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Abstract: The reduction of ("Bu;P)AgCl with LiBH(°Bu); in
toluene gives the metalloid silver cluster Ags,(P"Bus);sCls (1)
as dark red, temperature- and light-sensitive single crystals in
high yield. 1 is the largest structurally characterized metalloid
silver cluster exhibiting chlorine and phosphine substituents
only. The silver atoms in 1 show an overall brick-shape
arrangement, where structural resemblance to the close-packed
fecc and hep structures is realized. Within 1 a 58 electron closed
shell system is present. The light sensitivity renders 1 as a model
compound for the primary seeds of the photo process, whereby
this sensitivity, together with the high-yield synthesis show that
1 is a perfect starting compound for further investigations like
silver-plating processes.

The photographic process has been the bread-and-butter
work of photographers since the end of the 19" century and
thus for more than 130 years. The effect of light-sensitive
substances, like silver halides, forming latent images under
light exposure on a medium has been well-known for many
years. Even the chemistry of the photographic processing and
developing of a negative image and conversion into a positive
image has been in use for a long time and has also been
commercialized. Although in the last couple of years the
replacement of classical silver-based photography by com-
puter-assisted digital images proceeds, the nature of those
basic processes of forming latent images on photographic
plates is still of fundamental interest. A closer look at the
reactions leading to the generation of the latent image shows
that the formation of micro- or nanoscaled silver particles
from silver halide under light exposure is assumed. However,
the exact nature of these intermediary formed primary silver
nanoparticles is unknown.!!

Metalloid clusters with a metallic core surrounded by
some stabilizing ligands and substituents awakened interest in
recent years as small, but crystallizable molecules to provide
insight into this area of nanoscaled metal particles.’) Metal-
loid clusters of the general formula M, R,, (n >m, R: organic
substituent like Si(SiMe;); or ligand like PPh;), which are
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actually often called “metal clusters” or “metal nanoclus-
ters”,”! are ideal model compounds to understand the
chemistry of the dissolution or deposition of metals (e.g.
Au, Ag, Ga, Al, Sn)" from molecular precursors. Depending
on the metal used, metalloid clusters with a size of more than
100 metal atoms in the cluster core are accessible, showing in
a few cases similarities to the bulk metal structure, like cubic
closed packing (fcc) for all coinage metals.”) Furthermore,
examples of metalloid clusters of polymorphic metals with
more than one solid-state structure often show structural
similarities to different solid-state structures within their
cores; for example, within [Gag,(N(SiMe;),),0]*" a structural
relation to o-Ga and 8-Ga,” and within Ga,,(C;;Hy),,
a structural relation to 8-Gal”l is found. Metalloid clusters
might be seen as model compounds for phase-transition
processes as well, like Sn;o[Si(SiMe;);]¢ (- to pB-tin phase
transition).”

Many examples of metalloid clusters of the heaviest
coinage metal, gold, have been presented in the last years,”!
but metalloid silver clusters are still quite rare.'! The
synthesis of [Agu(p-MBA)y]* (p-MBA = para-mercapto-
benzoic acid) by Bigioni and co-workers on a gram scale!'!
was a milestone in this field, where yields of only a few
crystals are often the case. In recent years a variety of
metalloid silver clusters could be structurally characterized
and with [Agi36(S-TBBT)g,ClsAgy 5] .1 Aga(S-
Cyc)yo_.F.Cl, (x=1-4),19 and even Aga4(S-
TBBT),;Br,CL," (TBBT = 4-tert-butylbenzene-thiolate,
Cyc=cyclohexyl) really huge clusters were found. All of
these metalloid silver clusters exhibit organic thiolate sub-
stituents that form a silver thiolate like shell, showing no light
sensitivity. Very recently Wang and co-workers presented an
alkynyl-proctected metalloid silver cluster, [Ag;;,ClsRs]*"
(R =CC(3,5-(CF;),C¢H;), which also exhibits halide atoms
bound to the silver core;!! however, light sensitivity was not
reported. In the following, we present the first metalloid silver
halide cluster Agg(P"Bu;);sCls (1), obtained from the reduc-
tion of "Bu;PAgCl, which can be described as a distorted
section of face-centered cubic packing, showing a high
sensitivity to light and even temperature to form metallic
silver.

In comparison to the heavier analogue Au, the availability
of soluble Ag' precursors is limited due to the very low
solubility of Ag'X (X =F, Cl, Br, I). However, in the literature
a simple synthesis of donor-stabilized silver halides of the
general formula [(R;P),AgCl], (R: alkyl, x,y = 1-4 depending
on R) can be found, which are well soluble, at least in
aromatic solvents like benzene and toluene.'>!®! These Ag'
compounds thus seemed to be ideal precursors for the
synthesis of metalloid silver clusters via reduction. The
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reduction of the phosphine-stabilized silver halides (R =Et,
"Pr, "Bu), leads in case of "Bu;PAgCl, when reduced with
LiBH(sec-Bu);, to a dark red solution, which yields red
crystals of the metalloid cluster Agg(P"Bus),¢Cls 1 after a few
days. The extreme light- and temperature-sensitive red single
crystals of 1 were prepared for the X-ray diffraction
measurement as quickly and with as little exposure to light
as possible, selected in cooled mineral oil (approx. —30°C)
under a dimmed light microscope to prevent decomposition
to metallic silver."” Therefore, many attempts were necessary
to find a suitable single crystal. This crystal was unfortunately
twinned, but the molecular structure of 1 could be refined
properly (Figure 1).1'%]
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Figure 1. Molecular structure of Agg,(P"Bus),sCls 1 in the solid state. H
atoms are omitted for clarity. Ag, P, and Cl atoms are shown as
thermal ellipsoid with 50% probability. Bond lengths and angles are
given in the Supporting Information. Ag: blue; P: violet, Cl: green, C:
gray wires.

The metalloid Agg, cluster 1 crystallized in the triclinic
space group P1 with half a molecule in the asymmetric unit.
The arrangement of the silver atoms can be described on first
glance as an unusual brick-shaped section of the bulk metal
with a distorted fcc arrangement. Usually most of the
metalloid clusters can be described by a spherical model,
forming characteristic polyhedra. Only a few examples are
known where a brick-like cuboidal arrangement is found that
can be also described as a section of the bulk metal, for
example, the gold cluster Auy,(S-TBBT),," by Jin and co-
workers or Bakr’s metalloid silver cluster [Ags(SPhMe,);,-
(PPhy),[*".2

Taking a closer look at the structure of 1, large differences
in the measured Ag—Ag distances, from 280 pm to 335 pm
(bulk: 289 pm) are found, already indicating that the arrange-
ment of the silver atoms cannot be described as a simple
section of the fcc packing. Within 1, a central Ag, octahedron
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is present to which other Agy octahedra are bound. Thereby
edge- and face-sharing of the Ag, octahedra is realized, as
highlighted by gray and yellow polyhedra in Figure2a,
respectively. However, face-sharing octahedra are not found
within an fcc packing but within a hexagonal close packing
(Figure 2b). Hence, within 1 there are areas that are
structurally similar to both close-packed structures (fcc and
hep), which might be induced by the arrangement of the
stabilizing ligand shell that consists of 16 P"Bu; ligands and six
chlorine atoms.

a)

b)

Figure 2. a) Selected polyhedral representation of the Ag core of

1 showing the connection of Ag, octahedra. Gray: edge-sharing fcc-like
octahedra, yellow: face-sharing hcp-like octahedra. b) Octahedral con-
nection mode in ideal hcp (left) and fcc (right) structures.

Although the arrangement of the silver atoms within
1 seems to be distorted with respect to an ideal metallic
arrangement, the observed structure seems to be favorable as
1 is obtained in high yield at low temperature in the dark or
under red light. The stability of 1 might have electronic
grounds as within 1 an electronic shell closure is realized with
respect to the jellium model. Hence, within 1, 58 electrons
from the 58 Ag” atoms are available for the silver core. Since
58 is a jellium number (1S*1P°1D'2S*1F"2P%1G'"),?!
cluster 1 exhibits a stable closed shell, which might be the
reason for the high yield of the synthesis. Although 58 is a so-
called “magic number”, the special structure of the Ag core as
a brick-like arrangement leads to a splitting of the supera-
tomic orbitals, since rather than a spherical a lower symmetric
brick-like background potential is present.””) Quantum
chemical calculations on 1 reveal that the highest occupied
orbitals can indeed be described as superatomic orbitals, as
shown in Figure 3: HOMO (p-like symmetry) and LUMO (g-
like symmetry).!

Nevertheless, although 1 is obtained in high yield we
found during the various syntheses and attempts at further
characterization that 1 is not only sensitive to light, but also
quite sensitive to temperature, both in solution and in the
solid state. Consequently, the observed temperature sensitiv-
ity of the single crystals during X-ray structure analysis is not
or maybe not only due to co-crystallized solvent molecules, as
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HOMO (p-like)

Figure 3. lllustration of the HOMO and LUMO of 1.%

it is often the case for metalloid clusters. Hence, when single
crystals are isolated from the mother liquor under red light at
low temperature, dark red crystals are obtained. When those
crystals are stored in the dark at room temperature for several
days, they become darker (Figure S5 in the Supporting
Information); this does not take place at temperatures
below —30°C where the crystals can be stored without
decomposition.?”! Due to this sensitivity further character-
ization of 1 via NMR or UV/Vis spectroscopy was not
possible. Nevertheless, we tried variable temperature (VT)
NMR measurements as well as UV/Vis measurements
knowing that whatever is observed is maybe not the cluster
1 itself but decomposition products or a mixture of both.!
Consequently, cluster 1 might be the first example of a model
compound that demonstrates the primary chemical steps in
photographic processing.

As previously reported,” chemical stabilization of metal-
loid noble metal clusters by reaction with additional donor
molecules or bulky organometallic substituents might be
useful to stabilize the reactive cluster. However, all attempts
in this direction have failed up so far, leading always to the
formation of a silver mirror; investigations in this direction
are still in progress in our lab.

NMR investigations of the crude reaction mixture, which
was filtered from gray precipitate formed at room temper-
ature after a reaction time of 12 hours, show one sharp
resonance in the P NMR spectrum at —17 ppm (molecule

9
8
-17.6

Figure 4. Room-temperature *'P NMR spectra of 1 (left) and com-
pound A (right).
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A). Since the cluster is
formed upon cooling this so-
y 2 @ lution for at least ten days to
) RN —28°C, we assigned this res-
> onance first to cluster 1. How-
ever, NMR measurements of
isolated crystals dissolved in
deuterated benzene show
a fundamental different spec-

trum (Figure 4).
The differences between
: A and 1 are also directly
< apparent upon inspection of
the NMR tubes after the
measurement. The solution
of compound 1 darkened
from red to dark brown with
first signs of a silver mirror
(Figure S6 in the Supporting
Information). Beside this, the
NMR tube of A remains
orange-brown and clear. These observations imply that the
crude reaction mixture at room temperature does not contain
1 but another phosphorous-containing substance. Several
attempts to isolate A to get more information about this
compound failed.””! Hence, up to now we have not been able
to get further information about the specific role of A within
the reaction system (side product or intermediate en route to
1) and this aspect is still under investigation. Additionally, we
conducted *'P VI-NMR investigations on single crystals of
1 dissolved in [Dg]toluene starting from low temperatures
around —60°C, resulting in broad resonances (Figure 5). The
obtained signals change already on heating to ca. —20°C,
supporting the observation that a decomposition in solution
already takes place at low temperatures. Considering all of
this information about the sensitivity of 1, it is fascinating that
even one crystal of 1 is formed. During our synthetic
improvements, we found that when the solution temperature
does not exceed —20°C, no gray precipitate is formed during
the synthesis and no further workup procedure is necessary.
Hence, during the synthesis under these conditions crystals of
1 can be obtained within 2 days with a yield of 68% (with
respect to Ag)! Due to the many modes of decomposition and
with respect to the cluster size of 64 silver atoms, this is an

extraordinary value.

0°C

-20°C

Figure 5. *'P VT-NMR of 1. Temperature range: —60°C to 0°C.

Angew. Chem. Int. Ed. 2020, 59, 14418 —14422


http://www.angewandte.org

GDCh
~~—

To summarize, we were able to synthesize a rare example
of a metalloid Ag cluster, namely Agg(P"Bus);¢Cls (1), which
is to our knowledge the first phosphine-stabilized silver
cluster without further protection from other organic or
Group 16 based ligands. Within 1, not a spherical but a brick-
shaped arrangement of the Ag atoms is observed, whereby
structural relations to cubic (fcc) and hexagonal (hcp) close
packing is observed. Additionally, 1 can be considered to be
a 58 electron closed shell system, showing low thermal and
photochemical stability. Due to the easy synthetic procedure
starting from "Bu;PAgCl, the high yield, and the good
solubility in organic solvents, this cluster is a fruitful starting
point for silver deposition, especially regarding its thermal
and light sensitivity, which exceeds even that of silver halides.
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