMR of Cg, in the same
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solvents, in the presence of the cluster, an upfield shift of about
0.56 ppm was seen, which can be attributed to the shielding
effect of the 7-conjugated system of Cg.**~** This revealed that
the electron density of Cg was slightly increased in the
presence of the clusters. Though at the 1:4 molar ratio, a single
peak was observed for the Cy molecules in their bound state,
NMR of the adducts in the presence of excess fullerene (molar
ratio of 1:15) showed a predominant peak for free Cyy and a
low intense peak for bound Cg, (Figure 3c).

Formation of [Ag,o(BDT);5(Cs0),]>~ (n > 4) Complexes.
Upon reaction of the cluster with an excess concentration of
Cqo (cluster/fullerene molar ratio was 1:15), a higher number
of attachments (n = 1—12) were observed in ESI MS, though at
low intensities (Figure S9). This suggests that the cluster can
become highly protected by the Cy, molecules so that the
entire surface of the cluster is covered by fullerenes.

Computational Modeling To Understand the Struc-
tures of [Ag,e(BDT)5(Ceo), >~ (n = 1-4, 8, and 9). The
interaction of the fullerenes, Cq, and C,, on the surface of
[Agy(BDT),,]*" cluster was computationally studied using
DFT with the projector-augmented wave method as
implemented in GPAW*"*® using the Perdew—Burke—
Ernzerhof (PBE) functional®” and DZP (double-{ plus
polarization) LCAO basis set. We searched structures in DFT
by attaching C4,/C, at possible locations (tetrahedral vertex
sites) on the cluster surface considering geometrical compat-
ibility and stabilization by the supramolecular forces. The
orientation of fullerenes at the cluster surface (to facilitate
interaction with hexagonal (C) face, pentagonal (Cs) face, 6—6
bond, and 6—5 bond) was also varied to search the lowest
energy conformers of the adducts. Complete computational
details are included in the Supporting Information.

Structure of [Ag,o(BDT),(Ceo)13~. DFT Calculations. The
DFT-optimized geometry of the lowest energy isomer of
[Ag,0(BDT) 5 (Cgo) >~ with Cgp at the vertex position of the
cluster, with a 6—5 bond of Cg, closest to the vertex Ag atom, is
shown in Figure 4. The orientation of Cg, having a 6—5 bond
closest to the metal center is known in the case of several Cy,/
metalloporphyrin complexes.”” However, the energy difference
between the different calculated isomers of [Ag,o(BDT),-
(Cg)]*™ obtained by rotation of Cq, at the vertex site of the
cluster was very narrow and was in the range of 0.044 eV
(Table S1). The staples containing the three BDT ligands
surrounding the vertex Ag atom of the cluster form a concave
cavity suitable for embracing the convex z-surface of Cg° >
(Figure 4B), with 7—r interactions being the major promoting
forces behind such host—guest complexation. The magnitude of
the calculated binding energy (—16.77 kcal/mol) also confirms
the contribution of the vdW interaction in the system. The
fullerene is clasped in the bowl of the three BDT ligands but
slightly off-center from the C; axis of the cluster passing
through the vertex Ag atom and the center of the icosahedron.
Hence, the interaction of the fullerene with the three BDT
ligands surrounding the vertex position is not similar. The
interaction is stronger with the closest contacts of 3.73 and 3.85
A for two BDT ligands (marked as “L,” and “L,” in Figure 4)
than the other ligand (marked as “L;”) lying at a distance of
4.19 A.

Here, the stabilization of the cluster, [Ag,o(BDT),]*", by
the fullerene interacting at the vertex takes place in two ways.
Initially, Cy, is captured by the benzene rings of BDT ligands
through 7—7 interactions. Later, Cq, stabilizes the unpassivated
Ag atom by 7 interaction at a 6—5 bond of the fullerene.”* >
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Figure 4. (A) DFT-optimized lowest energy structure of [Ag,o(BDT);,(Cqs)]*~ in which a fullerene interacts at a vertex position of the cluster.
(B) Enlarged view of the staples around the vertex Ag atom showing how the three BDT ligands partially embrace the curved s-surface of Cqq.

The bond distances are in A.

This is favored by ionic and vdW interactions formed between
the positive charge accumulation on the Ag atom and the
negative charge density localized on the 6—5 bonds of the
fullerene, located at a distance of 3.40—3.53 A from the Ag
atom. The calculated Bader charges on the silver atom, Ag
(+0.3080¢) and on the carbon atoms of the 6—5 bond of
fullerene (—0.0032¢ and —0.0170¢) indicate weak ionic
interactions. The total changes in Bader charges, including
vacuum corrections on the individual molecules [Ag,o-
(BDT);,]*" and Cg when these were in contact, were 0.35¢
and —0.50e, respectively, and this indicates that Cg, acts as an
electron acceptor and acquires a net charge of —0.15¢ from
[Agy(BDT),,]*", and this imparts a partial ionic bonding in
the adduct. This electron transfer also explains the chemical
shift observed in the NMR measurements.

As the intermolecular interactions between the cluster and
the fullerene were mainly dominated by the supramolecular
effects, we also incorporated vdW correction in DFT. The
lowest energy structure predicted by the vdW-DF2 functional
(Figure S10) suggests slight changes in the orientation of
fullerene as compared to the structure obtained by the PBE
functional and allows closer contacts at a distance of 3.56 A
with the two BDT ligands and 3.67 A with the third one. The
relative contributions of 7— interactions between the aromatic
ligands and the fullerene versus electrostatic interactions
between the fullerene and the Ag core depend on various
factors such as the specific binding geometry, binding site,
number of fullerenes, the size, and type of ligands. We carried
out a computational study of the ligand binding energy in the
case of the lowest energy isomer of [Ag,o(BDT),,(Cg)]*~
(where Cgq, was attached at a tetrahedral vertex position) and
found that 60% of the binding energy arises from the z—x
interactions. The remaining 40% arises from binding
interactions of the metal core and surface AgS; motif with
Cgo through weak ionic forces and associated van der Waals
interactions. Binding at this vertex site would be most affected
by the aromaticity of the ligands due to the proximity of the
fullerene to the ligands. It may be assumed in this case that a
smaller ligand than BDT might permit the Cg, to come closer
at the vertex site and possibly increase the ionic binding to the
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AgS; motif. Complete computational details used for
calculating the relative contributions of binding energy have
been presented in the Supporting Information (Figure S11).
The structure of [Ag,o(BDT),,(Cgo)]*~ was also optimized
using the finite difference grid method of GPAW to obtain
more accurate results and to verify the results from the more
efficient LCAO basis method (Table S1).

We searched possibilities of other configurational isomers of
[Agy(BDT),(Cgp)]>” in DFT by attaching Cq at the
tetrahedrally oriented trigonal faces in the exterior shell of
the cluster as the three partially exposed silver atoms at each of
these faces may also exhibit some reactivity (Table S2). Though
the calculated binding energy (—15.63 kcal/mol) indicates the
possibility of some interaction, this was weaker compared to the
interaction at the vertex position (—16.77 kcal/mol). We found
that a Cy, interacting at this position is at a distance of 3.54—
3.81 A from the Ag atoms, which is larger than the distance of
3.40—3.53 A of a Cq, at the vertex site, and the position lacks
the 77— interaction as the benzene rings of the BDT ligands
are far away (Figure S12). DFT calculations show that binding
of Cg at the vertex position of the cluster is the lowest energy
isomer.

Molecular Docking of [Ag,e(BDT),,~ with Cg To verify
our lowest energy structure of [Agy(BDT),,(Cg)]*~ obtained
from the DFT studies based on the assumption that fullerenes
would be seated in the tetrahedral symmetry positions, we
further carried out a global structure search by molecular
docking simulations using AutoDock4.2 and its associated
software*® to confirm the global minimum energy geometry of
a cluster and a fullerene in close proximity. This approach was
used as a complete search over all the relevant rotational, and
translational degrees of freedom of the fullerene with respect to
the cluster was unfeasible in DFT due to the computational
cost. We used Cg (or Cy) as the “ligand”, that is, the movable
molecule. The “receptor” molecule was [Ag,(BDT),]*”, and
this was the fixed and completely rigid central molecule. For
simplification, we did not use any torsion and charge
parameters for the fullerene ligands. Bader charges from the
optimized structures obtained in GPAW were used for all the
atoms of [Ag,o(BDT),,]*".
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Figure 5. DFT-optimized lowest energy structures of (A) [Ag,o(BDT);,(Ceo)s]>”, (B) [Agy(BDT);,(Cgo)s]>”, and (C)
[Ag,o(BDT),(Cqg)s)>". Color codes: Cq, at vertex position are black, at faces are cyan, and additional fullerene placed between the face
and vertex in the case of [Ag,(BDT);,(Cgp)]>” is purple. (D) Table showing binding energy of the complexes.

The structure showing the lowest binding energy (—10.29
kecal/mol) in the docking study is shown in Figure S13. It shows
that Cy, binds at the vertex position, and this further verifies
that this position is the lowest energy site for attachment of a
fullerene to the cluster.

The structure of this force-field global minimum geometry
(FFGMG) of the adduct obtained from the docking studies has
the Cg, shifted further toward two of the BDT ligands and
offset to a greater degree from the C; axis passing through the
center of the icosahedron and the vertex Ag atom. When the
FFGMG of the adduct was used as an initial structure for DFT
optimization (Figure S14), it showed a slightly higher binding
energy (—16.37 kcal/mol) compared to that of our lowest
energy structure (—16.77 kcal/mol) obtained from DFT
studies by our initial symmetry-based method. Molecular
docking simulation utilizes only noncovalent interactions and
does not treat charge transfer. The distance of Cq, from the Ag
atom (4.18 A) is greater in the case of the FFGMG of the
adduct. Also, there is stronger 7— interaction with two BDT
ligands (3.16 and 3.41 A) and no interaction with the third
ligand (distance >5.89 A) in the case of the molecular docking
simulation (Figure S13). These changes may be attributed to
the energy differences observed in the DFT optimization of the
FFGMG of the adduct compared to our initial DFT-optimized
lowest energy structure. Hence, electronic charge transfer
effects and weak bonding with the Ag atom also contribute
substantially to the binding. Also due to the rigid ligand and the
receptor, additional structural relaxations on the cluster and
fullerene were forbidden in the force-field docking studies,
which might contribute to lowering the total energy in DFT.
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Structures of [Ag,o(BDT);5(Ceo),l>~ (n = 2—4, 8, and 9).
To reduce the computational cost, the structures of the other
higher complexes, [Ag)o(BDT),,(Cg), ]~ (n > 1) were
optimized only by using the PBE functional without vdW
corrections, and some simplified results are presented (Table
§3). Figure SA shows the lowest energy optimized structure of
[Agy(BDT)},(Cq)4]*~, where the Cg, molecules are attached
at all four vertices. The structure is tetrahedral (see the 3D view
in supplementary Video V2), and the fullerenes are well
separated with no additional fullerene—fullerene interactions.
Here, the preferred orientation of the 6—5 bond of Cg, was
preserved as in the case of n = 1 for all the positions. In
contrast, the lowest energy structures in the case of n =2 and 3
(Figure S15) preferred some other orientations of Cg,. We
could not find any systematic trend in the orientation of the
fullerenes as a function of their number. This could be due to a
change in overall symmetry of the structures that affect the
overall electron delocalization. In all cases, the interaction was
weak and the energy difference between the different
orientations of Cg, interacting at a particular site was very
narrow, which suggests the possibility of isomerism in the
complexes due to the rotation of fullerene molecules.

Experiments showed the attachment of n > 4 Cg4, to the
cluster when reacted with an excess concentration of Cg,. After
all the tetrahedral vertex positions are occupied by the
fullerenes, additional fullerenes may attach at the four
tetrahedrally oriented trigonal faces formed by the 12 Ag
atoms in the exterior shell. The calculated binding energy
(—15.63 keal/mol) for Cy, attaching at this position (Figure
S12) supports such possibilities. Figure SB shows the optimized
structure of [Ag,o(BDT) 5(Cg)s]®”, where all the tetrahedral
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Figure 6. Plot of drift time of the complexes with their m/z values. Lowest energy structures of the species are shown beside their respective
spots. Table in the inset of the figure shows the experimental and calculated CCS values.

vertex and face positions are occupied by Cg, molecules. The
overall geometry of [Ag,s(BDT);,(Cg)s]’” resembles a
distorted cube (see the 3D view in supporting Video V3).
The distortion is because of the nature of the asymmetric 7—z
interaction of the BDT ligands. The length of the cube
(indicated in Figure S16) is in the range of 12—15 A, which is
comparable to the lattice parameter (14.13 A) of the face-
centered cubic lattice of Cg,>’

Experiments show that an even greater number than eight
attachments of Cg to the cluster is possible. The structure of
[Agy(BDT) ,(Cg)s]*~ was constructed by adding another Cy,
facing the surface of [Ag,o(BDT);,(Cqo)s]’”, between two Cq,
molecules located at a vertex and a face, as shown in Figure SC.
The interaction of the ninth Cg, was stronger in this position
compared to other locations due to three different interactions.
First, it introduces fullerene—fullerene 7—7x interaction at a
distance in the range of 3.18—3.42 A. Further, it has 7—x
interaction with one of the BDT ligands and interaction with
one of the Ag atoms at the face. The calculated binding energies
of the lowest energy structures of the adducts ([Agy,(BDT),,-
(Ceo), ¥~ (n=1—4, 8, and 9)) are listed in the table shown in
Figure SD. The binding energy is found to decrease in
magnitude with an increase in the number of Cy, attachments
due to the decrease in electrostatic interactions. As the number
of fullerenes increases, more charge is transferred and the
partial charges on the cluster decrease. This decreases the
strength of the weak ionic interactions of the metal core and
surface motif atoms with each fullerene, and thus the binding
energy per fullerene decreases in magnitude. In the case of
attachment of the ninth Cg, the binding energy increases in
magnitude compared to that in the case of eight fullerenes due
to its slightly different position between the face and vertex sites
and additional fullerene—fullerene attractive vdW and 7—x
interactions. Some additional possibilities of attachment of the
ninth Cg, over the two BDT ligands also exist (Figure S17).
The addition of further fullerenes in a similar manner will form
a sphere-like layer over the surface of the cluster.

Structural Insights from lon Mobility Mass Spectrom-
etry (IM MS) Studies. We used IM MS to further confirm the
structure of the complexes, [Ag,o(BDT) ,(Cg),]*~ (n = 1-4).
Figure 6 represents a 2D map showing the variation of the drift
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time with the m/z of the species. While passing through a
bufter gas, drift time of the molecules depends on their collision
cross sections (CCSs). We calculated the CCS values of our
DFT-optimized lowest energy structures using the projection
approximation (PA) method with nitrogen as the buffer gas as
implemented in the Mobcal program package®®® and
compared them to the experimental values obtained from IM
MS. The table in the inset of Figure 6 shows the calculated and
experimental CCS of [Ag,o(BDT),(Cqg), )" (n = 0—4).

We further constructed several other theoretical possibilities
of other configurational isomers of the complexes and
calculated their CCS values by the PA method to set narrow
bounds to our lowest energy structures.’’ Figure S18 shows
other less favorable structures of [Ag,o(BDT),,(Cg)4]*~ with
all C4y molecules attached at (a) the faces of the tetrahedrally
oriented trigonal planes in the exterior shell of the cluster (CCS
580 A% error 2.65% greater with respect to experimental CCS),
(b) crowded around one vertex site of the cluster by fullerene—
fullerene interaction (CCS 516 A%, error 8.6% less with respect
to experimental CCS), and (c) over the BDT ligands (CCS 598
A2, error 5.84% greater with respect to experimental CCS). In
all cases, the error in the CCS with respect to the experimental
values are larger compared to the structure with Cg molecules
attached at the four vertices.

IM MS study did not show the presence of any other
isomers, which clearly confirms that one stable structure for
[Agyo(BDT),(Ceo)s)®™ is formed by attachment of Cg,
molecules at the vertex positions on the surface of the cluster.

Confirmation of the Cg4, Binding Sites. The vertex Ag
atoms of the cluster are also known to be functionalized by
TPP ligands in case of [Ag,o(BDT),,(TPP),]*"."* When TPP
was added to the cluster—fullerene complexes, [Ag,o(BDT),-
(Ceo)ul®™ (n = 1—4), Cg molecules were immediately replaced
by TPP and [Ag,o(BDT),(TPP),]*” (n = 1—4) was formed
(Figure S19). This further confirmed the position of the Cg
attachment on the cluster surface. We have also tried to
exchange the TPP ligands from the [Ag,o(BDT),,(TPP),]*"
cluster with Cg, but such replacement was not favorable. The
formation of the Ag—P bond passivates the Ag atom to a
greater extent compared to that of the fullerenes which exhibit
only weak vdW and electrostatic interactions. Hence, we
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Figure 7. (A) ESI MS of [Ag,o(BDT),(C,),]*>~ (n = 1—4), (B) experimental and calculated isotope patterns of [Ag,(BDT);,(C,),]%", and
(C) DFT-optimized lowest energy structure of [Ag,o(BDT),(Cr),]*"-

observed a competitive binding. We have also studied if there
was any effect of electrostatic shielding on the binding of
fullerenes. For this, salts such as NaCl, KCl, or KOAc were
added to the solutions, but salts did not inhibit the binding of
fullerenes (Figure S20).

Characterization of the Complexes of C,, with
[Ag,o(BDT);,1*". The cluster exhibited similar reactivity with
another fullerene, C,,. At an optimum cluster/C,, molar ratio
of 1:4, up to four C,, attachments to the cluster were observed
in ESI MS (Figure 7). As discussed in the case of Cgy, UV—vis
studies (Figure S21), CID (Figure S22), replacement of Cy,
with TPP (Figure S23), and higher attachments at an excess
concentration of Cy, (Figure S24) reflected similar behavior.
DFT calculations and molecular docking simulations further
confirmed the formation of similar structures. Complete details
are included in the Supporting Information (Figures S25—S29
and Table S4).

The DFT-optimized lowest energy structure of [Ag,s
(BDT),,(Cr)]*~ (Figure S25) shows that Cy lies at a distance
of 3.42—3.55 A from the vertex Ag atom, similar to that of Cy,
(3.40—3.53 A). However, due to its larger size, C;, exhibits
stronger 77— binding interaction with the aromatic ligands
compared to Cg with a closer contact of 3.32 and 3.49 A with
the two BDT ligands. For Cg, distance from two nearest BDT
ligands was 3.73 and 3.85 A, as calculated using the PBE
functional. C,, is similarly far from the third BDT ligand at a
distance of 4.36 A. Stronger interaction is also reflected in the
binding energy value of —18.68 kcal/mol for the lowest energy
structure of [Agy(BDT),,(Cy0)]*” compared to —16.77 kcal/
mol for [Ag,s(BDT),,(Cs)]*". The structures of
[Ag,o(BDT)5(Cro), >~ (n = 2—4) (Figure S29) were also
similar to that of Cg. The lowest energy structure for n = 4 (BE
—15.59 kcal/mol) is presented in Figure 7B. The calculated
CCS values of the DFT-optimized lowest energy structures of
the complexes, [Ag)o(BDT),(Cyp), > (n 1-4), also
matched well with the experimental CCS obtained from the
IM MS study (Figure S30). The orientational changes in C,,
were more significant compared to Cgy, and this can be
attributed to the larger size and ellipsoidal shape of C, which
affects the 7—7 and vdW interactions significantly.
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CONCLUSION

In summary, we demonstrate that adducts of fullerenes are
formed with monolayer-protected clusters. The complexation
was assisted due to the compatible structure of the cluster and
the orientation of the ligands that form tetrahedral concave
cavities at the cluster surface, compatible with the convex 7-
surface of fullerenes. DFT calculations and molecular docking
simulations show that vdW and 7—7 interactions along with
some weak binding with the Ag atoms facilitated the formation
of the cluster—fullerene conjugates. Although our study was
centered around a detailed discussion of the interaction of
fullerenes Cq, and C,, with one specific cluster, [Ag,o-
(BDT);,]*7, it can be extended to other monolayer-protected
clusters, as well. Creating such cluster—fullerene composites in
the solid state would further expand research in this field. Such
composites can be interesting materials for study not only
because of their structures but also due to their properties such
as electrical conductivity, photoinduced charge transfer, as well
as optical and mechanical properties. They can find applications
in photovoltaics, sensors, and even in medical science.

EXPERIMENTAL SECTION

Reagents and Materials. All the materials except the clusters
were commercially available and used without further purification.
Silver nitrate (AgNO3, 99.9%) was purchased from Rankem, India. 1,3-
Benzenedithiol (1,3-BDT), sodium borohydride (NaBH,), and
fullerenes Cgy (99.5%) and C,y (98%) were purchased from Sigma-
Aldrich. Triphenylphosphine (TPP) was purchased from Spectro-
chem, India. All the solvents, dichloromethane (DCM), methanol
(MeOH), ethanol (EtOH), dimethylformamide (DMF), and toluene
were of the HPLC grade and were used without further distillation.
Deuterated solvents DMF-d, and toluene-dg, used for NMR
measurements, were purchased from Sigma-Aldrich.

Instrumentation. The UV—vis spectra were measured using a
PerkinElmer Lambda 25 UV—vis spectrophotometer. Mass spectro-
metric measurements were done in a Waters Synapt G2-Si high-
definition mass spectrometer. The instrument was well equipped with
electrospray ionization and ion mobility separation techniques. NMR
measurements were done in a Bruker 500 MHz NMR spectrometer.
SEM and EDS analyses were performed in a FEI QUANTA-200 SEM.
Further details of instrumentation are mentioned in the Supporting
Information.
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Synthesis of [Ag,,(BDT),,]*~ Clusters. [Ag,,(BDT),,]* clusters
were synthesized following a reported protocol'” with slight
modifications. About 20 mg of AgNO; was dissolved in a mixture of
2 mL of methanol and 10 mL of DCM. To this reaction mixture, about
13.5 uL of the 1,3-BDT ligand was added. The mixture was stirred for
about 15 min, and then about 10.5 mg of NaBH, dissolved in 500 xL
of ice-cold water was added. The stirring was continued under dark
conditions for about 5 h. Then, the reaction mixture was centrifuged,
the precipitate was discarded, and the clusters were obtained as the
orange supernatant. The solution was evaporated by rotary
evaporation, and the orange residue was washed with methanol and
finally dissolved in DMF. The solution was characterized by UV—vis
and ESI MS, which confirmed the formation of [Ag,,(BDT),,]*"
clusters (Figure S1). However, as the clusters were synthesized
without the TPP ligands, they were stable only for a few hours."

Synthesis of [Ag,s(BDT);,5(Ceo),]>~ Complexes. Immediately
after the synthesis of [Ag,o(BDT),,]*" clusters, a solution of Cy, (in
toluene) was added to the cluster solution in DMF. The addition of
fullerenes increased the stability of the clusters significantly. The
reactivity was monitored using UV—vis and ESI MS studies. The
addition of another fullerene, C,,, also showed a similar behavior.

Computational Methods. The interaction of the fullerenes, Cg,
and C,, on the surface of the [Ag,o(BDT);,]*>" cluster was
computationally studied using DFT with the projector-augmented
wave method as implemented in GPAW'"*® using the PBE
functional*” and DZP (double-{ plus polarization) LCAO basis set.
We searched structures in DFT by attaching C4/C,, at possible
locations (tetrahedral sites) on the cluster surface considering
geometrical compatibility and stabilization by the supramolecular
forces. After identifying the most favorable binding site, we generated
the structures of [Ag,o(BDT),(Cq),J*~ (n = 1—4, 8, and 9) based on
symmetry considerations, and the structures were optimized in DFT.
The orientation of fullerenes at the cluster surface (to facilitate
interaction with hexagonal (Cy) face, pentagonal (Cs) face, 6—6 bond,
and 6—5 bond) was varied to search the lowest energy conformers of
the adducts. In addition, we verified the lowest energy structure of
[Ag,o(BDT),(Cg)]*™ by molecular docking simulations using
AutoDock4.2 and its associated software™ to confirm the global
minimum energy geometry of a cluster and a fullerene in close
proximity, subject to some constraints, which we then optimized in
DFT and compared the energy and geometry with our initial DFT-
optimized lowest energy structure. Furthermore, in some cases, we
optimized the structures using the finite-difference method in GPAW
and also by using a van der Waals functional. The CCS of the DFT-
optimized structures was calculated with the PA with nitrogen as the
buffer gas as implemented in the Mobcal program package.’®*’
Complete computational details are included in the Supporting
Information.
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