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Self-assembly of a three-dimensional network from two-dimensional layers via
metallic spacers: the (3,4)-connected frame of [Ag3(hmt)2][ClO4]3·2H2O
(hmt = hexamethylenetetramine)

Lucia Carlucci, Gianfranco Ciani,* Dorothea W. v. Gudenberg, Davide M. Proserpio and Angelo Sironi

Dipartimento di Chimica Strutturale e Stereochimica Inorganica and Centro CNR, Via G. Venezian 21, 20133 Milano, Italy

AgClO4 reacts with hexamethylenetetramine (hmt) in etha-
nol–CH2Cl2 in the ratio 1 : 1 to yield the two-dimensional
polymer [Ag(hmt)] ClO4, consisting of hexagonal meshed
layers, while a twofold excess of AgClO4 produces [Ag3-
(hmt)2]ClO4]3·2H2O, in which AgI ions intercalate between
the sheets of the two-dimensional polymer, joining them as
spacers to give a three-dimensional (3,4)-connected open
network of uncommon topological type.

The recent efforts in the field of crystal engineering of
networked materials based on polymeric coordination com-
pounds1,2 have been devoted to the use of novel polydentate
ligands. In contrast to the more common frameworks based on
metal centres and bidentate organic rods, the presence of
polyhapto bases also introduces organic centres in addition to
the metallic ones, which can give rise to new and varied
topological types. Very interesting frames have been assembled
with large trihapto trigonal ligands, such as 2,4,6-tris(4-
pyridyl)-1,3,5-triazine,3 1,3,5-tris(4-ethynylbenzonitrile)-
benzene4 and tricyanomelamine.5 With polydentate bases L (of
hapticity greater than two) the topology of the array may also be
entirely determined by the ligands, when the metals (such as
diagonal AgI and CuI) do not occupy nodes of the net, but work
as simple spacers (L–M–L metallic synthons).† In this concern
a potentially tetradentate ligand such as hexamethylenete-
tramine (hmt) seems quite suitable for the preparation of
supertetrahedral networks with metallic synthons (see Scheme
1), paralleling the supramolecular organic chemistry of ada-
mantyl templates with different synthons,6 well exemplified by
the fivefold interpenetrated frame of the adamantane-
1,3,5,7-tetracarboxylic acid.7

Working on these lines we have reacted hmt with different
AgI salts of non-coordinating anions and we have recently
described the polymeric [Ag(hmt)]PF6·H2O,8 containing a
three-dimensional triconnected frame topologically related to
the prototypal SrSi2. We report here that hmt reacts with

AgClO4 in the ratio 1 : 1 to yield the two-dimensional polymer
[Ag(hmt)]ClO4 1, while a twofold excess of AgClO4 gives
[Ag3(hmt)2][ClO4]3·2H2O 2, in which metal ions (with their
counter-ions and water molecules) intercalate between sheets
like those of 1, joining them (as spacers) to give a three-
dimensional (3,4)-connected network of uncommon topological
type.

Compound 1 can be obtained in large yields, as needle shaped
colourless crystals, on layering over a CH2Cl2 solution of hmt
an ethanolic solution of AgClO4 (molar ratio 1 : 1). The crystal
structure of 1‡ consists of two-dimensional infinite layers of
hexagonal meshes formed by alternate triconnected silver ions
and hmt molecules [Fig. 1(a)]. These layers are similar to those
present in the polymeric [Ag(hmt)]NO3),9 the main difference
being the stronger Ag–O(NO3

2) interactions, 2.593(8) and
2.62(1) Å, vs. the Ag···O(ClO4

2) ones in 1, 2.796(5) Å. It is
noteworthy that the rings in the sheets present a rare
conformation of the boat type [see Fig. 2 (a)], instead of the
usual chair conformation (grey arsenic-like or black phos-
phorus-like layers).

Scheme 1

Fig. 1 A SCHAKAL view of the stacking of the two-dimensional layers in
compounds 1 (a) and 2 (b). In 2 only one of the two locations of the
statistically disordered ClO4

2 and H2O (see text) is shown for clarity.
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On performing the above reaction with an AgClO4 : hmt ratio
of 2 : 1 we have observed the initial formation of crystals of 1,
but on allowing the solution to concentrate by evaporation the
reaction further proceeds giving fine multifaced crystals of 2,
investigated by X-ray diffraction analysis.‡

The structure of 2 consists of an open three-dimensional
cationic network formed by [Ag(hmt)] hexagonal layers as in 1,
joined by biconnected silver ions, which coordinate to the free
N atoms of the hmt ligands [Fig. 1(b)]. The Ag–N bond lengths
for these spacers, 2.223(5) Å, are shorter than those involving
the other silver ions, 2.355(5)–2.396(4) Å [2.326(5)–2.373(4) Å
in 1]. On passing from 1 to 2 a relative sliding of the layers takes
place, together with a change of the ring conformation from boat
to chair (to give black phorphorus-like layers) and, what is
particularly interesting, the interlayer separation increases from
7.32 to 9.65 Å. Guest water molecules occupy the large,
approximately hexagonal, channels [Fig. 1(b)] and interact with
the silver ions of the layers [Ag–O bond lengths of 2.467(10)
Å]. Thermal analyses have shown that these water molecules
can be reversibly removed from the crystals by thermal
activation.§

From the topological point of view the three-dimensional
framework of 2 is a (3,4)-connected net, comprised of
triconnected (silver ions of the layers) and tetraconnected (hmt
molecules) centres in the ratio 1 : 1 [Fig. 2,(b)]. The topological
type can be assigned, following the pioneering ideas of Wells,10

on considering that the shortest circuits starting and ending on
each centre are all three 6-gons for the triconnected silver ions
and 6-gons and 8-gons in the ratio 5 : 1 for the hmt ligands,
hence (63)(65,8). Wells has described four nets with this
connectivity and has classified that one here reported as
(63)(65,8)-b,10 space group Pnnm, in its highest symmetry.
Though this seems to be one of the more simple (3,4)-connected
nets we have been able to find only one net with the same
topology, namely InS (triconnected S and tetraconnected
In).12

We have not isolated the supertetrahedral [Ag2(hmt)] hypo-
thetical frame of Scheme 1, but compound 2 represents at least

a step in that direction. Factors such as, inter alia, the tendency
of the metal ions to achieve coordination numbers higher than
two and that of hmt to be less than tetradentate, as in 1 and in
[Ag(hmt)]PF6·H2O, can operate against the desired goal.
Nevertheless, interesting networks joined exclusively via
metallic synthons will probably assume some relevance in the
near future.

Footnotes

† We call metallic synthon, extending the term used for the supramolecular
interactions in organic systems by Desiraju,6 the interaction of two
polydentate organic bases mediated by a metal ion (or complex) which,
dedicating only two coordination sites to the net, does not influence its
topology. Hoskins and Robson have previously considered this kind of
interaction.1a However, the networks exclusively based on organic
molecules (as centres) and metallic synthons are quite rare.
‡ Crystal data: 1; orthorhombic, Pmcn (no. 62), a = 6.484(2),
b = 10.636(3), c = 14.651(3) Å, U = 1010.4(5) Å3, Z = 4, Dc = 2.285
Mg m23, Mo-Ka radiation (l = 0.710 73 Å). The data collection was
performed at 293 K on an Enraf-Nonius CAD-4 diffractometer, by the
w-scan method, within the limits 3 < q < 25°. The structure was solved by
direct methods (SIR92) and refined by full-matrix least-squares analysis
(SHELX93). The final agreement index R was 0.0274 for 674 independent
significant [I > 3s(I)] absorption corrected data. Anisotropic thermal
factors were assigned to all the non-hydrogen atoms.

2; orthorhombic, Pnnm (no. 58), a = 6.533(2), b = 10.453(2),
c = 19.293(8) Å, U = 1317.5(7) Å3, Z = 2, Dc = 2.365 Mg m23. The
structure was solved by direct methods and refined by full-matrix least-
squares analysis. One of the perchlorato anions and the solvated water
molecule, which is hydrogen bonded to it, form a pair statistically
disordered about a mirror plane. The final agreement index R was 0.0453 for
1158 independent significant [I > 3s(I)] absorption corrected data. Other
experimental features are as in 1.

Atomic coordinates, bond lengths and angles, and thermal parameters
have been deposited at the Cambridge Crystallographic Data Centre
(CCDC). See Information for Authors, Issue No. 1. Any request to the
CCDC for this material should quote the full literature citation and the
reference number 182/378.
§ Differential scanning calorimetry (DSC) shows an endothermic peak at
ca. 120 °C and thermogravimetric analysis (TGA) gives a mass loss in the
range 70–130 °C corresponding to two water molecules per formula unit.
Decomposition of the compound begins above 200 °C. Samples heated to
140 °C and left in air for a few hours display again the same DSC peak.

References

1 B. F. Hoskins and R. Robson, J. Am. Chem. Soc., 1990, 112, 1546;
R. Robson, B. F. Abrahams, S. R. Batten, R. W. Gable, B. F. Hoskins
and J. Liu, Supramolecular Architecture, ACS publications, Wash-
ington, 1992, ch. 19.

2 C. L. Bowes and G. A. Ozin, Adv. Mater., 1996, 8, 13.
3 S. R. Baten, B. F. Hoskins and R. Robson, Angew. Chem., Int. Ed. Engl.,

1995, 34, 820; J. Am. Chem. Soc., 1995, 117, 5385; B. F. Abrahams,
S. R. Baten, H. Hamit, B. F. Hoskins and R. Robson, Chem. Commun.,
1996, 1313; B. F. Abrahams, S. R. Baten, H. Hamit, B. F. Hoskins and
R. Robson, Angew. Chem., Int. Ed. Engl., 1996, 35, 1690.

4 G. B. Gardner, D. Venkataraman, J. S. Moore and S. Lee, Science, 1995,
374, 792; D. Venkataraman, S. Lee, J. S. Moore, P. Zhang, K. A. Hirsch,
G. B. Gardner, A. C. Covey and C. L. Prentice, Chem. Mater., 1996, 8,
2030.

5 B. F. Abrahams, S. J. Egan, B. F. Hoskins and R. Robson, Chem.
Commun., 1996, 1099.

6 G. R. Desiraju, Angew. Chem., Int. Ed. Engl., 1995, 34, 2311.
7 O. Ermer, J. Am. Chem. Soc., 1988, 110, 3747.
8 L. Carlucci, G. Ciani, D. M. Proserpio and A. Sironi, J. Am. Chem. Soc.,

1995, 117, 12 861.
9 A. Michelet, B. Voissat, P. Khodadad and N. Rodier, Acta Crystallogr.,

Sect. B, 1981, 37, 2171.
10 A. F. Wells, Further Studies of Three-dimensional Nets, ACA

Monograph No. 8, 1979.
11 K. Schubert, E. Doerre and E. Guenzel, Naturwissenschaften, 1954, 41,

448; R. Walther and H. J. Deiseroth, Z. Krystallogr., 1995, 210, 360.

Received, 20th January 1997, Com. 7/00446J

Fig. 2 A schematic view, approximately down the a axis, of the two-
dimensional layers in 1 (a) and of the three-dimensional network
(63)(65,8)-b in 2 (b). Filled spheres = AgI open spheres = baricentres of the
hmt molecules.
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