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a b s t r a c t

The design of new coordination polymers is nowadays a challenging research topic that attracts increas-
ing interest due to the unique structural and functional properties of such metal-organic materials. In
contrast to the recognized use of some N-donor ligands for the construction of coordination polymers,
the application of hexamethylenetetramine (hmt) as a simple, commercially available, water-soluble and
highly versatile cagelike building block has so far been explored to a lesser extent, although a considerable
number of hmt-driven metal-organic networks have been reported in the last few years. Given the high
potential of hmt for future developments of this research field, the present review summarizes the main
structural and topological types of coordination polymers bearing hmt. These compounds feature a high
elf-assembly
oordination chemistry
upramolecular structures
ater clusters
agnetic properties

hotoluminescence

diversity of topologies that include linear, zigzag, double, triple and quadruple 1D chains, rectangular
grids, flat and undulating 2D layers, as well as layer-pillared, octahedral, zeolite-like, honeycomb-like
and other complex 3D nets, in which hmt acts as a linker or spacer, pillar or connector, stabilizer
and/or supporting ligand. The most common synthetic strategies are reviewed, showing that a diver-
sity of metal-organic networks can be generated by facile self-assembly routes in aqueous medium and
using rather simple chemicals. The main types of auxiliary ligands necessary for the construction of hmt-
driven coordination networks are also identified. The additional structural features such as the formation

Abbreviations: 1D, one-dimensional; 2D, two-dimensional; 3D, three-dimensional; ac, acetate; adca, adamantane-1-carboxylate; alhmt, N-
llyl-hexamethylenetetramine(1+); bpbpd, 1,1′-biphenyl-4,4′-diylbis(4,4-dimethylpentane-1,3-dione); ctc, cis,cis-1,3,5-cyclohexanetricarboxylate; dabco,
,4-diazabicyclo[2.2.2]octane (triethylenediamine); dca, dicyanamide; DMA, dimethylacetamide; DMF, dimethylformamide; dpa, 2,2′-biphenyldicarboxylate; dtb,
,2′-dithiodibenzoate; fba, 4-formylbenzoate; HE, high energy; hmt, hexamethylenetetramine; hmtH, monoprotonated hmt; ibut, isobutyrate; LE, low energy; LMCT, ligand-
o-metal charge transfer; M:hmt, metal-to-hmt molar ratio; mal, malonate; male, maleate; MTN, zeolite socony mobil–thirty-nine; nita, 7-nitro-1,3,5-triaza-adamantane; nta,
itrilotriacetate; opbh, 2-oxopropionate(benzoyl)hydrazone; pbhd, 1,1′-(1,4-phenylene)-bis(hexane-1,3-dione); pbpd, 1,1′-(1,3-phenylene)-bis(4,4-dimethylpentane-1,3-
ione); pdc, 3,4-pyridinedicarboxylate; phac, phenylacetate; phca, phenanthrene-9-carboxylate; pma, pyromellitate (1,2,4,5-benzenetetracarboxylate); prop, propionate;
ta, 1,3,5-triaza-7-phosphaadamantane; ptao, 1,3,5-triaza-7-phospha-adamantane-7-oxide; ptas, 1,3,5-triaza-7-phospha-adamantane-7-sulfide; r.t., room temperature;
h., shoulder; tar, l-tartrate; tcm, tricyanomethanide; THF, tetrahydrofuran; tpa, terephthalate.
∗ Corresponding author. Tel.: +351 218419207; fax: +351 218464455.
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of supramolecular networks and water clusters are described, and the selected properties and potential
applications of hmt-containing coordination polymers as porous, magnetic or photoluminescent materials
are highlighted.
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. Introduction

The crystal engineering of new coordination polymers (or
etal-organic frameworks) is currently one of the sweeping

esearch areas in coordination, supramolecular and materials
hemistry, which also attracts significant attention due to the
iverse practical applications of such compounds in fields rang-

ng from molecular magnetism, adsorption science and gas storage
o photoluminescence and catalysis [1,2]. Among the variety of
rganic ligands, different N-donors such as diamines and polypyri-
ine derivatives have been broadly explored as building blocks and

inkers for the construction of coordination networks [1–3]. Much
esearch has also been focused on the development of new organic
olecules with tunable properties toward their use in crystal engi-

eering [1,2]. Surprisingly, the potential of some simple organic
ompounds that possess all the requirements to become common
uilding blocks for the synthesis of coordination polymers has not
een fully realized.

Hexamethylenetetramine (hmt), also known as hexamine or
rotropine, can be considered as one such simple heterocyclic
ompound with a cagelike structure (Scheme 1) which, due to its
nexpensiveness, commercial availability, high solubility in water
nd polar organic solvents, has found a broad variety of applica-
ions, ranging from the production of phenolic resins and solid fuel
ablets to uses in organic synthesis, medicinal and materials chem-
stry [4,5]. With regard to coordination chemistry, hmt is a versatile
igand capable of adopting different coordination modes that span
rom the terminal monodentate to bridging bi-, tri- and tetraden-
ate modes [5,6]. In addition, due to the good H-bond accepting
ehavior, hmt is very often trapped by metal-organic compounds
orming various molecular adducts and supramolecular structures
6,7].

In fact, the current version of the Cambridge Structural Database
CSD) reveals more than 500 structurally characterized compounds
omprising hmt [6], among them there are over 150 coordina-
ion polymers that possess diverse topologies and some interesting
roperties. The number of examples is, however, much inferior to
hat of polymeric networks built from other common N-donor lig-
nds [3] such as 4,4′-bipyridine, 2,2′-bipyridine, ethylenediamine
nd pyrazine, for which ca. 2000, 1000, 650 and 450 hits, respec-
ively, have been found in the CSD [6]. Moreover, about a half of
mt polymers are silver-based networks, which were classified and
escribed in a comprehensive review by Chen et al. [5] and, in part,

n prior studies by Zubieta et al. [8] and Carlucci et al. [9].
In contrast, the use of hmt as a simple and convenient

inker (other common terms include spacer or connector) with a

iamandoid-like geometry for the design of coordination polymers
ith other metals was explored to a lesser extent [6]. However,
ue to the sweeping development of crystal engineering the inter-

cheme 1. Structural formula (a) and X-ray crystal structure (b) of hmt, (CH2)6N4

47].
© 2011 Elsevier B.V. All rights reserved.

est in hmt was regained in recent years, resulting in the synthesis
of a good number of one- (1D), two- (2D) and there-dimensional
(3D) hmt-driven coordination polymers bearing different metals
[10–45]. Although these studies were primary focused on exploring
rich structural diversity and attractive molecular aesthetics of hmt
coordination polymers, the application of such compounds as func-
tional materials still remains underdeveloped [14,17,18,25,26b].
This can be associated with synthetic serendipity and difficulties
in controlling both the coordination number of hmt and the type
of resulting metal-organic framework, as well as with somewhat
reduced thermal and solvent stability of hmt polymers in com-
parison with the networks driven by aromatic N-donor building
blocks.

Given the fact that this emerging area of research on coordi-
nation polymers of hmt has not yet been reviewed in spite of
great potential for future developments, the main objectives of
the present work consist in (i) providing an overview of the struc-
tural and topological types of hmt-driven coordination networks,
(ii) classifying the most common ligands and synthetic strategies
toward rational design of new compounds, and (iii) outlining the
main properties of such metal-organic materials. The scope of this
study does not cover numerous recent examples of silver coordina-
tion polymers with hmt [6,46], which can be the object of a separate
review.

2. General considerations

Within the structurally characterized compounds with hmt
reported to date, 76 non-silver coordination polymers have been
identified [6], wherein hmt possesses at least one coordination
bond to a metal center. In the majority of these polymers (72 struc-
tures) hmt acts in a bridging mode, thus constituting a main group
designated herein as hmt-driven coordination polymers. They are
divided in sub-groups of 1D (1–28), 2D (29–41) and 3D (42–72)
networks, which are summarized in Tables 1–3, respectively. The
remaining four structures (compounds 73–76) bear hmt as a termi-
nal ligand and represent a tiny group of hmt-supported polymers
(Table 4).

The first coordination polymers of hmt date back to 1981 when
Pickardt reported the structures of compounds [Cu2(�2-ac)4(�2-
hmt)]n (19) [48] and [Cd3I4(�2-I)2(�2-hmt)2(H2O)2]n·2nH2O (39)
[49], which bear the dicopper tetraacetate and tricadmium hex-
aiodide cores, respectively. In the following two decades, this
chemistry developped rather slowly, since only 12 and 15 struc-
tures were published in 1980s [50–57] and 1990s [58–68],
respectively. However, the flourishing progress of crystal engineer-
ing yielded ca. 50 new structures in the past decade [10–45], nearly
half of them was reported within the last three years. Bearing these
features in mind and expecting even more pronounced growth of
this research area in the near future, this review aims to consolidate
the corresponding state-of-the-art knowledge and to attract atten-
tion toward the still limited use of hmt in the design of coordination
polymers.

From the viewpoint of dimensionality, 1D (30 structures) and
3D (32 structures) networks are the most common, while 2D struc-

tures are found in only 14 compounds. In spite of having up to four
available sites for the coordination, hmt typically adopts a �2-mode
(51 structures), whereas �3- and �4-modes are much less common
(13 and 6 examples, respectively). Although in the majority of cases
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Table 1
One-dimensional hmt-driven coordination polymers.

Compound Formula M:hmt 1D chain type (topology)a Extension via H-bondsb Ref.

1 [ZnCl2(�2-hmt)]n 1:1 Linear (A1) [52]
2 [ZnBr2(�2-hmt)]n 1:1 Linear (A1) [52]
3 [HgBr2(�2-hmt)]n 1:1 Linear (A1) [67]
4 [HgI2(�2-hmt)]n 1:1 Linear (A1) [66]
5 [CdBr(NCS)(�2-hmt)(H2O)2]n·nMeOH 1:1 Zigzag (B1) →3D [12]
6 [CdI(NCS)(�2-hmt)(H2O)2]n·0.5nMeOH 1:1 Zigzag (B1) →3D [12]
7 [Zn(NCS)2(�2-hmt)(H2O)2]n 1:1 Zigzag (B1) →3D [64]
8 [Ni(NCS)2(�2-hmt)(H2O)2]n 1:1 Zigzag (B1) →2D [27,43]
9 [Hg(�2-NCS)2(�2-hmt)]n 1:1 Double (D1) [54]
10 [Co(NCO)2(�2-hmt)(H2O)2]n 1:1 Zigzag (B1) →2D [19]
11 [Ni(NCO)2(�2-hmt)(H2O)2]n 1:1 Zigzag (B1) →2D [19a]
12 [Co(N3)2(�2-hmt)(H2O)2]n 1:1 Zigzag (B1) →2D [28]
13 [Cd(NO3)2(�2-hmt)(H2O)2]n 1:1 Zigzag (B1) →3D [50]
14 [Co(NO3)2(�2-hmt)(H2O)2]n 1:1 Zigzag (B1) →3D [15]
15 [Cd(phac)2(�2-hmt)(H2O)]n 1:1 Zigzag (B1) →2D [10]
16 [Cd(fba)2(�2-hmt)(H2O)]n 1:1 Zigzag (C1) →3D [13]
17 [Cd(fba)2(�2-hmt)(H2O)2]n·nH2O 1:1 Zigzag (B1) →3D [13]
18 [Hg2(�2-NCS)4(�2-hmt)]n 2:1 Double (E1) [53]
19 [Cu2(�2-ac)4(�2-hmt)]n 2:1 Zigzag (B1) [48]
20 [Ni2(�2-ac)4(�2-hmt)]n 2:1 Zigzag (B1) [38]
21 [Cu2(�2-phca)4(�2-hmt)]n·0.75nH2O 2:1 Zigzag (B1) [11]
22 [Cu2(�2-adca)4(�2-hmt)]n 2:1 Zigzag (B1) [11]
23 [Co2Cu2(CO)8(�2-hmt)2]n·nTHF 2:1 Zigzag (B1) [61]
24 [Cd2(�2-SCN)2(SCN)2(�2-hmt)(hmt)2(H2O)2]n·nH2O 2:3 Zigzag (B1) →2D [12]
25 [Cd3(�2-NCS)6(�2-hmt)2(H2O)2]n 3:2 Triple (F1) →2D [36]
26 [Cd3(�2-NCSe)6(�2-hmt)2(H2O)2]n 3:2 Triple (F1) →2D [23]
27 [Mn3(�3-O)(�2-ibut)6(�2-hmt)(hmt)]n·nEtOH 3:2 Linear (A1) [21]
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28 [Cu4(�2-mal)4(�4-hmt)(H2O)4]n·3nH2O 4:1

a Topologies are those of Scheme 2.
b Conventional H-bonds and short contacts are taken into consideration.

mt exhibits only one type of coordination, some rare examples
ith mixed coordination modes of hmt have also been reported,
amely 1D [Mn3(�3-O)(�2-ibut)6(�2-hmt)(hmt)]n·nEtOH (27)
21], 2D [Cu2(�2-prop)4(�4-hmt)(�3-hmt)2]n (34) [41], and
D [Na3(�2-H2O)5{�3-Fe(CN)6}(�2-hmt)(hmt)]n (56) [56],
Cd4(�2-tar)4(�4-hmt)(�2-hmt)2(H2O)4]n·8nH2O (69) [69] and
Na[Cd4(�2-Cl)(�2-dpa)4(�2-hmt)(hmt)(H2O)6]·(H2O)4}n (72)
25] coordination polymers. Besides, most of the hmt-driven
olymers are neutral, except the three cationic networks
Cd(�3-tcm)(�2-hmt)(H2O)]n(tcm)n (42) [68], [{Cd34(�4-
mt)17(H2O)102]n(Cl)68n·46nH2O·68nDMF (57) [29] and
Cd3(�2-male)2(�3-hmt)2(H2O)8]n(SO4)n·2nH2O (67) [30]. A
nique anionic network {[hmtH]2[Pb3I2(�3-I)2(�2-I)4(hmt)2]}n

74) [57] was, however, observed within one of the hmt-supported
olymers [57,58,62,70].

As mentioned above, in contrast to rich family of Ag-hmt coor-
ination polymers [5,6,46], the hmt containing networks based on
ther metals are less common [6], with cadmium (31 structures)
nd copper (15 structures) representing the most numerous exam-
les. The occurrence of compounds with other metals follows the
rend: Hg (7) > Co (6) > Zn (5) > Mn (3), Ni (3) > Na (1), Pb (1) (figures
n brackets correspond to the number of known homometallic coor-
ination polymers of hmt). Besides, five heterometallic Cu/Co (23)
61], Na/Fe (56) [56], Ca/Fe (64) [55], Cd/Na (72) [25] and Co/K (76)
70] networks have been identified, but all possess hmt moieties
oordinated to only one metal (first in the above pairs). Although
he observed metal-to-hmt molar ratios (M:hmt) span from 2:3 to
:1, the most common ones are 1:1 (22 structures, mainly 1D poly-
ers), 2:1 (22 structures, mainly 3D polymers), 3:2 (12 structures,
ainly 2D polymers) and 3:1 (9 structures, mainly 3D polymers).
The present review shows that hmt-driven coordination poly-

ers feature a high diversity of structural motifs and topologies

hat range from linear, zigzag, double, triple and quadruple 1D
hains (Table 1) to rectangular grids, flat and undulating 2D lay-
rs (Table 2), as well as to layer-pillared, octahedral, zeolite-like,
oneycomb-like and other complex 3D nets (Table 3), in which the
Quadruple (G1) →3D [34]

versatile hexamethylenetetramine plays a number of roles acting
as a linker or spacer, pillar or connector, stabilizer and/or support-
ing ligand. Hence, more detailed descriptions of topologies and
structural features of hmt-driven coordination polymers are given
below. The structural ball-and-stick representations of selected
examples (Figs. 1–9) were designed with Mercury software [71]
using CIF files from the CSD [6].

3. Hmt-driven coordination polymers

3.1. One-dimensional chains

The analysis of 1D coordination polymers (compounds 1–28,
Table 1) led to the identification of seven different topolog-
ical motifs A1–G1, their simplified representation is given in
Scheme 2. The linear (type A1) and zigzag (type B1) chains rep-
resent the most common motifs observed in 5 (1–4, 27) and 17
(5–8, 10–14, 17, 19–24) structures, respectively. Other identified
motifs are limited to particular compounds, namely a tooth-
shaped zigzag chain (C1) in [Cd(fba)2(�2-hmt)(H2O)]n (16) [13],
a double chain (D1) in [Hg(�2-NCS)2(�2-hmt)]n (9) [54], a lad-
der (E1) in [Hg2(�2-NCS)4(�2-hmt)]n (18) [53], a 3-leg ladder
(F1) in [Cd3(�2-NCS)6(�2-hmt)2(H2O)2]n (25) [36] and [Cd3(�2-
NCSe)6(�2-hmt)2(H2O)2]n (26) [23], and a quadruple cyclic chain
(G1) in [Cu4(�2-mal)4(�4-hmt)(H2O)4]n·3nH2O (28) [34]. Interest-
ingly, almost all 1D networks feature a �2-coordination mode of
hmt, the unique exception concerns the compound 28 wherein
hmt acts as a �4-linker. The A1–C1 motifs can be classified as self-
sufficient involving only hmt as a linker, while the construction of
the D1–G1 motifs requires the use of additional bridging ligands
(Scheme 2).

Linear chain motifs (A1) were observed in simple poly-

mers 1–4 [52,66,67] with a similar [M(X)2(�2-hmt)]n (M = Zn
or Hg; X = halide) general formula (for typical example, see
Fig. 1a). Another interesting compound [Mn3(�3-O)(�2-ibut)6(�2-
hmt)(hmt)]n·nEtOH (27) is constructed from trinuclear [Mn3(�3-
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ig. 1. Structural fragments of 1 (a) [52], 8 (b) [43], 9 (c) [54], 25 (d) [36] and 28 (e)
hains. H atoms and solvent molecules are omitted for clarity. Hereinafter typical c
yellow), S (orange).

)(�2-ibut)6] cluster nodes bridged by �2-hmt in a linear fashion
21]. A noteworthy feature of this Mn(II)/Mn(III) polymer consists
n the mixed-valence of its metal atoms, which is not observed in
ny other coordination polymer of hmt.

Within the most populated family of zigzag chain polymers (for

ypical example, see Fig. 1b), two main groups of compounds can
e identified based on the metal-to-hmt molar ratio (M:hmt). The
rst group with the M:hmt of 1:1 includes compounds 5–8, 10–15

cheme 2. Simplified representation of diverse structural motifs (A1–G1) identified in
ontaining nodes (green balls) can be composed of up to four metal centers, while other b
odes.
owing linear (a), zigzag (b), double (c), 3-leg ladder (d) and quadruple cyclic (e) 1D
des are the following: metal atoms (green balls), C (cyan), N (blue), O (red), halide

and 17. All of them have quite similar general formulae and are
composed of a metal atom (Co, Ni, Zn or Cd), two coordinated
anions (Br, I, NCS, NCO, N3, NO3, phac and fba, or their combi-
nation), one or two coordinated H2O molecules and one �2-hmt
moiety. Some of these compounds are isostructural (e.g. 5 and

6, 10–12, 13 and 14). The second group of zigzag polymers con-
sists of compounds 19–23 that possess the M:hmt of 2:1, owing
to the presence of bimetallic paddle-wheel [M2(L)4] (M = Cu or

the crystal structures of 1D coordination polymers 1–28 (see also Table 1). Metal
ridging ligands (red sticks) can provide multiple linkages between the neighboring
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i; L = �2-carboxylate) or tetrametallic carbonyl [M4(CO)8] (M = Cu
nd Co) nodes. A compound [Co2Cu2(CO)8(�2-hmt)2]n·nTHF (23)
61] also represents the unique example of a heterometallic 1D
mt-driven coordination polymer, as well as a rare case of the
rganometallic coordination network composed of cluster nodes.
lthough 23 was reported almost two decades ago [61], such a type
f carbonyl chemistry with hmt has not received further develop-
ent.
Two different types of double chain motifs (D1 and E1, Scheme 2)

ere observed in the Hg(II) polymers 9 [54] and 18 [53] which,
n addition to �2-hmt, also comprise �2-NCS moieties. In 9, these
hiocyanate groups provide a double linkage of adjacent Hg-hmt
acks (Fig. 1c), whereas in 18 the same role is played by hmt
olecules that “sew” the two loop-like ∼Hg(�2-NCS)∼ linear

hains forming a ladder structure. A similar feature is observed in
he isostructural cadmium polymers 25 [36] and 26 [23] in which
2-hmt moieties act as connectors between three ∼Cd(�2-NCS)∼
r ∼Cd(�2-NCSe)∼ chains, respectively, thus generating a 3-leg
adder structure (Fig. 1d).

The quadruple cyclic chain (G1, Scheme 2) was identified
n the unique 1D polymer 28 [34] with a �4-mode of hmt
nd the M:hmt ratio of 4:1. Such peculiar topology is made
ossible owing to the formation of cyclic tetracopper(II) mal-
nate entities that are assembled by tetradentate �4-hmt linkers
Fig. 1e).

An important feature of many hmt-driven 1D polymers con-
ists in the further extension of their one-dimensional coordination
hains, via multiple hydrogen bonds and/or short contacts, to form
ither 2D (in 8, 10–12, 15, 24–26) or 3D (in 5–7, 13, 14, 16, 17,
8) supramolecular structures (Table 1). Their formation is typ-

cally driven by strong H-bonds in those compounds that bear
oordinated and/or crystallization water molecules. Besides, the
ecognized H-bond accepting behavior of hmt facilitates such a type
f interactions.

.2. Two-dimensional layers and grids
Although 1D chains were reported for different metals (Cd, Hg,
u, Zn, Co, Ni, Mn), the group of hmt-driven 2D coordination poly-
ers 29–41 (Table 2) is still limited to compounds of cadmium and

cheme 3. Simplified representation of 2D topologies formed exclusively via the metal–
A2), or 34 (B2). Metal containing nodes (green balls) can be composed of up to two meta
Reviews 255 (2011) 1603–1622 1607

copper (8 and 5 structures, respectively). With regard to a coordi-
nation mode of hmt, eight polymers bear �2-hmt, four compounds
comprise �3-hmt, and one unique structure (34) features the pres-
ence of both �3- and �4-hmt linkers. The six different M:hmt ratios
were observed, but the most common ones are 3:2 and 2:1. In gen-
eral, the 2D polymers are neutral and composed of metal atoms
coordination spheres of which are filled by anionic ligands, water
molecules (optional) and bridging hmt moieties. The anionic lig-
ands can be both simple (Cl, Br, I, CN, NCS, acetate, propionate) and
more complex (e.g. dpa, pbpd, tcm, opbh) which, however, typically
act in a bridging mode. Hence, the construction of the majority of
2D networks is not solely based on hmt, but also involves other
connecting species. The simplified topological representations of
2D motifs observed in 29–41 are given in Schemes 3 and 4.

Taking into consideration only the metal–hmt
interactions, two types of topologies were identified
(Scheme 3), namely the honeycomb-like hexagons in
[Cd3Br6(�3-hmt)2(H2O)5]n·n(hmt)·6nH2O (38) [12], [Cd3(ac)6(�3-
hmt)2(H2O)3]n·6nH2O (40) [10] and [Cu3(�2-pbpd)3(�3-hmt)]n

(35) [24], and the periodically tiled pentagons in [Cu2(�2-
prop)4(�4-hmt)(�3-hmt)2]n (34) [41].

Compounds 38 and 40 feature the almost regular hexagon
rings that are constructed from six �3-hmt linkers and six mono-
cadmium nodes (for typical example, see Fig. 2a). Interestingly,
three different types of the latter (i.e. a pair of [CdBr(H2O)3]+,
[CdBr2(H2O)2] and [CdBr3]−) are present in 38 [12], while only
one type of the node, [Cd(ac)2(H2O)], is observed in 40 [10]. The
copper(II) polymer 35 [24] is built from the fused chiral hexagons
[(Cu2)6(hmt)6(pbpd)12] that possess a very distorted topology. The
infinite 2D layers of 38, 40 and 35 are undulating and thus exhibit
the bent honeycomb-like topologies.

As mentioned above, compound 34 reported by Zaworotko et al.
[41] features a unique combination of �3- and �4-hmt moieties,
thus presumably constituting a driving force toward the formation
of the unprecedented 5,34-net topology via periodic tiling of non-
regular pentagons (Fig. 2b). Each pentagon is constructed from five

propeller-like [Cu2(�2-prop)4] clusters, two �4- and three �3-hmt
moieties.

Within the 2D networks 29–33, 36, 37, 40 and 41 (Table 2)
constructed from hmt and other bridging ligands, eight different

hmt interactions in the crystal structures of coordination polymers 40, 38 and 35
l centers.
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ig. 2. Structural fragments of 40 (a) [10] and 34 (b) [41] showing the formation of h
olvent molecules and Me groups of prop ligands (in 34) are omitted for clarity.

opologies were identified (Scheme 4, C2–J2). These include rect-
ngular grids (C2, D2), flat (E2, G2) and undulating (F2, H2, I2, J2)
ayers, which can be rationalized as a collection of repeating cyclic

otifs Mx(hmt)y(L)z composed of metal nodes (M; x = 3–8), hmt
inkers (y = 1–5) and other bridging ligands (L; z = 2–8). The C2–D2
opologies are defined by a single type of such cyclic motifs, while
he H2–J2 topologies are formed via the combination of two types
f cyclic motifs (Scheme 4, Table 2).

Alternatively, some topologies can also be described as dif-
erent hmt-driven 1D chains sewed into 2D networks via other
ridging ligands, or vice versa. For example, [Cu(�2-tcm)(�2-
mt)]n (29) [44] and [Cd(�2-dca)2(�2-hmt)]n (30) [23] possess

inear or zigzag metal–hmt chains interconnected by �2-tcm or

2-dca ligands, respectively, to form rectangular grids (Fig. 3a).
noteworthy feature of 29 consists in the interdigitation of

djacent grids [44]. In other cases, �2-hmt acts as a connector
etween the neighboring 1D zigzag chains, giving rise to 2D lay-

able 2
wo-dimensional hmt-driven coordination polymers.

Compound Formula M:hmt 2D network type (topology

29 [Cu(�2-tcm)(�2-hmt)]n 1:1 Puckered rectangular grid (
30 [Cd(�2-dca)2(�2-hmt)]n 1:1 Rectangular grid (D2)
31 [Cd4Cl4(�2-Cl)4(�3-

hmt)2(H2O)6]n·4nH2O
2:1 Undulating layer (J2)

32 [Cd2(�2-NCS)4(�2-
hmt)(H2O)2]n·nH2O

2:1 Flat layer (E2)

33 [Cu2(�2-opbh)2(�2-hmt)]n 2:1 Flat layer (E2)
34 [Cu2(�2-prop)4(�4-hmt)(�3-

hmt)2]n

2:3 Net from tiled pentagons (B

35 [Cu3(�2-pbpd)3(�3-hmt)]n 3:1 Distorted honeycomb-like
layer (A2)

36 [Cu3(�2-CN)3(�2-hmt)2]n 3:2 Undulating layer (H2)
37 [Cd3Br2(�2-Br)4(�2-

hmt)2(H2O)4]n·2nH2O
3:2 Undulating layer (F2)

38 [Cd3Br6(�3-
hmt)2(H2O)5]n·n(hmt)·6nH2O

3:2 Bent honeycomb-like layer
(A2)

39 [Cd3I4(�2-I)2(�2-
hmt)2(H2O)2]n·2nH2O

3:2 Flat layer (G2)

40 [Cd3(ac)6(�3-
hmt)2(H2O)3]n·6nH2O

3:2 Bent honeycomb-like layer
(A2)

41 [Cd4(�2-dpa)4(�2-
hmt)3(H2O)5]n·10nH2O

4:3 Flat layer (I2)

a Topologies are those of Schemes 3 and 4.
b All ligands within these motifs are bridging (symbol � is omitted for simplicity).
c Conventional H-bonds and short contacts are taken into consideration.
comb-like hexagons (a) and tiled pentagons (b), if viewed along the c axis. H atoms,

ers in [Cd2(�2-NCS)4(�2-hmt)(H2O)2]n·nH2O (32) [16] (Fig. 3b),
[Cu2(�2-opbh)2(�2-hmt)]n (33) [31] and [Cd3Br2(�2-Br)4(�2-
hmt)2(H2O)4]n·2nH2O (37) [45].

An interesting 2D network (H2, Scheme 4) is formed
in [Cu3(�2-CN)3(�2-hmt)2]n (36) [59], wherein almost regu-
lar Cu6(hmt)2(CN)4 hexagons and twisted-square tetracopper
Cu4(hmt)2(CN)2 rings are periodically tiled to furnish an undulating
layer (Fig. 3c). Two cyclic motifs, Cd4(hmt)2(Cl)2 and Cd3(hmt)(Cl)2,
are also present in [Cd4Cl4(�2-Cl)4(�3-hmt)2(H2O)6]n·4nH2O (31)
[51], in which the �3-hmt moieties provide a triple linkage of neigh-
boring wave-like cadmium chloride chains (Fig. 3d).

As in the case of 1D polymers (Table 1), all hmt-driven 2D net-
works that possess coordinated and crystallization water molecules

(i.e. 31, 32, 37–41) are extended to 3D supramolecular structures
via numerous H-bonding interactions. The analysis of these inter-
actions led to the identification of various water associates (see
section 6.1) trapped within the host 2D metal-organic matrices

)a Repeating cyclic motifsb Extension via
H-bondsc

Ref.

C2) Cu4(hmt)2(tcm)2 [44]
Cu4(hmt)2(dca)2 [23]
Cd4(hmt)2(Cl)2 + Cd3(hmt)(Cl)2 →3D [51]

Cd6(hmt)2(NCS)8 →3D [16]

Cu6(hmt)2(opbh)6 [31]
2) (Cu2)5(hmt)5 [41]

(Cu2)6(hmt)6 [24]

Cu6(hmt)2(CN)4 + Cu4(hmt)2(CN)2 [18,59]
Cd8(hmt)4(Br)8 →3D [45]

Cd6(htm)6 →3D [12]

Cd8(hmt)4(I)4 →3D [49]

Cd6(hmt)6 →3D [10]

Cd8(hmt)5(dpa)4 + Cd4(hmt)(dpa)3 →3D [25]
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cheme 4. Simplified representation of 2D topologies, formed via interactions invo
9 (C2), 30 (D2), 32 and 33 (E2), 37 (F2), 39 (G2), 36 (H2), 41 (I2) and 31 (J2). Other b
f coordination polymers. Besides, the structure of 38 also bears
he uncoordinated guest molecules of hmt, each of them acts as
n acceptor of four H-bonds, thus providing a 3D supramolecular
etwork [12].

ig. 3. Selected examples of topologically different hmt-driven 2D networks in the crysta
a, c, d) or c (b) axis. H atoms and solvent molecules are omitted for clarity.
hmt and other bridging ligands, in the crystal structures of coordination polymers:
g ligands (red sticks) can provide multiple linkages between the neighboring nodes.
3.3. Three-dimensional frameworks

The 3D networks 42–72 (Table 3) constitute the most interesting
and diverse group of hmt-driven coordination polymers, namely

l structures of 29 (a) [44], 32 (b) [16], 36 (c) [59] and 31 (d) [51]; views along the b
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ig. 4. Simplified structural fragments of 47 (a) [22] and 66 (b) [63] showing the forma
etal–hmt interactions (views along the c and a axes, respectively). H atoms, Cl, MeOH a

able 3
hree-dimensional hmt-driven coordination polymers.

Compound Formula M:hmt

42 [Cd(�3-tcm)(�2-hmt)(H2O)]n(tcm)n 1:1

43 [Cd2(�3-pdc)2(�2-hmt)2(H2O)2]n·2nDMF·2nH2O 1:1
44 [Cd2(�2-tpa)2(�2-hmt)2(H2O)3]n·3nH2O 1:1

45 [Hg2Br2(�2-Br)2(�2-hmt)]n 2:1
46 [Hg2(�2-Cl)4(�4-hmt)]n 2:1
47 [Cd2Cl2(�2-Cl)2(�4-hmt)(MeOH)2]n 2:1
48 [Co2(�2-N3)4(�3-hmt)(H2O)]n 2:1

49 [Cu2(�3-mal)2(�2-hmt)(H2O)2]n 2:1
50 [Co2(�3-mal)2(�2-hmt)(H2O)2]n 2:1
51 [Zn2(�3-mal)2(�2-hmt)(H2O)2]n 2:1
52 [Cd2(�3-mal)2(�2-hmt)(H2O)2]n 2:1
53 [Mn2(�3-mal)2(�2-hmt)(H2O)2]n 2:1
54 [Cu2(�4-pma)(�2-hmt)(H2O)4]n·8nH2O 2:1
55 [Mn2(�4-pdc)2(�2-hmt)(H2O)2]n 2:1
56 [Na3(�2-H2O)5{�3-Fe(CN)6}(�2-hmt)(hmt)]n 2:1
57 [{Cd34(�4-hmt)17(H2O)102]n(Cl)68n·46nH2O·68nDMF 2:1
58 [Na3(�3-NO3)3(�3-hmt)]n 3:1
59 [Cd3(�2-CN)6(�4-hmt)]n 3:1
60 [Cd3(�2-CN)5(�3-OH)(�3-hmt)]n 3:1
61 [Cd3(�6-ctc)2(�2-hmt)(DMF)(EtOH)(H2O)]n·3nH2O 3:1

62 [Cu3(�2-pbhd)3(�3-hmt)]n 3:1
63 [Cu3(�2-bpbpd)3(�3-hmt)]n·22.5nTHF 3:1
64 [Ca2{�6-Fe(CN)6}(�2-hmt)(�2-H2O)2]n·2nH2O 3:1

65 [Cd3(�2-CN)6(�3-hmt)2]n 3:2
66 [Hg3(�2-Cl)4(�2-NCS)2(�3-hmt)2]n 3:2
67 [Cd3(�2-male)2(�3-hmt)2(H2O)8]n(SO4)n·2nH2O 3:2
68 [Zn4(�3-pdc)4(�2-hmt)(H2O)6]n·4nDMA·5nH2O 4:1
69 [Cd4(�2-tar)4(�4-hmt)(�2-hmt)2(H2O)4]n·8nH2O 4:3
70 [Cu5(�3-CN)4(�2-CN)(�4-hmt)]n 5:1
71 [Cu5(�3-CN)4(�2-CN)(�3-hmt)2]n 5:2
72 {Na[Cd4(�2-Cl)(�2-dpa)4(�2-hmt)(hmt)(H2O)6]·(H2O)4}n 5:2

a Although this compound was reported [36] as a 3D polymer, it apparently features a
upramolecular structure.

able 4
mt-supported coordination polymers.

Compound Formula

73 [Cd(�2-NCS)2(hmt)(H2O)]n·nH2O
74 {[hmtH]2[Pb3I2(�3-I)2(�2-I)4(hmt)2]}n

75 [Co(�3-dtb)(hmt)]n

76 [CoK2(�6-nta)(hmt)(�2-H2O)3]n·nNO3
tion of octahedral (a) and “parquet floor” (b) 3D skeletons formed exclusively via
nd NCS ligands are omitted for clarity.

Hmt motif or function (sub-group) Overall 3D network
type

Ref.

1D Cd-hmt zigzag chains (B3) Octahedral
rutile-like

[68]

Pillar between 2D Cd-pdc layers (C3) Layer-pillared [17]
1D Cd-hmt zigzag chains (B3) Layered

tooth-shapeda
[36]

Linker between 1D Hg-Br motifs (C3) Zeolite-like [42]
Pillar between 1D Hg-Cl motifs (C3) Honeycomb-like [37]
3D Cd-hmt octahedral net (A3) Octahedral [22]
Stabilizer of 3D Co-N3 network (D3) Complex net with

rutile or pyrite
topology

[14]

Pillar between 2D Cu-mal layers (C3) Layer-pillared [33]
Pillar between 2D Co-mal layers (C3) Layer-pillared [34]
Pillar between 2D Zn-mal layers (C3) Layer-pillared [33a]
Pillar between 2D Cd-mal layers (C3) Layer-pillared [40]
Pillar between 2D Mn-mal layers (C3) Layer-pillared [35,33b]
Pillar between 2D Cu-pma grids (C3) Grid-pillared [39]
Pillar between 2D Mn-pdc layers (C3) Layer-pillared [17]
Linker between 2D Na/Fe grids (C3) Octahedral [56]
3D Cd-hmt zeolite-like net (A3) Zeolite-like [29]
Stabilizer of 3D Na-NO3 network (D3) Complex net [20]
Stabilizer of 3D Cd-CN network (D3) Honeycomb-like [60]
Stabilizer of 3D Cd-CN network (D3) Honeycomb-like [60]
Pillar between 2D Cd-ctc layers (C3) Wave-like

layer-pillared
[32]

Linker between 0D Cu-pbhd units (C3) Complex chiral net [26a]
Linker between 0D Cu-bpbpd units (C3) Complex chiral net [26b]
Stabilizer of 3D Ca/Fe network (D3) Distorted

octahedral
[55]

2D Cd-hmt “brick wall” layers (B3) Complex net [65]
3D Hg-hmt “parquet floor” net (A3) Complex net [63]
2D Cd-hmt honeycomb-like layers (B3) Honeycomb-like [30]
Pillar between 2D Zn-pdc layers (C3) Layer-pillared [17]
2D Cd-hmt square-grid layers (B3) Octahedral [69]
Stabilizer of 3D Cu-CN network (D3) Complex net [18]
Stabilizer of 3D Cu-CN network (D3) Complex net [18]
1D Cd-hmt zigzag chains (B3) Complex net [25]

2D layered coordination network which, however, is extended via H-bonds to a 3D

M:hmt Overall network type Ref.

1:1 1D Cd-NCS linear chain [36,62]
3:2 1D Pb-I helical chain [57]
1:1 2D Co-dtb flat layer [58]
3:1 3D honeycomb-like net [70]
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ig. 5. Simplified structural fragments of 57 [29] (arbitrary views) showing the uni
mitted for clarity. For simplicity, Cd atoms are shown as green sticks.

ue to the variety of observed topologies and the involvement
f different types of (i) metals (i.e. homometallic Cd, Cu, Hg, Co,
n, Zn and Na, and heterometallic Na/Fe, Ca/Fe and Cd/Na net-
orks), (ii) bridging ligands, and (iii) coordination modes of hmt

nd the metal-to-hmt molar ratios. Taking into consideration the
ifferent roles played by hmt in the construction of 3D metal-
rganic frameworks, compounds 42–72 (Table 3) can be divided in

he following sub-groups: (A3) 3D networks built via metal–hmt
nteractions, (B3) 1D or 2D metal–hmt motifs extended to a third
imension by means of other bridging ligands, (C3) 3D networks
herein hmt acts as a pillar (or linker) between 0D, 1D or 2D metal-

ig. 6. Simplified structural fragments of 65 [65] (a, b) and 67 (c) [30]: (a) a “brick wall”
Cd6(�-CN)6]n “nanotubes” filled with �3-hmt moieties (arbitrary view, CN groups are c
Cd6(�3-hmt)6]n layers (view along the c axis). H atoms, H2O and SO4

2− are omitted for c
en 3D framework with the zeolite MTN topology. H atoms and H2O molecules are

organic motifs, and (D3) 3D nets constructed from other ligands
that are only reinforced by bridging hmt moieties (hmt acts as a
stabilizer).

Although the sub-group A3 includes only three compounds,
[Cd2Cl2(�2-Cl)2(�4-hmt)(MeOH)2]n (47) [22], [{Cd34(�4-
hmt)17(H2O)102]n(Cl)68n·46nH2O·68nDMF (57) [29] and
[Hg3(�2-Cl)4(�2-NCS)2(�3-hmt)2]n (66) [63], they represent the

most notable examples of 3D hmt-driven frameworks constructed
via metal–hmt interactions. Hence, compound 47 possesses an
octahedral net structure composed of cross-linking ∼CdCl2-
�4-hmt-CdCl2-�4-hmt∼ motifs that form square “windows”

2D skeleton from Cd-hmt interactions (view along the a axis); (b) an array of the
olored in yellow); (c) a 3D network formed via junction of the 2D honeycomb-like
larity.
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ig. 7. Structural fragments of 46 [37] showing a quadruple linkage of the 1D ∼Hg–
long the a axis; (b) – arbitrary view). H atoms are omitted for clarity.

Fig. 4a). Besides, the framework is further reinforced through
dditional �-Cl interactions [22]. Another example concerns a
ompound 66 [63] that adopts “parquet floor” topology [2k] from
he tiled rectangular Hg6(�3-hmt)6 bricks (Fig. 4b). Interestingly,
n additional 3D motif can be identified in 66, which arises
rom extensive interactions of Hg atoms with �-Cl and �-NCS
igands.

In 2005, Zhu and Qiu with co-workers reported [29] the crystal

tructure of a compound 57, which is the most complex example
ithin the hmt-driven coordination polymers so far obtained. This

ompound possesses the unique open framework with the zeolite

ig. 8. Selected examples of layer-pillared 3D networks in 49 (a) [33], 43 (b) [17], 54 (c) [
oordinated and/or crystallization H2O, DMF and EtOH molecules are omitted for clarity.
Hg–(Cl)2∼ zigzag motifs by �4-hmt into a 3D honeycomb-like network ((a) – view

MTN topology, being defined by the combination of two types of
512 and 64.512 cages. The small 512 cages are built from twelve
Cd5(hmt)5 pentagons, while big 64.512 cages also comprise four
Cd6(hmt)6 hexagons [29] (Fig. 5). In addition, 57 is constructed from
simple chemicals and represents a rare type of cationic framework.

The sub-group B3 comprises six coordination polymers that
are based on hmt-driven 2D layers (65, 67, 69) or 1D chains
(42, 44, 72) extended to overall 3D networks (except 44) by

means of other bridging ligands. Hence, the structure of [Cd3(�2-
CN)6(�3-hmt)2]n (65) features the formation of 2D undulating
layers composed of tiled Cd6(�3-hmt)6 bricks [65]. Although these

39] and 61 (d) [32]. Views are along the a (a), b (d) and c (b and c) axes. H atoms, all
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Fig. 9. Examples of 3D metal-organic frameworks reinforced by hmt in 48 (a) [14], 58 (b) [20], 64 (c) [55] and 59 (d) [60]. Views are along the a (a and c) and b (b and d) axes.
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atoms, coordinated (in 48) and crystallization (in 64) H2O molecules are omitted
4 and 59 are yellow colored.

ricks resemble those of 66 [63], the topology in 65 is slightly
ifferent and can be described [2k] as a “brick wall” (Fig. 6a).
hese 2D Cd-hmt layers constitute a part of the extended 3D
tructure formed via multiple cross-linkage of ∼Cd–CN–Cd–CN∼
otifs [65]. Interestingly, the resulting metal-organic frame-
ork can be viewed (Fig. 6b) as an array of the [Cd6(�-CN)6]n

nanotubes” filled with �3-hmt moieties. A compound [Cd3(�2-
ale)2(�3-hmt)2(H2O)8]n(SO4)n·2nH2O (67) [30] comprises flat

Cd6(�3-hmt)6]n layers that adopt honeycomb-like topology,
hich is similar to that observed e.g. in 40 (Scheme 3, A2).

hese layers in 67 are interconnected by �2-male ligands that
ct as pillars, furnishing an overall 3D network (Fig. 6c) with the
nusual (6.82)(64.8.10) topology according to Schläfli notation [30].

n [Cd4(�2-tar)4(�4-hmt)(�2-hmt)2(H2O)4]n·8nH2O (69) [69], hmt
cts as a tetradentate ligand forming the 2D square-grid [Cd4(�4-
mt)4]n layers that are combined into a 3D regular octahedral net
y means of �2-tar bridging moieties. The topology of the [Cd4(�4-
mt)4]n layers resembles that observed in a compound 47 (see
ig. 4a).

The structure of [Cd(�3-tcm)(�2-hmt)(H2O)]n(tcm)n (42) [68] is
omposed of 1D zigzag Cd-hmt chains (B1 topology, Scheme 2) that
re sewed by �3-tcm ligands into a 3D octahedral net with rutile-
ike topology. In [Cd2(�2-tpa)2(�2-hmt)2(H2O)3]n·3nH2O (44) [36],

2-hmt is bound to Cd atoms forming 1D tooth-shaped zigzag
otifs (C1 topology, Scheme 2) that are extended via �2-tpa

o a second dimension, giving rise to a layered tooth-shaped
etwork. The heterometallic Cd/Na polymer {Na[Cd4(�2-Cl)(�2-

pa)4(�2-hmt)(hmt)(H2O)6]·(H2O)4}n (72) [25] also possesses 1D
ooth-shaped zigzag chains composed of tetracadmium(II) nodes.
hese chains are extended through �2-dpa and �4-Na moieties to
urnish a 3D network.
arity. For simplicity, Na atoms in 58 are shown as green sticks, while CN groups in

The most populated sub-group C3 includes 15 coordination
polymers (43, 45, 46, 49–56, 61, 62, 63, 68) in which hmt acts as
a pillar (or linker) between 0D, 1D or, more typically, 2D metal-
organic motifs and extends them to a third dimension. Hence, in
an optically active polymer [Cu3(�2-pbhd)3(�3-hmt)]n (62) hmt
simultaneously connects to three 0D [Cu3(�2-pbhd)3] triangular
units, giving rise to a highly disordered 10,3-a network arrange-
ment with an anti-clockwise helical twist [26a]. A related highly
porous chiral [Cu3(�2-bpbpd)3(�3-hmt)]n·22.5nTHF (63) frame-
work was recently reported [26a]. The linkage of 1D mercury(II)
halide motifs by either �2- or �4-hmt was observed in Hg2Br2(�2-
Br)2(�2-hmt)]n (45) [42] and [Hg2(�2-Cl)4(�4-hmt)]n (46) [37],
respectively. The resulting 3D zeolite-like network in 45 possesses
similar topology to that of a zeolite Li-A(BW) and can be classified
as a 42.63.8-a net [42]. In 46, a rare type of quadruple linkage of
the 1D ∼Hg–(Cl)2–Hg–(Cl)2∼ zigzag chains by �4-hmt leads to the
generation of a 3D honeycomb-like framework (Fig. 7) that can also
be classified as a connected set of puckered 4,4-sheets [37].

Although most of 3D coordination polymers (Table 3) feature
rather distinct structures, compounds 49–53 are structurally sim-
ilar, having the general formulae [M2(�3-mal)2(�2-hmt)(H2O)2]n

{M = Cu (49) [33], Co (50) [34], Zn (51) [33a], Cd (52) [40], Mn (53)
[35]}. This family of compounds is a good example of hmt versa-
tility in the construction of coordination polymers with different
metals. All these polymers are composed of the undulating metal-
malonate 2D layers that are extended by �2-hmt pillars to a 3D
framework with 44.66 topology (for typical example, see Fig. 8a),

which somehow resembles that of 2D layers in 32 and 33 (Scheme 4,
E2).

Apart from �3-mal moieties, other types of bridging di-, tri-
or tetracarboxylate ligands [i.e. 3,4-pyridinedicarboxylate (pdc),
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is,cis-1,3,5-cyclohexanetricarboxylate (ctc) or pyromellitate
pma)] were applied for the construction 2D metal-organic
ayers in [Cd2(�3-pdc)2(�2-hmt)2(H2O)2]n·2nDMF·2nH2O
43) [17], [Cu2(�4-pma)(�2-hmt)(H2O)4]n·8nH2O (54)
39], [Mn2(�4-pdc)2(�2-hmt)(H2O)2]n (55) [17], [Cd3(�6-
tc)2(�2-hmt)(DMF)(EtOH)(H2O)]n·3nH2O (61) [32] and
Zn4(�3-pdc)4(�2-hmt)(H2O)6]n·4nDMA·5nH2O (68) [17]. In
hese compounds, 2D layers are held together by means of �2-hmt
illars, resulting in 3D frameworks. In contrast to malonic acid,
he use of 3,4-pyridinedicarboxylic acid with different metals
ed to the generation of distinct coordination polymers 43, 55
nd 68 [17]. Hence, the corrugated 6,3-connected 2D nets in 43
re extended, via �2-hmt pillars, to a 3D layer-pillared frame-
ork (Fig. 8b) that features hexagonal channels and the overall

63)(65.8) topology according to Schläfli notation [17]. Other 4,5-
nd 3,4-connected nets with Schläfli symbols (44.62)(44.66) and
63)(63.83) were observed in related Mn(II) and Zn(II) polymers 55
nd 68, respectively [17]. In 54, the 2D Cu-pma grids are sewed
y �2-hmt into a 3D network shown in Fig. 8c [39]. An interesting
ave-like 3D framework is also formed in 61 (Fig. 8d) from the

,3-connected Cd-ctc 2D layers that are held together via �2-hmt
illars [32].

A compound [Na3(�2-H2O)5{�3-Fe(CN)6}(�2-hmt)(hmt)]n

56) [56] represents another example within the sub-group
3, and shows a number of interesting features such as (i) a
eterometallic Na/Fe network, (ii) a combination of different
oordination modes of hmt, and (iii) unusual [Na3(�2-H2O)5]3+

odes. Hence, in 56 �2-hmt linkers sew adjacent Na/Fe grid-like
ouble layers, resulting in a 3D octahedral network.

The sub-group D3 comprises polymers 48, 58–60, 64, 70 and
1 in which hmt only reinforces the already existing 3D metal-
rganic networks constructed from other ligands. The formation
f such compounds is typically observed when using simple inor-
anic anions (CN−, N3

−, NO3
−) as ligands capable of adopting

ridging coordination modes. Hence, the end-to-end and end-on
2-bridging azide ligands in [Co2(�2-N3)4(�3-hmt)(H2O)]n (48)

14] generate a rare type of complex 3D framework (Fig. 9a)
hat is further strengthened by �3-hmt moieties, resulting in the
verall topology resembling that of rutile or pyrite nets [14a].
he Ni(II) compound (48′) isostructural to 48 was also reported
14b], although without a single-crystal X-ray analysis. In [Na3(�3-
O3)3(�3-hmt)]n (58) [20], the sodium and �3-nitrate ions form
peculiar 3D framework (Fig. 9b) that possesses nonagonal-like

hannels filled with the weakly coordinated �3-hmt moieties.
lthough 58 represents the only example of homometallic alkali
r alkaline earth metal polymer bearing hmt, the related het-
rometallic networks were reported in a number of cases, including
he Ca/Fe polymer [Ca2{�6-Fe(CN)6}(�2-hmt)(�2-H2O)2]n·2nH2O
64) [55]. Its structure features an octahedral net skeleton built from
he [Ca2(�2-H2O)2]4+ nodes and the �6-Fe(CN)6 linkers, which is
urther stabilized by �2-hmt moieties via interactions with the
icalcium nodes forming zigzag hmt-driven 1D motifs (Fig. 9c)
55].

The simple and versatile cyanide ligand is an excellent tool to
onstruct a variety of metal-cyanide clusters and networks [72].
ompounds [Cd3(�2-CN)6(�4-hmt)]n (59) and [Cd3(�2-CN)5(�3-
H)(�3-hmt)]n (60) [60], [Cu5(�3-CN)4(�2-CN)(�4-hmt)]n (70)
nd [Cu5(�3-CN)4(�2-CN)(�3-hmt)2]n (71) [18] are quite interest-
ng examples, wherein different Cd(II) or Cu(I) cyanide-driven 3D
ssemblies are stabilized by �3- or �4-hmt moieties. Both poly-
ers 59 and 60 show the extended 3D honeycomb-like frameworks

hat are topologically equivalent but geometrically different [60]. A

otable feature of 59 consists in the presence of two types of chan-
els: small tube-like rings filled with �4-hmt and larger hexagonal
hannels that are vacant (Fig. 9d). The very complex topologi-
ally distinct 3D networks in 70 and 71 are composed of mono-
Reviews 255 (2011) 1603–1622

and dicopper(I) cyanide nodes that connect to additional cyanide
groups and bridging hmt moieties [18].

4. Hmt-supported coordination polymers

Although the combination of terminal and bridging hmt ligands
has been observed in 27 [21], 56 [56] and 72 [25], the family of
polymers wherein hmt acts exclusively as a supporting terminal
ligand is limited to four compounds (73–76) that are summarized in
Table 4. Such a small number of examples apparently indicates the
preference of hmt for acting as a bridging ligand, thus representing
a good building block to design new coordination networks.

The structure of [Cd(�2-NCS)2(hmt)(H2O)]n·nH2O (73) [36,62]
reveals the linear NCS-driven 1D chains that are similar to the
legs encountered in 25 (Fig. 1b) which, however, are not con-
nected in 73. Nevertheless, the extension of these chains is
achieved via H-bonds between crystallization water and hmt, giv-
ing rise to a 2D supramolecular network [36,62]. A compound
{[hmtH]2[Pb3I2(�3-I)2(�2-I)4(hmt)2]}n (74) [57] features the 1D
helical chains constructed from repeating Pb2 and Pb4 iodide rings
that are supported by terminal iodide and hmt ligands. The charge
of this anionic network is balanced by protonated hmtH molecules
that are intercalated between the adjacent metal-organic chains.
The stabilizing role of hmt is also observed in two cobalt(II)
coordination polymers [Co(�3-dtb)(hmt)]n (75) [58] and [CoK2(�6-
nta)(hmt)(�2-H2O)3]n·nNO3 (76) [70] that possess 2D and 3D
networks, respectively. An interesting feature of the heterometal-
lic cationic network of 76 concerns the unusual {[K2(�2-H2O)3]2+}n

1D motifs that act as multiple connectors to the [Co(�6-nta)(hmt)]−

units, thus furnishing a honeycomb-like 3D framework.

5. Synthetic methods and ligand types

The remarkable feature of many coordination polymers bearing
hmt consists in their rather simple synthetic procedures, which are
usually based on the self-assembly reactions of metal salts with
hmt in the presence of various types of auxiliary ligands. These
self-assembly reactions typically proceed either in sole water (e.g.
syntheses of 7, 8, 10, 18, 26, 28, 32, 42, 44, 51–53, 58, 65–67, 70,
and 71) or in water–alcohol mixtures (e.g. syntheses of 5, 6, 16, 17,
24, 25, 30, 38, 41, 46, 49, 54, and 72), at ambient temperature or
with a slight heating, for better solubility of reaction components.
The resulting products are crystallized upon slow evaporation in air
of reaction mixtures, yielding directly X-ray quality single crystals
in the majority of cases. The self-assembly syntheses in an organic
solvent (typically MeOH or EtOH) or a mixture of organic solvents
were also applied for some compounds (e.g. 4, 9, 14, 15, 27, 40,
48, 61, 63, and 73). Hmt frequently plays a dual role in the self-
assembly reactions, in acting as a main ligand and as an organic
base to deprotonate auxiliary ligands (e.g. various mono- and poly-
carboxylates).

As typical examples of self-assembly in water, the synthe-
ses of 1D [Cu4(�2-mal)4(�4-hmt)(H2O)4]n·3nH2O (28) [34], 2D
[Cd2(�2-NCS)4(�2-hmt)(H2O)2]n·nH2O (32) [16] and 3D [Hg3(�2-
Cl)4(�2-NCS)2(�3-hmt)2]n (66) [63] coordination polymers can be
described in more detail. These are based on the combination, in
aqueous medium at r.t., of a simple metal salt (Cu(ClO4)2·6H2O,
CdSO4·8/3H2O or HgCl2) with hmt and the corresponding auxil-
iary ligand (Na2mal for 28, or KSCN for 32 and 66), followed by
filtration and crystallization of the obtained filtrate. Interestingly,
the modification of a metal source from Cu(ClO4)2·6H2O (in 28) to
Cu(mal)·2H2O (in 49) led to the generation of a different 3D polymer

[Cu2(�3-mal)2(�2-hmt)(H2O)2]n (49) [33].

The successful self-assembly syntheses and the coordination
networks thereof depend on a variety of the following types of
reaction parameters [1,2,5]: (i) a metal source, (ii) an auxiliary
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igand, (iii) stoichiometry (metal-to-hmt and metal-to-auxiliary
igand molar ratios), (iv) pH, (v) solvent composition and concen-
rations, (vi) temperature, and (vii) an order of mixing the reagents.
n general, the distinct coordination polymers can be generated
hrough modification of one or several of the above-mentioned
eaction parameters. On the other hand, a slight change of the
eaction conditions can hamper the formation of a coordination
olymer, resulting in the isolation of discrete metal complexes or
ompounds with uncoordinated hmt [6].

The recent work of Hong et al. [25] demonstrates how a
imple modification of the starting cadmium(II) salt during the
elf-assembly in the CdX2/H2dpa/hmt/NaOH/H2O/MeOH system
X = NO3, I, Br, Cl, SCN, ac) led to the generation of very differ-
nt compounds that range from discrete Cd/Na complexes with
on-bridging hmt (when using Cd(II) nitrate, iodide, bromide or
hiocyanate) to 2D [Cd4(�2-dpa)4(�2-hmt)3(H2O)5]n·10nH2O (41)
nd 3D {Na[Cd4(�2-Cl)(�2-dpa)4(�2-hmt)(hmt)(H2O)6]·(H2O)4}n

72) coordination polymers with �2-hmt (when using Cd(II)
cetate and chloride, respectively) [25]. The reaction stoichiom-
try is an important factor in the synthesis of distinct 3D
olymers [Cu5(�3-CN)4(�2-CN)(�4-hmt)]n (70) and [Cu5(�3-
N)4(�2-CN)(�3-hmt)2]n (71), which were obtained through
efluxing in water at 80 ◦C the mixtures of CuCN, KCN and
mt in the 4:2:1 (for 70) or 2:2:1 (for 71) molar ratios [18].
ompounds [Cd(fba)2(�2-hmt)(H2O)]n (16) and [Cd(fba)2(�2-
mt)(H2O)2]n·nH2O (17) represent an example of pH-dependent
elf-assembly [13]. Although they possess rather similar formu-
ae, their structures are different and depend on pH of the reaction
olution (i.e. pH ≈ 5 and 6 for 16 and 17, respectively) during the
elf-assembly synthesis in H2O/MeOH [13].

Although most of the synthetic procedures are sensitive to the
eaction conditions, some coordination polymers can be obtained
hrough different synthetic pathways. A compound [Ni(NCS)2(�2-
mt)(H2O)2]n (8) represents one of such examples, which is
repared by the self-assembly of Ni(II) nitrate with NaSCN and
mt in water at r.t. [43], or by the controlled hydrothermal
ynthesis from NiCl2, KSCN and hmt in water at 160 ◦C [27].
nother example, [Co2(�2-N3)4(�3-hmt)(H2O)]n (48), is obtained
ia treatment of CoCl2·6H2O with NaN3 and hmt, either by self-
ssembly in MeOH at r.t. [14b] or by heating (70 ◦C) and slow
ontrolled cooling (during 2 days) in an aqueous solution of hydra-
onic acid [14a]. Three different procedures were reported for the
ynthesis of [Mn2(�3-mal)2(�2-hmt)(H2O)2]n (53), which can be
btained by self-assembly from manganese(II) chloride in alka-
ine aqueous [35a] or water/methanol [35b] solutions, or by a
tepwise synthesis from Mn(II) sulfate via an intermediate Mn(II)
ydroxocarbonate [33b]. Interestingly, the self-assembly methods
mploying hmt, malonic acid and different salts of Cu, Co, Zn, Cd
nd Mn resulted in the structurally similar series of 3D polymers
9–53.

Apart from the simple self-assembly methods (see above) for the
ynthesis of coordination polymers of hmt, other reported routes
some of them can also be considered as self-assembly) include the
ollowing types: a controlled hydrothermal synthesis (for 8, 10–12)
r solvothermal reactions (for 43, 48, 55), layering (for 21, 22, 35,
2) or slow diffusion (for 34, 45, 57), a stepwise synthesis (for 53,
9, 60, 76), a ligand exchange (for 29) and even in situ generation
f hmt (for 23, 36).

For instance, the layer-pillared 3D polymers
Cd2(�3-pdc)2(�2-hmt)2(H2O)2]n·2nDMF·2nH2O (43) and
Mn2(�4-pdc)2(�2-hmt)(H2O)2]n (55) were generated by
olvothermal reactions (50–60 ◦C) of a metal salt (CdCl2·2.5H2O

r MnCl2·4H2O) with 3,4-pyridinedicarboxylic acid and hmt, in
mixed solvent (DMF/glycol/H2O for 43; or DMF/2-methyl-1-

utanol/H2O for 55) and in the presence of HCl [17]. Examples
f the layering synthetic procedure concern 2D [Cu3(�2-
Reviews 255 (2011) 1603–1622 1615

pbpd)3(�3-hmt)]n (35) [24] and 3D [Cu3(�2-pbhd)3(�3-hmt)]n

(62) [26a] polymers that were crystallized upon layering
the THF solutions of hmt and [Cu2(�2-pbpd)2] or [Cu3(�2-
pbhd)3], respectively. Slow diffusion techniques were applied
for the synthesis of the most intricate metal–hmt networks in
[Cu2(�2-prop)4(�4-hmt)(�3-hmt)2]n (34) [41] and [{Cd34(�4-
hmt)17(H2O)102]n(Cl)68n·46nH2O·68nDMF (57) [29]. Hence, slow
diffusion of a MeOH solution of hmt into a solution of [Cu2(�2-
prop)4(MeOH)2] (prepared in situ) yielded the crystals of 34 within
several days [41]. For the synthesis of 57, a solution of triethy-
lamine in DMF was allowed to diffuse at r.t. into a mixture of
CdCl2·2.5H2O and hmt (10:1) in DMF/EtOH/H2O (5:3:3) containing
HCl, resulting in crystals after standing for one month [29].

The syntheses of [Cd3(�2-CN)6(�4-hmt)]n (59) and [Cd3(�2-
CN)5(�3-OH)(�3-hmt)]n (60) require the stepwise reactions of
Cd(NO3)2·4H2O with NaCN and hmt in water, isolation of an
intermediate product, followed by its intricate recrystallization
procedure to give either 59 or 60 [60]. Although most of the
hmt-driven coordination polymers were prepared from simple
metal salts, metal complexes possessing some labile ligands can
also be used as starting materials in the ligand-exchange reac-
tions. For example, the treatment of [Cu(MeCN)4](ClO4) with
tricyanomethane and hmt in MeCN medium yielded the 2D poly-
mer [Cu(�2-tcm)(�2-hmt)]n (29) [44].

The most unusual synthetic procedures reported for hmt-driven
coordination polymers involve the in situ generation of hmt, which
was observed in the course of the syntheses of [Co2Cu2(CO)8(�2-
hmt)2]n·nTHF (23) [61] and [Cu3(�2-CN)3(�2-hmt)2]n (36) [59].
Hence, the reaction of [(NH3)2CuCo(CO)4] with methylenediamine
dihydrochloride in CH2Cl2 in the −20–0 ◦C temperature range fur-
nished the 1D polymer 23 [61]. Another pathway toward in situ
generation and complexation of hmt is based on the treatment of a
mixture composed of Cu(II) acetate, concentrated aqueous ammo-
nia, formalin (37%) and water, at 85 ◦C for 30 h on a boiling water
bath, to give a compound 36. Interestingly, both hmt and cyanide
moieties in 36 are derived from ammonia and formaldehyde via
redox processes, involving a number of mechanistic steps as sug-
gested by Stocker [59].

The use of aqueous medium for the synthesis of coordination
polymers is an important feature not only from the viewpoint of
green chemistry, but also due to the common involvement of water
as a ligand and/or guest molecule in the resulting compound [6].
These aqueous-medium syntheses can also lead to materials with
high affinity for water and/or to rare aqua-soluble coordination
polymers [73], thus opening up their specific applications in host-
guest chemistry and in aqueous medium homogeneous catalysis.
Furthermore, water molecules participate in extensive H-bonding
interactions and thus act as additional stabilizers of metal-organic
frameworks. In fact, the importance of water is reflected by its pres-
ence in the structures of 44 and 21 hmt-containing coordination
polymers as a ligand and a lattice solvent, respectively.

However, other ligands apart from hmt and water are required
for the construction of coordination polymers. In the major-
ity of cases these auxiliary ligands are anionic and possess
rather high ability to act in a bridging mode. The most fre-
quently observed ligands in compounds 1–76 follow the trend:
halide (16) > thiocyanate (11) > cyanide (8) > malonate (6) > nitrate
(3), acetate (3), 3,4-pyridinedicarboxylate (3) (figure in brack-
ets is the number of structures). Some ligands such as azide,
isocyanate, 4-formylbenzoate, 2,2′-biphenyldicarboxylate and tri-
cyanomethanide occur only in two structures, while 24 different
ligands were applied in a single case, in spite of resulting in

unusual 2D (e.g. 30, 33–35) and 3D (e.g. 54, 61–63, 67, 69) network
compounds. These facts apparently point out an underdeveloped
character of this chemistry of hmt coordination polymers, which
thus has a considerable potential for further development.



1 istry

t
m
t
t
d
(
i
s
Y
b
F
b
h
b

c
t
[
v
z
l
A
b
d
t
[
r
t
b
d

(
b
l
3
t
c
p
o
[
b
[
N
T
(
o
i
r
p
R
p

616 A.M. Kirillov / Coordination Chem

In general, the analysis of ligands based on the type of func-
ional group led to the conclusion that various aliphatic or aromatic

ono- (ac, adca, dpa, fba, ibut, phac, phca, prop), di- (mal, male, pdc,
ar, tpa) and polycarboxylates (ctc, pma) are the most common and
hus very promising candidates for the design of hmt-driven coor-
ination polymers. Alternative systems can employ simple halide
Cl, Br, I), thiocyanate and cyanide ligands, which can easily orig-
nate from a starting metal salt or auxiliary ligand, and already
howed the recognized synthetic uses when combined with hmt.
et another approach consists in using the predefined multimetal
uilding blocks (cluster nodes) in combination with hmt as a linker.
or example, such a method was successfully applied to the assem-
ly of 2D (in 35) and 3D (in 62 and 63) networks [24,26] via the
mt-linkage of the [Cu2(�2-pbpd)2], [Cu3(�2-pbhd)3] or [Cu3(�2-
pbpd)3] units.

Considering other cagelike aliphatic amino ligands that are
losely related to hmt, one should mention a family of coordina-
ion polymers derived from triethylenediamine (dabco) (Scheme 5)
6,74]. This simple ligand typically acts as a �2-linker in a
ariety of metal networks in which, and in contrast to hmt,
inc is the most common metal (over 30 structures), fol-
owed by Cu, Ag, Co and Cd (over 45 structures in total) [6].
lthough the majority of dabco polymers also bear different
ridging and terminal carboxylate ligands, these are usually
ifferent from those encountered in hmt networks. However,
he 3D {(H3O)2[Cd3(�5-ctc)2(�2-dabco)(H2O)2]Cl2}n [74i] and 1D
Cu3(�2-pbpd)3(�2-dabco)3]n·3nEt2O [26a] dabco polymers are
elated to hmt-driven networks of 61 and 35, respectively. It is
hus expected that future syntheses of new hmt polymers can also
e based on the modification of synthetic routes known for dabco
erivatives.

Another cagelike ligand, 7-nitro-1,3,5-triaza-adamantane
nita), has recently shown [75] an interesting ionic recognition
ehavior toward Zn, Cd, Hg, Pb and Ag, resulting also in the iso-

ation and structural characterization of 1D [HgCl2(�2-nita)] and
D [Ag(�2-NO3)(�2-nita)] coordination polymers. Furthermore,
he derivatization of hexamethylenetetramine and the use of its
agelike derivatives (Scheme 5) in the design of coordination
olymers should allow the formation of new types of metal-
rganic networks. In fact, two organometallic Cu(I) 2D networks
Cu2Cl(�2-Cl)2(�3-alhmt)] and [Cu2(�2-Cl)3(�2-alhmt)] driven
y N-allyl-hexamethylenetetramine(1+) (alhmt) were reported
76]. It is expected that the synthesis and application of other
-functionalized hmt ligands would deserve further exploration.
he cagelike aminophosphine 1,3,5-triaza-7-phosphaadamantane
pta) is nowadays one of the most relevant ligands in aqueous
rganometallic chemistry [77], application of which as a P,N-linker
n the construction of coordination polymers has emerged in

ecent years [78]. In fact, examples of coordination polymers with
ta or its derivatives (ptao and ptas) are already known for Ag, Cu,
u, Hg, Zn and Cd [78], but the controlled multiple coordination of
ta cage still continues to be a synthetic challenge.

Scheme 5. Cagelike aliphatic amino ligands
Reviews 255 (2011) 1603–1622

6. Structural features and properties

Although the coordination polymers of hmt show rich structural
diversity and molecular aesthetics, their applications as functional
materials still remain little developed. This can be associated
with inferior thermal and solvent stability of some hmt polymers
(restricted by the strength of the metal–hmt bonds) in comparison
with those bearing aromatic N-donor building blocks. Neverthe-
less, there is a good number of hmt polymers (mainly 3D and 2D
networks) that show high thermal stability. The decomposition of
metal-organic skeletons, with an eventual loss of hmt moieties, can
only begin at temperatures as high as 295 (in 34 [41]), 290 (in 53
[35a], 70 [18]), 245 (in 57 [29]), 240 (in 71 [25]), 235 (in 32 [16]),
or 225 ◦C (in 51 [33a], 63 [26b]). These elevated decomposition
limits are well comparable with those of coordination polymers
derived from aromatic N- or O-donor ligands. Interestingly, it was
observed [18] that increasing the number of metal centers bound
to hmt may result in denser, more highly cross-linked networks,
which show rising decomposition temperature. Hence, compounds
[Cu3(�2-CN)3(�2-hmt)2]n (36), [Cu5(�3-CN)4(�2-CN)(�3-hmt)2]n

(71) and [Cu5(�3-CN)4(�2-CN)(�4-hmt)]n (70), comprising �2-,
�3- and �4-hmt ligands, begin to lose hmt at 215, 240, and 290 ◦C,
respectively [18]. It should also be noted that as solid hexam-
ethylenetetramine is stable at atmospheric pressure and sublimes
at 263 ◦C [20].

In spite of limited applications of hmt polymers as functional
materials, a number of selected compounds show rather inter-
esting properties such as host-guest interactions involving water
molecules, high porosity, selective sorption of gases and solvents,
ion exchange, molecular magnetism and photoluminescence. More
detailed description of these features is given below.

6.1. Water clusters within host matrices of coordination polymers

In recent years, the identification, description and classifica-
tion of various water clusters and polymeric water assemblies
within the structures of diverse crystalline materials have become
a blooming research area as attested by the number of publica-
tions covering this topic, including the state-of-the-art reviews of
Infantes et al. [79], Nangia [80], Supriya and Das [81] and Lud-
wig [82]. The importance of this research consists in providing a
contribution toward understanding the properties of bulk water
in its liquid and solid states, and interpretation of water–water
interactions and hydration phenomena in physical and materials
chemistry, biochemistry, catalysis and supramolecular chemistry,
drug design and pharmacology [79–83].

Bearing these features in mind and considering that many coor-
dination polymers are known to act as host matrices for the storage

of diverse water assemblies, the H-bonding patterns have been ana-
lyzed in the crystal structures of hmt-driven and hmt-supported
coordination polymers that comprise at least one crystallization
water molecule. This analysis allowed to identify 10 different types

related to hexamethylenetetramine.
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Table 5
Types of water clusters and networks identified in the crystal structures of coordination polymers bearing hmt.

Water cluster/network Involved H2Ocryst./H2Ocoord. Classificationa Compound Ref.

(H2O)2 1/1 D2 [Cd(fba)2(�2-hmt)(H2O)2]n·nH2O (17) [13]
(H2O)2 1/1 D2 [Cd3I4(�2-I)2(�2-hmt)2(H2O)2]n·2nH2O (39) [49]
acyclic (H2O)3 1/2 D3 [Cd2(�2-NCS)4(�2-hmt)(H2O)2]n·nH2O (32) [16]
acyclic (H2O)3 1/2 D3 [Cd3Br2(�2-Br)4(�2-hmt)2(H2O)4]n·2nH2O (37) [45]
acyclic (H2O)3 1/2 D3 [Ca2{�6-Fe(CN)6}(�2-hmt)(�2-H2O)2]n·2nH2O (64) [55]
acyclic (H2O)4 3/1 D4 [Cd3(�6-ctc)2(�2-hmt)(DMF)(EtOH)(H2O)]n·3nH2O (61) [32]
cyclic (H2O)4 2/2 R4 [Cd(�2-NCS)2(hmt)(H2O)]n·nH2O (73) [36,62]
acyclic polyline-like (H2O)5 2/3 D5 [Cd4Cl4(�2-Cl)4(�3-hmt)2(H2O)6]n·4nH2O (31) [51]
V-shaped (H2O)5 3/2 D5 [Cd4(�2-tar)4(�4-hmt)(�2-hmt)2(H2O)4]n·8nH2O (69) [69]
cross-like (H2O)5 3/2 D3A1(2) [Cu4(�2-mal)4(�4-hmt)(H2O)4]n·3nH2O (28) [34]
U-shaped (H2O)6 4/2 D6 {Na[Cd4(�2-Cl)(�2-dpa)4(�2-hmt)(hmt)(H2O)6]·(H2O)4}n (72) [25]
acyclic polyline-like (H2O)9 6/3 D9 [Cd3(ac)6(�3-hmt)2(H2O)3]n·6nH2O (40) [10]
complex (H2O)16

b 12/4 R4(0)A5(2)A1(2) [Cd4(�2-dpa)4(�2-hmt)3(H2O)5]n·10nH2O (41) [25]
1D [(H2O)6]n branched chain 3/3 C5A1 [Cd2(�2-tpa)2(�2-hmt)2(H2O)3]n·3nH2O (44) [36]
1D [(H2O)8]n zigzag chain 6/2 C8 [Cu2(�4-pma)(�2-hmt)(H2O)4]n·8nH2O (54) [39]
1D [(H2O)11]n spiral-like branched chain 6/5 T3(0)A4A5 [Cd3Br6(�3-hmt)2(H2O)5]n·n(hmt)·6nH2O (38) [12]

Hybrid water contaning clusters
acyclic (H2O)2(MeOH) 0/2 – [CdBr(NCS)(�2-hmt)(H2O)2]n·nMeOH (5) [12]
acyclic (H2O)2(MeOH) 0/2 – [CdI(NCS)(�2-hmt)(H2O)2]n·0.5nMeOH (6) [12]
acyclic (H2O)5(DMA) 2/3 – [Zn4(�3-pdc)4(�2-hmt)(H2O)6]n·4nDMA·5nH2O (68) [17]
acyclic [(H2O)3(NO3)]−c 0/3 – [CoK2(�6-nta)(hmt)(�2-H2O)3]n·nNO3 (76) [70]
acyclic [(H2O)11(SO4)]2−c 4/7 – [Cd3(�2-male)2(�3-hmt)2(H2O)8]n(SO4)n·2nH2O (67) [30]
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a Classification was performed following the systematization introduced by Infan
b Independent (H2O)2 and acyclic (H2O)5 clusters (H2Ocryst./H2Ocoord. is 1/1 and 4
c Presence of partial disorder.

f discrete water clusters and 3 types of infinite 1D water chains
resent in the structures of 17 hmt coordination polymers. Their
ummary and systematization following the method introduced
y Infantes et al. [79a] is given in Table 5, whereas the selected
xamples are depicted in Figs. 10 and 11. Interestingly, in all the
ompounds water aggregates are formed through the interactions
nvolving both crystallization and coordinated water molecules,
hus additionally contributing to a strong cross-linkage of the

etal-organic 1D chains (in 17, 28) or 2D (in 31, 32, 37–41) layers
ithin 3D supramolecular H-bonded frameworks. The reinforce-
ent of already 3D metal-organic networks via hydrogen bonds

hrough water clusters also occurs in compounds 54, 61, 64, 69 and
2.

Among the discrete clusters (Fig. 10), water dimers (in 17, 39
nd 41) and acyclic trimers (in 32, 37 and 64) are the most com-
on examples (Table 5). The acyclic and cyclic (H2O)4 clusters

ave been found in the structures of 61 and 73, respectively. Three
opologically distinct types of acyclic water pentamers have also
een identified, namely including polyline-like (in 31 and 41),
-shaped (in 69) and cross-like (in 28) (H2O)5 aggregates. The U-
haped (H2O)6 and acyclic polyline-like (H2O)9 clusters have been
etected within the structures of 72 and 40, respectively. A com-
ound [Cd4(�2-dpa)4(�2-hmt)3(H2O)5]n·10nH2O (41) [25] bears
0 crystallization and 5 coordinated water molecules per formula
nit, which give rise to the formation of three independent water
ggregates, namely the small (H2O)2 and (H2O)5 clusters, as well
s the large (H2O)16 aggregate. The latter is composed of a “cen-
ral” cyclic (H2O)4 core with two pendent water pentamers and
wo dangling water molecules. The three identified types of infi-
ite 1D water tapes include a branched [(H2O)6]n chain in 44, a
igzag [(H2O)8]n chain in 54, and an intricate spiral-like branched
(H2O)11]n chain in 38 (Fig. 11).

In contrast to the intensive research on water clusters [79–83],
uch less attention has been focused on the description of

ybrid H-bonded water assemblies with different solvents, small
olecules or counterions, in spite of their frequent presence in a
ariety of crystalline materials [84]. Hence, apart from the above-
entioned water clusters and 1D networks, a few hybrid water

ssociates with other solvents or anions have been identified in
oordination polymers of hmt (Table 5). These include the acyclic
al. [79a].
pectively) were also identified within the structure of 41.

(H2O)2(MeOH) cluster in 5 and 6, and the (H2O)5(DMA) aggregate
in 64 that is composed of water dimers and trimers interconnected
through a molecule of DMA. In spite of possessing some degree of
disorder, the anionic acyclic [(H2O)3(NO3)]− and [(H2O)11(SO4)]2−

associates can be observed in the structures of 76 and 67, respec-
tively.

6.2. Porous materials

Although a considerable number of hmt-driven coordination
polymers possess different degrees of porosity, the investiga-
tion of gas and/or liquid adsorption or anion exchange properties
of such materials remained underexplored, except for com-
pounds [Cd2(�3-pdc)2(�2-hmt)2(H2O)2]n·2nDMF·2nH2O (43) [17],
[Cd2(�2-tpa)2(�2-hmt)2(H2O)3]n·3nH2O (44) [36], [{Cd34(�4-
hmt)17(H2O)102]n(Cl)68n·46nH2O·68nDMF (57) [29] and [Cu3(�2-
bpbpd)3(�3-hmt)]n·22.5nTHF (63), for which some related data has
been reported.

Hence, upon removal of guest DMF and H2O molecules, a com-
pound 43 shows the effective free volume of 42% (0.315 cm3 g−1)
as calculated by PLATON analysis [17]. The methanol adsorption
isotherm measured on an “activated” sample of 43 at 20 ◦C revealed
the type I behavior, which is typical for microporous solids. The
obtained results suggest that incoming MeOH molecules can easily
enter the channels and the 3D framework maintains its rigidity
and porosity during the adsorption process [17]. The maximum
amount adsorbed by 43 is 87.7 mg/g that corresponds to ca. 8
molecules of MeOH. In contrast to 43, the related Zn(II) polymer
68 does not maintain porosity upon removal of a crystallization
solvent.

The chiral framework of 63 [26b] possesses a significant pore
volume (56% estimated by PLATON [17]), which consists of large
extended pyramidal voids (9.4 Å diameter) linked by a 3D net-
work of narrow pores (3.9 Å diameter). Although the metal-organic
framework of 63 is thermally stable until ca. 225 ◦C, it contracts sig-
nificantly upon desolvation of THF. The N2, Ar and H2 adsorbtion

studies undertaken on a desolvated material [Cu3(�2-bpbpd)3(�3-
hmt)]n showed different features. The N2 sorption at 77 K was
atypical, with pronounced hysteresis and a significant step at
0.4P/P0 due to the activated gas transport through narrow pore
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Fig. 10. Selected examples of discrete water clusters [dimer (in 17, 39), acyclic trimer (in 32, 37, 64), cyclic tetramer (in 73), cross-like pentamer (in 28), U-shaped hexamer
(in 72), acyclic polyline-like nonamer (in 40) and complex hexadecamer (in 41)] identified in the crystal structures of hmt coordination polymers (see Table 5 for more
details). Water O atoms are shown as red balls, while H-bonds are depicted as solid cyan lines. H atoms are omitted for clarity.

Fig. 11. Examples of infinite 1D water chains [branched [(H2O)6]n (in 44), zigzag [(H2O)8]n (in 54) and intricate spiral-like branched [(H2O)11]n chain (in 38)] identified in
the crystal structures of coordination polymers (see Table 5 for more details). Water O atoms are shown as red balls, while H-bonds are depicted as solid cyan lines. H atoms
are omitted for clarity.
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Table 6
Photoluminescent data for selected coordination polymers in the solid state at r.t.

Compound �em (nm) �ex (nm) Ref.

[CdBr(NCS)(�2-hmt)(H2O)2]n·nMeOH (5) 415 330 [12]
[CdI(NCS)(�2-hmt)(H2O)2]n·0.5nMeOH (6) 450 330 [12]
[Cd(fba)2(�2-hmt)(H2O)]n (16) 480 394 [13]
[Cd(fba)2(�2-hmt)(H2O)2]n·nH2O (17) 483 394 [13]
[Cd2(�2-NCS)4(�2-hmt)(H2O)2]n·nH2O (32) 412, 366 sh. 320 [16]
[Cd3Br6(�3-hmt)2(H2O)5]n·n(hmt)·6nH2O (38) 450 330 [12]
[Cd4(�2-dpa)4(�2-hmt)3(H2O)5]n·10nH2O (41) 385 328 [25]
[Cd3(�6-ctc)2(�2-hmt)(DMF)(EtOH)(H2O)]n·3nH2O (61) 557 394 [32]
[Cu5(�3-CN)4(�2-CN)(�4-hmt)]n (70) 417, 522a,b 282, 304 [18]
[Cu5(�3-CN)4(�2-CN)(�3-hmt)2]n (71) 470, 510a 285, 302 [18]
{Na[Cd4(�2-Cl)(�2-dpa)4(�2-hmt)(hmt)(H2O)6]·(H2O)4}n (72) 418, 496 sh. 340 [25]
[Cd(� -NCS) (hmt)(H O)] ·nH O (73) 418, 370 338 [62b]
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a These compounds show a yellow-green (70) or yellow (71) emission at 298 K, w
b At 4 K, a new shoulder at 451 nm (�ex = 295 nm) is detected.

indows, whereas the adsorption of Ar at 87 K was about five times
reater than that of N2 [26b]. The adsorption of H2 at 77 and 87 K
as modest. In general, the observed behavior of 63 points out its
otential for the use in selective gas separation applications.

The compound 44 was shown to reversibly and selectively read-
orb water [36]. It loses all crystallization and coordinated water
olecules after heating up to 160 ◦C. When this dehydrated sample
as exposed to air for 2 h, the readsorption of 6 water molecules

ook place, furnishing the framework material identical to 44 as
onfirmed by X-ray powder diffraction and thermal analyses. Fur-
hermore, an “activated” sample of 44 is capable of selectively
dsorbing water from MeOH or EtOH solutions containing ca. 1%
f H2O, while the adsorption of these alcohols is not possible even
hen using dry solvents [36]. Such selective adsorption of H2O can

e associated with the dimensions of the channels and the selec-
ive H-bonding interactions that lead to the formation of infinite
(H2O)6]n chains (Table 5).

The anion exchange study was undertaken on the cationic
eolite-like polymer 57, which was subjected to the treatment with
SCN in DMF solution at r.t. The resulting material showed the pres-
nce of new SCN moieties and retained the original metal-organic
keleton as confirmed by powder X-ray diffraction [29].

.3. Molecular magnetism

The variable temperature magnetic susceptibility studies were
ndertaken for hmt-driven coordination polymers of Cu(II) (28,
9, 54), Co(II) (10, 12, 48, 50), Ni(II) (8, 11), Mn(II) (53) and
n(II)/Mn(III) (27). Although bridging hmt moieties are capable

f transmitting magnetic interactions, such couplings are typically
ery weak or even negligible in all the studied examples. How-
ver, some other bridging ligands within these compounds (e.g.
al, pma, ibut, azide) can exhibit rather versatile couplings, and

hus mediate magnetic interactions.
The very weak antiferromagnetic interactions between metal

toms with the coupling constant (J) ranging from −1.9 to
0.65 cm−1 were observed in 1D polymers [Ni(NCS)2(�2-
mt)(H2O)2]n (8) [27], [Co(NCO)2(�2-hmt)(H2O)2]n (10) [19],
Ni(NCO)2(�2-hmt)(H2O)2]n (11) [19a] and [Co(N3)2(�2-
mt)(H2O)2]n (12) [28], in which monometallic nodes are

nterlinked via only �2-hmt ligands. The global weak antifer-
omagnetic interactions were also detected in the series of
etal-malonate 3D polymers [M2(�3-mal)2(�2-hmt)(H2O)2]n

M = Cu (49), Co (50), Mn (53)}, wherein three types of coupling
arameters can be taken into consideration [34]: two interactions

ia carboxylate pathways within 2D M-mal layers (major con-
ribution) and the interlayer interaction through �2-hmt pillars
minor contribution). The possible J parameters were assumed to
e 0 cm−1 (in 50) [34] or −0.2 cm−1 (in 53) [35b]. Interestingly,
shifts to blue emission on lowering the temperature to 77 K.

the magnetic behavior of the 1D polymer [Cu4(�2-mal)4(�4-
hmt)(H2O)4]n·3nH2O (28) composed of tetracopper(II) malonate
units and �4-hmt linkers reveals the presence of both ferro- and
antiferromagnetic interactions, the latter one being dominant
[34]. The best fit parameters (J = 13.5 cm−1 and J′ = −18.1 cm−1)
consider only intra-Cu4 interactions through carboxylate and
�4-hmt moieties, whereas the coupling constant for intertetramer
interactions J′′ was close to 0 cm−1 [34]. The presence of ferromag-
netic interactions between Cu(II) atoms was reported for the 3D
polymer [Cu2(�4-pma)(�2-hmt)(H2O)4]n·8nH2O (54), in which
both �4-pyromellitate and �2-hmt ligands can transmit magnetic
interactions [39].

For a mixed-valent Mn(II)/Mn2(III) linear-chain polymer
[Mn3(�3-O)(�2-ibut)6(�2-hmt)(hmt)]n·nEtOH (27), the �MT vs. T
dependence shows a decreasing feature on cooling from 300 to
1.86 K with the �MT value of 9.25 cm3 K mol−1 at 300 K [21]. The
magnetic interactions were modeled using the combination of vec-
tor coupling and full-matrix diagonalization methods, resulting in
the J values of +11.3, −5.8 and +0.1 cm−1. The latter value reflects
the weak coupling between the Mn3 units through �2-hmt which,
however, causes the susceptibility below 50 K to differ from that of
an isolated manganese trimer [21].

The investigation of magnetic interactions in the 3D polymer
[Co2(�2-N3)4(�3-hmt)(H2O)]n (48) allowed to identify a new mag-
netic Co-azide network with unprecedented highly symmetric
(6.82)(64.102) topology according to Schläfli notation [14a]. The
magnetic features such as a negative Weiss constant, a hysteresis
loop at 2K, an abrupt increase in the �MT vs. T dependence below
20 K and the absence of saturation limit [14a], are indicative of spin
canted antiferromagnetism, leading to weak ferromagnetism. The
magnetic ordering and spontaneous magnetization were observed
below Curie temperature of 15.6 K. The isostructural Ni(II) poly-
mer 48′ is a soft ferromagnet below Curie temperature of 10 K
[14b].

6.4. Photoluminescence

The photoluminescent properties of a dozen of coordination
polymers bearing hmt have been studied in the solid-state (powder
samples) at room temperature (ca. 298 K), and the corresponding
data is summarized in Table 6. The majority of luminescent poly-
mers are compounds of Cd(II) (i.e. 5, 6, 16, 17, 32, 38, 41, 61, 72 and
73) that apart from hmt typically bear halide and/or thiocyanate or
carboxylate ligands. Two luminescent Cu(I) cyanide networks 70
and 71 were also reported.
The solid-state emission spectra of Cd(II) polymers 5, 6, 32,
38 and 73 that bear halide and/or thiocyanate auxiliary ligands
show emission bands with maxima in the 415–450 nm range
(�ex = 320–338 nm), which were assigned to the ligand-to-metal
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harge transfer (LMCT) [12,16,62b]. The spectra of 32 and 73 also
xhibit a sholder or an extra band at �ex of 366 or 370 nm, respec-
ively. The strong emission bands were also observed in the spectra
f Cd(II) polymers 41 (�em = 385 nm) [25], 61 (�em = 557 nm) [32]
nd 72 (�em = 418 + 496 sh. nm) [25] that comprise bridging di-
dpa) or tricarboxylate (ctc) ligands (Table 6). These LMCT emis-
ions are more intense than those exhibited by uncoordinated
,2′-biphenyldicarboxylic or cis,cis-1,3,5-cyclohexanetricarboxylic
cids. Although polymers 41 and 72 consist of similar {Cd4(�2-
pa)4} cores, they exhibit distinct purple or blue emissions,
espectively [25]. Such a difference can be associated with the
resence of �2-Cl moieties in 72. In contrast to 41, 61 and 72,
ompounds 16 and 17 show ligand-based emissions (�em = 480 and
83 nm, respectively) that are less intense and are slighly shifted in
omparison with uncoordinated 4-formylbenzoic acid [13].

The 3D copper(I) cyanide coordination polymers 70 and 71 also
eature strong luminescence in the solid-state at ambient temper-
ture, showing two emission bands [18]. A high energy (HE) band
s observed at �em of 417 and 470 nm in the spectra of 70 and 71,
espectively, whereas a second low energy (LE) band is detected
n the 510–522 mn range (Table 6). Interestingly, both compounds
re thermochromic and show either yellow-green (70) or yellow
71) emissions, which shift to blue emissions on lowering the tem-
erature to 77 K. Such a color change at low temperature is due
o a significant increase in intensity of the HE band with concomi-
ant partial dissaperance of the LE band [18]. This behavior can be
xplained by the energy transfer between the high-energy and low-
nergy sublatices. In general, the photoluminescence in 70 and 71
s typical for the metal-to-ligand charge transfer behavior based
n the large Stokes shift between excitation and emission maxima
18].

. Conclusions and outlook

The present study has reviewed the main structural and topo-
ogical types of metal coordination polymers designed using
examethylenetetramine as a simple, commercially available,
ater-soluble and highly versatile cagelike building block. In par-

icular, the review has shown that apart from the recognized
pplication of hmt for the engineering of silver-organic networks
5,46], different hmt-driven coordination polymers of other metals
i.e. Cd, Cu, Hg, Co, Zn, Mn, Ni, etc.) can also be easily generated.
hese coordination polymers feature a high diversity of topolo-
ies that include linear, zigzag, double, triple and quadruple 1D
hains, rectangular grids, flat and undulating 2D layers, as well as
ayer-pillared, octahedral, zeolite-like, honeycomb-like and other
omplex 3D nets, in which hmt acts as a linker or spacer, pillar or
onnector, stabilizer and/or supporting ligand. Considering the net-
orks driven by dominating metal–hmt interactions, 2D polymers

4 [41], 35 [24], 38 [12] and 40 [10], and 3D polymers 47 [22], 57
29] and 66 [30] represent the most notable examples.

The work has also overviewed the most common synthetic
trategies for the coordination polymers of hmt, which frequently
mploy facile self-assembly reactions in aqueous medium and use
ather simple chemicals. Being dependent on a variety of reac-
ion parameters, the self-assembly methods are often affected by
erendipity and difficulties in controlling both the coordination
umber of hmt and the type of resulting metal-organic frame-
orks. Other routes such as a controlled hydrothermal synthesis

r solvothermal reactions, layering or slow diffusion methods, a
tepwise synthesis, ligand exchange and even in situ generation of

mt, have also been reported in a number of cases. In addition, the
ost common auxiliary ligands (i.e. halide, thiocyanate, cyanide,
alonate, nitrate, acetate, 3,4-pyridinedicarboxylate) used for the

onstruction of hmt-driven coordination polymers have been iden-
Reviews 255 (2011) 1603–1622

tified which, in the majority of cases, are anionic and tend to adapt a
bridging coordination mode. Water is also a very common auxiliary
ligand present in many hmt polymers. The solubility of hmt in water
and the use of self-assembly syntheses in aqueous medium can lead
to materials with high affinity for water, or to rare aqua-soluble
coordination polymers, thus opening up their specific applications
in e.g. host-guest chemistry, homogeneous catalysis and medicinal
chemistry.

The ligand analysis based on the type of functional group
allowed the selection of different aliphatic and/or aromatic mono-
or polycarboxylates, as well as simple halide, thiocyanate or
cyanide ligands as the most promising candidates for future engi-
neering of metal-organic networks with hmt. Given the importance
and versatility of different polycarboxylate ligands in the current
chemistry of coordination polymers [1,2], it is believed that new
functional metal-organic networks composed of hmt and polycar-
boxylates as building blocks would be designed. In fact, such types
of compounds have already shown remarkable porosity (43, 44,
63), selective sorption of solvents (43, 44) and gases (63), and pho-
toluminescent properties (41, 61, 72). The hmt polymers bearing
cyanide or azide moieties also feature notable molecular mag-
netism (48) and photoluminescence (70, 71).

Although the use of hmt as a convenient building block for the
design of coordination polymers is still less common than the appli-
cation of other simple N-donor ligands [3,6], it is expected that this
area of research will grow rapidly in the near future. Hence, fur-
ther developments should focus on (i) the search for new and the
modification of currently used auxiliary ligands and/or synthetic
procedures for the synthesis of hmt-driven coordination polymers
with tunable topologies, (ii) widening the spectrum of metals and
extending the still limited family of heterometallic metal-organic
networks, and (iii) the application of other cagelike hmt deriva-
tives in the design of coordination polymers. It is believed that
future research on hmt-driven polymers will not only concentrate
on widening their structural diversity and molecular aesthetics,
but also furnish new metal-organic frameworks with functional
properties and advanced applications.
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