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ABSTRACT: Silver coordination compounds of the [Ag3L2]
(where L = tBu-CC) family having perchlorate counterions
exhibit template-driven self-assembly of the common square
pyramidal building block. This behavior is similar to previously
described observations; however, important differences arise from
counterion−silver interactions. Penta- and hexameric clusters
encapsulating chloride and oxalate, respectively, were crystallo-
graphical ly characterized. A high nuclearity cluster
[(CO3)3(H2O)⊂Ag38L20]

12+ was formed upon extended exposure
to an ambient atmosphere by trapping three carbonates and one
water molecule.

The silver alkynide clusters with their vast structural
diversity have fascinated researchers for many decades.1

Structural reports on extraordinarily high nuclearity clusters as
well as detailed studies of their optical, electronic, and
responsive properties have been reported displaying the
broad range of possible applications.2−5 Encapsulation of
small ions (e.g., halides),6,7 oxo-anions (e.g., NO3

−, ClO4
−,

CrO4
2−, AsO4

3−, SO4
2−, VO4

3−),8−11 or larger anionic
inorganic entities (e.g., polyoxometallates)12,13 leads to
fascinating structures and high nuclearity silver clusters. In
contrast, large clusters exclusively obtained by variation of the
steric demand at the alkynide ligands are rare,14 but fascinating
examples of optically active silver clusters with, e.g.,
carboranylethynyl ligands have been prepared.15,16 Coordinat-
ing anions (e.g., triflate, trifluoroacetic acid) or coligands
(polyphosphines, pyridine carboxylic acids) afford high
nuclearity clusters or extended coordination polymers by
binding of the coligand or counterion interactions at the
periphery of the metal core.6,17−20 Combining alkynyl
coordination within mixed multidentate (ethynyl/nitrogen)
ligand affords a variety of complex cluster motifs with
interesting properties.18,21 Alternatively, a large silver cluster
was obtained by encapsulation of two squarate dianionswith
the flat organic carboxylates stacked above each othergiving
rise to a barrel-shaped 24-nuclear silver core.22 Another
approach to high nuclearity clusters is seen by core expansions
from smaller alkynides clusters, e.g., the formation of
“Cl6Ag8⊂Ag30” cluster from an “Cl⊂Ag14” precursor reported
by Mak and co-workers.23 The diverse coordination modes
and the structural diversity that can be obtained using simple
alkynyl ligands and silver salts has fueled research for many
decades.24,25 In our recent study, we explored the formation of
silver clusters and polymers using the sterically demanding tBu

acetylene (L-H) and a simple silver salt with noncoordinating
hexafluorophosphate counterions (AgPF6). Therein, we
reported the arrangement a square pyramidal building
blockinnate to the polymer [Ag3L2]n(PF6)ninto a series
of oligomers (tetra-[Ag3L2]4(PF6)4], penta-[X⊂(Ag3L2)5]-
(PF6)4, and hexamer [(PF6)⊂(Ag3L2)6](PF6)5]) depending
on the provided template and or reaction conditions.26 In the
current study, we further explored the reactivity of [Ag3L2]
silver alkynides using the coordinating perchlorate (ClO4

−)
counterion. We have found that the square pyramidal motif is
also very common to this system; however, interactions of the
counterions as well as different encapsulation pathways
influence the formation of high nuclearity clusters.
Silver perchlorate cleanly reacts with tBu acetylene in

dichloromethane (DCM) and ethanol in the presence of
base to afford the polymeric compound 1 [Ag3L2]n(ClO4)n as a
white precipitate. Single crystals of this material can be
obtained by slow evaporation of the solvents as colorless plates.
Despite heavy twinning along a shear plane, we were able to
solve the structure in the triclinic space group P1̅ (No. 2). The
structure is very similar to the hexafluoro phosphate26 and
tetrafluoro borate polymer27 within the Ag3L2 family. The
perchlorate counterions are positioned alternatingly above and
below the common base of the common square planes along
the 1D-polymer chain. The alkynide coordinate in the
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expected μ3-η
1η2η2 modes regularly capping the trigonal faces,

with one of the alkynides being disordered, where a μ3-η
1η1η1

is realized in one and a μ3-η
1η1η2 mode in the other position.

The square plane (Ag−Ag 3.055(4), 3.414(5), 3.763(5), and
3.832(5) Å) shows short distances between oxygen and silver
atoms (Ag···O from 2.88(2) Å to 3.19(2) Å, ∑(vdW radii) =
3.24 Å) resulting in a distortion of the square pyramidal silver
repeating units. One significantly shortened Ag−Ag distance of
3.055(4) Å is seen proximal to the perchlorate indicating that
the O···Ag interactions enforces the argentophilic interactions.
This is in contrast to the previously reported hexafluorophos-
phate structure [Ag3L2]n(PF6)n where the short Ag−Ag
distance are beyond 3.4 Å and the two longer silver distances
are close to 4 Å.26 For comparison, we have also synthesized
the corresponding hexafluoro antimonate polymer
[Ag3L2]n(SbF6)n (1b) to illustrate the impact of coordinating
anions. Again, two short and two long distances of 3.5 and 4.0
Å are realized in the square plane, and no significant Ag···F
interactions are observed (Figure 1b) illustrating its structural
similarity to the hexafluorophosphate structure.

Similar to our previous observation, addition of tetrabutyl
ammonium chloride (TBA-Cl) during the reaction affords a
pentamer [Cl⊂(Ag3L2)5](ClO4)4 of the Ag3L2 repeating unit
(2). The structure solves in the orthorhombic space group
Pnma (No. 62) and contains four molecules in the unit cell.
The structure displays a distorted pentagonal prismatic
arrangement asymmetrically encapsulating the chloride. In
contrast to the alternating apical positions above and below the
pyramid’s base in the polymer, all apexes are directed outward
within the pentameric motif. This necessitates an uncoiling of
the polymer during encapsulation. We assume that in solution
small fragments of the polymer assemble with a reorientation
aided by the template.
Perchlorates are capping the pentagonal faces (Figure 1c)

with short Ag−O distances, the shortest being just 2.52(1) Å,
and one perchlorate at the side of the prismatic core
coordinating to a rhombic silver face (Ag···O 2.93(3) Å,
Figure 1c). Similar to polymer 1, the alkynide ligands exhibit
the two μ3-η

1η1η1 and μ3-η
1η1η2 coordination modes. The

encapsulated chloride is in close contact with four silver atoms
(Ag4−Cl1G 2.906(4), Ag8−Cl1G 2.995(4) Å) leading to the
distortion of the pentagonal faces. Powder XRD studies of
these materials, however, suggest that the cluster 2 is not the
sole product of this reaction, which is in stark contrast to the
clean formation of the corresponding hexafluorophosphate
pentamer. We speculate that the chloride encapsulation is
competing with the perchlorate interactions and thus
diversifies the reactivity.
The chloride encapsulating cluster 2 can be obtained directly

from the alkyne and silver salt, and TBA-Cl in the presence of
base, but can also form upon addition of TBA-Cl to a solution/
suspension of preformed polymer 1. Notably, prolonged
exposure of a solution of polymer 1 to ambient atmosphere
resulted upon solvent evaporation in new crystals of a different
shape. These were identified by single crystal X-ray diffraction
as a large silver cluster (3, Scheme 1) containing 38 silver
atoms arranged around three encapsulated carbonates and a
water molecule [(CO3)3(H2O)⊂Ag38L20](ClO4)12. The seren-
dipitous carbonate encapsulation is not unprecedented. Q.-M.
Wang and co-workers also observed carbonate encapsulation
forming heptadeca- and nonadecanuclear silver clusters,
depending on the employed counterion.28 Similarly, atmos-
pheric CO2 trapping into silver alkynide clusters was observed
by Lu and co-workers.29 The structure is highly irregular and
has very little resemblance to the polymeric material, but is

Figure 1. ORTEP representation of the polymeric starting material 1
(a) and the corresponding hexafluoroantimonate polymer
[Ag3L2]n(SbF6)n1b (b). Solid-state structure of the chloride
encapsulating cluster 2 (c: front view; d: side view). Ellipsoids are
drawn at a 50% probability level. Colors: Ag pink, Cl green, O red, F
light green, Sb dark green, C,H gray.

Scheme 1. Synthesis of the Coordination Polymer [Ag3L2]n(ClO4)n and the Carbonate Encapsulating 38-Nuclear Cluster (3)a

aChloride encapsulation leading to the pentadecanuclear pentameric motif (2). (i) DCM/EtOH, NEt3; (ii) DCM/EtOH, NEt3; TBA-Cl; (iii)
DCM/EtOH, TBA-Cl. The ratios in bold face indicate the silver:ligand ratio of the different coordination compounds.
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dominated by various short carbonate-O-Ag (2.260(5) to
2.578(5) Å and water-O-Ag interactions (2.169(5) to 2.387(5)
Å) at the center of the cluster. Formation of such irregular
shapes is very typical for high nuclearity silver clusters and
reflects the adaptability of the alkynide coordination as well as
the omnidirectionality of argentophilic interactions. Besides
the common μ3 coordination mode of alkynides capping
triangular silver faces (μ3-η

1η1η1, μ3-η
1η1η2, μ3-η

1η2η2), higher
bridging modes (μ4-η

1η1η2η2 and μ4-η
1η2η2η2) have been

realized. An example of a sandwiched silver atom, depicted in

Figure 2c, was realized three times in this structure. Another
aspect of this high nuclearity cluster are the high coordination
numbers (≥6) around certain silver centers. An example of a
CN = 7 is depicted for the environment around Ag7 (Figure
2d) illustrating the effects of multiple argentophilic inter-
actions. The outer ligand sphere is dominated by the tBu
groups, but also tightly packed with the perchlorate counter-
ions (Figure 2a and Supporting Information). Notably, 10 out
of the 12 perchlorates are in direct contact with the silver core
showing the importance of counterion interactions.

Figure 2. (a) Ball and stick model of the 38-nuclear silver cluster 3 (perchlorate counterions are omitted for clarity). (b) ORTEP plot of the cluster
core including the three carbonates (C1G, C2G, C3G) and the water molecule (O10G). Ellipsoids are drawn at a 50% probability level. (c) Silver
atom (Ag1) sandwiched between two η2 coordinating alkynides (the motif is truncated at the first coordination sphere of the two alkynides). (d)
Typical silver environment (Ag7) with bridging (μ4-η

1η1η2η2) of alkynide, three Ag atoms, and two carbonates completing the coordination sphere
around Ag7 with a formal coordination number of seven. Colors: Ag pink, O red, C,H gray.

Scheme 2. Synthesis of Oxalate Encapsulating Cluster 4 (Top) and Attempted L-(+)-Tartrate Encapsulation (Bottom)a

aThe latter forming the perchlorate encapsulating clusters (5) and (6). Conditions: (i) DCM/EtOH NEt3 (NH4)2(C2O4), (ii) DCM/EtOH NEt3
L-(+)-(NH4)2(C4H2O6). Bold numbers and ratios indicate the silver:ligand ratio of the clusters.
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Intrigued by the carbonate encapsulation, we investigated
how this silver system responds to organic carboxylates, i.e.,
performing reactions in the presence of ammonium oxalate and
ammonium L-(+)-tartrate. In contrast to our previous findings
in which the oxalate could not be incorporated as a guest into a
silver cluster, we confirmed the formation of a twisted-
hexameric silver cluster motif encapsulating the oxalate dianion
(4, Scheme 2) using single crystal X-ray analysis (Figure 3).

This structure can be described by three pyramids forming a
widened square base joint by three further pyramids that are
rotated by 90° (Figure 3b). This contrasts the previously
formed hexamer having a hexagonal prismatic silver core,
which was formed upon PF6

− encapsulation.26 The twisted
hexamer silver core leads to a number of direct Ag−O contacts
in the range of 2.445(8) to 2.585(8) Å, and several short Ag···
O interactions (<3.2 Å). The oxalate carbon atoms lie on the
plane spanned by the four silver atoms at which the two halves
of the twisted hexamer are joint. This causes significant
elongation at these sides of the pyramidal building block much
beyond argentophilic interactions (5.4 to 5.8 Å). The
carboxylates are slightly twisted out of this plane by around
30°. Only the μ3-η

1η1η1 and μ3-η
1η1η2 coordination modes,

which have also been found in our previous work on the
[Ag3L2]-family, are realized in this twisted hexameric structure.
An example of that is depicted in Figure 3c where both modes
are combined forming the apex of a pyramidal building block.
Increasing the size of the organic carboxylate to tartrate

anions renders them unsuitable templates; thus, clean
formation of a single product is prohibited. Quite interestingly,
we were able to identify two products in which the perchlorate
counterions acts as the template. These are octadeca- and
nonadecanuclear clusters 5 and 6, respectively (Figure 4).
Similar perchlorate encapsulation has previously been observed
by Mak et al. in which two perchlorate encapsulating
octadecanuclear clusters are linked by short argentophilic
interactions.8 Cluster 5 can be described in analogy to 4 as a
twisted hexamer with some moderate Cl−O···Ag distances of
the encapsulated perchlorate and several outer-sphere counter-
ions. Notably, two EtOH solvent molecules are directly
coordinating to neighboring silver atoms at the apex and
base of a pyramid, respectively. This additional coordination by
two ethanol molecules presumably blocked the formation of

intercluster argentophilic interactions as observed by Mak and
co-workers.8 The nonadecanuclear cluster 6 has great
resemblance to 4 and 5. Close inspection of the metallic
core reveals that a single silver atom is added over the basal
side of a pyramid. This additional silver center is directly
coordinated by two EtOH molecules, and holds a third EtOH
molecule hydrogen-bonded in the outer coordination sphere.
The behavior in the formation of 6, i.e., abandoning the
original 3:2 silver to ligand ratio, is very indicative of an
uncontrolled reactivity during the preparations in the absence
of suitable templates.

■ CONCLUSIONS
In summary, we have shown that template-driven assembly of
pyramidal silver alkynide building blocks can be extended to
coordinating counterions, as well as organic carboxylates
forming interesting penta- (Ag15) and hexameric (Ag18)
clusters by chloride and oxalate encapsulation, respectively.
Long-term exposure to ambient atmosphere leads to CO2
capture which incorporates as three carbonates in a high
nuclearity Ag38 cluster. Perchlorate encapsulation was also seen
in the hexamer as well as a closely related nonadecanuclear
cluster.

■ EXPERIMENTAL NOTES
All manipulations were carried out under normal atmosphere
with chemicals as received (Sigma-Aldrich, Fluorochem).
DCM was distilled over CaH2 prior to use. Single crystal X-
ray diffraction was performed on a Bruker D8/APEX-II with a
Mo Kα μ-source. Structures were solved and refined using the
SHELX-suit of programs30,31 and the OLEX2.32 Further details
can be found in the Supporting Information. Further
crystallographic details can be obtained free of charge from
the CSD quoting the entries 1999484−1999491.
Synthesis and crystallographic details of 1: [Ag3(C

CtBu)2]n(ClO4)n: A solution of tBuCCH (50 mg, 0.61
mmol) in CH2Cl2/EtOH was treated with AgClO4 (190 mg,
0.91 mmol) and a few drops of NEt3. The clear solution was
stirred for 1 h after which the reaction mixture was filtered
through a Celite pad and kept for crystallization. Colorless
needle-shaped crystals were obtained after 1 week upon slow
evaporation. Yield 75% (133 mg).
S yn t h e s i s a n d c r y s t a l l o g r a ph i c d e t a i l s o f 4 :

[(C2O4)⊂Ag18(CCtBu)12](ClO4)4: A solution of tBuC
CH (50 mg, 0.61 mmol) in CH2Cl2/EtOH was treated with
AgClO4 (190 mg, 0.91 mmol) and a few drops of NEt3. After
1−2 min, a slight excess of ammonium oxalate (NH4)2C2O4 (9

Figure 3. Oxalate encapsulating cluster 4 (a). ORTEP plot of the
cluster core (thermal ellipsoids 50%) with a mean squares plane
(m.s.pl.) through the silver atoms Ag20, Ag24, Ag30, and Ag36
dissecting the encapsulated oxalate (b). Pyramidal building block
illustrating the μ3-η

1η1η1 and μ3-η
1η1η2 coordination modes (c).

Colors: Ag pink, O red, Cl green, C gray.

Figure 4. Core of the perchlorate encapsulating clusters 5 and 6
having an octadecanuclear (a) and nonadecanuclear (b) silver cores,
respectively. Silver atoms are depicted with thermal ellipsoids (50%).
Acetylide ligands are omitted for clarity. Colors: Ag pink, O red, l
green, C gray.
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mg, 0.06 mmol) was added. The reaction mixture was stirred
for 20 h and resulted in an opaque solution. The reaction
mixture was filtered through a Celite pad and kept for
crystallization. Colorless rock-shaped crystals were obtained
after 1 week upon slow evaporation. Yield 60% (104 mg).
The solid state structure of an analogous compound 2b was

obtained in the reaction of the corresponding AgSbF6 salt in
the presence of TBA-Cl. Further details and depictions can be
found in the Supporting Information.
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