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We present the first example of polymorphism (cubic & trigonal) in
single crystals of an atomically precise monolayer protected
cluster, Ag,o(BDT)1o(TPP);>~. We demonstrate that C—H:--x inter-
actions of the secondary ligands (TPP) are dominant in a cubic
lattice compared to a trigonal lattice, resulting in a greater rigidity
of the structure, which in turn, results in a higher luminescence
efficiency in it.

Molecular species of noble metals often referred to as
nanoclusters'” (NC) or aspicules®® have become an important
research direction of advanced materials science. Some unpre-
cedented structures and novel properties have been discovered,
which enable new applications in catalysis, sensing, and
optoelectronics.’®* Ligand structures on metal surfaces and
their non-covalent interactions drive self-organization of such
systems leading to single crystals which may also be regarded
as nanoparticle superlattices.'>'® While the primary ligands
of a given cluster often protect the metal core, secondary
ligands also contribute to the cluster stabilization for several
of the emerging clusters."”” ' Therefore, intercluster inter-
actions mediated through primary ligands or secondary
ligands or a combination become possible, making different
cluster assemblies. In the following, we describe the crystalliza-
tion of two polymorphs of a well-known cluster,'®
Ago(BDT),,(TPP),*", by the dominant primary and secondary
ligand interactions.

In the case of a well-known silver cluster,"”” Agu(p-
MBA);(Na,, abbreviated as Ag,,, crystallization of the cluster
occurs through hydrogen bonding (HB), a characteristic of car-
boxylic acid-bearing entities. The hexagonal network of HB
resembles that of acid crystals such as terephthalic acid,?* tri-
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mesic acid®® and hexakis(4-carboxyphenyl)benzene.** As
expected, protonation of the carboxylate groups on the cluster
surface becomes a prerequisite of cluster formation. Similar
non-covalent interactions can be observed in clusters such as
Alygp,"" Algge,” Alggs,'® etc. (the formulae are abbreviated),
where primary interactions are HB, C-H:--x and van der Waals
(vdW) in nature, depending upon the ligands. These inter-
actions, although weak, may have important electronic conse-
quences such as luminescence. In this work, we explore the C-
H---n and vdW interactions within the two polymorphs (cubic
and trigonal) of the [Ag,o(BDT)5(TPP),]*” cluster and their
consequences in luminescence.

Bakr et al. reported the crystallization of Ag,o(BDT);,
(TPP),>~ by slow evaporation of a dimethylformamide (DMF)
solution of the cluster, drop cast on a microscope slide.'®
More details of the crystallization processes are given in the
ESL.f This method produced crystals which were packed in a
cubic (C) lattice with a space group of Pa3 (Fig. 1B). We
changed the crystallization method of the NC to the vapor
diffusion of methanol into a DMF solution of the clusters
(~10 mg mL™"). X-ray crystallographic analysis was performed
at 296 K on the crystals obtained by this modified method.
The crystal system was trigonal (T) (Fig. 1C) with the space
group R3 (Fig. 1D). So, Ag,o(BDT),(TPP),*” forms two poly-
morphs, T and C. Note that the color of the NCs of two poly-
morphs (orange for C and dark red for T) are visibly different
under an optical microscope (Fig. S17). The R, value for the C
system is 8.94 but that of the T case is 7.68. The volume,
density, and Z (number of molecules per unit cell) for this new
T polymorph of the cluster are less compared to the previously
reported C system (Fig. 1D). The reduced density of the T
makes it possible to incorporate solvent molecules (DMF and
methanol) in the unit cell.

The molecular structure of the NC is the same as that of the
previously reported NC. The NC is composed of an Ag,; icosa-
hedral core. Twelve silver atoms (green) cap all the 12 Ag
atoms of the icosahedron, giving rise to four tetrahedrally
oriented trigonal prisms (Fig. S2t). The remaining four Ag
atoms (blue) face-cap the core at four tetrahedral positions.
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Fig. 1 (A) Crystal structure of Ag,s(BDT)1o(TPP)4>". (B) Trigonal unit cell of the NC obtained by the vapour diffusion method. (C) Cubic unit cell of
the NC obtained by the drop casting method. (D) Comparison of the unit cell parameters for both the polymorphs.

The four TPP (phosphorus as pink) ligands are connected with
the tetrahedrally oriented four silver atoms (Fig. S27).

One S moiety of the BDT ligand is attached to each of the
12 Ag atoms of the icosahedron and the remaining S moieties
bridge Ag atoms of each Ag;Ss crown. The total number of S
atoms is 24 {(24 = 12 S atoms attach to the 12 Ag icosahedron
core + 4) x (Ag;Ss crown motif)}.

For the T system, in the (001) plane (view from the Z-axis) of
the crystal lattice, the NCs get organized into a hexagonal
lattice with a 3-fold axis passing through the center of the
molecule (Fig. 2A), while for the (100) (view from the X-axis)
(Fig. 2B) and (010) (view from the Y-axis) (Fig. 2C) planes, the
NCs get decorated into a rectangular lattice. Viewing from the
Z axis, the NCs form two different parallel (001) and (00-1)
planes. Each NC from the two (001) and (00-1) planes has a
center of inversion (Fig. 2D). The interparticle distance of
1.79 nm (less than the 2.74 nm overall size of the NCs) arises
from ligand interlocking. For the C system, the NCs assemble
into a simple square lattice in the (001) plane (view from the Z
axis). The interparticle distance is 1.75 nm, less than the
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overall size 2.74 nm of the nanocrystal. In the case of Au,,e,
the interparticle distance was of 3.1 nm, less than the 3.3 nm
overall size of the NC."

When zooming into the surfaces of the NCs, the T and C
packing are related to the alignment of their surface ligands.
The BDT (primary) and TPP (secondary) ligands are highly
ordered and are self-assembled on the silver surface (Fig. S3-5
& S7, 81).

For the T system, the BDT ligands of the two NCs formed
cyclohexane chair patterns in the unit cell. C-H---x and H---H
vdW are the interactions present to form such types of cyclo-
hexane chair structures (Fig. 3A). For a NC, there will be a
maximum of four such types of interactions in a T unit cell.
The C-H---n and H---H distances were ~2.82 and ~2.36 A,
respectively. In the C system, every NC has the same six types
of interactions with slight changes in the distances.

For BDT and TPP ligands, there are two types of interactions:
(i) intra-cluster interactions and (ii) inter-cluster interactions.

(i) The C-H groups of the TPP ligands (red) interact with
the benzene ring of the BDT ligands in intra-cluster inter-

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8nr02629g

Published on 08 May 2018. Downloaded by Indian Institute of Technology Chennai on 7/11/2018 12:08:26 PM.

Nanoscale

7

P

D
<5

View Article Online

Communication

View from Z axis

. Y Centre of
~= inversion

‘\/\

Fig. 2 Packing of the crystal view from the (A) Z-axis, (B) Y-axis and (C) X-axis. (D) (a) View of the cluster packing from the Z-axis. Two NCs formed
two different (001) and (00-1) layered planes; (b) and (c) are the two different clusters of (a). They have a center of inversion.

actions (Fig. 3B & S5Aft). For C and T systems, the interactions
are similar with small changes in interaction distances. Here,
C-H---m interaction distances are ~2.77 and 2.92 A for the C
and the T systems, respectively. The orientations of the
benzene rings of the TPP are controlled by these C-H:--n inter-
actions. The TPP ligands fit into the cavity formed by the BDT
ligands by these types of interactions (Fig. 3B).

(ii) The C-H groups of the BDT (orange) interact with the
benzene ring of the TPP leading to inter-cluster interactions
(Fig. 3C & S5Bt). Here also, the interactions are similar with
slight changes in interaction distances for both types of unit
cells. The C-H---n interaction distances are ~3.07-3.39 A and
2.92 A for the C and the T systems, respectively.

T-shaped C-H---& interactions are present between the TPP
ligands in the C unit cell (Fig. 4A). In a unit cell, eight TPP
ligands, by interlocking each other, form a hexagonal shape

This journal is © The Royal Society of Chemistry 2018

through C-H---x interactions from the eight NCs (Fig. 4A). The
average C-H---w distance was ~2.88 A. Strong C-H---m inter-
actions of the TPP ligands form a polymeric chain to hold
each NC (Fig. S7At). Every NC is directly or indirectly con-
nected with the other NCs by C-H---x interactions of the TPP
ligands. This distance is consistent with the reported value for
typical C-H---n interactions in the Au,,s NCs' with -SPh-p-
CH; ligands (2.88 = 0.42 A) but somewhat larger than the C-
H---m distance in the Auo; NCs'® composed of -S-Nap ligands
(2.76 = 0.05 A). In the T system, the C-H---x interaction dis-
tances for TPP ligands were in the range of ~3.12-3.37 A
(Fig. S8D7). Here, the interaction energy is less compared to C
as the distance is larger. There are breakages in C-H---x inter-
actions for TPP ligands (Fig. S8B & Ct). Such orientations and
self-organized surface patterns of ligands are reminiscent of
the a-helix>® and f-sheet in proteins, and also in the recently
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Fig. 3 (A) Interactions among the BDT ligands from two different NCs
in the trigonal structure. The BDT ligands of the two NCs formed cyclo-
hexane chair patterns in the unit cell. (B) Intra-cluster interactions
between C-H of the TPP with the benzene ring of BDT in the cubic
system. (C) Inter-cluster interactions between C—H of the BDT with the
benzene ring of the TPP in the cubic system.
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Fig. 4 (A) C—H---x interactions of the TPP ligands in the cubic system.
(B) Emission spectra of the single crystals for both the cubic and the tri-
gonal systems.

reported Au,se ° and Auge; '® NCs. So, NCs could exhibit a
level of structural complexity comparable to that of
biomolecules.

The secondary structures of proteins are mainly stabilized
by hydrogen bonds.>® Here, the surface patterns on the NCs
are stabilized by intermolecular C-H---m and vdW interactions.

We note that the surface patterns and orientations are
induced by specific crystallization because the C-H---n inter-
actions are different for different crystal systems of the same
NC.

The emission spectra of both NCs, collected at room temp-
erature, are shown in Fig. 4B. Both the NCs can be efficiently
excited at A = 532 nm. Upon comparing both the NCs, two
main features were observed:
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(i) The cubic NCs are more luminescent than the trigonal
NCs: Inter C-H---n interactions for secondary ligands (TPP) are
more facilitated in C than in T (Fig. S7 & 81). As a result, the C
lattice becomes more rigid compared to the T lattice. Greater
rigidity, in turn, results in a higher luminescence efficiency for
the C system.”” The C-H---x interactions significantly restrict
the intramolecular rotations and vibrations and thus enhance
the radiative transitions considerably in the crystalline state.?®
Secondary ligands play a crucial role to increase the lumine-
scence efficiency of the NCs.

(ii) A red shift of the emission band occurs for the cubic
NCs by more than 30 nm: The red shift can be explained in
terms of electronic coupling between the NCs via interactions
between the transition dipole moments of the individual
Ag,0(BDT);,(TPP), NCs and the induced dipole moments in
the neighboring Ag,o(BDT);,(TPP), NCs in the single crystal.
This interaction is expected to lower the transition energy.?=°
The red shift of the emission band is expected to be caused by
a combined effect of the electronic coupling and the non-
radiative decay pathways occurring through electron-phonon
interactions that lower the emission energy."®

Conclusions

In summary, we demonstrate that polymorphism exists in
atomically precise cluster systems. The packing of
[Ag20(BDT),,(TPP),]*~ clusters into two different polymorphic
forms, cubic and trigonal, was favored by different patterns of
intercluster and intracluster interactions. The greater extent of
C-H---m interactions in the cubic NCs makes them more rigid
and hence more luminescent than the trigonal NCs. This also
highlights the role of secondary ligands in enhancing the
luminescence properties of the clusters. The discovery of poly-
morphism in atomically precise clusters opens up a new
dimension in nanoparticle engineering, presenting the possi-
bility of engineering NC unit cells with enhanced optical,
mechanical and electrical properties.
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