
Novel Honeycomb-Like Layered Structure: The
First Isomorphous Triple Salts of Silver Acetylide

Quan-Ming Wang and Thomas C. W. Mak*

Department of Chemistry
The Chinese UniVersity of Hong Kong

Shatin, New Territories
Hong Kong SAR, P. R. China

ReceiVed April 13, 2000

In contrast to its isoelectronic analogues N2, NO+, CO, and
CN-, C2

2- (common name acetylide dianion, IUPAC name
acetylenediide) does not function as a terminal ligand but exhibits
the most versatile coordination behavior throughσ, π, and various
combinations ofσ and π bonding to multiple metal centers.1-3

In compounds containing Ag2C2 as a component, argentophilic
interactions4 promotes the aggregation of silver(I) cations into a
polyhedral cage that encloses the acetylide dianion, which in turn
acts like a “glue” to stabilize the silver cage.

A series of double salts of the general formula Ag2C2‚mAgX,
where X ) Cl, I, NO3, H2AsO4, or 1/2EO4 (E ) S, Se, Cr, W)
and m is the molar ratio, has been known for half a century.5

Recently we have prepared several silver double salts formulated
as Ag2C2‚8AgF,1a Ag2C2‚2AgClO4‚2H2O1b and Ag2C2‚mAgNO3

(m ) 1, 5, 5.5 and 6)1c by dissolving Ag2C2 in a concentrated
aqueous solution of AgF, AgClO4, and AgNO3, respectively. Their
structures exhibit a variety of novel silver cages each encapsulat-
ing a C2

2- anion (C2@Agn, n ) 6, 7, 8, 9). However, there is as
yet no information on any silver triple salt of stoichiometric
formula Ag2C2‚mAgX‚nAgY in the literature, as they are less
likely to form in comparison with double salts from the
thermodynamic point of view. This study reports two unprec-
edented, nearly isomorphous triple salts of the formula Ag2C2‚
AgF‚4AgCF3SO3‚RCN (R ) CH3 1, C2H5 2).

Compound1 was obtained by dissolving silver acetylide in an
aqueous solution of silver trifluoromethanesulfonate (triflate) and
silver tetrafluoroborate in the presence of acetonitrile.6 The
original objective of addition of AgBF4 was to increase the silver-
(I) concentration to promote the dissolving of Ag2C2. However,
the experimental result indicates that AgBF4 plays a key role in
the formation of the triple salt by functioning as a suitable
precursor of AgF. It has been demonstrated that, in some
instances, hydrolysis of the BF4

- ion into F- and species such as

BF3(OH)- and BF2(OH)2- can occur in the reactions of transition
metal (also including silver) tetrafluoroborates.7 The gradual
release of F- from BF4

- favors the crystallization of the triple
salt, as using AgF directly in the preparation invariably leads to
the formation of the relatively stable complex Ag2C2‚8AgF. In
addition,2 was prepared in a similar manner by employing C2H5-
CN instead of CH3CN.8

The crystal structure of1 is constructed from two kinds of
silver cages: Ag7 of type A (Figure 1a) and Ag6(µ3-F)(µ3-CF3-
SO3)2 of type B (Figure 1b). As illustrated in Figure 1a, the C2

2-

anion is completely encapsulated in a trigonal prism capped on
the top triangular face, and the resulting type A cage is different
from the [C2@Ag7] moiety in Ag2C2‚5AgNO3, where the seventh
silver atom is 2-fold disordered and capping occurs on one
rectangular face. The atoms Ag(1), Ag(2), Ag(5), C(1), and C(2)
all lie in a mirror plane. Ag-C distances fall in the range 2.14-
2.32(1) Å. The C(1)-C(2) bond length of 1.21(1) Å is in
agreement with the C-C triple bond lengths found in acetylene
(1.205 Å),9 CaC2 (1.191 Å),10 and the ternary alkali metal silver
acetylides CsAgC2 and KAgC2 [1.217(7) and 1.223(6) Å,
respectively].2 The Ag‚‚‚Ag distances in cage A range from 2.878-
(1) to 3.003(1) Å, which are comparable to the interatomic contact
of 2.89 Å in silver metal.11

There are two kinds of well-ordered triflate anions: S(1) (short
designation for the triflate group containing the S(1) atom) and
S(2) function as bridging ligands while S(3) and S(4) serve as
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Figure 1. (a) Cage A: monocapped trigonal prism C2@Ag7 at a site of
symmetrym (atoms are drawn as 50% thermal ellipsoids). Symmetry
code: (a)x, 1/2 - y, z. Selected bond distances (Å): C(1)-C(2) 1.21(1),
Ag(1)-C(1) 2.319(9), Ag(3)-C(1) 2.242(5), Ag(5)-C(1) 2.14(1), Ag-
(2)-C(2) 2.21(1), Ag(4)-C(2) 2.208(7), Ag(1)‚‚‚Ag(2) 2.886(1), Ag-
(1)‚‚‚Ag(5) 3.003(1), Ag(2)‚‚‚Ag(4) 2.910(1), Ag(3)‚‚‚Ag(4) 2.878(1),
Ag(3)‚‚‚Ag(5) 2.978(1), Ag(4)‚‚‚Ag(4a) 2.970(1). (b) Cage B: trigonal
lantern of site symmetrymgenerated from bridging of the Ag‚‚‚Ag edges
of three adjacent type A cages by aµ3-fluoride and twoµ3-triflates (50%
thermal ellipsoids). The CF3 groups are omitted for clarity. Symmetry
codes: (a)x, 1/2 - y, z; (b) 1/2 - x, -y, 1/2 + z; (c) 1/2 - x, 1/2 + y,
1/2 + z. Selected bond distances (Å): Ag(1)-F(1) 2.289(6), Ag(1)-O(11)
2.388(8), Ag(2)-O(21) 2.212(6), Ag(3b)-F(1) 2.222(3), Ag(3b)-O(22)
2.442(5), Ag(4b)-O(12) 2.255(5).
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guest species that occupy the hexagonal cavities within the
honeycomb-like host layer. Fluoride F(1) and triflates S(1) and
S(2) all adopt theµ3-bridging mode to form an interesting lantern-
like cage B, with F(1) lying in the middle level and triflate S(1)
and S(2) above and below the side edges of three neighboring
type A trigonal prisms (Figure 1b). The type A and B cages thus
share Ag‚‚‚Ag edges to form a honeycomb-like layered structure
normal to thea axis (Figure 2). The type A cages are arranged
with their capping Ag atoms pointing alternately up and down in
adjacent rows running parallel to theb axis. The oxygen atoms
of triflates S(3) and S(4) are orientated in a head-to-head manner
in the hexagonal void, and each O atom interacts with two
neighboring silver atoms at Ag‚‚‚O distances in the range 2.60
-2.88 Å. The hexagonal cross-section of each void is nearly
regular, as the three distances between pairs of parallel edges are
7.431, 7.431 andb ) 7.389 Å (Figure 3). It is noted that
honeycomb structures have been found in a silver-1,3,5-tricy-
anobenzene coordination networks,12a a layered niobium oxochlo-
ride cluster compound,12b and an Fe(III)-Ni(II) cyanide-bridged
complex.12c An interesting related example is C60‚5AgNO3 in
which the fullerene is encapsulated in a zeolite-like 3D network
constructed from the inorganic components.13

The identical honeycomb-like layers stack in the CDCD‚‚‚
fashion with a layer-to-layer separation ofa/2 ) 13.92 Å.
Successive layers C and D are related by ana glide plane with
symmetry operation (1/2 + x, y, 1/2 - z), such that the monocapped
trigonal prisms A or Ah (A stands for a top-capped C2@Ag7 cage,

and Ah indicates a bottom-capped C2@Ag7 cage) of layer C are
stacked on top of those of layer D, while each lantern B of layer
C lies directly above the triflate pair S(3) and S(4) that occupy a
hexagonal cavity of layer D (Figure 3). Furthermore, this kind of
staggered stacking results in close interlayer contacts between
the F atoms of triflate ions S(1) and S(2): F(11)‚‚‚F(11)′
(-x, -y, 1 - z), 2.555; F(12)‚‚‚F(22)′ (1/2 + x, y, 3/2 - z), 2.662;
F(21)‚‚‚F(21)′ (1 - x, -y, 1 - z), 2.712 Å. Notably, these
intermolecular separations are significantly shorter than attractive
nonbonded F‚‚‚F interactions found in 6-perfluorohexylsulfonyl-
2-naphthol14 and a novelS6-symmetric (CF3SO3

-)6 cluster.15

The neutral ligand CH3CN is terminally coordinated to the
capping silver atom Ag(5) of the type A cage, and it can be readily
substituted by C2H5CN to form the isomorphous complex2 with
its layer structure intact. It is noteworthy that the interlayer
separation in2 is a/2 ) 14.33 Å,∼0.4 Å larger than that of1,
which results in weakening of the F‚‚‚F interactions with
corresponding longer distances: F(11)‚‚‚F(11)′ 2.742, F(12)‚‚‚
F(22)′ 2.964, F(21)‚‚‚F(21)′ 2.908 Å.

Dissolving Ag2C2 in a concentrated aqueous solution of a
soluble silver salt may lead to the formation of various
[Agn(C2)](n-2)+ species. The self-assembly of such polynuclear
species to generate a network is a complex process, and specific
C2@Agn cages may be trapped by crystallization in the presence
of suitable ancillary anions and neutral ligands. Such a strategy
is in a way an extension of Lehn’s virtual combinatorial library
(VCL) concept.16 Further investigation of the controlling factors
relevant to the self-assembly process in silver multiple salts is in
progress in our laboratory.
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Figure 2. Honeycomb-like layer{[(C2@Ag7)(µ3-F)(µ3-CF3SO3)2](CF3-
SO3)2}∞ in the isomorphous complexes1 and2. Silver atoms are drawn
as 50% thermal ellipsoids and the remaining atoms are differentiated by
size and shading. The Ag‚‚‚Ag interactions are outlined by dotted lines.
All CF3 groups are omitted for clarity. Capital letter A stands for a top-
capped C2@Ag7 cage, Ah indicates a bottom-capped C2@Ag7 cage, and
B presents a trigonal lantern [Ag6(µ3-F)(µ3-CF3SO3)2]. A schematic
illustration is shown in Figure 1S of the Supporting Information.

Figure 3. Staggered stacking of honeycomb layer C (open lines) over
layer D (dotted lines) viewed along thea direction. All CF3SO3

- anions
are omitted for clarity.
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