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ABSTRACT: We report fullerene (Cq4 and C,y)-induced aggregation of e . \\
atomically precise clusters, taking M,s(SR);s~ (M = Ag, Au and —SR is a \.72' iy ’é%}ﬁg’ /K‘%
thiolate ligand) clusters as an example. We show that dimers, trimers, tetramers, jg%\} Vééfli(é“b’ Eé(:\ gg%@q
and even higher aggregates of the clusters can be created by supramolecular cluster g / = / e \
interaction with fullerenes. Adducts such as [{M,s(SR);s},(Ce0)]"™ (n = 1-5), viies

b — —_— f

[{M,5(SR)15}4(Co0)u—1]"" (n = 2=5), and [{My5(SR)1},(Ceo),)"™ (n = 1,2, 3, A&\@ ’gﬁpf £y
.., etc.) were formed, which were studied by electrospray ionization mass R {‘:;
spectrometry. Similar adducts with C,, were also observed. Structural insights e 4‘ o '@
were obtained from molecular docking and density functional theory e '"Lked

. . . . o . . Rk cluster - Cg, Cluster dimer cluster - Cq, aggregates
calculations. Computational studies predicted the possibility of isomerism in adduct
some of these adducts. Fullerenes linked multiple clusters, causing aggregation.
Fullerenes and clusters formed host—guest complexes in such assemblies. The possibilities of coassembly between the clusters and
the fullerenes were also studied in the solid state. The nature of adducts observed in the case of M,5(SR)5~ was completely different
compared to the previously reported fullerene adducts of [Ag,o(BDT),,]*~ (where BDT is 1,3-benzene dithiol), in which multiple
fullerenes were attached on the surface of a single cluster. Supramolecular aggregates formed in the case of M,s(SR);s~ were
independent of the nature of the metal atoms (Ag or Au). This implied that for an appropriate geometry of the cluster weak
interactions with the ligands and ion-induced dipole interactions were more important in controlling the complexation compared to
the metallophilic interactions. Exploring the interaction of atomically precise clusters with fullerenes is important, as the resulting
adducts can show new properties such as isomerism, chirality, charge transfer, or enhanced optical properties.

B INTRODUCTION gas phase, which were favored due to the aurophilic
interactions between the clusters.”* Au,;(SBu),s (SBu is n-
butanethiolate) clusters were also found to be connected by
Au—Au bonds and exist as linear polymers in their crystal
structure.”” Recently, Hossain et al. reported one-dimensional
structures of Au,Pt,(SR), clusters which were also connected
via Au—Au bonds.”® Wen et al. reported one-dimensional
polymers of [Au,Ag,(dppf);(CF;CO,),BF,], (dppf is 1,10-

layers of ligands, capping the metal core of the cluster, can ?ls(dllphe.nylAphoscf))h;no()ifegogjehni)r, bWhICh wlere conr:iec‘;led
interact with other molecules. This has enabled the possibilities inearly via Ag—L) bonds. akra (?rty et al report'e that
of exploring supramolecular chemistry of such clusters.15~2° dimerization of clusters can also be 1nduced3 b%’s alkali metal
There can be intracluster and intercluster interactions that can 1fons,h as (zibserved n [ggw}EBD"[") IZ(PPh?)“] ) ¢ ‘gei et .aﬁ
form different types of self-assembled structures. These urther demonstrated that ‘interaction o s wit

3_ . . .
interactions play an active role in their packing in [?g”(BDTf)fliflPPI};%)}f] i m(:idlﬁei 1Fsdgeor(llletttlilcfstruct:re b};
crystals.lé’”’m’22 Nag et al. reported that intercluster stopping o ¢ 3 ligands and induce ¢ formation o

interactions were responsible for polymorphism in the crystal intercluster assemblies by arranging the clusters into one-
packing of [Agy,(BDT),,(PPh;),]>~ (BDT is 1,3-benzene
dithiol and PPh, is triphenyl phosphine) clusters.”’ Zheng et Received:  April 16, 2020
al. showed how the protecting ligands of Au,s(p-MBT)g, (p- Revised:  June 9, 2020
MBT is a para-mercapto benzene thiol) formed different Published: June 10, 2020
patterns on the cluster surface.”’ Intercluster interactions can

also result in aggregation of clusters. Dimers and trimers of

[Au,5(SR)15]™ (—SR is a thiolate ligand) were observed in the

Monolayer protected atomically precise nanoclusters show
unique properties and find applications in numerous fields
including catalysis, sensing, energy, etc.'® These clusters show
molecular behavior which is reflected in their optical
absorption features. X-ray crystallography is widely used to
determine their structures.”'”'> Such clusters are also
characterized by using mass spectrometry (MS)."*'* Mono-
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dimensional arrays in their crystal lattice.”” Chandra et al.
reported self-assembly of water-soluble Au clusters into
spherical colloidal superstructures with high photocatalytic
activity and applications in bioimaging by utilizing the
interaction of the clusters with Sn®* ions.”” Other cations
like Zn** were also used to study phenomena such as
aggregation-induced emission in Au clusters.”>* Anionic
templates like CO,>~ were used to link Ag;,Sg clusters into a
two-dimensional (2D) honeycomb-like structure.”® Nonappa
et al. reported the formation of spherical capsids and 2D
monolayer thick sheets of clusters which were formed due to
weak hydrogen bonding interactions.” Apart from these,
aggregates of clusters were also created by covalent link-
ages.”>% Such covalent bonding between clusters was
extended to create cluster-based metal—organic frameworks
(MOFs).**~*" Moreover, encapsulation of clusters into
common MOFs like ZIF-8 and ZIF-67 occurred due to
electrostatic interactions, and such hybrid materials found
application in CO, conversion.”

Recent studies are also focusing on the interaction of clusters
with other molecules like cyclodextrins (CD),"”™* full-
erenes,”” and crown ethers.”® Mathew et al. reported host—
guest complexes of Au,s(SBB),5~ (SBB is 4-(t-butyl)benzyl
thiolate) clusters with CDs,” and Nag et al. reported
supramolecular complexes of [Ag,o(BDT),,]*” clusters with
CDs.** Chakraborty et al. studied the interaction between
[Ag,s(BDT),,]>~ and fullerenes.”” In all these cases, the
complexes were primarily stabilized by weak supramolecular
forces."”” Co-crystallization of [Ag,(BDT),,(PPh;),]>” clus-
ters and crown ethers was also achieved.** Such supra-
molecular complexes are particularly interesting due to the
additional properties that can be incorporated into the cluster
system due to the complexation with the heteromolecules.'*"'
In most cases, such complexation enhanced the stability of the
clusters. Isomerism was observed in the host—guest complexes,
[Ag,5(BDT);,n(CD),]*" (n = 1-6)."* Recently, Muhammad
et al. reported pilla[S]arene-capped silver clusters.”” The
pilla[S]arene macrocycles on the surface of the cluster were
available for taking part in further host—guest complexation
which modified the optical properties of the nanoclusters.*’
Self-assembly of clusters has thus emerged as an effective way
to vary their optical and luminescence properties.’’ Due to
such possibilities, studies on supramolecular chemistry of
atomically precise clusters have attracted researchers in recent
times.

Fullerenes are known to form numerous host—guest
complexes and can also bring in properties like super-
conductivity, metallicity, charge transfer, etc., in their hybrid
composites.SF53 Superatomic crystals containing inorganic
clusters and fullerenes are particularly important for studying
electron transport properties.”* Several such fullerene-contain-
ing superatomic crystals, e.g.,, [CogSes(PEt;)¢][Ceola
[NigTes(PEts)s][Ceol, [CreTes(PEt;)s][Cooly etc., have been
reported in the literature.”” However, studies of interaction
between ligand-protected noble metal clusters and fullerenes
are still limited. One of the reports showed that intercluster
compounds, [Au,(PPh;),]C¢ THF and [Aug(PPh;)s](Ce)a
were stabilized primarily by z—m, C—H"z, and Coulomb
interactions between the Au clusters and the fullerides.*®
Earlier, we had reported supramolecular complexes of
[Ag,o(BDT);,]>" with fullerenes.*” The adducts,
[Agy(BDT)1,(Cgo), >~ (n = 1-9), were formed due to
weak supramolecular interactions. Cg, molecules were captured

into appropriate cavities on the surface of the cluster. Thus, the
structure of the cluster played a significant role in controlling
host—guest complexation. These unfolded the possibilities of
studying the interaction of fullerenes with a variety of clusters.
Depending on the inherent geometry of the nanocluster, the
nature of the metal atoms, and the monolayer of the ligands,
the nature of complexation is expected to vary which can
produce a wide range of such cluster—fullerene complexes.

In this work, we investigated the interaction of C4y and C;,
with two archetypical atomically precise clusters,
[Ag,s(DMBT),s]~ (DMBT is 2,4-dimethylbenzene thiol)>’
and [Au,s(PET) 4]~ (PET is 2-phenyl ethanethiol),'”** which
have the same core structure but protected by different ligands.
Fullerene-induced aggregation of the clusters was observed in
both cases, and the nature of the complexation was
independent of the nature of the metal atoms. Fullerene-
mediated dimers, trimers, tetramers, and even higher
aggregates of the clusters were formed due to supramolecular
interactions between the cluster and the fullerenes. The
complexation was studied using electrospray ionization mass
spectrometry (ESI MS), and greater insights into the nature of
binding were obtained from collision-induced dissociation
(CID). We used molecular docking and density functional
theory (DFT) to predict the structure of the adducts. The
nature of adducts observed in the case of [Ag,s(DMBT)]”
and [Au,s(PET),g]” was distinct, compared to that of the
fullerene adducts of [Ag,o(BDT);,]*", reported earlier.”’ In
the case of [Ag,o(BDT),,]*7, the surface of an isolated cluster
was functionalized by numerous fullerenes.”’ In contrast, in the
case of [M,s(SR);5]” (M = Ag, Au), multiple clusters self-
assembled to form larger aggregates by interaction with
fullerene molecules. This study clearly reveals how a variety
of cluster—fullerene adducts can be created by choosing the
appropriate system of clusters and also how cluster aggregates
can be created by supramolecular interaction with hetero-
molecules.

B EXPERIMENTAL SECTION

Materials and Methods. All the reagents used for the
synthesis of the clusters were commercially available. Silver
nitrate (AgNO;) was procured from Rankem, India. The thiols
2,4 -DMBT and PET were purchased from Sigma-Aldrich.
Sodium borohydride (NaBH,), tetraphenyl phosphonium
bromide (PPh,Br), tetraoctyl ammonium bromide (TOABr),
PPh,, and fullerenes (C4y and C,,) were obtained from Sigma-
Aldrich. Chloroauric acid (HAuCl,-3H,0) was synthesized in
the laboratory starting from pure metallic gold (24 carat). The
solvents used, namely, methanol (MeOH), dichloromethane
(DCM), toluene, and acetone, were of HPLC grade.

Instrumentation. A PerkinElmer Lambda 25 UV-—vis
spectrophotometer was used to measure the optical absorption
spectra. The ESI MS measurements were done using a Waters
Synapt G2 Si mass spectrometer. All the spectra were collected
in the negative ion mode. ESI MS measurements were done
using the following instrumental parameters: capillary voltage,
3 kV; cone voltage, 0; source offset, 0; trap gas, 8 mL/min;
source and desolvation temperature, 150 °C. A JEOL 3010
instrument was used for performing the transmission electron
microscopy (TEM) studies.

Synthetic Protocol of [Ag,5;(DMBT),g]~ Clusters.
[Ag,s(DMBT) ]~ clusters were synthesized according to the
method reported by Joshi et al.”” About 38 mg of AgNO; and
90 uL of the thiol, 2,4-DMBT, were dissolved in about 18 mL
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Figure 1. (A) (a) ESIMS of X7, (b) structure of X~ (computed using coordinates from the crystal structure), and (c) experimental and theoretical
isotopic patterns of X~. (B) (a) ESI MS showing the adducts of X~ and Cg, (b) schematic showing an aggregate of X~ with Cq, and (c)

experimental and theoretical isotopic patterns of one of the adducts, [X;(Cgo)]>~

yellow, S; white, H; blue, fullerenes.

[X = Ag,s(DMBT),5]. Color codes: gray, Ag; yellowish-green, C;

of a solvent mixture of MeOH and DCM (MeOH:DCM =
1:8) to allow the formation of yellow-colored Ag thiolates. The
reaction was maintained at 0 °C and was stirred at 900 rpm.
About 15 min later, ~6 mg of PPh,Br, dissolved in ~0.5—1 mL
of MeOH, was added to the reaction mixture. Next, about 2—3
min later, 15 mg NaBH,, dissolved in ~0.5 mL of ice-cold
water, was added dropwise. Upon addition of NaBH,, the color
of the solution changed to brown. The reaction mixture was
stirred at 0 °C for about 8 h and then was kept in the freezer at
4 °C for about 2 days. Then, the crude mixture containing the
clusters was purified. First, the mixture was centrifuged, and
the precipitate was separated. Next, DCM was evaporated from
the supernatant, and the resulting solid was cleaned by washing
with MeOH. The solid cluster was then dissolved in DCM and
centrifuged. The purified clusters were then obtained in
powder form by removing DCM by rotary evaporation.

Synthetic Protocol of [Au,;(PET),g]- Clusters.
[Auys(PET) 5]~ clusters were made by slightly altering an
already reported protocol.’”" About 40 mg of the Au
precursor, HAuCl,-3H,0O, was dissolved in ~8 mL of THF
and mixed with 65 mg of TOABr. The solution was then
stirred for 15—20 min. After about 1 h, ~68 uL of PET was
introduced into the reaction mixture under stirring conditions,
which caused the formation of Au thiolates. Next, about 40 mg
of NaBH, (in ice-cold water) was added. Then the reaction
was kept under stirring for another 5—6 h to allow size-
focusing of the clusters. The clusters were then dried by rotary
evaporation followed by washing the dried cluster with MeOH.
Then, the pure clusters were extracted using acetone and
centrifuged, and the precipitate was discarded. The supernatant
containing the pure clusters was then vacuum-dried and stored
for further use.

Computational Details. Molecular docking was done to
determine the structure of the cluster—fullerene adducts. The

14893

Lamarckian genetic algorithm in the Autodock 4.2 program®'
was used for this purpose. The lowest energy structures
obtained from docking were further optimized using DFT.
DFT calculations were done using the grid-based projector-
augmented wave (GPAW) method %63 The Perdew—Burke—
Ernzerhof (PBE) functional®® was used in our calculations.
Double zeta plus polarization (DZP) was used as the basis set
in the linear combination of atomic orbitals (LCAQO) method.
The crystal structure of Ag,s(DMBT),5~ was used as the initial
structure”” for carrying out the computational work. The
binding energies (B.E.s) of the adducts were calculated by
deducting the free energies of the isolated clusters and
fullerenes from the total energies of the adducts by using the
fOHOWing formula: B‘E'adduct = Eadduct - (xEcluster + yEfullerene))
where x and y are the number of clusters and fullerenes in the
adduct, respectively. E 4quc0 Eduster @04 Egyjierene are the lowest
energies of the DFT-optimized structures of the adduct,
isolated clusters, and isolated fullerenes (Cgy/C5,), respec-
tively.

B RESULTS AND DISCUSSION

Supramolecular Interaction of Ag,s(DMBT),s~ with
Ceo- [Agy,s(DMBT) 4]~ was synthesized according to the
method discussed above in the experimental part and further
characterized using UV—vis (Figure S1) and ESI MS (Figure
1Aa).”” As such data have been published before,”” we are
presenting only essential data in the main text. Ag,s(DMBT) 4
is referred to as X in the subsequent discussion. Fullerene
adducts of the cluster were prepared by mixing solutions of Cq,
(in toluene) and X~ (in DCM). The parent cluster ion, X,
appeared as a peak at m/z 5167 (Figure 1Aa), and its
theoretical and experimental isotopic distributions are
presented in the inset (c) of Figure 1A. The structure of the
cluster is shown in inset (b) of Figure 1A. The structure was
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Figure 2. (A) Fragmentation pathway of the adduct, [X;(Cg)]*” [X = Agys(DMBT) ;). (B) CID mass spectra of [X;(Cg)]*~ and (C) expanded
views showing the products of CID in the m/z range of 5000—6000 at varying C.E.s of 2 (c), 10 (b), and 25 (a). C.E. is in instrumental unit.

optimized using DFT, with initial inputs from the crystal
structure.”” Upon addition of Cgy, several new peaks were
observed in ESI MS in the m/z range of 5250—6000 (see
Figure 1Ba), which corresponded to the cluster—fullerene
complexes. Detailed analysis of the peaks revealed the
composition of the adducts as [X,(Cg)]*™ (m/z 5347),
[X3(Cs0) >~ (m/z 5407), [X,(Cg)]*~ (m/z 5527),
[Xs(cso)a]s_ (m/z 5599), [X3(C60)2]3_ (m/z 5647),
[X,(Cao)s]™ (m/z $707), and [X{(Cgo), ] (m/z 5743).
The composition of some of these adducts may be generalized,
such as [X,(Ceo)]"™ (n = 1-4) and [X,(Cg0),—1]"" (n = 2-5).
Adducts with further higher values of n were not observed in
this case. Probably, such higher adducts were not stable due to
Coulombic repulsions between the clusters. The compositions
were determined by analyzing the m/z values, charge states,
and isotopic patterns of the peaks. The isotopic distribution of
the peak for one of these adducts, [X;(Cgo)]*7, is presented in
the inset (c) of Figure 1B. The difference between the peaks in
the isotopic distribution is m/z 0.33, which confirmed a charge
state of 3—. The experimental isotopic distribution was
comparable to the calculated isotopic distribution of
[X;(Cg)]®", which further confirmed its composition.
However, an important aspect to note is the drastic loss of
resolution of the adducts, in comparison to the parent cluster,
which is partly attributed to the higher charge state of the
adducts. ESI MS suggested the attachment of neutral fullerenes
to the cluster, but the nature of these adducts was completely
different compared to the fullerene adducts of
[Ag,o(BDT),,]>, reported earlier.”” In the case of
[Agy(BDT)1,(Cg), >~ (n = 1-9), the fullerenes covered
the surface of a single cluster. For X7, in contrast, fullerene-
induced aggregation of the clusters occurred. Multiple fullerene
attachment to a single cluster was not observed in the case of
X". The adduct [X,(Cy)]*~ was a fullerene-mediated dimer of
the cluster. Similarly, the adducts, [X;(Cg)]>” and
[X3(C4p)2]%", were trimers, and [X,(Cqo)]* and

[X,(Cgo)3]*™ were tetramers of the cluster. The peak at m/z
5887 was assigned as [X,(Cg),]"" (n =1, 2, 3, .., etc.).
However, due to the poor isotopic resolution of the peak, the
limiting value of n could not be determined accurately. A
schematic of aggregate formation between the cluster and Cq,
is presented in the inset (b) of Figure 1B. Optical absorption
showed a slight increase in the absorbance of the cluster upon
addition of Cg, (Figure S2A), reflecting the effect of such
supramolecular complexation in solution. Additional scattering
of light by the particulates in the solution may have also
resulted in such a phenomenon. However, addition of Cg, did
not show any significant effect on the emission properties of
the cluster (Figure S2B). The cluster—fullerene aggregates
were stable when stored under cold conditions at 4 °C, as
observed from their optical absorption spectrum, which was
almost unaltered even after 7 days (Figure S3).

CID Studies of the Fullerene Adducts of X~. We
performed CID to get further insights into the structure of
these adducts. The peak of the adduct, [X;(Cg)]*", was mass-
selected and subjected to collision with Ar gas, confined in the
trap chamber of the mass spectrometer. Upon increasing the
collision energy (C.E.), stepwise loss of the cluster, X, from
the adduct [X;(Cg)]* (see Figure 2) was observed. The
fragmentation pathway is presented in Figure 2A. In the first
step, loss of X~ from [X;(Cg)]* resulted in the formation of
[X,(Cg)]>". Upon increasing the C.E., further loss of X~
resulted in the formation of [X(Cg,)]™. Finally, at higher C.E.s,
X~ and C4~ were formed. Cg~ was probably formed by
charge transfer from X~ to Ceo."’ Along with Cg,~, X was also
formed in this charge transfer process, which being a neutral
species was not detected in ESI MS. The CID mass spectra
with increasing C.E.s are presented in Figure 2B, and expanded
views of the fragment peaks in the m/z range of 5000—6000 of
the corresponding spectra are presented in Figure 2C. At C.E.
of 2 also, some extent of fragmentation of [X;(Cg)]*™ to
[X,(Cgo)]*~ was observed, as supramolecular adducts are weak
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Figure 3. (A) Lowest energy structure of the adduct, [X(Cg)]™ [X = Agys(DMBT) ;], obtained from DFT. (B) Enlarged view of the interaction
between Cg, attached on the cluster surface and the neighboring DMBT ligands.

Figure 4. Lowest energy structures of (A) [X,(Cg)]*™ and (B) [X;(Cg)]>". Two isomeric structures of [X,(Cg)3]* are in (C) and (D) [X =

Agzs(DMBT)ls]-

and fragmentation occurs even without any applied C.E. The
peak observed for Ag;(SR)s~ was due to the usual
fragmentation of the parent cluster.”® CID studies also revealed
the distinct binding modes of complexation of C4y and X7,
compared to that of the previously reported Cg4, adducts of
[Agz9(BDT)12]3_-47 In the case of [Agzg(BDT)12(C60)n]3_ (n=

1—4), where the nanocluster surface was covered by fullerenes,
sequential loss of Cg, was observed.*’ In contrast, in the case of
the adduct [X5(Cg)]*~, sequential loss of the clusters, X~, was
observed, and Cg, was lost only in the final stages. This implied
that in the structure of [X;3(Cg)]*", Cg was probably
encapsulated by three clusters. CID of the other adducts like
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[X,(Cg0)]*, presented in Figure S4, also showed similar
fragmentation sequence. Also, at low C.E., [X,(Cq)]*" showed
extensive fragmentation to [X;(Cqg)]*7, [X,(Cgo)]*~, and [X]~
indicating that the smaller adducts like [X;(C4)]*” and
[X,(Cg)]*~ were probably fragments of the larger adducts.

Computational Studies to Determine the Structure
of Adducts of X~ with Ci. We carried out molecular
docking followed by DFT calculations to investigate the
structure of the adducts of Cyy and X™. To determine the
lowest energy geometry of the adduct [X(Cqgy)]™, X~ was used
as the receptor, and Cg, was used as the free ligand in docking.
As molecular docking primarily considers the supramolecular
interactions, the lowest energy geometry of [X(Cg)],
obtained from molecular docking, was further optimized
using DFT to consider the electronic factors too. The lowest
energy structure of [X(Cgy)]™ (Figure 3A) showed that Cq,
was captured in a cavity on the cluster surface which was
enclosed by six 2,4-DMBT ligands. An expanded view of the
interactions between the six DMBT ligands and Cgj, attached
on the cluster surface, is presented in Figure 3B. DFT
calculations revealed a binding energy (B.E.) of —10.25 kcal/
mol for this adduct. Here, the major forces stabilizing the
complex were vdW interactions and C—H:-7 contacts between
the —H of —CHj; groups of the ligands and the 7z-system of
Cgo- Moreover, it is well-known that metal clusters can also
bind to fullerene surfaces.®® From Figure 3, it is clear that there
were strong contacts between the Ag atoms of the cluster and
Cgo, which contributed ion-induced dipole interactions to the
overall stabilization of the complex. Similarly, the structures of
the larger adducts were also determined. To determine the
structure of [X,(Cg)]*~, the lowest energy structure of
[X(Cgo)]~ was chosen as the receptor, and another X~ was
chosen as the free ligand in docking. The lowest energy
geometry of [X,(C4)]*” (Figure 4A) showed that Cg
interacted with DMBT ligands of two clusters. Similarly, the
structure of [X;(Cg)]*>~ was obtained by docking [X,(Cqg)]*~
with X™. The lowest energy structure of [X;(Cg)]*~ (Figure
4B) revealed that Cq, was indeed encapsulated by three X~
clusters. The surface of Cg, was covered by the clusters, and as
the clusters remained exposed, they were the first ones to be
lost upon increasing C.E. during the CID experiments. The
B.E.s for the adducts [X,(Cg)]*™ and [X;(Cg) 1>~ were —9.80
kcal/mol and —3.86 kcal/mol, respectively. The lower B.E. in
the case of [X;(Cg)]™ may be attributed to steric factors and
an increase in repulsion between the negatively charged
clusters, which may reduce the favorable C—H:-7 interactions.

The structures of the heavier adducts, [X,(Cq),—1]"" (n =
3—4), were obtained only from molecular docking, due to the
computational cost involved in DFT. These structures showed
two isomeric possibilities in each case. The two isomeric forms
of the adduct, [X,(Cg);]*", are presented in Figure 4C and
4D, respectively, where the structure shown in Figure 4D
exhibited a greater extent of branching. Similar possibilities of
isomerism in the structures of the other adducts like
[X5(Cg),]* are presented in Figure SS. In the structures of
[X,(Ce0)]"™ (n = 1-3) and [X,(Ce),—1]"" (n = 2—4), some
Ceo’s were enclosed by the clusters. However, equivalent sites
on the cluster surface were free and accessible for the capture
of more fullerenes which could further bind more clusters.
Thus, these assemblies could extend further, leading to the
formation of larger aggregates of such cluster—fullerene
complexes.

We further examined the possibilities of such aggregation in
the solid state by using TEM. Solutions of cluster—fullerene
complexes were drop-casted on TEM grids and examined.
TEM studies revealed that the cluster—fullerene adducts were
assembled into wire-like structures in the solid state (Figure
S6A,B), which was in accordance with the nature of the
complexation observed in ESI MS and the structures predicted
from theoretical studies. Self-assembly of individual nano-
clusters into such a dendritic network of micrometer
dimension was recently observed by Musnier et al. by
incorporating anisotropic surface charges on atomically precise
gold clusters.”” Here, fullerenes might also act as anisotropic
targets, leading to similar assemblies. However, under identical
conditions, the parent clusters also assembled into a mixture of
wire-like and sheet-like structures (Figure S6C,D). This
implied that probably fullerenes enhanced the formation of
the linear assemblies of the clusters, resulting in the formation
of uniform wire-like structures in the solid state. Specifically,
the ion-induced dipole interactions between the Ag atoms of
the cluster and Cg, might have enhanced the nanowire
formation. However, the positions of C4, and the clusters in
the assemblies were not resolved from TEM. So, this aspect of
assembly formation in the solid state was not probed in further
detail in the current study.

Supramolecular Interaction of X~ with C;,. We further
investigated the interaction of X~ with ellipsoidal-shaped C-,.
The similar nature of adducts of C,, with X~ was observed in
ESI MS. The adducts, [X,(C0)]* (m/z 5376), [X5(Cy0)]*~
(m/z 5446), [Xz(cm)]z_ (m/z 5586), [XS(C70)3:|5_ (m/z
5670), [X3(C70)2]3_ (m/z 5726), [X4(C70)3]4_ (m/z 5796),
[Xs(Cr)sl>™ (m/z 5838), and [X,(C), 1"~ (m/z 6006), were
formed, as presented in Figure S5(a). Comparison of the
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Figure S. ESI MS showing the adducts of X~ and C, is shown in (a).

Inset (b) shows the experimental and theoretical isotopic patterns of
one of the adducts, [X;(C,0)]*” [X = Ag,s(DMBT) ).

experimental and calculated isotopic distributions of one of
these adducts, [X;5(C,)]*", is presented in the inset (b) of
Figure 5. We also performed molecular docking followed by
DFT calculations to determine the structure of [X(C,,)]~. The
lowest energy structure, obtained from molecular docking,
showed that C,, interacted at a similar site on the cluster
surface with its major axis oriented toward the cluster (Figure
S7A). The complexation was also stabilized by vdW, C—H---z,
and ion-induced dipole interactions. DFT revealed a B.E. value
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of —7.29 kcal/mol for the adduct, [X(C,,)]~. However, we
also constructed another isomeric structure of [X(C,,)]™ with
the minor axis of C,, projected toward the cluster and
optimized it in DFT (Figure S7B). The B.E. in the case of this
isomer was —6.15 kcal/mol, which was slightly lower
compared to the B.E. obtained for the lowest energy isomer.
The lower B.E.s in the case of C;, compared to that of Cg,
revealed that larger-sized fullerenes allowed lesser interaction
in the case of X~. C,, also induced the formation of dendritic
assemblies of the cluster in the solid state (Figure S8), but
these assemblies were less uniform in their wire-like
morphology compared to that of the assemblies of Cg,.
Supramolecular Interaction of Au,s(PET),s~ Cluster
with Fullerenes. We also tried to form similar adducts of
fullerene with Au,s(PET),s~,'>**® which has a core structure
similar to that of X~ but protected by a different ligand.
Auys(PET),; is referred to as Y in the subsequent discussion.
The Y cluster was synthesized following the method discussed
in the Experimental Section and characterized by UV—vis and
ESI MS (Figure S9). Y~ showed the parent cluster ion peak at
m/z 7393, as presented in Figure S9B. Upon addition of Cg,
several new peaks appeared in ESI MS in the m/z range 7500—
8300, as presented in Figure 6. The fullerene adducts,

£
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Figure 6. ESI MS showing the formation of adducts of C¢, with Y~ (Y
= Au,5(PET);;). Expanded view of adducts in the m/z range of
7500—8300 is shown in inset (a), and the DFT-optimized lowest
energy structure of [Y(Cg)]™ is presented in inset (b). Color codes:
orange, Au; yellowish-green, C; yellow, S; and white, H.

[Y.(Ce)]"™ (n = 1=5), [Y,(Cg)p—1]"" (n = 2-5), and
[Y,(Ceo), )"~ (n=1,2,3, .., etc.), observed in the case of Y™,
were similar to those observed in the case of X™. In order to
study the nature of complexation and interactions of Cg, with
Y™, we calculated the structure of [Y(C4y)]™ using a similar
approach used in the case of [X(Cg4)]™. The lowest energy
structure of [Y(Cgy)]™ is presented in the inset (b) of Figure 6.
[Y(Cg)]~ showed a B.E. of —12.33 kcal/mol which was
marginally higher compared to the B.E. of [X(Cq4)]™ (—10.25
kcal/mol). As the nature of complexation in the case of
[X(Cgo)]™ and [Y(Cgp)]™ was similar and independent of the
ligands or the metal atoms, ion-induced dipole interaction was
expected to be the major driving force behind this complex-
ation. Similar complexation of Y~ with C,, was also studied
(Figure S10). Our results showed that for an appropriate

geometry of the cluster the complexation was independent of
the nature of the metal atoms (Au or Ag), and host—guest
complexation was primarily favored by the interaction with the
protecting ligands of the cluster and ion-induced dipole
interactions.

B CONCLUSIONS

In summary, we demonstrated the assembly of atomically
precise clusters with fullerenes, C4, and C,, Taking
M,5(SR);5~ (M = Ag, Au) clusters as our model systems of
study, we showed that fullerene-mediated dimers and trimers
and higher aggregates of the clusters were formed, and the
nature of complexation was independent of the nature of metal
atoms (Ag or Au). The complexation was favored due to ion-
induced dipole interactions between the metal clusters and
fullerenes and interaction between the protecting ligands of the
cluster and the aromatic surface of the fullerenes. Computa-
tional studies also supported the formation of such cluster—
fullerene complexes and also predicted the possibility of
isomerism in some of these adducts. The present study
revealed how variation in the structure of the cluster can
induce the formation of a variety of cluster—fullerene adducts.
The nature of adducts observed in the case of M,s(SR);s~ (M
= Ag, Au) was completely different compared to the previously
observed adducts of [Ag,,(BDT);,]*>" clusters,”” where
multiple fullerenes were attached to an isolated cluster. Also,
our work opens up a methodology to create aggregates of
clusters by supramolecular interaction with other molecules.
Exploring the interaction of a variety of ligand-protected noble
metal clusters with fullerenes can bring in more variation in the
nature of supramolecular adducts, which will help to create a
large family of such cluster—fullerene hybrid systems. Though
we have used clusters protected by hydrophobic ligands in this
work, these studies may also be extended to water-soluble
metal nanoclusters by using suitable phase transfer agents or by
using clusters and fullerenes with appropriate functionalization.
Moreover, dimers, trimers, and other aggregates with the
fullerenes were formed as a mixture in solution, and selective
formation of a particular adduct, containing a desired number
of clusters, could not be controlled. Future work will involve
separating these aggregates to study their physical and
chemical properties. The dimers and trimers may show a
change in their mechanical or optical properties. Conductivity
may also be observed in the fullerene-mediated aggregates of
the clusters. Moreover, the chemical properties of these dimers
and trimers may also be altered. These a§gregates may behave
differently in interparticle reactions,”’ compared to the
monomers of the clusters. Such cluster—fullerene complexes
may find applications in diverse fields such as optoelectronics,
solar cells, catalysis, etc.
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