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Abstract

The investigations on the construction of silver(I)–hexamethylenetetramine coordination networks containing different additional ligands
and counter anions have been reviewed. The interesting topologies, synthetic approaches and the important factors that influence the structures,
as well as some designed assembly approaches are described.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The construction of solid-state molecular architectures
and crystal engineering have become rapidly developing re-
search areas which have implications for the rational design
of functional metal–organic materials[1–5]. Many investi-
gations have been centered upon the use of supramolecular
contacts, such as hydrogen bonding,�–� interaction be-
tween suitable molecules to generate multi-dimensional

∗ Corresponding author. Tel.:+86-20-8411-3986;
fax: +86-20-8411-2245.

E-mail address:cescxm@zsu.edu.cn (X.-M. Chen).

arrays or networks. In particular, these arrays or networks
may exhibit potential applications in reversible guest ex-
change, selective catalysis, microelectronic devices, molec-
ular magnets and so on[3–5].

It is obvious that ligation of organic bridging ligands
(such as linear two-connectors, trigonal three-connectors,
and tetrahedral or square-planar four-connectors) to metal-
lic centers may give rise to organometallic frameworks with
intriguing and diverse topological types. Among these net-
works, it is also possible that polydentate ligands assem-
bled with linear metal centers (such as biconnected Ag(I)
ions) can entirely dictate the topology of the array[6].
Hexamethylenetetramine (designated hereafter as hmt) is a

0010-8545/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0010-8545(03)00116-4
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Scheme 1. Schematic representation of the structure of hmt.

well-known, simple organic compound, its crystal structure
has been known for eight decades[7] (Scheme 1). As a very
good hydrogen acceptor, hmt forms a variety of molecular
adducts with hydrogen-donor groups via hydrogen bonding
with organic molecules[8,9]. On the other hand, as a simple
and potential tetradentate ligand, it exhibits different coor-
dination modes including the monodentate and�n-bridging
(n= 2–4) modes in ligating metal ions, hence generating a
large amount of metal–hmt complexes. Among a large num-
ber of non-silver(I) metal complexes documented in the past
several decades, they exhibit a variety of monomeric and
polymeric structures[10,11].

Although the first crystal structure of Ag–hmt species
was documented two decades ago[12], prior to 1995 only
sporadic reports appeared in the literature. A large num-
ber of Ag–hmt compounds containing different anionic lig-
ands or counter-anions have been reported in recent years
[14–29]. This fact can be attributed to the rapid increase of
interest in crystal engineering of coordination polymers in
the past decade. In fact, silver(I) is very flexible in coor-
dination to organic ligands, which usually exhibit two- to
four- coordination featuring linear, T-shape and trigonal, as
well as tetrahedral geometries. Therefore, it can be expected
that the combination of silver(I) and hmt as building blocks
can produce interesting molecular architectures, parallel to
the supramolecular organic chemistry of adamantane tem-
plates with different synthons[30]. The self-assembly of sil-
ver(I) ions with hmt in different conditions, such as differ-
ent Ag/hmt molar ratios, different counter anions, or differ-
ent additional anionic organic ligands, may lead to different
molecular architectures, as we and others have pointed out
previously[31]. The so-called controlled or designed assem-
bly can also be achieved in some cases[22,23]. This arti-
cle accounts exclusively the research on crystal engineering
of Ag–hmt system and outlines the network topologies and
structural motifs reported so far. The synthetic approaches
and the important factors that influence the structures, as
well as the designed assembly approaches are described.

2. Structural motifs

Since 1995, investigations on Ag–hmt coordination poly-
mers have significantly intensified, and much attention has
been devoted to the construction of interesting supramolec-
ular architectures. Considering exclusively the Ag–hmt
interactions, a variety of structural motifs have been ob-
served for these molecular architectures, including a dis-
crete [Ag5(hmt)6]5+ cage[17] and two zero-dimensional
[hmt · 4Ag(I)] structural units[13,27], a one-dimensional

ribbon [18], several single- and double-chains[22,27], sev-
eral two-dimensional infinite undulating layers of different
structural units[12,16,19–21,23,24,26–28], and different
examples of three-dimensional networks, all non-inter-
penetrated[14–18,20,25,29], as summarized in theTable 1.
It is obvious that in the Ag–hmt complexes, each hmt acts
in a bridging coordination mode, such as�2-, �3-, or �4-
bridging modes, no monodentate mode has been observed
in the entire Ag–hmt system, in contrast to those found in
other metal complexes of hmt[10]. Therefore, it usually
plays a role as a spacer in one-dimensional chains or as a
node in the two- and three-dimensional nets. Usually,
hmt functions in a single bridging mode in an Ag–hmt com-
pound, but occasionally it acts in more than one bridging
mode, i.e. a mixed-bridging mode. Such mixed-bridging
modes have so far been documented in [Ag2(�2-hmt)
(�3-hmt)(H2O)(SbF6)] (4) [18] and [Ag2(�2-hmt)(�3-hmt)
(ssa)] (ssa= sulfosalicylate) (29) [24] and [Ag8(�3-hmt)
2(�4-hmt)2(�2-pma)2(�2-H2O)3] · 18H2O (pma= 1,2,4,5-
benzenetetracarboxylate) (42) [29]. On the other hand, the
usual coordination number of Ag(I) is 2–4, spanning the
linear, T-shaped (or Y-shaped) and tetrahedral geometries.
An exceptional distorted octahedral coordination of Ag(I)
has been documented recently in [Ag2(�4-hmt)(�4-ox)]
(ox= oxalate) (23) [20b].

2.1. Zero-dimensional motifs

Considering only the Ag–hmt interactions, the [Ag4
(hmt)]4+ core structure of [Ag4(�4-hmt)X4] (X = Cl−,
Br−) (1) may be regarded as zero-dimensional (Fig. 1a),
however, they are in fact extended to a three-dimensional
framework by the�3-Cl− or �3-Br− bridges (Fig. 1b)
[13]. Analogous [Ag4(�4-hmt)]4+ core structures have
also been found in [Ag4(�4-hmt)(�4-�2-nda)2] · 2H2O
(nda= 2,6-naphthalenedicarboxylate) (2), which are bridged
into a three-dimensional network by the carboxylate groups
[27]. Thus, [Ag5(�2-hmt)6](PF6) · 3CH2Cl2 (3) is an unique
example showing a zero-dimensional motif, which consists
of a large, pentanuclear [Ag5(�4-hmt)6]5+ cation possess-
ing an idealizedD3h symmetry, as illustrated inFig. 2 [17].
The six hmt ligands are biconnected and are disposed at
the corners of a trigonal prism. Two of the Ag(I) atoms are
triconnected and placed at the centers of the two triangular
faces, while the other three metal atoms bridge the lateral
edges. The three PF−

6 anions are weakly coordinated to the
Ag(2) atoms.

In other words, since both silver(I) and hmt species can act
in bridging modes, their complexes are usually polymeric,
and only a few very unusual cases exhibit discrete structures
if only the Ag–hmt interactions are taken into consideration.

2.2. One-dimensional motifs

Taking only the Ag–hmt interactions into consideration,
there are three types of one-dimensional structural mo-
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Table 1
The structurally characterized Ag(I)–hmt polymeric species

Number Compound Networka Reference

1 [Ag4(�4-hmt)X4] (X = Cl−, Br−) 0-D [13]
2 [Ag4(�4-hmt)(�4-�2-nda)2] · 2H2O 0-D [27]
3 [Ag5(�2-hmt)6](PF6) · 3CH2Cl2 0-D D3h cage [17]
4 [Ag2(�2-hmt)(�3-hmt)(H2O)(SbF6)] 1-D Ribbons [18]
5 [Ag2(�2-hmt)2(�2-bi-�2-bna)]· 2H2O · MeCN 1-D Chains [27]
6 [Ag(�2-hmt)(L)(H2O)] (L = hba, aba) 1-D Chains [22]
7 [Ag2(�2-hmt)2(bca)(H2O)2] · H2O 1-D Chains [22]
8 [Ag(�2-hmt)(ina)]· 0.5H2O 1-D Chains [22]
9 [Ag(�2-hmt)(bsa)] 1-D Double-chains [22]
10 [Ag2(�2-hmt)2(bda)]· 4H2O 1-D Double-chains [22]
11 [Ag(�3-hmt)](ClO4) 2-D Hexagons [16]
12 [Ag2(�3-hmt)2](S2O6) · 2H2O 2-D Hexagons [20]
13 [Ag(�3-hmt)(L)] (L = NO−

3 , NO−
2 ) 2-D Hexagons [12,20]

14 [Ag2(�3-hmt)2(CF3SO3)(H2O)](CF3SO3) · H2O 2-D Hexagons [21]
15 [Ag(�3-hmt)(L)] · nH2O (L = p-nba,m-nba, dnba) 2-D Hexagons [23]
16 [Ag2(�3-hmt)2(L)] · nH2O (L = fa, adp, ppa) 2-D Hexagons [19,23]
17 [Ag(�3-hmt)(L)] · nH2O · mEtOH (L= �-hna,�-hna, noa) 2-D Hexagons [23]
18 [Ag(�3-hmt)(L)] · nH2O (L = ma, ba, sal) 2-D Hexagons [26]
19 [Ag2(�3-hmt)2(MeCN)](ClO4)2 2-D Hexagons [26]
20 [Ag(�3-hmt)](L) · n(benzene)· mH2O (L = abs, ns) 2-D Hexagons [28]
21 [Ag(�3-hmt)]2[Ag(NH3)2]2(pma)· 3H2O 2-D Hexagons [28]
22 [Ag2(�4-hmt)(L)m] · nH2O (L = NO−

2 , SO2−
4 ) 2-D Squares [20]

23 [Ag2(�4-hmt)(�4-ox)] 2-D Squares [20]
24 [Ag2(�4-hmt)(tos)2] 2-D Squares [21]
25 [Ag2(�4-hmt)(�2-�-hna)(MeCN)](�-hna)· H2O 2-D Squares [27]
26 [Ag3(�3-hmt)2(H2O)4](PF6)3 2-D Big hexagons [21]
27 [Ag(�2-hmt)(cin)]· 2H2O 2-D Compressed hexagons [24]
28 [Ag2(�3-hmt)(sal)2] 2-D Decagons and small hexagons [24]
29 [Ag2(�2-hmt)(�3-hmt)(ssa)] 2-D Decagons [24]
30 [Ag4(�3-hmt)3(H2O)](PF6)4 · 3EtOH 3-D 3-C [17]
31 [Ag(�3-hmt)](PF6) · H2O 3-D 3-C [14]
32 [Ag12(�4-hmt)6(HPO4)(H2PO4)10(H2O)](H3PO4) · 10.5H2O 3-D 4-C [20]
33 [Ag2(�4-hmt)(NO3)2] 3-D 4-C [15]
34 [Ag3(�4-hmt)2(H2O)2](ClO4)3 3-D 3,4-C [20]
35 [Ag3(�4-hmt)2(H2O)2](SO4)(HSO4) · 2H2O 3-D 3,4-C [20]
36 [Ag3(�4-hmt)2(�2-ssa)(H2O)](NO3) · 3H2O 3-D 3,4-C [29]
37 [Ag11(�4-hmt)6(H2O)10](PF6)11 · 4H2O 3-D 3,4-C [18]
38 [Ag4(�4-hmt)3(H2O)](SO4)(NO3)2 · 3H2O 3-D 3,4-C [20]
39 [Ag2(�4-hmt)(�2-O2CMe)](MeCO2) · 4.5H2O 3-D 3,4-C [20]
40 [Ag2(�4-hmt)(�3-L)] · nH2O (L = mal, oga, mpa) 3-D 3,4-C [20,25]
41 [Ag3(�4-hmt)(�2-ba)3] 3-D 3,4-C [20]
42 [Ag8(�3-hmt)2(�4-hmt)2(�2-pma)2(�2-H2O)3] · 18H2O 3-D 3,4-C [29]

Abbreviations: aba, 4-aminobenzoate; abs, 4-aminobenzenesulfonate; adp, adipate; ba, benzoate; bca, 4,4′-biphenyldicarboxylate; bda, butanedioate; bna,
2,2′-dihydroxy-1,1′-binaphthalene-3,3′-dicarboxylate; bsa, benzenesulfinate; cin, cinnamate; dnba, 3,5-di-nitrobenzoate; fa, fumarate; hba, 4-hydroxy-
benzoate; hmt, hexamethylenetetramine;�-hna, 1-hydroxy-2-naphthate;�-hna, 3-hydroxy-2-naphthate; ina, isonicotinate; ma, malonate; mal, maleate; mpa,
m-phthalate;m-nba, 3-nitrobenzoate;p-nba, 4-nitrobenzoate; nda, 2,6-naphthalenedicarboxylate; noa, 2-naphthoxyacetate; ns, 2-naphthalene-sulfonate;
oga, diglycolate; ox, oxalate; ppa,p-phthalate; pma, 1,2,4,5-benzenetetracarboxylate; sal, salicylate; ssa, sulfosalicylate; tos,p-toluenesulfonate.

a Only the Ag–hmt interactions are considered.

tifs hitherto documented in the literature, namely ribbons,
single- and double-chains.

As shown asFig. 3 [Ag2(�2-hmt)(�3-hmt)(H2O)(SbF6)]
(4) features a new one-dimensional ribbon[18], in which
two different types of Ag(I) atoms are located at the central
and external parts of the ribbon, respectively, while hmt
molecules act in an unprecedented mixed�2-/�3-bridging
mode. In the Ag–hmt interactions, the internal Ag(I) atoms
and hmt are triconnected, while the external ones are bi-
connected. However, each Ag(I) atom interacts with an

aqua ligand, and the external ones show an additional
Ag–F(SbF5) contact.

Regarding the Ag–hmt interactions, four complexes,
[Ag2(�2-hmt)2(�2-bi-�2-bna)]· 2H2O · MeCN (bna= 2,2′-
dihydroxy-1,1′-binaphthalene-3,3′-dicarboxylate) (5), [Ag
(�2-hmt)(L)(H2O)] (L = 4-hydroxybenzoate or 4-aminoben-
zoate) (6), [Ag2(�2-hmt)2(bca)(H2O)2] · H2O (bca= 4,4′-
biphenyldicarboxylate) (7), and [Ag(�2-hmt)(ina)]· 0.5H2O
(ina= isonicotinate) (8) all consist of the infinite zigzag
[Ag(�2-hmt)]∞ chains (Fig. 4a); while [Ag(�2-hmt)(bsa)]
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Fig. 1. The [hmt· 4Ag(I)] structural unit (a) and the three-dimensional network viewed along thea-axis (b) in 1 (adapted from Ref.[13]).

(bsa= benzenesulfinate) (9) and [Ag2(�2-hmt)2(bda)]· 4H2O
(bda= butanedioate) (10) consist of double-chains which
are made up of a pair of [Ag(�2-hmt)]∞ chains, featur-
ing the dimeric Ag(I) fragments with the Ag· · · Ag dis-
tance of 2.9–3.0 Å, indicating a relatively strong Ag· · · Ag

interaction (Fig. 4b) [32]. Both Ag(I) and hmt usually act
in the �2-bridging modes in the Ag–hmt interconnections
among the one-dimensional chains, and additional oxygen
donor ligands, such as carboxylate groups are present. These
additional ligands may play a role in terminating further
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Fig. 2. Perspective view of pentanuclear [Ag5(hmt)6]5+ cage in2 (adapted
from Ref. [17]).

polymerization of the one-dimensional chains into higher
dimensional structures. Moreover, the Ag–hmt molar ratio is
exclusively 1:1 in the hitherto documented one-dimensional
Ag–hmt complexes (seeTable 1).

Some interesting related frameworks based on [Ag
(�2-hmt)]∞ chains have been successfully synthesized by
judicious choice of different anionic ligands, which will be
discussed in the following paragraphs.

Fig. 3. Perspective view of the one-dimensional ribbon in4 (adapted from Ref.[18]).

Fig. 4. Perspective views of the one-dimensional single-chain (a) and double-chain (b) (adapted from Ref.[22]).

In the earlier reported Ag–hmt complexes, the hmt lig-
ands are usually in the�3- or �4-bridged mode[12–21],
and no complex consisting of [Ag(�2-hmt)]∞ chains had
been documented. However, the utilization of Ag2O, ap-
propriate carboxylic acids and hmt, followed by dropwise
addition of aqueous NH3 solution, produced a complex
system, which may be propitious to construct frame-
works based on the [Ag(�2-hmt)]∞ chains [22]. More-
over, the dimeric Ag(I) fragments can be joined by two
unusual non-coplanar skew–skew�2-carboxylate bridges
[20,24], resulting in double-chains made up with a pair of
[Ag(�2-hmt)]∞ chains. Consequently, by judicious choice
of different anionic ligands, a series of complexes contain-
ing [Ag(�2-hmt)]∞ chains have been synthesized, which
exhibit different, but related structures.

The Ag–hmt interactions in6, 7 and8 are based on the
infinite zigzag [Ag(�2-hmt)]∞ chains, while9 and 10 are
based on [Ag(�2-hmt)] double-chains[22], in which all hmt
ligands feature the�2-bridging mode. If the additional an-
ionic ligands are taken into consideration, the coordination
networks can be regarded as racks in6, and ladders in7,
grids in 8, double-chains in9 and rectangular-grids with
double-chains in10, as illustrated inScheme 2. Compar-
ing the structures, the ladder in7 may be regarded as an
extension of the single chains in6 by replacement of the
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Scheme 2. The structural motifs of the coordination polymers6–10 containing [Ag(�2-hmt)]∞ chains: racks in6, and ladders in7, grids in8, double-chains
in 9 and rectangular-grids with double-chains in10 (adapted from Ref.[22]).

chelate monocarboxylate ligands with the bis-monodentate
dicarboxylate ligands, while the rectangular-grid layers in8
may be regarded as an extension of the single chains in6
by replacement of the chelate monocarboxylate ligands with
the �2-O,N-bridging ina (ina= isonicotinate) ligands. Sim-
ilarly, the rectangular-grid with double-chains in10 may be
regarded as an extension of the double-chains in9 by re-
placement of the monosulfinate ligands with the dicarboxy-
late ligands.

2.3. Two-dimensional nets

Six types of two-dimensional Ag–hmt layers have been so
far reported. Among these two-dimensional Ag–hmt layers,
most consist of the hexagonal [Ag(�3-hmt)] nets, including
the first structurally characterized Ag–hmt network found in
[Ag(�3-hmt)(NO3)] (13) [12].

Complexes [Ag(�3-hmt)](ClO4) (11), [Ag2(�3-hmt)2]
(S2O6) · 2H2O (12), [Ag(�3-hmt)(L)] (L = NO−

3 , NO−
2 )

(13) and [Ag2(�3-hmt)2(CF3SO3)(H2O)](CF3SO3) · H2O
(14) all consist of two-dimensional infinite undulating layers
of hexagonal units (Fig. 5 a) [10,16,20b,21]. Each hexag-
onal unit is organized by three Ag(I) atoms and three hmt
ligands each at the corner. Considering only the Ag–hmt
interactions, the Ag(I) atoms and hmt ligands are tricon-
nected. However, each Ag(I) atom may be further ligated
by a weak bonding ligand at the lateral position of the layer,
such as NO−3 (Fig. 6) and NO−

2 anions in13 [12,20b]. These
labile lateral ligands may be replaced by other stronger lig-
ands to produce three-dimensional molecular architectures
via rational molecular design, which will be described in
Section 2.5.

On the other hand, hmt can exhibit�4-bridging mode
to connect Ag(I) atoms into two-dimensional infinite lay-

ers of square units, as found in [Ag2(�4-hmt)(L)m] · nH2O
(L = NO−

2 or SO2−
4 , m= 2 or 1, respectively) (22). Each of

the squares is made up of four Ag(I) atoms and four hmt
ligands each at the midpoint of side and corner, respectively
(Fig. 5b) [20]. When oxalate was used instead of NO−

2 or
SO2−

4 , a new compound [Ag2(�4-hmt)(�4-ox)] (23) was iso-
lated[20b], in which each square cavity is now occupied by
an ox2− group. The ox2− group not only functions in a dou-
ble chelate mode to bind two Ag(I) atoms in a pair of oppo-
site edges of a square, but also ligates two adjacent square
layers, furnishing the final three-dimensional architecture,
as shown inFig. 7.

As shown inFig. 5c–f, there are four other topological
types of two-dimensional Ag–hmt nets. Among them, [Ag3
(�3-hmt)2(H2O)4](PF6)3 (26) is an undulating coordination
layer with big hexagonal units, each consisting of six Ag(I)
atoms and six�3-hmt ligands[21] (Fig. 5c); [Ag(�2-hmt)
(cin)] · 2H2O (cin= cinnamate) (27) is two-dimensional
infinite coordination layers featuring compressed hexag-
onal units, each consisting of six Ag(I) atoms and four
�2-hmt ligands as spacers (Fig. 5d); [Ag2(�3-hmt)(sal)2]
(sal= salicylate) (28) is two-dimensional infinite undulat-
ing coordination layers with decagonal and small hexagonal
units, each decagonal unit composes of six Ag(I) atoms and
four �3-hmt ligands, and each small hexagonal unit com-
poses of four Ag(I) atoms and two�3-hmt ligands (Fig. 5e);
while [Ag2(�2-hmt)(�3-hmt)(ssa)] (29) is two-dimensional
infinite highly undulated neutral layers with irregular
decagonal units, each consisting of five Ag(I) atoms and five
hmt ligands, of which three are in a�3-bridging mode and
two are in a�2-bridging mode (Fig. 5f) [24]. It should be
pointed out that both27 and28 are constructed by dimeric
Ag(I) fragments in the two-dimensional Ag–hmt nets.

It is noteworthy that, from the topological point of view,
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the two-dimensional motifs inFig. 5a, c, d, f can be rational-
ized as the same topology, a three-connected net with (6,3)
topology, comprised of six connected nodes shared by seven
hexagons or seven decagons. On the other hand, the motif
of Fig. 5b can be rationalized as a four-connected net with
a (4,4) topology; while that ofFig. 5e is a net with (4.82)
topology, which was predicted by Wells and has also been
documented in sporadic reports recently[33].

Fig. 5. Perspective views of topologic structural types of two-dimensional Ag–hmt nets for13 (a), 22 (b), 26 (c), 27 (d), 28 (e) and29 (f). Small open
balls represent centers of mass of the hmt ligands, which were adapted from Ref.[20] for (a, b), Ref.[21] for (c) and Ref.[24] for (d–f).

2.4. Three-dimensional frameworks

The self-assembly of the potential tetradentate ligand
hmt with the coordinative flexible Ag(I) atoms can pro-
duce interesting molecular architectures. Thus a variety of
three-dimensional networks, all non-interpenetrated, have
been observed.

The structure of [Ag4(�3-hmt)3(H2O)](PF6)4 · 3EtOH
(30) exhibits common geometric motifs in a unique struc-
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Fig. 6. The two-dimensional layer viewed along thea-axis direction in13 (adapted from Ref.[12]).

ture type[17]. The structure consists of an infinite cationic
array composed of almost planar hexagonal units of six
hmt molecules linked by biconnected Ag(I) atoms, which
are further interconnected by unique trigonal [Ag· N3] cen-
ter into a three-dimensional networks with large cavities
and channels of the hexagonal sections (Fig. 8), containing
PF−

6 anions and solvent molecules as guests. As shown
in Fig. 9, [Ag(�3-hmt)](PF6) · H2O (31) consists of an
open three-dimensional cationic network with two types of
channels[14]. The PF−6 anions and guest water molecules
occupy the large octagonal channels. In the topological

Fig. 7. The three-dimensional network viewed along theb-axis direction
in 23 (adapted from Ref.[20]).

point of view, the networks of30 and31 are all triconnected
three-dimensional (3-D, 3-C) enantiomorphic interpenetrat-
ing networks.

On the other hand, the Ag–hmt interactions in [Ag12(�4-
hmt)6(HPO4)(H2PO4)10(H2O)](H3PO4) · 10.5H2O (32) fur-
nish an open tetraconnected three-dimensional (3-D, 4-C)
cationic network with three types of channels (Fig. 10)
[20]. However, the HPO2−

4 and H2PO−
4 groups act in the

�2-/�3-bridging and monodentate modes in coordination
to the Ag(I) atoms, while the neutral H3PO4 molecule
is hydrogen-bonded to the lattice water molecules and
the coordinated HPO2−

4 or H2PO−
4 groups. As shown

in Fig. 11 [Ag2(�4-hmt)(NO3)2] (33) is another type of
molecular-based framework with square units, topologically
also related to the tetraconnected three-dimensional frame-
work [15]. Each square unit consists of six Ag(I) atoms and
six hmt ligands.

The structures of [Ag3(�4-hmt)2(H2O)2](ClO4)3 (34)
and [Ag3(�4-hmt)2(H2O)2](SO4)(HSO4) · 2H2O (35) con-
sist of an open three-dimensional cationic network formed
by [Ag(�3-hmt)] hexagonal layers joined by biconnected
Ag(I) atoms, which coordinate to the fourth nitrogen atoms
of the hmt ligands, as shown inFig. 12 [16,20b]. The
ClO−

4 and lattice water molecules in34 or the SO2−
4 ,

HSO−
4 and lattice water molecules in35 are clathrated in

the hexagonal channels. Similarly, [Ag3(�4-hmt)2(�2-ssa)
(H2O)](NO3) · 3H2O (ssa= sulfosalicylate) (36) also con-
sists of an open three-dimensional cationic network formed
by [Ag(�3-hmt)] hexagonal layers joined by biconnected
Ag(I) atoms, however, the locations of biconnected Ag(I)
atoms are different, resulting in an interesting open
three-dimensional cationic network with two types of chan-
nels, as shown inFig. 13 [29]. The large hexagonal unit
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Fig. 8. Perspective views of the unique trigonal [Ag· N3] center (a) and
the three-dimensional networks with large cavities projected along the
c-axis in 30 (adapted from Ref.[17]). Small open balls represent centers
of mass of the hmt ligands.

involves eight Ag(I) atoms and eight hmt ligands, while
the small one involves four Ag(I) atoms and four hmt lig-
ands. The ssa groups in large hexagonal channels interlink
the adjacent undulating layers, while the nitrate counte-
rions are clathrated in the small ones. In the structure
of [Ag11(�4-hmt)6(H2O)10](PF6)11 · 4H2O (37) (Fig. 14),
there are two types of parallel channels[18]. These channels
host the PF−6 anions and lattice water molecules. As shown
in Fig. 15, [Ag4(�4-hmt)3(H2O)](SO4)(NO3)2 · 3H2O (38)
consists of an interesting open three-dimensional cationic
network with two types of channels[20b]. The large hexag-
onal unit involves six Ag(I) atoms and six hmt ligands,
while the small one involves four Ag(I) atoms and four
hmt ligands. The SO2−

4 anions and lattice water molecules

are clathrated in the large hexagonal unit, while the NO−
3

anions are clathrated in the small ones. This fact implies
that the counter anions may play a role in templating the
channel structure.

In [Ag2(�4-hmt)(�2-O2CMe)](MeCO2) · 4.5H2O (39),
the hexagonal sub-unit viewed from thec-axis direction
involves four Ag(I) atoms, two dimeric Ag(I) fragments
and six hmt ligands (Fig. 16) [20a]. It should be noted
that the dimeric Ag(I) fragments are joined by two un-
usual non-coplanar skew–skew�2-carboxylate bridges with
the Ag· · · Ag distance of 2.914(1) Å, showing significant
Ag· · · Ag interaction [31]. The topology of the Ag–hmt
interaction in [Ag2(�4-hmt)(�3-L)] · nH2O (L = maleate,
diglycolate, m-phthalate) (40) is the same as that of39
[20b,25].

As shown in Fig. 17, [Ag3(�4-hmt)(�2-ba)3] (ba=
benzoate) (41) is made up of a neutral three-dimensional
honeycomb-like coordination network with hexagonal
units [20b]. Each hexagonal unit viewed from thea-axis
direction involves six dimeric Ag(I) fragments and six hmt
ligands. As shown inFig. 18, [Ag8(�3-hmt)2(�4-hmt)2(�2-
pma)2(�2-H2O)3] · 18H2O (42) is another new type of
three-dimensional non-interpenetrated network with cylin-
drical channels[29], in which there are two different types
of hmt molecules acting in�3-bridging and�4-bridging
modes, respectively. Moreover, the network is further sta-
bilized by the bis-monodentate pma ligands and unprece-
dented�2-aquo-oxygen atoms.39–42 are all constructed by
dimeric Ag(I) fragments in the three-dimensional Ag–hmt
networks. Moreover,34–42 are all topologically related to
the tri- and tetra-connected three-dimensional (3-D, 3,4-C)
nets.

2.5. Designed organization of three-dimensional
microporous networks based on the hexagonal Ag–hmt
layers

Chemists hope to reach a stage at which rational designs
and synthesis of interesting topologies, as well as molecu-
lar solids with potentially interesting properties are possi-
ble [2,34,35]. For practical uses of this kind of materials,
designed or controlled assembly is critically important. In
Ag–hmt system, some designed organization of layers into
three-dimensional architectures bearing microporous have
been reported so far.

As mentioned inSection 2.3, the stable two-dimensional
undulating coordination layers [Ag(�3-hmt)X] (X = small
and labile anions) of hexagonal units in a boat-type confor-
mation (seeFig. 5a andFig. 6), which bear labile lateral
monodentate ligands such as nitrate and perchlorate can
easily be obtained. Careful examination of the detailed geo-
metric data also reveals that the labile ligands (and the metal
atoms) are arranged in rows with regular intra-row spacing
of ca. 6.6 Å, which is about twice of the face-to-face dis-
tance between a pair of strongly stacked aromatic groups
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Fig. 9. The three-dimensional cationic network with two types of channels viewed along theb-axis in 31 (adapted from Ref.[14]). Small open balls
represent centers of mass of the hmt ligands.

(Fig. 6) [12]. In fact, after 11–13 were obtained, two
routes for rational organization of the two-dimensional
hexagonal Ag–hmt coordination layers into some kinds of
three-dimensional networks were established (Scheme 3)
[23]. The first route is using aromatic monocarboxylates,
having ability of �–� stacking interaction, to replace the
small and labile ions of the two-dimensional [Ag(�3-hmt)X]
(X = small and labile anions) layer, the resulting layers can
be further extended into three-dimensional supramolecu-
lar arrays via intercalation between the lateral aromatic
groups. The second route is using the bridging dicar-
boxylate spacers (or molecular pillars) to replace the
small and labile ions of the [Ag(�3-hmt)X] layer, the
adjacent two-dimensional layers can be, therefore, pil-

Fig. 10. The three-dimensional cationic network exhibiting three types of
channels viewed along thea-axis in 32 (adapted from Ref.[20]). The
H3PO4, H2PO−

4 and HPO2−
4 groups are omitted for clarity. Small open

balls represent centers of mass of the hmt ligands.

lared into stable three-dimensional coordination networks
with tunable channels. Complexes [Ag(�3-hmt)(L)] · nH2O
(L = 4-nitrobenzoate, 3-nitrobenzoate, 3,5-dinitrobenzoate)
(15) (Fig. 19) and [Ag2(�3-hmt)2(L)] · nH2O (L = fumarate,
adipate,p-phthalate) (16) (Fig. 20), featuring small chan-
nels, were obtained by this rational design and synthesis,
and the microporosity was confirmed by the gas adsorption
measurements[23].

However, as shown inScheme 4, there are different
interconnection modes of the hexagonal units in the [Ag
(�3-hmt)] layers and different bonding interactions between
Ag(I) atoms and lateral ligands. In [Ag(�3-hmt)(L)] · nH2O ·
mEtOH (L= 1-hydroxy-2-naphthate, 3-hydroxy-2-naphthate,
2-naphthoxyacetate) (17) [23] and [Ag(�3-hmt)(L)] · nH2O
(L = malonate, benzoate, salicylate) (18) [26], the bonding
interactions between the Ag(I) atoms and the lateral lig-
ands are somewhat weak, which may be responsible for the
different interconnection modes of the hexagonal units, the
different lateral ligands as well as the different slanted ori-

Fig. 11. The three-dimensional coordination network viewed along the
b-axis in 33 (adapted from Ref.[15]). The NO−

3 bridges are omitted for
clarity. Small open balls represent centers of mass of the hmt ligands.
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Fig. 12. The three-dimensional coordination network projected along the
c-axis in 34 (adapted from Ref.[20]). Small open balls represent centers
of mass of the hmt ligands.

entation modes of the lateral ligands, as shown inFig. 21a,
b andScheme 4b, c. Moreover, the large naphthate groups
in 17 may exclude their orientation in a similar mode found
in 18 due to the mutual repulsion between the naphthate
groups. On the other hand, the similar layer topology in19
was observed (Fig. 21c andScheme 4d), which may arise
even though the lateral MeCN ligand is a stronger ligand
because there are trigonally coordinated Ag(I) centers in
the layer. Such three-coordinate centers alter the intercon-
nection mode of the hexagonal units. The most significant
structural feature presented here for18 and 19 is that the
two-dimensional [Ag(�3-hmt)] layers of hexagonal units in

Fig. 13. The three-dimensional coordination network viewed along the
c-axis in 36 (adapted from Ref.[29]). Small open balls represent centers
of mass of the hmt ligands. The ssa groups bridges are omitted for clarity.
Small open balls represent centers of mass of the hmt ligands.

Fig. 14. The three-dimensional coordination network viewed along the
b-axis in 37 (adapted from Ref.[18]). Small open balls represent centers
of mass of the hmt ligands.

a boat-type conformation are highly undulated, and each
pair of adjacent lateral ligands at the same side of the layers
are slanted to each other, resulting in new two-dimensional
coordination frameworks comprising micropores, as illus-
trated inScheme 5.

Furthermore, both the stability of the hexagonal two-
dimensional layers[23,26]and weak coordination ability of
sulfonate[36] may exclude any significant coordination in-
teraction between the hexagonal two-dimensional layers and
the sulfonate groups in [Ag(�3-hmt)](L) · n(benzene)· mH2O
(L = abs, ns) (20), where the contacts between the silver(I)
and sulfonate oxygen atoms are all larger than 2.70 Å, well
beyond those (2.38–2.62 Å) reported for other silver(I) sul-
fonate complexes[36], indicating only weak Ag· · · O inter-

Fig. 15. The three-dimensional coordination network viewed alongb-axis
direction in 38 (adapted from Ref.[20]). Small open balls represent
centers of mass of the hmt ligands.
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Fig. 16. The three-dimensional network of39 viewed along thec-axis
direction (adapted from Ref.[20]). The �2-O2CMe bridges are omitted
for clarity. Small open balls represent centers of mass of the hmt ligands.

actions, as shown inFig. 22 [28]. Similar to the sulfonate, the
pma ligands in [Ag(�3-hmt)]2[Ag(NH3)2]2(pma)· 3H2O
(21) connect with the Ag(I) atoms in the layers with the
weak Ag· · · O contacts[28]. The isolation of these com-
plexes shows that supramolecular interactions may be
used in pillaring coordination layers into three-dimensional
molecular architectures.

2.6. Ag–hmt coordination polymers exhibiting unique
metal–π interactions

As discussed above, the combinations of hmt as a poly-
dentate ligand and silver(I) can produce a wide variety
of supramolecular architectures. By careful control of re-

Fig. 17. The three-dimensional network of41 viewed along thea-axis
direction (adapted from Ref.[20]). The �2-ba bridges are omitted for
clarity and small open balls represent centers of mass of the hmt ligands.

Fig. 18. Three-dimensional network of42 viewed along thec-axis (adapted
from Ref. [29]). The �2-pma bridges and lattice water molecules are
omitted for clarity. Small open balls represent centers of mass of the hmt
ligands.

action conditions together with selection of appropriate
ligands, a large number of open frameworks have been
prepared. Meanwhile, synthetic approaches are also impor-
tant. The liquid diffusion method has been employed in the
preparation of silver(I) complexes of polycyclic aromatic
compounds[37], and can be extended to obtain organosil-
ver(I) complexes with aromatic carboxylate ligands based
on Ag–hmt coordination networks with judicious choice of
different aromatic carboxylate ligands.

[Ag4(�4-hmt)(�4-�2-nda)2] · 2H2O (2), [Ag2(�2-hmt)
2(�2-bi-�2-bna)]· 2H2O · MeCN (5) and [Ag2(�4-hmt)
(�2-�-hna)(MeCN)](�-hna)· H2O (�-hna= 1-hydroxy-2-
naphthate) (25) were obtained from the reaction of sil-
ver(I) aromatic carboxylates in MeCN solution with hmt
in CH2Cl2 solution via the liquid diffusion method[27].
In these complexes, hmt exhibit different coordination
modes, resulting in different Ag–hmt frameworks: the
unique [hmt· 4Ag(I)] structural units in2, infinite zigzag
[Ag(�2-hmt)]∞ chains in5, and two-dimensional infinite
undulating cationic layers of square units in25. 2 is actu-
ally extended into a three-dimensional structure through the
carboxylate bridges. The most significant structural feature
presented here is the aromatic carboxylates ligated to the
metal atoms via a unique�2 coordination mode involving
their aromatic rings, in addition to the normal coordina-
tion modes utilizing their carboxylate oxygen atoms. The
Ag–C separations ranging from 2.433(6) to 2.710(9) Å in
these complexes fall within the values reported for the sil-
ver(I) complexes of other polycyclic aromatic compounds
[37], indicating significant Ag–C or Ag–� bonding interac-
tions. For example, the nda ligand in2 exhibits the unique
�2-O-bridging-bidentate-�2-coordination mode as shown
in Fig. 23. All the complexes show interesting electrochem-
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Scheme 3. Two routes for rational organization of the two-dimensional hexagonal Ag–hmt coordination layers into three-dimensional networks (adapted
from Ref. [23]).

Scheme 4. Four interconnection modes of the hexagonal units in two-dimensional [Ag(�3-hmt)] layers in15 (a), 17 (b), 18 (c), and19 (d), which were
adapted from Ref.[23] for (a, b) and Ref.[26] for (c, d).
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Fig. 19. The three-dimensional network of viewed along thea-axis (a)
andc-axis (b) in15 (adapted from Ref.[23]). The lattice water molecules
are omitted for clarity.

ical and magnetic properties analogous to those of silver(I)
complexes of polycyclic aromatic compounds reported pre-
viously. Both2 and5 exhibit strong blue photoluminescence
at room temperature. A similar�1 Ag–� bonding interaction
[Ag–C 2.688(8) Å] was found in [Ag2(�4-hmt)(tos)] (24)
(tos= p-toluenesulfonate), which was also obtained by the
liquid diffusion method[21]. The carboxylate complexes
exhibiting Ag–� bonding interactions are unique and have
not been obtained by other preparation methods. Therefore,
the liquid diffusion approach provides a new strategy for the
preparation of air-stable multidimensional metal–organic
coordination polymers with metal–aromatic interaction.

3. Synthetic chemistry

3.1. The important factors influencing the Ag–hmt nets

The self-assembly of coordination frameworks is highly
influenced by factors such as the solvent system, template,
the pH value of the solution and steric requirement of the

Fig. 20. The three-dimensional coordination networks of [Ag2(�3-hmt)2
(L)] · 4H2O (16) viewed along thec-axis: (a) for L= fa and (b) for
L = adp, (adapted from Ref.[23]). The lattice water molecules are omitted
for clarity.

counterion[1,38]. Investigations on the Ag–hmt species fur-
ther demonstrate that different frameworks can be obtained
upon varying the counterions, molar ratio of metal-to-hmt,
pH values of the solutions and/or solvent system.

For example, in the reactions of hmt with AgPF6, differ-
ent coordination polymers, [Ag5(�2-hmt)6](PF6) · 3CH2Cl2
(3) [17], [Ag3(�3-hmt)2(H2O)4](PF6)3 (26) [21], [Ag4(�3-
hmt)3(H2O)](PF6)4 · 3EtOH (30) [17], [Ag(�3-hmt)](PF6) ·
H2O (31) [14] and [Ag11(�4-hmt)6(H2O)10](PF6)11 · 4H2O
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(37) [18], have been isolated, exhibiting Ag/hmt ratios in the
range of 0.833:1–1.8:1, which illustrates the complicated
nature of the reaction processes. In the reactions of hmt with
AgNO2, two different adducts, in which one contains
two-dimensional hexagonal layers (Ag/hmt= 1:1 in [Ag(�3-
hmt)(NO2)] (13) [20b]) and the other contains two-dimen-
sional square layers (Ag/hmt= 2:1 in [Ag2(�4-hmt)(NO2)]
(22) [20b]), were obtained under different molar ratios of
metal-to-hmt. Similarly, the isolation of different products
could be achieved with AgClO4 and AgNO3. These two

Fig. 21. The packing of the layers viewed along theb-axis in 17 (a), viewed along thea-axis in 18 (b) and viewed along theb-axis in 19 (c), which
were adapted from Ref.[23] for (a) and Ref.[26] for (b, c).

salts give 1:1 adducts, [Ag(�3-hmt)](ClO4) (11) [16] and
[Ag(�3-hmt)(NO3)] (13) [12], that contain quite similar
two-dimensional hexagonal layers; whereas in the presence
of excessive silver(I) ions, three-dimensional frameworks
with hmt ligands, all four-connected, are recovered in
both cases, [Ag3(�4-hmt)2(H2O)2](ClO4)3 (34) [16] and
[Ag2(�4-hmt)(NO3)2] (33) [15], but showing a different
stoichiometry.

On the other hand, for the same ligands, different bond-
ing interactions can also result in different coordination
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Fig. 21. (Continued).

frameworks under different pH values, such as the pair
of complexes [Ag2(�4-hmt)(SO4)(H2O)] · 4H2O (22) and
[Ag3(�4-hmt)2(H2O)2](SO4)(HSO4) · 2H2O (35) [20] and
the pair of complexes [Ag(�3-hmt)]2[Ag(NH3)2]2(pma)·
3H2O (21) [28] and [Ag8(�3-hmt)2(�4-hmt)2(�2-pma)
2(�2-H2O)3] · 18H2O (42) [29]. It should be noted that
an Ag/hmt ratio of 1:1 does not ensure the forma-
tion of two-dimensional layered polymers, as shown by
the one-dimensional ribbon structure of4 [14] and the
three-dimensional framework of31 [14]. These observations
may be attributed to the stronger influence of the counter
anions than the equimolar Ag–hmt effect. Furthermore, the
isolation of [Ag3(�4-hmt)2(�2-ssa)(H2O)](NO3) · 3H2O
(36) and [Ag4(�4-hmt)3(H2O)](SO4)(NO3)2 · 3H2O (38)
indicates that the Ag–hmt complexes containing multi-
ple types of counterions may exhibit different topological
motifs compared with those containing a single type of
counterions[29].

The three-dimensional Ag–hmt networks are usually ob-
tained in the presence of either uncoordinated counterions
or additional strongly bridging ligands in the reaction sys-
tems, whereas the two-dimensional networks are easily gen-
erated in the presence of monodentate ligands. Thus, the
complexes may exhibit different, but related structures by
judicious choice of different anionic ligands, such as6–10
[22].

Scheme 5. Schematic representation of the topological motif of the
two-dimensional microporous coordination layer based on a corrugated
sheet (adapted from Ref.[26]).

Fig. 22. Perspective view of the three-dimensional molecular architecture
viewed along thec-axis in 20 (adapted from Ref.[28]). The C–H· · · O
hydrogen bonds are omitted for clarity.

Fig. 23. The unique�2-O-bridging-bidentate-�2-coordination mode of the
2,6-naphthalenedicarboxylate ligands in2 (adapted from Ref.[27]).
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Most of the Ag–hmt coordination polymers have been pre-
pared in the conventional evaporation method. The several
examples of Ag–hmt–aromatic carboxylate isolated by liq-
uid diffusion method imply that the crystallization approach
is also important. The Ag–� compounds were usually gen-
erated by the diffusion method.

3.2. Designed organization of two-dimensional nets into
three-dimensional architectures

Supramolecular interactions such as�–� stacking inter-
action is important and can be used in the designed assembly
of interesting microporous networks based on two- dimen-
sional Ag–hmt coordination layers, as discussed inSection
2.5. Such rational assembly is based on two important fac-
tors, the geometric structure of the two-dimensional nets
and the substitutability of the lateral ligand. Fortunately,
the two-dimensional layer of [Ag(�3-hmt)X] (X = small
and labile anions) satisfy the requirements, although not
all substituted aromatic ligands can be expected to furnish
the aromatic intercalation for generation of the designed
three-dimensional architecture!

The rational assembly of coordination layers via aromatic
groups intercalation to generate three-dimensional archi-
tectures could also be utilized in the organization of low-
dimensional coordination polymers and inorganic–organic
hybrid materials into ordered three-dimensional architec-
tures. Several examples have recently been reported[34,39].
Meanwhile, studies have shown that several linear dicar-
boxylate can be used to pillar the Ag–hmt coordination lay-
ers to produce the porous three-dimensional architectures
with variable channels, mainly depending on the lengths of
the carboxylate pillars.

In other words, an appropriate selection of the monocar-
boxylate and dicarboxylate can possibly result in the gener-
ation of designed three-dimensional structures with different
channels.

4. Conclusions

This article summarizes recent progress on the construc-
tion of Ag(I)–hmt networks, including the interesting topolo-
gies, synthetic approaches and the important factors that
influence the structures, as well as some designed assem-
bly approaches. Remarkable progress in this field has been
made in the last several years. A great significance has been
demonstrated in the previous studies that, simple silver(I)
ions and hmt ligand can be utilized in the construction of
intriguing coordination polymeric architectures depending
on Ag/hmt ratios, counterions, additional organic ligands,
as well as other reaction and crystallization conditions. It
may be expected that porous organometallic materials and
interesting molecular architectures with new topologies can
be achieved through controlled solid-state design using the
Ag–hmt or other simple metal–ligand systems.
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