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Two-fold interpenetration of 3-D nets assembled via three-co-ordinate
silver(I) ions and amide–amide hydrogen bonds

Christer B. Aakeröy, Alicia M. Beatty and Brian A. Helfrich
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The combination of isonicotinamide with AgBF4 or AgClO4,
respectively, led to isostructural compounds [tris(isonicotin-
amide)silver() tetrafluoroborate and tris(isonicotinamide)-
silver() perchlorate], containing two 3-D interpenetrating
nets of three-co-ordinate silver() ions linked by N]H ? ? ? O
hydrogen bonds between adjacent isonicotinamide ligands.

Crystal engineering is a rapidly developing field of structural
and supramolecular chemistry, and a wide range of assemblies
that are relevant to areas ranging from biochemistry to
materials science has been conceived and characterized.1

Although much of the inspiration for these efforts originates
in organic solid-state chemistry,2 the inorganic equivalent is
quickly defining its own possibilities, strategies and boundaries.
The most common approach to inorganic crystal engineering
has been to propagate the co-ordination geometry of a specific
metal ion into infinite architectures using co-ordinate–covalent
bonds, leading to co-ordination polymers of varying dimen-
sionality and topology.3 The result has been a plethora of
extended assemblies, e.g. squares,4 ribbons,5 grids,6 helices,7 and
interpenetrating or porous diamondoid networks.8 Far less
common has been the use of non-covalent intermolecular inter-
actions as a guide to the assembly of co-ordination complexes
into extended networks.9 Although such structures can be
expected to have less rigid connectors (compared to strong
co-ordinate–covalent bonds), the flexibility inherent in an
assembly built upon, e.g. hydrogen bonds, may lead to materials
with improved solubility and structural agility.

Employing a strategy using a combination of covalent and
non-covalent synthesis, we now present two isostructural com-
pounds, tris(isonicotinamide)silver() tetrafluoroborate 1,* and
tris(isonicotinamide)silver() perchlorate 2,† where each struc-
ture is dominated by a three-dimensional network created by
triligated silver() ions and short N]H ? ? ? O hydrogen bonds
between adjacent amide functionalities. Compound 1 was
obtained by adding AgBF4 (1.1 mmol) in ethanol–water (40 ml,
1 :1 v/v) to isonicotinamide (2.2 mmol) in ethanol–water
(40 ml, 1 :1 v/v). Compound 2 was obtained by adding AgClO4

(4.82 mmol) in water (10 ml) to an aqueous solution (30 ml) of
isonicotinamide (9.82 mmol). Transparent colourless crystals

* Crystal data for 1: C18H18AgBF4N6O3, M = 561.06, monoclinic,
P21/n, a = 6.9461(6), b = 18.108(2), c = 16.897(2) Å, β = 97.880(6)8,
U = 2105.2(3) Å3, Z = 4, Dcalc = 1.770 g cm23, µ(Mo-Kα) = 1.027 mm21,
Data were collected at 173(2) K and the structure was refined to
R1 = 0.0368, wR2 = 0.0837 for all data, 3703 independent reflections.
† Crystal data for 2: C18H18AgClN6O7, M = 573.70 monoclinic, P21/n,
a = 6.9240(5), b = 18.199(2), c = 16.988(2) Å, β = 98.052(6)8,
U = 2119.6(3) Å3, Z = 4, Dcalc = 1.798 g cm23, µ(Mo-Kα) = 1.133 mm21.
Data were collected at 173(2) K and the structure was refined to
R1 = 0.0331, wR2 = 0.0808 for all data, 2781 independent reflections.
CCDC reference number 186/1012. See http://www.rsc.org/suppdata/
dt/1943/ for crystallographic files in .cif format.

(m.p. 1: 238–240 8C, 2: 230–235 8C) were obtained after several
days through slow evaporation at ambient temperature.‡
These salts are stable in air and apparently do not decay upon
continuous exposure to light.

As the two compounds are isostructural, the salient features
of their molecular geometries and crystal structures will be
discussed together. Although the co-ordination number and
geometry of silver() complexes can vary considerably, the pres-
ence of a three-co-ordinate silver() ion is somewhat unexpected
since there are relatively few reported crystallographically char-
acterized examples of such complexes involving monodentate
ligands [a recent survey found three trigonal planar silver()
structures out of a total of 90 complexes examined].10 The
geometry of the complex ion is distorted trigonal planar with
N]Ag]N bond angles of ca. 105, 120 and 1358, Fig. 1. The
choice of isonicotinamide as a ligand was made for two reasons.
First, silver() ions have a high affinity for softer, nitrogen-
containing ligands, which encourages covalent–co-ordinate
bonds between silver and the ring nitrogen atom in preference
to co-ordination to the carbonyl oxygen. Secondly, amide
moieties have a well established propensity to engage in com-
plementary hydrogen bonds resulting either in infinite ribbons
(through head-to-head interactions), or in infinite chains via
equivalent N]H ? ? ? O interactions.§ In the case of 1 and 2 the
latter motif is observed, and the structures contain three short,
near-linear crystallographically inequivalent N]H ? ? ? O hydro-

Fig. 1 The central silver() ions are co-ordinated by three isonicotin-
amide ligands in a distorted trigonal fashion in both complexes 1 and 2

‡ Satisfactory elemental analyses were obtained, and X-ray powder dif-
fraction showed that the single crystals were representative of the bulk
materials.
§ Amide–amide interactions in organic molecular solids typically
involve ‘head-to-head’ R2

2(8) or catemer C1
1(4) hydrogen bonds.11
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Fig. 2 (a) One of the 3-D cationic nets in the isostructural complexes 1
and 2. (b) The crystal lattice in α-ThSi2

gen bonds that connect neighbouring amide moieties.¶ It is
possible to envisage how the pseudo three-fold symmetry of the
complex ions can be propagated in several ways in the crystal
structure, resulting in hexagonal sheets [analogous to molecules
like trimesic acid, C6H3(CO2H3)3-1,3,5], or the three-fold
symmetry can be maintained within a spiraling arrangement of
ions. The crystal structures of 1 and 2 contain a combination
of both of these possibilities resulting in the formation of
a net-like array, the topology of which is analogous to the
silicon framework in α-ThSi2,|| Fig. 2. Each structure contains
two interpenetrating 3-D nets, with each net being formed
through amide–amide hydrogen bonds. While the holes created
by the 10-membered chair-like assembly of the silicon frame-
work in α-ThSi2 are occupied by thorium atoms,13 the corre-
sponding holes in 1 and 2 are interwoven with the second net,
resulting in a tight-fitting three-dimensional assembly, Fig. 3.

Fig. 3 The two-fold interpenetration of 3-D nets in complexes 1 and 2

¶ Intermolecular N]H ? ? ? Oamide hydrogen bond lengths (Å) and angles
(8) for 1 [2]: N(7) ? ? ? O(27) 2.869(4) [2.884(4)], N(7)]H(7A) ? ? ? O(27)
157.9(1) [163.0(1)]; N(27) ? ? ? O(37) 2.862(3) [2.874(4)],
N(27)]H(27A) ? ? ? O(37) 162.4(1) [176.9(1)]; N(37) ? ? ? O(7) 2.817(3)
[2.815(4)], N(37)]H(37A) ? ? ? O(7) 167.08(1) [168.0(1)]. Amide]anion
N]H ? ? ? X hydrogen bond lengths (Å) and angles (8) for 1 (X = F) [2
(X = O)]: N(27) ? ? ? X(3) 2.947(4) [3.019(5)], N(27)]H(27B) ? ? ? X(3)
159.5(1) [153.8(1)]; N(37) ? ? ? X(1) 2.915(3) [2.970(5)],
N(37)]H(37B) ? ? ? X(1) 156.7(1) [152.4(1)].
|| Frameworks of this type have been observed in silver()-containing
co-ordination polymers.12 Our thanks to the reviewer who drew our
attention to this lattice type.
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The formation of this framework may also be aided by the
nature of the anions, which are contained within channels
running through the structure. Each anion is anchored within
these channels via two N]H ? ? ? F or N]H ? ? ? O interactions in
1 and 2, respectively. There are no noteworthy close Ag ? ? ? Ag
contacts in these structures.

These structures represent relatively rare examples of 3-D
metal-containing nets built around three-co-ordinate metal cen-
ters and propagated via intermolecular ligand–ligand hydrogen
bonds. Thus, the crystal structures of 1 and 2 demonstrate how
non-covalent intermolecular interactions can lead to architec-
tures that mimic assemblies formed by both co-ordination
polymers and by ‘classic’ inorganic lattices. We intend to further
explore the supramolecular assembly of metal complexes via
directional hydrogen bonds, and the possibilities of guiding
pseudo-trigonal planar complex ions into alternate arrange-
ments.
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