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ABSTRACT: The bottom-up assembly of nanoparticles into
diverse ordered solids is a challenge because it requires
nanoparticles, which are often quasi-spherical, to have interaction
anisotropy akin to atoms and molecules. Typically, anisotropy has
been introduced by changing the shape of the inorganic
nanoparticle core. Here, we present the design, self-assembly,
optical properties, and total structural determination of
Ag,o(BDT),(TPP),, an atomically precise tetravalent nano-
cluster (NC) (BDT, 1,3-benzenedithiol; TPP, triphenylphos-
phine). It features four unique tetrahedrally symmetrical binding
surface sites facilitated by the supramolecular assembly of 12
BDT (wide footprint bidentate thiols) in the ligand shell. When
each of these sites was selectively functionalized by a single
phosphine ligand, particle stability, synthetic yield, and the propensity to self-assemble into macroscopic crystals increased. The
solid crystallized NCs have a substantially narrowed optical band gap compared to that of the solution state, suggesting strong
interparticle electronic coupling occurs in the solid state.
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B INTRODUCTION

Inspired by the diversity with which atoms and molecules form
solids in nature, nanoscientists have sought to recreate their
nanoparticle analogues. Efforts to design nanoparticles with
interaction anisotropy analogous to atoms and molecules have
mainly centered on controlling the shape of the particle’s
inorganic core.' * Anisotropically shaped metal and semi-
conductor nanoparticles have successfully been assembled into
large superlattices and higher-order solids.>™” However, this

There is, however, a notable class of atomically precise
nanoparticles known as nanoclusters (NCs) or molecular
nanoparticles>”™"” that can assemble into macroscopically
ordered crystals. They typically consist of highly symmetrical
inorganic cores and for stability follow electronic or geometric
closing rules.'”'® They display exotic optical and electronic
properties featured by discrete molecular like energy levels,'
size specific HOMO—LUMO gaps and photoluminescence.”**!
Prominent examples include Au,gp,** Auys,”** Ag,, > and
most recently Auy;;°">* The vast majority of reported NCs

approach is inapplicable to a broad range, if not the majority, of
nanoparticles, which are quasi-isotropic and highly symmetrical.
For these nanoparticles, introducing anisotropy would require
supramolecular engineering of the ligand shell; for example,
nanoscale phase separation could be used (i.e., patchy
particles)'°~"? or exploitation of topological defects that form
when ligands, especially those with wide footprints, align on the
three-dimensional surface of the inorganic core.'”'* While
these ligand-shell engineering approaches have shown proof-of-
concept anisotropic “valences”, they have not led to long-range
ordered solids. The key limitation in these systems is the large
disorder present in the particle’s core (size and faceting), which
causes a considerable variability in the configurations of the self-
assembled monolayer of ligands in the shell.
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have been synthesized with relatively small footprint ligands.
Therefore, they have not been investigated for the engineering
of anisotropic ligand shells, which intuition suggests would
require wide footprint bidentate ligands.

Here, we present the synthesis, optical properties and
structure of an atomically precise silver NC with a self-
assembled monolayer of 1,3-benzenedithiol (BDT) ligands.
The resulting Ag,o(BDT),,(TPP), NC despite being quasi-
spherical, possesses four tetrahedrally symmetric positions, that
can be exclusively functionalized with monodentate phosphine
ligands. The selective binding of TPP ligands increases particle
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stability, synthetic yield, and the tendency to self-assemble into
macroscopic crystals; therefore, it was possible to elucidate their
complete structure by single-crystal X-ray diffraction. A careful
investigation of the structure revealed that the four tetrahedral
sites formed due to the supramolecular self-assembly of a wide
footprint bidentate BDT on the silver core. Phosphine ligands
could functionalize these four sites selectively if introduced
during synthesis or postsynthetically through ligand exchange.
In its macroscopic crystallized form, the optical band gap of
Ag,o(BDT),(TPP), narrows substantially, indicative of
enhanced interparticle electronic coupling upon NC clustering
in a crystal lattice. This work demonstrates the potential of
combining supramolecular engineering of the ligand shell with
atomically precise metal cores to create anisotropic NC
analogues of molecules that crystallize into macroscopic solids
with novel collective properties.

B RESULTS AND DISCUSSION

Synthesis, Purification, and Crystallization.
Ag,y(BDT);, NCs were prepared by dissolving silver nitrate
in a solvent solution of methanol and dichloromethane prior to
the addition of BDT ligands. The solution turned turbid with
insoluble yellow flakes, indicating the formation of a Ag—S
complex. The reaction mixture was reduced with an aqueous
solution of NaBH,, and the resulting dark brown solution
turned orange during 5—7 h of stirring. Supporting Information
(SI) Scheme 1 shows detailed pictures of the reaction vials
throughout the reaction. To purify the product, we centrifuged
the solution at 9000 rpm: the products consisted of a dark
brown precipitate that was discarded after failing to redisperse
in other solvents and a dark orange supernatant with optical
properties that indicated the presence of NCs. Figure 1 shows
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Figure 1. (a) UV—vis absorbance (solid) and emission (dashed) of
Agyo(BDT),,(TPP), NCs without (black) and with (red) phosphines.
The excitation wavelength is at 450 nm. (b) ESI-MS of Ag,,(BDT),,
without (upper panel) and with phosphines (bottom panel).

the UV—vis absorption and emission spectra of the supernatant.
The as-prepared NCs exhibited molecular transitions at 447
and 513 nm and an emission maximum around 670 nm. All
attempts to further purify the solution were unsuccessful as the
NCs were unstable upon drying and redispersing. Using
electrospray ionization mass spectrometry (ESI-MS) to further
characterize these NCs, we found that Ag,,(BDT),, NCs were
dominantly responsible for the peaks observed in the negative
ion mode (Figure S1). The upper panel in Figure 1b shows the
expansion of the 3— charged species. No added cations were
used to assist in the ionization of the NCs.
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We suspect that a low reaction yield (less than 0.1%) and NC
instability (NCs were stable for only a couple of hours) were
due to the incomplete capping of the metal surface, caused by
the geometric packing limitation imposed by the wide BDT
footprint. To circumvent this limitation, we incorporated
different monodentate phosphine ligands in the synthesis; for
example, the full reaction with TPP is depicted in SI Scheme 2.
TPP was dissolved in dichloromethane and introduced to the
reaction vial immediately after mixing the silver salt with BDT.
The yellow flakes disappeared immediately and the solution
turned clear. Eventually, a dark orange solution developed that
upon centrifugation formed a pellet, which was then dried
under vacuum. The purified NCs showed high solubility in
various aprotic polar solvents, including DMF and DMSO, and
fair solubility in less polar solvents such as acetonitrile and
dichloromethane.

We performed ESI-MS to determine if the size of the NC
core remained the same after functionalization with phosphine
ligands and to probe the charge state of the NCs. Negative ion
mode ESI-MS of the NCs in acetonitrile revealed a number of
peaks in the range of m/z = 1500—2000 (Figure S2) with five
sets of peaks separated by m/z = 87.5 (bottom of Figure 1b).
Expansion of each peak has a characteristic isotropic
distribution in which peak separation corresponds to m/z =
0.33, which in turn corresponds to the —3 charged state. Thus,
the peak separation of 87.5 was assigned to the loss of one
phosphine from the parent ion. Of the five peaks, the one at m/
z = 1603 corresponds to Ag,o(BDT),,. These results suggest
the presence of four phosphines that were sequentially
dissociated during ionization (a finding supported by X-ray
diffraction, vide infra). The loss of phosphines during ionization
is attributed to the fact that they are weakly bound to the
clusters compared to thiols.>*** The presence of a negatively
charged species of this kind, although no counterions were used
to assist ionization, suggests that the nanoparticles are
negatively charged. In addition, because the —3 charged state
was the most abundant charged state detected, we postulate
that this NC has a full molecular formula of
[Agy(BDT),,(TPP), ]7% it follows the electron count rule
of the superatom theory,*® with an electron count of n = 29—24
+ 3 = 8, corresponding to a stable superatom with the Aufbau
shell filling 1S*[1P°l, similar to the very stable and extensively
studied [Au,s(SR),q] 1.2

The presence of one species in the ESI mass spectrum is an
indication of the degree of uniformity of the synthesized NCs.
However, there is a possibility that other species might exist
that do not ionize during electrospray, and thus they will not
appear in the mass spectrum. To rule out the existence of any
other species, and to confirm the purity of the samples used for
the measurement of the optical properties, we used analytical
ultracentrifugation (AUC), a potent technique to determine the
homogeneity of macromolecules and nanoclusters in solu-
tions.”*>° The sedimentation and diffusion distributions of the
synthesized NCs in acetonitrile are shown in Figure S3. The
distributions show that the NCs are highly homogeneous; at
least 97% of the sample is composed of one species whose
sedimentation coefficient is 2.9 X 107" s. The molecular weight
corresponding to this most abundant species is 5381.49 Da
which is in very good agreement with the mass spec assignment
of Agyo(BDT),(TPP),. The details of AUC technique can be
found in the SL

For crystallization, the centrifuged NCs pellet was dispersed
in DMF, filtered using a syringe filter and left to evaporate
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slowly in a dark box inside a ventilated fuming hood. Within 1—
2 days, self-assembled supramolecular structures had formed, as
shown in Figure 2. They were obtained by drop casting onto a

Figure 2. Optical microscopy image of self-assembled
Ag,y(BDT),,TPP, NCs. Inset shows separate rhombohedral single
crystals.

glass microscope slide from a concentrated stock solution;
fluorescent crystals suitable for X-ray diffraction were harvested
(inset of Figure 2). We used DMF as a dispersing solvent
because of its high boiling point and slow evaporation time,
which increased the tendency of the NCs to assemble into a
large solid with a long-range order.

X-ray Crystallography. Single crystal X-ray diffraction
analysis revealed a core—shell NC with an overall composition
of Agyy(BDT),,(TPP),, which crystallizes in a cubic Pa3—
space group. The structure was refined to a resolution of 1.1 A
and to an R, value of 8.9%. Ag,o(BDT),,(TPP), features a
centered icosahedral metal core (Figure 3a), similar to the well-
known Au,s>>** and the most recently discovered Au,33.>" An
exterior shell (Figure 3b) composed of the remaining 16 Ag
atoms caps the core.

The crystal structure reveals two types of silver atoms in the
shell. Twelve silver atoms cap all the 12 atoms of the
icosahedron, giving rise to four tetrahedrally oriented trigonal
prisms as shown in Figure 3c. The remaining four Ag atoms
face-cap the core at four tetrahedral positions (Figure 4d).
Starting from the center of the icosahedron, the radial bond
lengths give rise to an average of 2.77 + 0.01 A per Ag—Ag
bond, in comparison to the 2.70 + 0.01 A reported for the Au—
Au bonds in the Auy, icosahedral core of Au,s(SR),s.*>** The
average length of the peripheral Ag—Ag bonds is 2.92 + 0.06 A,
comparable to the 2.88 A bond length in bulk silver, indicating
a strong interaction between the atoms of the core.

The shell is composed of two motifs unique to
Agyo(BDT),(TPP),: (i) a Ag;Ss crown motif (Figure 4b)
where three S atoms connect the three Ag atoms of the crown
in such a way that they form an alternating chair configuration
and the remaining three S atoms encapsulate the underlying
icosahedron face (Figure 4c); (ii) a Ag;S;P, motif where the S
atoms connect the Ag atoms to the nearest Ag atoms and the P
binds on the top site of Ag atoms (Figure 4d). It was also
observed in Au NCs that phosphines prefer to bind on the top
site of Au atoms.*® Figure 4e shows that the shell composed of
four Ag;Ss and four Ag,S;P, motifs provides complete
passivation of the NC. Figure S4 shows how the shell is
formed around the Ag,; core. Starting from the core (Figure

Figure 3. Anatomy of the structure of Ag,o(BDT),(TPP), showing
the core—shell configuration and the position of the Ag atoms: (a)
Ag; centered icosahedral core; (b) Ag4S,4P, shell; (c) arrangement of
12 Ag atoms of the shell forming 4 trigonal prisms tetrahedrally
oriented; (d) tetravalent sites of the NC. Color labels: Ag, blue and
navy blue; S, red; P, green; all C and H atoms are omitted for clarity.

S4a) outward, one S moiety of the BDT ligand is attached to
each of the 12 Ag atoms of the icosahedron (Figure S4b).
These S atoms bridge the core atoms to the Ag atoms in the
shell. The second S moiety bridges Ag atoms in the shell
(Figure S4c). The overall core—shell structure is then shown in
Figure S4d highlighting two pairs of sulfurs to show which pair
of sulfurs originates from a single BDT molecule.

The arrangement of all the Ag atoms in the shell are
influenced by the particular spacing between the two thiol
groups of the ligand in addition to the high tendency of S to
coordinate with Ag forcing the benzene rings to bend in such a
way that all the S atoms of the bidentate ligand would
coordinate to the Ag. Ag,(BDT),,(TPP), is by far the first
molecular NC where the underlying geometry is highly affected
by the structure of the ligand. All attempts to make the NCs
with similar bidentate ligands with different spacing between
the two thiol groups, for example, 1,2-benzenedithiol and 1,4-
benzenedithiols, failed to produce NCs stable enough for a
period of time to carry any meaningful characterization, which
shows how crucial is the distance between the two thiols in
obtaining this tetravalent NC. Similarly, importance of the
substituent position (such as —SH in our study) on the metal
bound thiol in tuning cluster size was addressed by Jin’s
group.*" Reversible interconversion of atomically precise silver
clusters is observed in the presence of specific thiols inferring
the significant role of nature of thiol ligand.42 Interestingly,
phosphines on tetravalent silver sites are labile and accessible
for exchange. We demonstrated this exchange process by
replacing TPP with tris(4-fluorophenyl)phosphine (TFPP).
ESI-MS confirms that exchange is complete (Figure SS in the
SI). Loss of TFPP during ESI is evident from the spectrum
similar to TPP. This composition was further verified by direct
synthesis of TFPP functionalized Ag,,(BDT),,(TFPP),
(Figure S6 in the SI). These mass spectral data unambiguously
confirm that the functional groups on tetravalent positions are

labile.
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Figure 4. X-ray crystal structure of Ag,,(BDT),(TPP), highlighting the two motifs present in the shell: (a) Ag,; centered icosahedral core; (b)
Ag;,S,, shell made of 4 Ag,S, crowns; (c) AgysS,, motif, where the four Ag;S crowns capping the core; (d) 4 Ag,S;P; motifs; (e) total structure of
Ag,o(BDT),(TPP),. Color labels: Ag, blue; S, red; P, green; all C and H atoms are omitted for clarity.

Optical Properties. Figure S shows the absorption and
emission spectra of Ag,o(BDT);,(TPP), in solution and as a
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Figure 5. UV—vis absorbance (solid curves) and emission (dashed) of
Agyo(BDT),,(TPP), NCs in acetonitrile (black) and dried (red).

crystallized film. Upon crystallization, two main features were
observed: (i) an overall increase and broadening of the long
wavelength band of absorption and (i) a red shift of the
emission band by more than 50 nm. The broadening and
minute red shift of the absorption band are explained in terms
of electronic coupling between the NCs via interaction between
the transition dipole moment of the individual absorbing
Ag,o(BDT),(TPP), NC and the induced dipole moments in
the neighboring Ag)o(BDT),,(TPP), NCs. This interaction is
thought to lower the initial transition energy.*’ This behavior
was already observed by Zhang et al. when assembled ZnSe
NCs superstructures are formed.** The red shift of the emission
band is expected to be caused by a combined effect of the
electronic coupling quoted before and of lattice-origin,
nonradiative decay pathways occurring through electron—
phonon interaction that lower the emission energy and also
slightly broaden the emission bands. It is important to stress
that when Ag,o(BDT),(TPP), NCs are assembled into a
crystal, a proper lattice dynamics of the superstructure, not
present in isolated NCs, is generated.

DFT Calculations. To identify the origin of the optical
transitions, we simulated the optical absorption of the
Ag,o(BDT),(TPP), NCs by the time-dependent density
functional theory (see the SI for details). Despite a shift, the
main peak at 450 nm and the shoulder at 520 nm from the
experimental spectrum were reproduced in the simulated

spectrum (Figure S7). We found that the 450 nm peak
involved a transition from deep occupied orbitals (namely,
HOMO-13, composed mostly of sulfur atoms’ 3p states and
the 4d states of Ag atoms that are directly bonded to sulfur
atoms) to the LUMO+1 orbitals that corresponding to the 1D
levels in the superatom theory™ (Figure 6). One can indeed see

LUMO+1

transition

Deep occupied orbitals

Figure 6. Orbitals that have the largest contributions to the transition
responsible for the main absorption peak at 450 nm of the
Agyo(BDT),(TPP), cluster (oscillator strength 0.031; see Table S1
and Figure S8 in the SI).

that the LUMO+1 orbitals show d orbital character (two nodal
planes). According to TDDFT, the shoulder peak at 520 nm in
Figure 5 corresponds to HOMO—10 to LUMO+1 transitions
(see Figures S7—S8 and Table S1 in the SI for the orbital
diagram, oscillator strength, and orbital contributions).

H CONCLUSION

Using bidentate ligands, we synthesized a tetravalent
Ag,y(BDT),(TPP), NC, a new superatom nanoparticle, that
readily assembles to form well-defined macroscopic crystals.
The high stability of Ag,s(BDT),,(TPP),, the anisotropy
imparted on the ligand shell, and the modularity of the
tetravalent positions make Ag,(BDT),,(TPP), a good
candidate as a template for future strategies to design atomically
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precise NCs with molecularly engineered anisotropies that can
grow into artificially designed solids.

B EXPERIMENTAL SECTION

Materials. All chemicals including silver nitrate (AgNOs;, 99%),
benzene-1,3-dithiol (BDT, 99%), sodium borohydride (NaBH,,
99.99% metals basis), triphenylphosphine (TPP, 97%), and tris(4-
fluorophenyl)phosphine were purchased from Sigma-Aldrich and used
without further purifications. Solvents including methanol, dichloro-
methane, acetone, and cyclohexane were used from Sigma as received.
Distilled water (H,O) is obtained from Milli-Q (Millipore apparatus).

Synthesis and Purification. In a 20 mL amber glass scintillation
vial, 13.5 uL of BDT was added to 10 mL of DCM. A solution of 20
mg of AgNOj; in S mL of methanol was then added to the reaction vial
whereby the color of the solution turned turbid yellow, indicating the
formation of the insoluble Ag—S complex. Shortly after that, a solution
of 200 mg of triphenylphosphine in 1 mL of DCM was added, and the
solution turned colorless, indicating the complex formation of Ag—S—
P, which completely dissolves in the methanol/DCM mixture. The
complex was allowed to stir for 10 min before the addition of a fresh
solution of 10.5 mg of NaBH, in 500 of yL water. The color of the
solution turned dark brown immediately, which gradually changed
(over the course of 10—12 h) to orange, indicating the formation of
the new NCs. The floating NCs were centrifuged at high speed (8000
rpm) for 2 min and collected at the bottom of the centrifuge tube. The
clear supernatant was discarded, and the dark orange NCs were
washed several times by ethanol to ensure the removal of all unreacted
compounds. The purified NCs were left to dry overnight under
vacuum.

Crystallization. The thoroughly dried powder was dispersed in
400 uL of DMF, vortexed for at least 1 min, and then filtered using a
syringe filter with pore size 220 nm. The filtered sample was then
spotted on microscope glass plates and left to evaporate slowly at
room temperature under air in a dark box placed in a ventilated fume
hood. After approximately 2 days, few square dark orange crystals were
harvested.

Computational Methods. DFT Calculations of the
Agyo(BDT),(TPP), cluster were performed with the quantum
chemistry program Turbomole V6.5.* To save the computational
time, we replaced phenyl rings on TPP ligands with —H groups; in
other words, we simulated [Agy(BDT),,(PH,),]*". This is a
commonly employed approximation, which we think is valid here,
given that the Ph— groups on TPP are not involved in the frontier
orbitals of the cluster. The def2-SV(P) basis sets were used for C, P, S,
and H, while effective core potentials which have 19 valence electrons
and include scalar relativistic corrections were used for Ag.*® Geometry
optimization was done with the TPSS (Tao, Perdew, Staroverov, and
Scuseria) functional.*’ Time-dependent DFT calculations were done
at the PBE level. All transitions together with their oscillator strengths
were then convoluted with a Lorentzian line shape of 0.15 eV
broadening to make the optical-absorption spectrum.

B ASSOCIATED CONTENT
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Instrumentation, synthesis schemes, ESI-MS spectra, and
crystal structural data. CCDC number is 1056509. The
Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.5b04547.
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