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Abstract

This review gives an overview on structures and properties of coordination polymers derived from Zn(II) and polydentate organic
ligands. The versatile coordination abilities of Zn(II) allow for a wide variety of structures ranging from simple 1D infinite chains to
robust, porous 3D frameworks with potential applications in sorption, separation and ion exchange. Diverse 1D, 2D and 3D architectures
resulting from self-assembly of{ZnL} entities (L=organic ligand) are surveyed and their properties and potential functions are discussed.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Coordination polymers; Zinc; Supramolecular chemistry

1. Introduction

The construction of coordination polymers and networks
by the self-assembly of polydentate ligands and transition
metal ions is a rapidly growing area of research[1,2]. The
considerable interest is driven by the impact on basic struc-
tural chemistry as well as by possible applications in a num-
ber of fields. As for polymeric Zn complexes, some of the
compounds reviewed in the following sections show photo-
luminescent and nonlinear optical (NLO) properties or have
robust and thermally stable open-framework structures giv-
ing rise to permanent porosity which is a prerequisite for
sorption or selective inclusion of guest molecules.

As a d10 metal ion Zn2+ is particularly suited for the
construction of coordination polymers and networks. The

Scheme 1. Some topological types of coordination polymers: (a) linear chain; (b) zigzag chains; (c) ladder structure; (d) square and rhombic grid, (e)
brick wall; (f) diamond-related net.

spherical d10 configuration is associated with a flexible co-
ordination environment so that geometries of Zn complexes
can vary from tetrahedral through trigonal bipyramidal and
square pyramidal to octahedral and severe distortion of the
ideal polyhedron easily occurs. Furthermore, due to the gen-
eral lability of Zn complexes the formation of coordination
bonds is reversible which enables metal ions and ligands to
rearrange during the process of polymerization to give highly
ordered network structures. Consequently, Zn can readily
accommodate all kind of architectures and a selection of
topological types of 1D, 2D and 3D Zn polymers is given in
Scheme 1. In many cases rather similar ligands lead to com-
pletely different coordination arrays and the understanding
of the structure-determining factors is of fundamental im-
portance in coordination polymer chemistry.
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This review surveys structures and properties of polymeric
Zn complexes derived from linear, rigid two-connecting
ligands like cyanide, pyrazine or 4,4′-bipyridine, angu-
lar two-connectors like pyrimidine, three-connectors like
C(CN)−3 or 2,4,6-tris(4-pyridyl)-1,3,5-triazine as well as
bidentate ligands having the donor atoms separated by a
conformationally flexible spacer like aliphatic�,�-diamine
or dipyridyl ligands. The assembly of Zn carboxylate clus-
ters (so-called secondary building blocks) into predictable
porous 3D networks is likewise discussed. Another type of
Zn coordination polymer consists of organic backbones like
polyethylenimine to which Zn complex units are attached
as pendants. Such compounds of Zn and other transition
metals that are interesting functional mimics of hydrolytic
enzymes[3] have been reviewed recently[4] and shall not
be mentioned here.

2. Coordination polymers constructed from rigid
two-connecting ligands

2.1. Rod-type ligands

Rodlike ligands that have been employed as rigid, lin-
ear bridging units for the construction of Zn coordination
polymers are summarized inScheme 2. The simplest lig-
and recognized as a useful diatomic building block in
polydimensional extended structures is the cyanide ion.
In {Zn(CN)2}n tetrahedral metal centers are linked by
bridging CN− groups into a robust, diamondoid network
structure having relatively large adamantane-like cavities
despite the small size of the bridging units[5]. Because
nature tends to avoid void volume, two identical, indepen-
dent copies of the framework interpenetrate each other so
that each diamondoid net fills the cavities of the other as
schematically shown inFig. 1. Interpenetration of Zn(CN)2
nets does not occur when counterions are present to oc-
cupy the cavities. Since Cu(I) forms tetrahedral complexes,
self-assembly of Cu(I), Zn(II) and CN− in the presence of
N(CH3)+4 cations affords a coordination polymer of com-
position {N(CH3)4[Cu(I)Zn(II)(CN)4]}n with the cyanide
ions linking Cu and Zn into a network of the zinc blend
type [5]. Two different kinds of adamantane cavities are

Fig. 1. Schematic representation of the two independent interpenetrating
diamondoid frameworks in{Zn(CN)2}n.

Scheme 2. Rod-type ligands in Zn coordination polymers.

present in the network, namely cavities built up by four
Cu2+ ions and six Zn2+ ions (4Cu/6Zn) and 4Zn/6Cu cav-
ities. The N(CH3)+4 cations occupy the 4Zn/6Cu cavities,
thus preventing interpenetration of the network by a second
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Fig. 2. Formation of hexagonal and square channels in{[Zn(py)2]-
[Zn(CN)4]}n.

one.{ZnAu2(CN)4}n is composed of tetrahedral zinc cen-
ters and linear{Au(CN)2}-rods that assemble the Zn ions
into a quartz-type structure. Elongation of the linking unit
by linearly coordinated Au(I) ions results in large cavities
whose void volume is compensated by 6-fold interpene-
tration of identical nets[6]. The presence of pyridine as
a coligand in{[Zn(py)2][Zn(CN)4]}n gives rise to a 3D,
non-interpenetrated structure containing small hexagonal as
well as square channels (Fig. 2) [7]. Four cyanide ligands
bind to a tetrahedrally coordinated Zn via the carbon atom
and form bridges to four neighboring octahedral Zn(py)2
ions. The pyridine ligands that bind intrans positions fill
the void volume inside the hexagonal channels.

Pyrazine is the shortest linear linker next to cyanide. In
[Zn(pz)Cl2]n linear, parallel Zn–pz–Zn chains with octa-
hedral metal centers are connected through double�-Cl
bridges into a 2D layer structure[8]. Contrasting with this,
[Zn(pz)Br2]n is a 1D zigzag chain polymer with Zn adopting
a tetrahedral coordination geometry[9]. [Zn(pz)Br2]n can be
converted into a 2D square-grid (4,4) network (Scheme 1d)
by solid-state reaction with pyrazine. In [Zn(pz)2Br2]n the
octahedral Zn ions are coordinated by four nitrogens of four
distinct pyrazine ligands and two axial bromide ligands and
thus act as the nodes of a (4,4) net.

4,4′-Bipyridine has been employed as a rod-type two-
connector in numerous studies to construct transition metal
networks having, e.g. diamondlike, honeycomb, square-grid,
ladder or brick-wall structures[10]. As for Zn coordination
polymers, 1D zigzag chains are realized in [Zn(4,4′-bpy)-
(detp–S)2]n [11], [Zn(4,4′-bpy)(sal)2]n [12], [Zn(4,4′-
bpy)(SC{O}CH3)2]n, [Zn(4,4′-bpy)(SC{O}Ph)2]n [13],
[Zn(4,4′-bpy)(SPh)2]n, {[Zn(4,4′-bpy)(SPh)2] · 0.25CH2Cl2 ·
H2O}n [14], [Zn(4,4′-bpy)(NCS)2]n [15], [Zn(4,4′-bpy)-
Cl2]n and [Zn(4,4′-bpy)Br2]n [16], while {[Zn(4,4′-
bpy)2(H2O)2]SiF6 · 2H2O}n [17], {[Zn(4,4′-bpy)2(H2O)2]-
(ClO4)2 · (2,4′-bpy)· 2H2O}n [18], [Zn(4,4′-bpy)2SiF6]n
[19], {[Zn(4,4′-bpy) (H2O)4](NO3)2 · (4,4′-bpy)}n, {[Zn-
(4,4′-bpy)(H2O)4](NO3)2 · 2(4,4′-bpy)· 3H2O}n, {[Zn(4,4′-
bpy)(H2O)4](CF3SO3)2 · 2(4,4′-bpy)}n [20], [Zn(4,4′-
bpy)(H2O)3(ClO4)]ClO4 · 1.5(4,4′-bpy)· H2O}n [21], {[Zn2
(4,4′-bpy)3(NO3)4] · 2H2O}n [22], [Zn(4,4′-bpy)(N3)2]n
[23] and{[Zn (4,4′-bpy)(H2O)2(bpen)2](NO3)2 · 1.75bpen·
0.25(4,4′-bpy)· 4.45H2O}n [24] have 2D square, rectan-
gular or rhombic grid, 3D, 3D channel and microporous

bilayer structures. In{[Zn(4,4′-bpy)2(H2O)2]SiF6 · 2H2O}n
the octahedral Zn ions are surrounded by four bridging
4,4′-bpy ligands in a square planar geometry so that infinite
sheets with an ca. square grid structure are built up (Fig. 3a).
In the crystal packing parallel sheets are off-set stacked so
that the Zn centers are vertically above the midpoints of
the Zn4 squares of the adjacent layers. An equivalent set
of stacks is arranged in planes perpendicular to the first set
giving rise to an interpenetration mode that is described as
diagonal/diagonal inclined interpenetration (Fig. 4) [17].
By contrast, in{[Zn(4,4′-bpy)2(H2O)2](ClO4)2 · (2,4′-bpy)·
2H2O}n square grid layers of{[Zn(4,4′-bpy)(H2O)2]2+ are
stacked in parallel[18]. The channels produced this way
are large enough to clathrate as sterically demanding guest
molecules as 2,4′-bpy. �–� stacking interactions between
adjacent guest molecules and hydrogen-bonding interac-
tions between 2,4′-bpy and Zn-bound water molecules sta-
bilize the structure. Crystallization of [Zn(4,4′-bpy)2SiF6]n
in the absence of water afforded a 3D, non-interpenetrated
porous structure. 4,4′-bpy and Zn2+ form square grid sheets
that are stacked in parallel and are interconnected through
�-SiF6

2− units forming perfectly linear bridges (Fig. 3b).
This creates hydrophobic square channels with an effective
pore size of about 8× 8 Å that make up ca. 50% of the cell
volume. The 4,4′-bpy ligands are oriented in a way that they
block the walls of the channels so that interpenetration be-
comes impossible. [Zn(4,4′-bpy)2SiF6]n and{[Zn(4,4′-bpy)
2(H2O)2]SiF6 · 2H2O}n represent illustrative examples for
the influence of the solvent on network topologies. Ciani
et al. reported three rhombic grid structures built up by co-
ordinated and hydrogen-bonded 4,4′-bpy molecules (Fig. 3c
and d)[20]. In {[Zn(4,4′-bpy)(H2O)4](NO3)2 · (4,4′-bpy)}n
the ligand and Zn(H2O)42+ entities form 1D linear chains
that are cross-linked by Zn–OH2· · · 4,4′-bpy· · · H2O–Zn
hydrogen-bonding interactions. Two-fold interpenetration of
identical nets gives rise to an�-polonium related topology
for the overall structure. Similar 2D rhombic grid sheets are
observed in {[Zn(4,4′-bpy)(H2O)4](NO3)2 · 2(4,4′-bpy)·
3H2O}n and {[Zn(4,4′-bpy)(H2O)4](CF3SO3)2 · 2(4,4′-
bpy}n except for the fact that double Zn–OH2· · · (4,4′-bpy)2
· · · H2O–Zn bridges cross-link the coordinative Zn–(4,4′-
bpy)–Zn chains (Fig. 3d). In the 2D rhombic network struc-
ture of [Zn(4,4′-bpy)(H2O)3(ClO4)]ClO4 · 1.5(4,4′-bpy)·
H2O}n double as well as single Zn–OH2· · · (4,4′-bpy)(2)· · ·
H2O–Zn hydrogen-bond bridges are present[21]. Interest-
ingly, besides to two-dimensional{[Zn(H2O)4(4,4′-bpy)]
(NO3)2 · (4,4′-bpy)}n, the reaction of Zn(NO3)2 with
4,4′-bpy can also lead to the microporous tongue-and-groove
architecture schematically depicted inFig. 3e. In{[Zn2(4,4′-
bpy)3(NO3)4] · 2H2O}n the Zn centers are coordinated by
two chelating nitrates and three bpy nitrogens in a pentag-
onal bipyramidal geometry and represent T-shaped nodes
[22]. Two 1D chains running perpendicularly to each other
are joined by 4,4′-bpy bridges. This way, bilayers are
formed that pack by partial interdigitation. There are 1D mi-
crochannels present that allow for the reversible adsorption
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Fig. 3. Schematic representation of some topologies of Zn(4,4′-bpy)-coordination polymers: (a) square grid in{[Zn(H2O)2(4,4′- bpy)2]SiF6 · 2H2O}n

[17] and in{[Zn(4,4′-bpy)2(H2O)2](ClO4)2 · (2,4′- bpy)· 2H2O}n [18]; (b) 3D grid in [Zn(4,4′-bpy)2SiF6]n [19]; (c) rhombic grid in{[Zn(H2O)4(4,4′-bpy)]
(NO3)2 · (4,4′-bpy)}n [20]; (d) rhombic grid in{[Zn(H2O)4(4,4′-bpy)](NO3)2 · 2(4,4′-bpy)· 3H2O}n and {[Zn(H2O)4(4,4′-bpy)](CF3SO3)2 · 2(4,4′-bpy}n

[20]; (e) bilayer structure and interdigitation of bilayers leading to porosity in{[Zn2(4,4′-bpy)3(NO3)4] · 2H2O}n [22]; (f) 2D structure of [Zn(4,4′-bpy)
(N3)2]n [23].

of CH4, O2 and N2 after removal of water of crystalliza-
tion. Reversible methane-adsorption capabilities of porous
materials is of much current interest, since it may offer the
possibility to store methane at high density.

In [Zn(4,4′-bpy)(N3)2]n Zn–bpy–Zn chains are linked by
azide ions into a 2D network[23]. As shown inFig. 3f, the
Zn centers are doubly bridged by azide anions that bind in
the end-to-end, (1,3)-bridging mode as well as in the end-on,
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Fig. 4. Diagonal/diagonal inclined interpenetration in{[Zn(H2O)2(4,4′-
bpy)2]SiF6 · 2H2O}n.

(1,1)-bridging mode. Likewise, Zn–bpy–Zn-chains are con-
nected through double bpen bridges into a 2D rectangular
grid structure of formula{[Zn(H2O)2(4,4′-bpy)(bpen)2]
(NO3)2 · 1.75bpen· 0.25(4,4′-bpy)· 4.45H2O}n [24]. Bridg-
ing occurs via mixed covalent and hydrogen-bonding inter-
actions. Each bpen molecule coordinates to one Zn center
and forms a H bond to a Zn-bound water molecule of the next
chain. In {[Zn(4,4′-bpy)1.5(NO3)2] · CH3OH · 0.5pyrene}n
T-shaped Zn nodes and 4,4′-bpy spacers build up a 1D
coordination polymer with ladder topology[25]. Pyrene
molecules are sandwiched as fluorescent guests between
4,4′-bpy spacers of neighboring ladders.

The 4,4′-bpy ligands of {[Zn(4,4′-bpy)(SO4)(H2O)3] ·
3H2O}n assemble octahedral Zn ions into straight chains
[15]. Parallel chains are arranged in layers. Since adjacent
layers are rotated by 60◦, helical staircases and small, tri-
angular channels filled by anions and water molecules of
crystallization are formed.

Two coordination polymers composed of 4,4′-bpy, a di-
carboxylate ligand and tetranuclear Zn4O or Zn4(OH)2 cores
as building blocks have been prepared recently by Chen
et al. [26]. In [Zn4O(1,3-bdc)3(4,4′-bpy)]n 1,3-bdc ligands
connect Zn4O cores into 1D ladders that are interlinked
through 4,4′-bpy ligands into a 2D grid. In [Zn4(OH)2(fa)3
(4,4′-bpy)2] the Zn4(OH)2 cores and fumarate groups assem-
ble into infinite 2D sheets. These are pillared by the 4,4′-bpy
building blocks so that a 3D prismatic-like network is gener-
ated, two copies of which interpenetrate each other. This 2-
fold interpenetrated lattice is an example for the�-polonium-
type network. Both cluster-based polymers are thermally
stable up to 400◦C, are insoluble in common polar and non-
polar solvents and exhibit intense blue photoluminescence
(λmax=432 and 453 nm). A unique three-leg ladder motif
has been reported for the mixed carboxylate, bpy coordina-
tion polymer [Zn3(CH3CO2)4(4,4′-bpy)3{N(CN)2}2]n [27]:
three parallel Zn–bpy–Zn chains forming the side-rails are
joined by acetate ligands representing the rungs of the ladder.

The rod type two-connector bpethy contains an acetylene
spacer between the two pyridyl rings. Cocrystallization of
Zn(NO3)2 with the bispyridyl ligand yields polycatenated
molecular ladders[28]. Pentagonal bipyramidal Zn ions hav-
ing two chelating nitrate ligands represent T-shaped nodes
for the formation of these ladders. Two distinct sets of lad-
ders are present with the ladders of one set being catenated
by those of the other set. As schematically displayed in

Fig. 5. Schematic representation of the polycatenated ladders in
[Zn2(bpethy)3(NO3)4]n.

Fig. 5, every mesh of a ladder is catenated by two other
ladders in [Zn2(bpethy)3(NO3)4]n.

Analogously to 4,4′-bpy, the correspondingN,N′-dioxide
4,4′-bpyO can be employed as a universal, two-connecting
building block for the construction of Zn grid structures.
When adopting thetrans coordination mode, 4,4′-bpyO rep-
resents a ligand with “off-axis rod” geometry. As outlined in
Fig. 6 coordinative bonding interactions link 4,4′-bpyO and
Zn2+ centers into a 2D brick-wall (6,3) network in{[Zn(CH3
OH)2(4,4′-bpyO)2](SiF6) · (4,4′-bpyO)· 3CH3OH}n [29].
The nodes at the centers of the long sides of the bricks
are joined by 4,4′-bpyO through H-bonding with Zn-bound
methanol. Bridges of type Zn(CH3OH)· · · O–bpy–Zn in-
volving axially bound CH3OH ligands extend the structure
into the third dimension so that overall a 3D porous struc-
ture having channels with dimensions of 10.2× 14.2 Å is
obtained. With perchlorate as the counterion a compound
of composition {[Zn(H2O)4(4,4′-bpyO)](ClO4)2 · 2(4,4′-
bpyO)}n was obtained[30]. Two 4,4′-bpyO oxygens bind
to Zn(OH2)2+

4 moieties intrans positions so that an infinite
zigzag chain is generated. Hydrogen-bonding interactions
between aqua ligands and 4,4′-bpyO oxygens connect
adjacent chains into a 2D sheet structure. Again, there
are non-coordinated 4,4′-bpyO ligands that cross-link the
Zn–bpyO–Zn chains through Zn–OH2· · · bpyO· · · H2O–
Zn bridges. This way a 3D structure is generated that features
triangular channels hosting the perchlorate anions (Fig. 7).
Triangular pores are also observed in [Zn(4,4′-bpyO)6]
(NO3)2. However, [Zn(4,4′-bpyO)6](NO3)2 contains dis-
crete, mononuclear [Zn(4,4′-bpyO)6]2+ cations [29]. The
Zn centers are octahedrally coordinated by six oxygen
atoms of six distinct ligands arranged in a way that the

Fig. 6. Schematic representation of the 2D brick wall (6,3) network in
{[Zn(MeOH)2(4,4′-bpyO)3](SiF6) · 3MeOH}n.
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Fig. 7. Triangular pores generated by hydrogen-bonding interactions in
{[Zn(H2O)4(4,4′-bpyO)](ClO4)2 · 2(4,4′-bpyO)}n. Hydrogen-bonding in-
teractions leading to sheets propagating perpendicularly to this plane are
not shown.

cations have approximateD3h symmetry. The triangular
pores that are filled by the counterions result from�–�
interactions that lead to a 2D layer structure.

Self-assembly of Zn2+ and the off-axis rod-type lig-
ands bna and azpy yields planar 2D (4,4) frameworks. In
[Zn(NCS)2(bna)2]n Zn is coordinated in a square planar
fashion by four bna ligands that adopt thes-trans conforma-
tion, while two NCS− ligands complete the octahedral Zn
coordination geometry[31]. The ligand provides a bridging
distance of about 16 Å, which allows for an inclined inter-
penetration mode such that each grid window has parts of
two other sheets passing through it. In this regard, the 3D
interlocked structure of [Zn(NCS)2(bna)2]n differs from the
1× 1 interpenetration found in the (4,4) square grid structure
of {[Zn(4,4′-bpy)2(H2O)2]SiF6 · 2H2O}n. Azpy produces
a 2D rhombic grid structure of composition{[Zn(azpy)2
(H2O)2]SiF6 · H2O}n with two sets of parallel layers giving
rise to perpendicular interpenetration[32]. When sulfate is
used as the counterion, 1D chains of alternating{Zn(SO4)}2
and{Zn(SO4)}4 rings are formed[15]. Hydrogen-bonding
interactions involving Zn bound water leads to 2D sheets
that are joined by azpy pillars.

Three coordination polymers have been derived from
bptz whose transoid isomer acts as an “off-axis” rod type
two-connector[33]. [Zn2(bptz)2(NO3)4(CH3OH)(�-bptz)]n,
[Zn2(bptz)2(NO3)4(EtOH)2(�-bptz)]n and {[Zn2(�-bptz)3
(NO3)4] · 2CH2Cl2}n are further examples for the role of
the solvent in governing coordination polymer topologies.
In [Zn2(bptz)2(NO3)4(CH3OH)(�-bptz)]n and [Zn2(bptz)2
(NO3)4(EtOH)2(�-bptz)]n the Zn ions are coordinated by
two bptz ligand molecules, one monodentate nitrate, one
bidentate nitrate and one alcohol molecule. Two Zn centers,
one bridging and two terminally bound bptz molecules con-
stitute binuclear molecular units having zigzag conformation
(Fig. 8). These moieties are assembled by hydrogen-bonding
interactions between alcohol and uncoordinated pyridyl ni-
trogen of the terminally bound bptz ligands into an infinite
chain as schematically depicted inFig. 8. By contrast, due
to the absence of coordinating solvent molecules, each Zn
of {[Zn2(�-bptz)3(NO3)4] · 2CH2Cl2}n is surrounded by
three bptz ligands and a ladder motif is observed.

Fig. 8. Schematic representation of the hydrogen-bonding interac-
tion assembled 1D polymers [Zn2(bptz)2(NO3)4(CH3OH)(�-bptz)]n and
[Zn2(bptz)2(NO3)4(EtOH)2(�-bptz)]n.

2.2. Angular, rigid two-connectors

Two-connecting, angular building blocks that have been
assembled with Zn2+ are listed inScheme 3. Except for
pymo that links Zn2+ ions into a 3D diamond-related struc-
ture, these angular-type connecting units afford 1D chain
structures with zigzag, wedge-shaped and helical geometries
or doubly bridge Zn2+ ions into linear chains.

Pyrimidine provides a 120◦ angle and connects the Zn2+
ions in [Zn(pym)Cl2]n into infinite zigzag chains[8]. Link-
age of these by double�-Cl bridges results in an undulate,
2D sheet structure. Analogously to pyrimidine, the anion of
pymoH represents a 120◦ building block, when coordination
occurs via the two ring nitrogens. Unlike in [Zn(pym)Cl2]n,
however, the Zn ions in [Zn(pymo)2]n bind to four nitrogens
of different pyrimidinolate ligands in a tetrahedral coordi-
nation geometry to give a non-interpenetrated diamond-like
framework[34]. [Zn(pymo)2]n can be heated up to 570◦C
without decomposition. It should be noted that pymo also
coordinates to transition metal ions in a�2-�1-�2 mode or
in a monodentate fashion via phenolate oxygen (�1-�1-O)
(Scheme 4). The former coordination pattern is observed,
e.g. for [Ni(pymo)2]n, the latter one is realized when
[Zn(pymo)2]n is reacted with hydrazine to give polymeric
[Zn(pymo)2(N2H4)2]n [34]. In [Zn(pymo)2(N2H4)2]n oc-
tahedrally coordinated Zn centers having two mutually
trans phenolate oxygens are doubly bridged by two N2H4
molecules at a distance of about 4.0 Å.Fig. 9 gives a
schematic view of the infinite, linear chain of Zn–N–N–Zn–
N–N-rings adopting chair conformation. [Zn(pyz)2]n has a
similar linear chain structure composed of Zn–(�-pyz)2–Zn
units [35]. The effect of substituents of pyrazole is il-
lustrated by the X-ray structure of [Zn(mppz)Br2] that
revealed a discrete, mononuclear complex[36]. The pyra-
zole derivative dmpzH forms the mononuclear, dinuclear
and polymeric complexes [Zn(dmpz)2(dmpzH)(NO3)],
[Zn2(dmpz)4(dmpzH)2] and [Zn(dmpz)2]n depending on
the reaction conditions[37,38]. The Zn ions of [Zn2(dmpz)4
(dmpzH)2] are bridged by two dmpz ligands, while one
monodentate dmpz ligand and one neutral dmpzH complete
the distorted tetrahedral Zn coordination spheres. Heating of
the dimer affords a material of composition [Zn(dmpz)2]n.
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Scheme 3. Ligands providing angular connectivities.

Scheme 4. Coordination modes in transition metal complexes of pymo.

Although no X-ray structure is available, this is assumed
to contain infinite double-bridged chains by analogy of the
known structures of transition metal complexes of pyrazole
[39].

Bepf that provides a bite angle of about 140◦ can gener-
ate chains with zigzag or helical geometry. Binding of the
nitrogen donor atoms of the furanyl linker totrans posi-
tions of {(+)-tfc}2Zn units produces infinite zigzag chains
[40]. By contrast, self-assembly of (facac)2Zn · 2H2O with
bepf yields an infinite, helical structure[40]. In the crystal
packing of [(facac)2Zn(bepf)]n the cis-binding (facac)2Zn
fragments and the angular linkers constitute 21 P- and
M-helices with pitch heights of 24.2 Å. The polymeric
chains enclose channels with dimensions of ca. 7.6× 11.8
Å that are filled with solvent molecules. Low-temperature
1H-NMR spectra and electrospray mass spectra indicated
the existence of oligomeric species in acetone solution.
However, a helical conformation of the oligomers seems
unlikely in solution, since this usually requires stabilization
by �-stacking or H bonding interactions. Helical structures
receive much current interest in coordination chemistry due
to potential applications in the fields of asymmetric cataly-
sis and NLO materials. Much effort has been devoted to the
preparation of (discrete) helical metal complexes by careful
design of helicating ligands, in particular oligopyridines
that wrap around metal ions lying on the helix axis[41].

Fig. 9. Infinite, linear chain of Zn–N–N–Zn–N–N-rings in [Zn(pymo)2

(N2H4)2]n.
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However, there are also an increasing number of metallohe-
lices, where an 1D transition metal polymer spontaneously
assumes a helical conformation, although there are only a
few examples in the case of Zn (vide infra). In these com-
pounds the formation of an infinite helical architecture is
rather unpredictable and a rational design is hampered by
the variety of possible association patterns. For example,
since bepf provides an approximate bite angle of 140◦,
self-assembly with (facac)2Zn · 2H2O could have led to
discrete macrocyclic hexagons alternatively. Further exam-
ples for the spontaneous formation of infinite single-helical
Zn coordination polymers are discussed in the following
sections.

The 60◦ linker bepb andcis-binding (facac)2Zn fragments
form a wedge-shaped 1D polymer[40]. Within the chain,
the metal centers display alternating�- and 	-chirality,
thereby preventing formation of a helical chain since alter-
nating right- and left-handed turns are initiated by the octa-
hedral metal centers of opposite chirality.

Dpt binds to Zn through the pyridyl nitrogens and links
the metal ions into 21 helical chains. Two polymorphs of
[Zn(NO3)2(dpt)]n, A andB, exist that differ in their nitrate
binding modes[42]. In A, Zn is coordinated in acis ar-
rangement by two pyridyl nitrogens, one chelating and one
monodentate nitrate. InB two chelating nitrate anions push
the pyridyl donors together so that the helix pitch decreases
from 22.6 Å in A to 19.0 Å in B while the helix diam-
eter increases from 6.3 to 8.9 Å. In another Zn coordina-
tion polymer obtained with dpt,{[Zn(dpt)2(H2O)2][Zn(dpt)2
(CH3CN)2](ClO4)4 · 2CH3CN}n, two nets that have differ-
ent chemical composition and different handedness interpen-
etrate each other[43]. Every individual net is composed of
helices with two Zn ions and two dpt ligands per helical turn
that are interlinked by further dpt ligands so that a second
type of helix is present. In this second type of helix one he-
lical pitch includes six metal ions and six ligands. Interpen-
etration of net I containing right-handed helices of compo-
sition [Zn(dpt)2(H2O)2]2+ and net II containing left-handed
helices of composition [Zn(dpt)2(CH3CN)2]2+ results in a
chiral network.

Bmptc was shown to produce infinite zigzag chains by
binding to the axial positions of Zn(facac)2 units through the
pyridyl nitrogens[44]. Upon irradiation of the crystalline
coordination polymer with 578 nm light the ligand is con-
verted into the closed-ring form isomer (Scheme 3). Thus,
[Zn(facac)2(bmptc]n exhibits photochromic reactivity in the
single-crystalline state.

3. Coordination polymers constructed from rigid,
trigonal three-connectors

Rigid, trigonal building blocks that have been used for the
construction of Zn networks are summarized inScheme 5.
Another group of triangular building blocks comprises
the inorganic anions CO2−

3 , BO3−
3 and NO−

3 that form

Scheme 5. Ligands used as rigid, triangular building blocks.

various open-framework structures with zinc. However,
the network structures of purely inorganic Zn compounds
like, e.g. Na2Zn3(CO3)4 · 3H2O [45], Zn4O(BO3)2 [46] or
MZn4(BO3)3 (M=K, Rb, Cs)[47], shall not be discussed
in detail here.

One possible structure resulting from self-assembly of
trigonal ligands with half as many octahedral metal centers
is the rutile-type framework and 2-fold interpenetrated rutile
nets are realized in [Zn{C(CN)3}2]n [48].

Two coordination polymers constructed from tpt have
been described that possess remarkable topologies, [Zn
(tpt)2/3(SiF6)(H2O)2(CH3OH)]n [49] and {[Zn(CN)(NO3)
(tpt)2/3] · 18Solv}n [50]. [Zn(tpt)2/3(SiF6)(H2O)2(CH3OH)]n
is a rare example of a (10,3)-a net. Each Zn is coordinated
by two water molecules, a methanol molecule and a SiF2−

6
ion in a square-planar fashion which leaves twotrans po-
sitions for binding of tpt. The three pyridyl nitrogens of
tpt link the Zn centers into a (10,3)-a net that features
helical arrays. Interpenetrated (10,3)-a nets are particu-
larly interesting. As realized by Wells 25 years ago, for
intrinsically enantiomorphic (10,3)-a nets interpenetration
can occur with an identical net of the same handedness
as well as with a net of the opposite handedness[51].
In [Zn(tpt)2/3(SiF6)(H2O)2(CH3OH)]n eight independent
nets interpenetrate each other, four of one handedness
(41-helices) and four of the other (43-helices) giving rise to
a 3D racemate. Helices of independent nets with the same
handedness pair to give double helices. The most remark-
able and unique feature of the second Zn coordination poly-
mer derived from tpt,{[Zn(CN)(NO3)(tpt)2/3] · 18Solv}n,
is the presence of large, isolated and sealed-off chambers
that accommodate 18 solvent molecules. Each metal ion
is surrounded by one chelating nitrate, two cyanides in
cis positions and twotrans pyridyl nitrogens. Four Zn
ions and four bridging cyanides constitute squares. Six
{Zn4(CN)4(NO3)4} squares are connected by eight�3-tpt
ligands to build a cage structure with the centers of the
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Fig. 10. Schematic representation of the cage structure formed by six
square{Zn4(CN)4(NO3)4} entities and eight�3-tpt ligands in{[Zn(CN)
(NO3)(tpt)2/3] · 18Solv}n [50].

trigonal building blocks sitting at the corners of a cube as
outlined in Fig. 10. The overall infinite 3D structure con-
sists of cages sharing the Zn4-faces. Two identical copies of
this framework interpenetrate each other. There is a second
and considerably larger type of cage. The larger cages of
one framework encapsulate the smaller ones from the other.
This affords isolated and sealed-off chambers that are sur-
rounded by double shells. These cavities are large enough
to host nine C2H2Cl4 and nine methanol molecules which
are highly disordered and essentially liquid.

Self-assembly of the less rigid ligand tpm with the chi-
ral linker [{(+)-tfc}2Zn] yielded a homochiral, helical poly-
mer [40]. Two of the three pyridyl nitrogens of tpm link
the cis-binding {(+)-tfc}2Zn entities into a 21 helical ar-
ray of composition [{(+)-tfc}2Zn(tpm)]n, while the third
pyridine nitrogen is involved in hydrogen-bonding interac-
tions with the hydroxyl groups of adjacent chains. Empty,
diamond-shaped microchannels of dimensions of 7.4× 7.0
Å run down the helix axis.

Table 1
Selected examples for 1D polymeric Zn carboxylates

Structure References

[Zn5(OH)2(crot)8]n Pentanuclear entities containing sixsyn–syn bridging crot ligands linked
through two carboxylate groups insyn–anti mode into an infinite chain

[53]

[Zn(CH3CO2)2]n and [Zn(C4H5O2)2]n 2D sheets of tetrahedrally coordinated Zn atoms connected by carboxylate
bridges in asyn–anti fashion

[54,55]

[Zn(C6H4ClCO2)2]n Doubly bridged Zn ions linked into an infinite chain [56]
[Zn(eob)2(H2O)]n Infinite chain of carboxylate-bridged Zn centers [57]
{[Zn2(OH)(C6H4ClCO2)3] · 2H2O}n Bridging of five- and hexacoordinated Zn ions into an 1D polymer by

carboxylates and�3-OH groups
[58]

{[Zn(gly)2] · H2O}n and [Zn(l-met)2]n Polymeric sheets with Zn ions bridged by carboxylate groups in asyn–anti
fashion;N,O-chelation of Zn by two amino acid ligands

[59,60]

[Zn(phe)2]n 1D zigzag chain of Zn ions connected through�2-carboxylate bridges;
N,O-chelation of Zn by the amino acid

[61]

[Zn(sphe)(H2O)2]n Chiral 1D coordination polymer with SHG properties formed bysyn–anti
bridging carboxylate groups;N,O-chelation by the amino acid

[62]

[Zn(pemc)(CH3CO2)]n 1D chain of{Zn(pemc)}+ units bridged by acetate ligands in asyn–anti fashion [63]
{[Na8Zn4(CH3CO2)16] · 2H2O}n 2D sheet-like polymer [64]

4. Coordination polymers constructed from
carboxylates, pyridine carboxylates and pyrazine
carboxylates

The propensity of monocarboxylates to link Zn2+ ions
into polymers by forming three-atom bridges is well estab-
lished and some selected examples are given inTable 1.
One notable exception is the polymeric Zn compound
{[Zn(dcmb)2(H2O)3] · 2H2O}n where monomers with
two monodentally binding dcmb ligands are polymerized
through�-OH2 bridges into a linear chain[52]. Rigid, poly-
topic ligands like benzenetricarboxylate, benzenetriben-
zoate, cyclohexanetricarboxylate and methanetetrabenzoate
form networks containing Zn carboxylate clusters and are
discussed inSection 5.

Several aliphatic and aromatic dicarboxylates have
been employed for the synthesis of Zn coordination
polymers. Two trans oxygens of squarate coordinate to
two Zn ions and generate the 1D coordination polymer
[Zn(C4O4)(H2O)4]n [65] and the 3D framework structure
{[Zn(C4O4)(H2O)2] · 1/3CH3COOH· 1/3H2O}n containing
cavities to accommodate CH3COOH and water molecules
[66]. The oxalate dianion has been shown to connect
{Zn(py)2} fragments into an infinite zigzag chain, while
with no other ligands being bound to Zn a 2D honeycomb
net results from self-assembly of six Zn and six oxalate lig-
ands into hexagons in{(mpyH)2[Zn2(ox)3]}n [67]. 1,2-Bdc
forms infinite zigzag chains with Zn(im)2 fragments in
[Zn(im)2(1,2-bdc)]n, while in [Zn(mim)(1,2-bdc)]n two Zn
ions and two carboxylate ligands constitute 14-membered
rings that are parts of infinite chains, since one carboxy-
late group of each 1,2-bdc acts as a 1,3-bridging ligand
[68]. The mixed ligand complexes [Zn(1,2-bdc)py2]n,
[Zn(1,2-bdc)(3-mpy)2]n, [Zn(1,2-bdc)(4-mpy)2]n and
[Zn(1,2-bdc)(4-mpy)]n all represent chain-type coordination
polymers, although the dicarboxylate ligand displays distinct
coordination patterns in the individual compounds (1,6- and
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1,3-bridging, monatomic bridges, monodentate, bidentate
and chelating coordination)[69]. Steed et al. have shown
that 1,4-bdc dianions linked tetrahedral Zn centers into infi-
nite chains. Hydrogen-bonding interactions involving aqua
ligands and carboxylate groups lead to a herringbone pack-
ing of polymeric [Zn(H2O)2(1,4-bdc)]n [70,71]. Interest-
ingly, the same topology is observed, when the aqua ligands
are replaced by chelating en ligands, although steric bulk
of the ethylene spacer reduces the number of H-bond con-
tacts. However, the loss of hydrogen-bonding interactions in
[Zn(en)(1,4-bdc)]n results in a reorientation of the 1,4-bdc
rings accompanied by a disruption of the�–�-stacking
observed in [Zn(H2O)2(1,4-bdc)]n and by a change from
the semi-chelating binding mode of the carboxylate groups
to monodentate binding. Thus, [Zn(H2O)2(1,4-bdc)]n and
[Zn(en)(1,4-bdc)]n are instructive examples to analyze
the influence of different supramolecular forces on the
overall structure. In{[Zn(2,2′-bpy)(1,4-bdc)]· 2,2′-bpy}n,
{Zn(2,2′-bpy)} fragments are assembled with bis-bidentate,
chelating 1,4-bdc units into infinite zigzag chains[72].
These are connected by C–H· · · O hydrogen bonds and
aromatic�–� stacking interactions into a 3D network. The
structure features nanosized channels capable of clathrat-
ing free 2,2′-bpy molecules. The guest molecules can be
removed from the channels upon heating and the evacu-
ated [Zn(2,2′-bpy)(1,4-bdc)]n framework is stable up to
340◦C. A 3D coordination polymer structure has been
reported for [Zn(bbdc)(H2O)]n [73]. The dicarboxylates
acetylenedicarboxylate and maleate bind to Zn in a biden-
tate bridging fashion and form the 3D diamondoid structure
of {(NHEt3)2[Zn(adc)2]}n [74] and the helical polymer
[Zn(male)(tu)2]n [75]. In {(NHEt3)2[Zn(adc)2]}n each
Zn is tetrahedrally coordinated by four monodentate car-
boxylate groups of four different ditopic adc ligands and
the structure can be described as a diamond network of
{Zn(CO2)4} units connected by acetylene spacers. Void
volume is filled by interpenetration of two independent nets
and by the triethylammonium counterions. Cocrystalliza-
tion of Zn2+, maleic acid and thiourea at room temperature
yields a binuclear macrocycle composed of two Zn2+ ions
and two bridging maleic dianions[75]. One water molecule
and one thiourea molecule complete the tetrahedral coordi-
nation sphere of Zn as shown inFig. 11. Upon heating this
discrete Zn compound is converted into a helical polymer
that is stabilized by extensive interhelix hydrogen bonding
and represents the thermodynamic product. Each maleic
anion links two metal centers thus building up a half turn
unit of the helix. Besides the two carboxylate oxygens, two
thiourea molecules coordinate to each zinc. These extend
from the helix in four directions and form hydrogen bonds
to neighboring helices so that right- and left-handed helices
are connected into a 3D hydrogen-bonded array. A 1D he-
lical motif has also been found for the Zn complex derived
from tu and malonate, [Zn(mal)(tu)2]n, as well as for the
analogous Cd compound [Cd(mal)(tu)2]n and most interest-
ingly, Cd and Zn can be freely substituted as evidenced by

Fig. 11. Conversion of macrocyclic [Zn(male)(tu)(H2O)] into an infinite
helix.

the X-ray structures of the mixed metal coordination poly-
mers [Cd0.5Zn0.5(mal)(tu)2]n, [Cd0.77Zn0.23(mal)(tu)2]n and
[Cd0.21Zn0.79(mal)(tu)2]n that are all structural analogues
of [Zn(mal)(tu)2]n [76].

In {[Zn2(�-tu)(tu)2(1,4-bdc)2] · 4H2O}n each Zn binds to
two carboxylate oxygen atoms of two 1,4-bdc ligands that
assemble the Zn ions into an infinite zigzag chain[77]. The
tetrahedral coordination sphere of the metal centers is com-
pleted by two thiourea sulfur atoms one of which forms a
monatomic bridge to a Zn atom of the next chain. This results
in a double stranded zigzag tape that is stabilized by�–�
stacking interactions and intramolecular H bonds between
amido and carboxylate groups. Intermolecular H bonds
cross-link adjacent tapes. Ribbon-like zigzag chains are also
present in the hydrogen-bonded polymer{[Zn(tsc)2(OH2)2]
1,4-bdc· 2H2O}n [77]. [Zn(tsc)2(OH2)2]2+ cations and di-
carboxylate anions are joined by H bonds between carboxy-
late oxygens and imido and thioamido nitrogens. Interchain
hydrogen-bonding interactions lead to a 2D sheet structure.
Further coordination polymers containing Zn(tu)2 fragments
and dicarboxylates have been studied by Burrows et al.
[78]. As found for the Zn and Cd complexes derived from
mal and male, [Zn(tu)2(fa)]n, {[Zn(tu)2(1,3-bdc)]· H2O}n,
[Zn(tu)2(citr)]n, [Zn(tu)2(1,2-bdc)]n and [Zn(tu)2(male)]·
H2O}n adopt helical chain structures. Although the main
structural features are rather similar, the compounds differ
in details of the interchain H bonding schemes depending
on distance and orientation of the carboxylate groups in the
ligands.

The pyridine and pyrazine carboxylate ligands displayed
in Scheme 6have been shown to act as connecting units
in Zn coordination networks with diamondoid, 2D grid,
herringbone, pillar-type and helical topologies. Pyridine-
2,3-dicarboxylate (2,3-pdc) chelates one Zn through the
pyridine nitrogen and oneortho carboxylate oxygen and
binds to the next Zn ion through one oxygen of the car-
boxylate group inmeta position. 2,3-pdc creates a diamon-
doid Zn network two copies of which interpenetrate each
other in {K2[Zn(2,3-pdc)2]}n [79]. In {[ZnCu(2,4-pdc)2
(H2O)3(dmf)] · dmf}n 2,4-pdc serves as a two-connecting
unit to generate an interesting microporous, heteronuclear
coordination polymer[80]. The compound is prepared from
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Scheme 6. Pyridine and pyrazine carboxylates in Zn coordination polymers.

the Cu complex (NHEt3)2[Cu(2,4-pdc)2(H2O)] in which
Cu is chelated by two 2,4-pdc ligands that bind through
pyridine nitrogen and oneortho carboxylate oxygen in a
square-planar geometry. Upon reaction with Zn(NO3)2 the
{Cu(2,4-pdc)2} building blocks are linked into an undulated
1D chain by Zn ions binding to the 4′-carboxylate groups.
Each Zn is coordinated by three water molecules and
two carboxylate groups one of which binds in a chelating
mode. Adjacent Cu–pdc–Zn–pdc chains are interconnected
through Zn–(�-OH2)–Cu bridges. The�-OH2 linkages
that lead to a 2D rhombic grid structure are supported
by hydrogen-bonding interactions involving the 4- and
2-carboxylate groups and aqua ligands. Neighboring grids
are stacked in parallel and linked through H bonds between
aqua ligands and carboxylate oxygens so that a 3D struc-
ture with rhombic 15× 5 Å cavities is formed. The cavities
contain Cu-bound and uncoordinated dmf guest molecules
that can be replaced by water molecules without loss of
crystallinity and decomposition of the network structure.

Heteronuclear, 3D frameworks have been obtained by
self-assembly of pzdc, Zn2+ and Ln3+ (Ln=Gd, Nd, Sm)
[81]. Fig. 12 gives a view of the coordination patterns ob-
served for the pzdc ligands. Ligands using the typeA bind-
ing mode generate 2D herringbone layers. The 2D frame-
work is extended by typeB linkages into a 3D structure of
parallel, stacked layers.{[Gd2Zn(pzdc)4(H2O)6] · 2H2O}n
and {[Sm2Zn(pzdc)4(H2O)6] · 2H2O}n exhibit green and
red photoluminescence.

Nicotinate has been applied by Lin et al. as a bifunctional,
bridging ligand for the construction of an infinite chiral

square grid[82]. The Zn centers in [Zn(nic)2]n are hexa-
coordinated by two chelating carboxylate groups and two
pyridyl nitrogens of four different ligands. The bent configu-
ration of nicotinate allows for a planar arrangement of the Zn
ions in the 2D network. Since the Zn coordination polyhedra
lack a center of symmetry and have all the same handed-
ness, [Zn(nic)2]n represents a chiral 2D network. [Zn(nic)2]n
is thermally stable up to 420◦C and shows second-order
non-linear (NLO) properties. Requirements for NLO effects
are the absence of a center of symmetry and the presence of
asymmetric ligands that can introduce electronic asymmetry
(push–pull effect). Further examples of Zn networks exhibit-
ing NLO effects are [Zn(ini)2]n [83], [Zn(pya)2]n [84] and
[Zn(bpeb)2]n [85] that all are of diamondoid type. Owing to
the lack of an inversion center at the tetrahedral connectivi-
ties diamondoid frameworks are often associated with acen-
tric space groups. Consequently, diamond-related coordina-
tion networks based on transparent (tetrahedral) d10 metal

Fig. 12. TypeA (coordination of three Ln) and typeB (coordination
of two Zn and one Ln) binding mode of pzdc in the 3D framework of
{[Ln2Zn(pzdc)4(H2O)6] · 2H2O}n (Ln=Gd, Sm, Nd).
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ions and asymmetric ligands are generally potential candi-
dates for practical second-order NLO applications. In addi-
tion to NLO properties, [Zn(bpeb)2]n also displays strong
blue fluorescence, which makes the compound a poten-
tial candidate for LED materials. [Zn(ini)2]n, [Zn(pya)2]n
and [Zn(bpeb)2]n possess robust, interpenetrated network
structures that are thermally stable up to 360–400◦C. In
[Zn(ini)2]n each Zn is coordinated by two pyridine nitro-
gens and two carboxylate oxygens, the 3D structure is 3-fold
interpenetrated, while 5-fold interpenetration occurs in the
case of [Zn(pya)2]n. As pointed out in[83], diamond-based
frameworks with an odd number-fold interpenetration are
necessarily acentric, while those with an even number-fold
interpenetration can be either centrosymmetric or acentric.
The latter is true for [Zn(bpeb)2]n, where the relatively
long linkers give rise to an 8-fold interpenetrated struc-
ture that crystallizes in the chiral space groupC2. By con-
trast,{[Zn2(�-OH)(pyb)3] · EtOH}n that adopts a 5-fold in-
terpenetrated, diamond-type structure is SHG-inactive de-
spite the odd number-fold interpenetration, since each in-
dividual net is centrosymmetric[84]. The diamondoid nets
in {[Zn2(�-OH)(pyb)3] · EtOH}n are composed of dinuclear
{Zn2(�-OH)(pyb)3} building units. Each dinuclear entity is
connected to four neighboring units through pyb bridges.
Two bridges are single bridges, while the remaining two are
double bridges with the two pyb molecules being related by
an inversion center.

Combination of lactate and ini as bridging ligands cre-
ates a chiral, SHG active 2D pillar-type structure of for-
mula [Zn(S-(−)-lac)(ini)]n [86]. Each lactate coordinates to
three Zn centers with the carboxylate group binding in a
�3-fashion and the hydroxo group binding monodentally.
This way infinite chains are generated that are intercon-
nected by ini ligands into a 2D array of pillars. Reaction
of Zn(NO3)2 · 6H2O, iodine and iniH under hydrothermal
conditions yields a coordination polymer of composition
[Zn(ini)I(iniH)] n containing infinite zigzag chains generated
by bridging ini units. These chains are connected by H bonds
involving the protonated pyridyl nitrogen of a monodentally
bound iniH unit so that infinite layers are formed[87]. The
trans isomer of pebH affords a chiral coordination poly-
mer of composition{[Zn(peb)2] · 0.5H2O}n that contains
two types of 6-fold helices that are cross-linked into a 3D
array[88].{[Zn(peb)2] · 0.5H2O}n has modest SHG proper-
ties. The pyta ligand has been reported to lead to a achiral,
2D framework containing Zn–OH–Zn and Zn–pyta–Zn he-
lices [89]. In [Zn(pyta)(OH)]n each Zn ion is surrounded
by two hydroxo groups, a pyridyl nitrogen and a carboxy-
late oxygen. Hydroxo bridges and pyta bridges between Zn
centers generate 21 helices that are alternately connected to
form 2D layers. In the overall structure layers of homochiral
helices are stacked in an interlocking manner.

A remarkable coordination polymer has been constructed
with pepeb. {[Zn2.5(pepeb)(�3-OH)] · 5H2O}n features
1D chain, 2D rhombohedral grid as well as double he-
lix motifs [90]. The grids of the 2D component are built

up by octahedral Zn centers and two-connecting pebeb
ligands that bind to the Zn centers through the pyridyl
nitrogen and the chelating carboxylate group. Two (4,4)
grids interpenetrate each other. With the ligand having a
bent configuration double-strand helices along one crys-
tallographic axis result from the interpenetration. The
1D chain component consists of{Zn4(pepeb)6(�3-OH)2}
building units that are linked together by pepeb ligands
through �2,�2-bridging carboxylate groups and through
bis-monodentate N(pyridyl)–O(carboxylate) linkages. The
pyridyl nitrogen of one of the pepeb ligands of the
{Zn4(pepeb)6(�3-OH)2} units is noncoordinating and this
dangling ligand fills the void volume of the interpenetrated
2D grid component.

5. Coordination polymers constructed from secondary
building blocks (SBUs)

Aromatic and other rigid di- and tricarboxylates
(Scheme 7) have been recognized as powerful ligands for
the construction of robust frameworks that show permanent
porosity and adsorptive behavior[91]. Aromatic polycar-
boxylates impart a high degree of rigidity to the structure
so that in many cases guest molecules can be removed or
exchanged without destruction of the porous framework
or even without loss of crystallinity. In such compounds
the carboxylate groups act as bridging bidentate ligands
and form clusters that are referred to as secondary building
units (SBU). Depending on the geometry of the cluster and
the polycarboxylate ligand SBUs can represent, e.g. square,
tetrahedral, octahedral, trigonal prismatic or pentagonal an-
tiprismatic nodes for the formation of extended structures
(Fig. 13). Since the pioneering work of Yaghi[92] vari-
ous open-framework structures containing Zn carboxylate
clusters have been reported many of which have interesting
structural features and properties.

By using 1,4-bdc open-framework structures based on
di-, tri- and tetranuclear secondary building blocks have
been generated.{[Zn(1,4-bdc)(H2O)] · dmf}n is built up by
dinuclear paddle-wheel SBUs that represent square building
block as outlined inFig. 13a. These cluster units are con-
nected into a 2D microporous square-grid structure[93].
Adjacent layers are stacked in parallel and linked through
hydrogen-bonding interactions involving water ligands and
carboxylate oxygens. This way, channels are generated that
have diameters of∼5 Å and host the dmf molecules. Re-
moval of the guest molecules changes the XRPD pattern of
the compound, however, microporosity is maintained. Per-
manent porosity of{[Zn(1,4-bdc)(H2O)] · dmf}n was mani-
fested by the observation of rapid and reversible sorption of
N2 and CO2 by the evacuated [Zn(1,4-bdc)]n framework.
{[Zn4O(1,4-bdc)3] · 8dmf· C6H5Cl}n is constructed from
rigid tetranuclear SBUs that assemble into a highly stable,
porous 3D structure (Fig. 13b) [94]. The most remark-
able feature of{[Zn4O(1,4-bdc)3] · 8dmf· C6H5Cl}n is the
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Scheme 7. Rigid polycarboxylates for the formation of SBUs.
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Fig. 13. Representative geometries of secondary building blocks for the synthesis of porous Zn frameworks.
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unique degree of porosity: ca. 60% of the volume is avail-
able and accessible to guest molecules like C6H5Cl that
remain highly mobile after inclusion. When Zn(NO3)2 and
1,4-bdc are combined in absolute methanol, the resultant
network is based on trinuclear, centrosymmetric building
blocks of composition{Zn3(1,4-bdc)6(CH3OH)4}6− with
a linear arrangement of the metal ions[95]. The central Zn
ion is linked to each of the remaining Zn by one single-atom
and two three-atom carboxylate bridges. All Zn centers
of {[Zn3(1,4-bdc)3(CH3OH)4] · 2CH3OH}n have octahe-
dral coordination spheres. The central Zn is surrounded
by six carboxylate oxygens, the other two Zn ions bind to
three carboxylate oxygens while the remaining coordina-
tion sites are occupied by methanol molecules. As in the
case of the previous 1,4-bdc based structures these build-
ing blocks generate a robust 3D porous network with pore
sizes of about 7 Å. After removal of methanol molecules
of crystallization and Zn-bound methanol upon heating,
the framework is thermally stable up to 335◦C. Removal
of the guest molecules is reversible. Due to the presence
of coordinatively unsaturated metal centers the evacuated
solid selectively includes low-molecular weight alcohols,
ammonia and small primary and secondary amines.

While 1,4-abdc leads to the same square-grid framework
as found in{[Zn(1,4-bdc)(H2O)] · dmf}n, tbdc gives a dou-
ble layer structure built up by tetrahedral{Zn2(tbdc)6}8−
building blocks[96]. The sterically demanding methyl sub-
stituents prevent generation of square nodes. The methyl
groups inortho position evoke rotation of the carboxylate
groups out of the ring plane. The dihedral angleθ between
the ring and the carboxylate group is 84◦ and is incompat-
ible with the paddle-wheel SBU observed in{[Zn(1,4-bdc)
(H2O)] · dmf}n and{[Zn(1,4-abdc)(dmf)]· 0.25(C6H5Cl)}n
(θ=5.5 and 25◦ for 1,4-dbc and 1,4-abdc, respectively).

In the case of 1,4-ndc hexameric entities containing four
tetrahedral Zn, four octahedral Zn, two�3-OH groups, two
bound dmf molecules and ten dicarboxylate ligands are ob-
tained[97]. These SBUs have a pentagonal antiprismatic ge-
ometry and form a six-connected, channeled network hosting
dmf molecules.{(NHEt3)2[Zn2(2,6-ndc)3] · def· C6H5Cl}n
that has been derived from the isomeric 2,6-ndc is based on
octahedral SBUs[74]. Two carboxylates bridge a pair of Zn
centers, while an additional two monodentate carboxylates
are coordinated to each Zn thus giving the SBU an octahe-
dral shape. Linkage of the SBUs by the linear spacer pro-
vided by 2,6-ndc results in a cubiclike framework.

Two open-framework structures have been prepared using
the angular linker 1,3-bdc, namely{[Zn(1,3-bdc)6(OH)4
(H2O)2] · 6dmf· 4H2O}n [97] and [Zn(1,3-bdc)2(py)2]n
[98]. In {[Zn(1,3-bdc)6(OH)4(H2O)2] · 6dmf· 4H2O}n
cuboctahedral SBUs are bridged to six others so that a 3D
porous network results. Again, the pores are filled with
solvent molecules. [Zn(1,3-bdc)2(py)2]n is composed of
{Zn2(1,3-bdc)4}4− paddle-wheels. Each Zn center bears an
axially bound pyridine ligand. Four paddle-wheels that pro-
vide 120◦-vertices assemble to nanosized bowl-shaped units

having a solvent-accessible volume of 0.518 nm3 and be-
ing occupied by disordered benzene or pyridine molecules.
In the extended 2D structure these are connected to give
an infinite, undulating sheet structure. The packing of the
layers in the crystal lattice gives rise to hour-glass-shaped,
solvent-filled channels. The hour-glass shape of the chan-
nels restricts the mobility of the guest molecules that reside
at the widest areas of the channels.

The tricarboxylate btc and Zn(NO3)2 yield a rigid and
highly stable porous 3D framework that reversibly includes
alcohols[99]. The basic structural motif of{[Zn2(btc)(NO3)
(EtOH)3] · H2O · 2EtOH}n is composed of two Zn centers
that are bridged by three carboxylate groups of three dif-
ferent btc ligands. One chelating nitrate and three ethanol
molecules give rise to five- and hexacoordinated metal
ions. The porous structure of the network results from large
fused rings composed of five dinuclear Zn2 building blocks.
The nitrate anions and the bound ethanol molecules point
towards the centers of the rings. The 3D overall structure
features channels with a diameter of about 14 Å that host
water and (uncoordinated) ethanol molecules. Most of the
bound and unbound ethanol can be removed without loss of
the structural integrity of the framework.13C CPMAS-NMR
studies indicated that the guest molecules were highly mo-
bile within the channels. Furthermore, the Zn(btc) network
was shown to be selective to small alcohols. The only
non-alcoholic molecule that is included into the channels
is dmf. Exposure of crystalline{[Zn2(btc)(NO3)(EtOH)3] ·
H2O · 2EtOH}n to dmf gave a material of composition
Zn2(btc)(NO3)(H2O)0.5(EtOH)0.5(dmf)2.5 whose XRPD
pattern indicated the integrity of the porous framework
structure. In contrast to the 3D structure of{[Zn2(btc)(NO3)
(EtOH)3] · H2O · 2EtOH}n a 1D chain structure of for-
mula [Zn3(btc)2(H2O)12]n was obtained when btc was re-
acted with Zn(CH3CO2)2 under different conditions[100].
Whereas in {[Zn2(btc)(NO3)(EtOH)3] · H2O · 2EtOH}n
each btc ligand binds six Zn ions, one of the carboxy-
late groups in [Zn3(btc)2(H2O)12]n coordinates to two Zn
centers in a bidentate fashion, while the remaining two
carboxylate groups bind two Zn ions in a monodentate
mode. This gives infinite zigzag chains that are intercon-
nected through hydrogen bonds involving the aqua ligands.
Overall, [Zn3(btc)2(H2O)12]n has a hydrogen-bonding in-
teraction assembled 3D structure with 1D channels with
diameters of 4× 5 Å. Dehydration of [Zn3(btc)2(H2O)12]n
afforded a material that was shown to adsorb reversibly and
selectively water and ammonia which indicated porosity.
When Zn2+ is reacted with btc in the presence of 2,2′-bpy,
a 1D polymer of composition [Zn(btcH)(2,2′-bpy)(H2O)]n
is formed[101]. Monodentate binding via two carboxylate
groups of btcH dianions gives rise to infinite zigzag chains.
Steric effects of the chelating 2,2′-bpy ligands probably
counteract the formation of cluster-based, higher dimen-
sional coordination polymers in this case.

Ctc is structurally similar to btc. However, the extended
structure of its Zn complex of composition [Zn3(ctc)2



A. Erxleben / Coordination Chemistry Reviews 246 (2003) 203–228 219

(py)2(dmf)2]n is two-dimensional and is based on trinuclear
building blocks[102]. Three collinear Zn ions are bridged
by six carboxylate groups four of which form three-atom
bridges. The other two carboxylate groups form single-atom
bridges. Two of the three Zn ions have additional pyridine
and dmf ligands. The building blocks are linked through
the remaining carboxylate functionalities into a 2D layer
three Zn centers thick. Again, the layers are packed to give
channels. The channels have a diameter of about 6 Å and
are filled with (weakly) bound dmf molecules. The dmf
molecules and a certain percentage of coordinated pyridine
molecules can be reversibly removed, complete loss of pyri-
dine, however, results in decomposition of the framework.

Btb represents an expanded analogue of btc.{[Zn2O-
(btbH)2(H2O)] · 0.5dmf· 3H2O}n contains Zn3O clusters
and is based on trinuclear SBUs whose carboxylate car-
bon atoms are situated at the vertexes of a trigonal prism
[74]. Similar trigonal prismatic SBUs are obtained by
self-assembly of Zn2+ with btc in the presence of tri-
ethylammonium ions. While a non-interpenetrated struc-
ture was found for{(NHEt3)2[Zn3O(btc)2]}n [74], the
benzene spacers of btb afford 2-fold-interpenetration in
{[Zn2O(btbH)2(H2O)] · 0.5dmf· 3H2O}n.

The ligands atc, atb and mtb each of which provides
four carboxylate groups yield the tetrahedral frameworks
{[Zn2(atc)(EtOH)]· 2H2O · EtOH}n and{[Zn2(atb)(H2O)] ·
3H2O · 3dmf}n as well as the PtS-related network{[Zn2(mtb)
(H2O)2] · dmf · 5H2O}n [74]. For{[Zn2(atb)(H2O)] · 3H2O ·
3dmf}n a 2-fold interpenetrated diamond network is ob-
served.

Recently, Yaghi and coworkers developed a strategy to
avoid catenation in structures derived from dicarboxylates
having long linkers[103]. They showed that infinite SBUs
could be obtained with bpdc and 2,6-ndc in the presence
of H2O2 and that these infinite SBUs gave frameworks
where catenation was forbidden. The asymmetric units
of {[Zn3(OH)2(bpdc)2] · 4def· 2H2O}n and {[Zn3(OH)2
(2,6-ndc)2] · 4def· 2H2O}n contain two tetrahedral and one
octahedral Zn that are bridged in a dimonodentate fashion
by four carboxylate groups from four different ligands. In
the crystal structures infinite Zn–O–C columns are stacked
in parallel and are connected by the biphenyl and naphthyl
spacers so that 1D rhombic channels are generated. The
volume of the pores that host def and water molecules cor-
respond to 66% ({[Zn3(OH)2(bpdc)2] · 4def· 2H2O}n) and
67% ({[Zn3(OH)2(2,6-ndc)2] · 4def· 2H2O}n) of the struc-
ture. Close CH· · · � interactions between adjacent aromatic
rings result in impenetrable walls of bpdc and 2,6-ndc units
and consequently catenation becomes impossible. This will
also be the case when longer linkers are employed. Hence,
this strategy will allow access to frameworks with larger
void volumes.

In another recent, elegant work, Yaghi et al. uti-
lized 1,4-benzenedicarboxylates with bromo-, amino-,
n-propoxy-,n-pentoxy and cyclobutyl substituents as well
as dicarboxylates with fused benzene functional groups like

tpdc, bpdc, hpdc and pdc to design open-framework struc-
tures with decorated pores and void volumes of up to 91%
[104]. All cubic networks derived from the aforementioned
functionalized dicarboxylates are based on the octahedral
SBU built up by the oxide-centered Zn4O tetrahedron with
six edge-bridging carboxylates (Fig. 13b). Pebdc gives the
smallest pore size (55.8% void volume) while 91.1% of
void volume is achieved in the case of tpdc leading to an
extremely low density of 0.21 g cm−3. The most remark-
able feature of the framework constructed from 1,4-cbdc
in this series of compounds is its enormous capacity for
methane storage: At ambient temperature and 36 atm 240
cm3 methane are sorpted per gram.

Recently, Yaghi et al. have extended their strategy
using SBUs to tertiary building blocks (TBUs) by in-
troducing the branched connector tta. Tta provides six
terminal carboxylate groups to build up a novel 3D
porous Zn organic dendrimer framework of composition
{[Zn4O(tta)(dma)2] · 3dma· 21H2O}n [105]. Each carboxy-
late group bridges two Zn2+ ions. The zinc ions in turn are
assembled into Zn4O clusters. Each cluster is surrounded by
six carboxylates in an octahedral arrangement. The carboxy-
late carbon atoms of tta form a slightly distorted trigonal
prism. The overall structure built up by trigonal prismatic
and octahedral building blocks features a 3D chiral channel
system with the channels having diameters between 9.7 and
15.9 Å. The compound exhibits permanent porosity. After
removal of dma and water molecules from the channels N2,
Ar, CH2Cl2, CCl4, C6H6 and C6H12 can be sorpted.

6. Coordination polymers constructed from
conformationally flexible ligands

While the rigid ligands with fixed bridging angles dis-
cussed in the previous sections are suitable candidates for a
more rational design of network structures, bidentate ligands
with conformationally flexible spacers that preclude predic-
tion and control of the resultant structures are well suited
to accommodate a wide variety of architectures and offer a
high degree of adaptability to, e.g. the inclusion of coun-
terions or other guest molecules. Conformationally flexible
ligands that have been used to synthesize Zn coordination
polymers are presented inScheme 8.

A common feature of Zn compounds derived from flexible
dipyridyl or diimidazolyl ligands with aliphatic spacers is the
presence of large macrocyclic subunits.{[Zn2(bbi)2(H2O)2
(SO4)2] · 12H2O}n [106], {[Zn2(bbi)2(H2O)4](NO3)4 ·
4H2O}n [106], {[Zn3(OH)3(bpp)3](NO3)3 · 8.67H2O}n
[107], {[Zn2(OH)(bpb)3](ClO4)3 · H2O · EtOH}n [107],
{[Zn2(OH)(bph)4](ClO4)3 · 0.5H2O}n [107] and {[Zn
(bpce)2(H2O)2](ClO4)2 · 2H2O · CH3CN}n [108] contain
66-, 28-, 41-, 32- and 26-membered rings. The hexagonal
66-membered macrocycles in{[Zn2(bbi)2(H2O)2(SO4)2] ·
12H2O}n and {[Zn2(bbi)2(H2O)4](NO3)4 · 4H2O}n con-
taining six Zn centers and six bridging bbi ligands are fused
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Scheme 8. Conformationally flexible ligands used to synthesize Zn coor-
dination polymers.

together to give infinite 2D (6,3) networks of edge-sharing
hexagons. The metal ions at the corners of the hexagons are
arranged in chair form and are five-coordinate with one wa-
ter molecule and one sulfate anion or two water molecules
occupying the apical positions and three imidazolyl nitro-
gens occupying the equatorial positions of a trigonal bipyra-
mid. Stacking of parallel (6,3) nets in{[Zn2(bbi)2(H2O)4]
(NO3)4 · 4H2O}n results in large channels filled with ni-
trate ions. By contrast, each hexagon of{[Zn2(bbi)2(H2O)2
(SO4)2] · 12H2O}n has parts of two other sheets passing

through it so that an interlocked 3D structure is generated
which possesses no effective void volume.{[Zn3(OH)3
(bpp)3](NO3)3 · 8.67H2O}n, {[Zn2(OH)(bpb)3](ClO4)3 ·
H2O · EtOH}n and {[Zn2(OH)(bph)4](ClO4)3 · 0.5H2O}n
contain hydroxo-bridged di- or trinuclear Zn subunits
that are connected through the dipyridyl ligands with
aliphatic spacers of different lengths into macrocycles
that in turn are assembled into 2D and 1D polymers. Out
of the three dipyridyl ligands, bpp is the shortest link-
ing unit that bridges Zn ions into a 2D interwoven net-
work: {[Zn3(OH)3(bpp)3](NO3)3 · 8.67H2O}n is composed
of 28-membered, threaded rings built up by two ligands
and two Zn–�-OH–Zn units that are part of Zn3(�-OH)3
clusters having chair conformation. Bpb which has a
butylene spacer leads to a 2D coordination polymer of
triangular-like, fused 41-membered macrocycles formed
by three dipyridyl ligands, three Zn ions and a bridging
hydroxo group. In {[Zn2(OH)(bph)4](ClO4)3 · 0.5H2O}n
neighboring, 32-membered macrocyclic rings of four Zn
ions, two bph ligands and two bridging hydroxo groups
share Zn–�-OH–Zn edges so that an infinite chain of
fused macrocycles is generated. Each Zn center is co-
ordinated by three bph ligands one of which acts as
a monodentate ligand (Fig. 14). Coordination of Zn
ions to the pyridyl nitrogens of bpce gives an infinite
chain of square-shaped 26-membered{Zn2(bpce)2} met-
allacycles. Stacking results in a channel structure for
{[Zn(bpce)2(H2O)2](ClO4)2 · 2H2O · CH3CN}n [108].

Fig. 14. Infinite chain of fused macrocycles in{[Zn2(OH)(bph)4](ClO4)3 ·
0.5H2O}n.
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Fig. 15. Schematic representation of the 2D structure of{[Zn(bib)2
(NO3)2] · 4.5H2O}n (a) and the polyrotaxane structure generated by in-
terpenetration (b).

In bib two imidazole residues are separated by an aro-
matic spacer. This ligand is known to form catenane and
rotaxane structures with transition metal ions[109] and
a 2D polyrotaxane structure has been reported for the Zn
complex {[Zn(bib)2(NO3)2] · 4.5H2O}n [110]. The cyclic
units of the polyrotaxane are built up by two Zn centers
and two bridging bib ligands. As outlined inFig. 15a these
{Zn2(bib)2} macrocycles are connected by bib bridges
into an infinite 2D array. Each Zn is surrounded by four
imidazole nitrogens in a distorted tetrahedral geometry.
Interpenetration of two independent nets results in the poly-
rotaxane structure shown inFig. 15b. When the imidazole
residues of the ligand are separated by two phenyl groups
instead of one, a double-stranded Zn helix can be obtained.
In {[Zn(bimp)(CH3CO2)2] · 6H2O}n bridging bimp ligands
generate infinite 21 helical chains, while the acetate ligands
bind in a monodentate fashion to the metal centers[111].
Two independent strands are interwoven with each other
and the resulting double helix is held together by H bonds
and weak face-to-face�–� interactions.

In contrast to the chelating binding mode observed in
other transition metal complexes, bddo acts as a bidentate,
bridging ligand towards Zn and connects the Zn ions of
[Zn(bddo)(NCS)2]n into an infinite chain[112].

The two carboxylate groups of zwitterionic dbcop link Zn
ions into a 2-fold interpenetrated polymer of composition

{[Zn(dbcop)2](ClO4)2}n [113]. With the structurally related
ligand dbcoac 1D and 2D coordination polymers have been
obtained, namely{[Zn(dbcoac)Br2] · H2O}n (infinite zigzag
chains) and{[Zn(dbcoac)(H2O)2](ClO4)2 · 4H2O}n (wavy
layer network)[114].

In [Zn3Cl2(iva)4]n Zn ions are linked by the�-amino acid
isovaline into a 2D grid structure[115]. The compound con-
tains two types of Zn ions. One type is chelated by two iva
ligands, thus having N2O2Cl environments. The carboxy-
late groups of these{ZnCl(iva)2} moieties form monatomic
bridges to the second type of Zn ions having a distorted
tetrahedral O4 environment so that the{ZnCl(iva)2} units
are connected into 2D layers.

7. Coordination polymers constructed from phosphate
and phosphonate ligands

A wide variety of interesting chain, layer, open-framework
and channel structures have been derived from phosphate
and phosphonates. Transition metal phosphonates are of in-
terest due to their potential applicability in ion exchange and
sorption. However, solely inorganic Zn compounds and inor-
ganic networks templated by an uncoordinated or monoden-
tally bound organic cation shall not be discussed in detail
here. Phosphate and phosphonate based coordination poly-
mers have been reviewed by Cao and Mallouk[116] and by
Clearfield[117] and some recent examples are listed under
[118].

In [Zn2(en)(HPO3)2]n and [Zn2(4,4′-bpy)(PO3F)2]n
ethylenediamine and 4,4′-bpy serve as bidentate link-
ing units between inorganic Zn–O3P layers[119,120]. In
[Zn2(en)(HPO3)2]n alternating ZnO3N and HPO2−

3 tetra-
hedra form neutral sheets with 4.82 topology. Neighboring
sheets are connected through Zn–NH2–(CH2)2–NH2–Zn
linkages. In the crystal lattice two independent networks
interpenetrate each other with the Zn–en–Zn chains of
one network threading the eight-membered circuits of the
other. Like en, 4,4′-bpy connects adjacent layers built up
by ZnO3N and PO3F2− tetrahedra, thus serving as a pillar-
ing group. The larger 4,4′-bpy ligand, however, generates
a non-interpenetrated channel structure in [Zn2(4,4′-bpy)
(PO3F)2]n. [Zn2(en)(HPO3)2]n and [Zn2(4,4′-bpy)(PO3F)2]n
can be structurally compared with pillared Zn compounds
derived from biphosphonates like [Zn2(pbp)(H2O)2]n [121],
[Zn2(bpbp)(H2O)2]n [122], [Zn2(ebp)(H2O)2]n [123] and
[Zn2(pbp)]n [123] where neighboring inorganic Zn–O3PC
layers are cross-linked by the diaryl or alkyl groups of the
phosphonates. In general, this type of pillared Zn phospho-
nates are close packed and do not feature microporosity. In
{Zn(bpbpH2)}n [121] the biphenyl spacer creates a double-
chain structure. Besides biphosphonates, functionalized
phosphonic acids can serve as pillaring groups as evidenced
for example by the channel-type structure of [Zn(O3PC2
H4NH2)]n where inorganic layers are cross-linked by the
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phosphonate oxygens of (2-aminoethyl)phosphonic acid on
one side and by the amino nitrogen on the other side[124].
Two closely related layer structures have been derived from
(2-carboxyethyl) phosphonic acid. In{Zn(O3P–(CH2)2–
COOH)· 1.5H2O}n layers are built up from ZnO4 and RPO3
tetrahedra and are connected through –CH2–CH2–COOH
groups that bind via the carbonyl oxygen, while in [Zn3(O3
P–(CH2)2–COO)2]n the deprotonated carboxylate groups
coordinate in a bidentate fashion to one tetrahedral and one
octahedral Zn ion of the next upper or lower layer[125].
The carboxylate-bound, octahedral Zn can be replaced
by Mn to give the isostructural, bimetallic phosphonate
[MnZn2(O3PC2H4CO2)2]n [126]. Dept that has a pyrazolyl
group separated from the phophinate group by an ethylene
spacer bridges tetrahedral Zn ions of [Zn(dept)Cl2]n into
polymeric chains[127].

8. Macrocyclic Zn complexes connected through
coordinative bonds into polymers

Phthalocyanine and porphyrin ligands provide four pyr-
role nitrogen donors for a square planar coordination to Zn
thus leaving the axial positions of the square-pyramidal or
octahedral metal ion for the formation of an extended 1D
structure. The Zn complexes of the phthalocyanine and por-
phyrin ligands L1 and L2 (Scheme 9) bearing peripheral
pyridyl substituents have been shown to self-assemble into
edge-to-face aggregates via metal–pyridine nitrogen coor-
dination [128,129]. The peripheral pyridine of L1 and L2

coordinates to the axial position of the square-pyramidal
Zn center of the adjacent macrocycle so that the solid-state
structures of [ZnL1]n and [ZnL2]n contain infinite zigzag
chains as schematically depicted inFig. 16. The aggregation

Fig. 16. Schematic representation of the infinite edge-to-face aggregates
in [ZnL1]n and [ZnL2]n.

Fig. 17. Bridging of{Zn2L5} macrocycles by formiate (a) and 4,4′-bpy
(b) into 1D polymers of different topology.

is maintained in solution. Although no X-ray structure is
available for the Zn complex of L3, solution studies indicate
that [ZnL3] forms dimers or low oligomeric species through
axial ligation between Zn and pyridyl nitrogen[130]. In
[ZnL4]n an infinite zigzag chain is propagated by axial co-
ordination of nitro groups to Zn ions[131].

The 1D coordination polymer{[Zn2L5(HCOO)]ClO4}n
is built up of dinuclear macrocyclic components that are
bridged through axially bound formiate anions into an in-
finite chain (Fig. 17a) [132]. Due to theanti,anti binding
mode of the carboxylate groups adjacent macrocyclic plat-
forms are arranged at a dihedral angle of about 55◦. By con-
trast, the same macrocycles assemble with the linear linker
4,4′-bpy into a molecular ladder (Fig. 17b) [133]. The struc-
ture is stabilized by�–�-interactions between pyridine rings
forming the “side-rails” of the ladder. The hydrophobic lad-
der cavity has dimensions of 3.2× 11.8 Å.

9. Conversion of Zn networks

An interesting topochemical conversion of a hydrogen-
bonding-assembled network into a covalent polymer has
been described by Ranford and Vittal[134]. The solid-state
structure of [Zn(sala)(H2O)]n is a 3D net of dinuclear sub-
units joined by hydrogen-bonding interactions. In the dinu-
clear entities the metal centers are bridged by the phenolate
oxygens of two tridentate sala ligands. Aqua ligands of the
Zn ions, amino groups and carboxylate groups of sala are
engaged in strong intermolecular hydrogen-bonding inter-
actions: Six dimers are connected into hexagonal rings by
H bonds. Adjacent rings are likewise joined by hydrogen-
bonding interactions so that overall a 3D open-framework
structure with chiral channels results. Upon heating, the
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Scheme 9. Macrocyclic ligands in Zn coordination polymers.

Zn-bound water molecules are released and the hydrogen-
bonding-assembled structure is converted irreversibly into
a 3D coordination polymer with the basic network ar-
chitecture being maintained. In the dehydrated polymer
Zn–OH2· · · OOC hydrogen bonds are replaced by direct
Zn–OOC coordinative bonds, while the hydrogen-bonding
interactions between amino and carboxylate groups persist
and contribute to the overall stability of the network.

Another interesting conversion reaction has been reported
for a Zn coordination polymer derived from dpk and acetate,
where treatment with donor solvents leads to depolymer-
ization and remarkably to the isolation of a high nuclearity
Zn cluster[135]. In [Zn6(dpk)2(CH3CO2)8]n dpk binds four

Scheme 10. Coordination mode of dpk in [Zn6(dpk)2(CH3CO2)8]n.

Zn centers in its dianionicgem-diol form (Scheme 10). In
combination with the presence of bridging acetate ligands
this generates hexameric subunits that are interconnected
through acetate groups into a 3D polymer. This polymer can
be cleaved by methanol/water or dmf into the constituent
hexanuclear clusters without significant changes in the topo-
logical arrangement within the Zn6 units.

10. Miscellaneous

Ligands discussed in this section are depicted in
Scheme 11. Htma is a potential tetradentate ligand and was
shown to act as four-connecting building block in some
interesting silver coordination networks, although the more
common coordination behavior towards silver is that of a
tridentate ligand[136]. Silver coordination polymers with
htma are reviewed by Chen and Tong in this issue. As for
zinc, neither the�4- nor the�3-bridging mode has been ob-
served. Instead, bidentate coordination links tetrahedral Zn
ions into infinite chains in [Zn(htma)Cl2]n and [Zn(htma)
Br2]n [137], while monodentate coordination is found for
the discrete molecules present in [Zn(htma)2I2] [138]. In a
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Scheme 11. Ligands discussed inSection 10.
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similar way, L6 provides four potential coordination sites,
namely the pyridyl and the imino nitrogen atoms. However,
only the pyridyl nitrogens are utilized to generate the 2D
Zn coordination polymer{[Zn(L6)2(CH3CN)2](ClO4)2}n
where each metal center is bound to four nitrogen donors
of four distinct ligands[139].

A few coordination polymers contain polydentate ligands
with tetrazole or triazole groups. Dhbtb was shown to uti-
lize its two nitrogen donor atoms next to C–H to assemble
Zn ions into the 2D rhombic grid structure of{[Zn(dhbtb)2
(H2O)2] · 2H2O}n [140], while mtmta acts as a chelating
ligand [141]. The nitrile groups of [Zn(mtmta)2(CH3OH)]
monomers bind to neighboring Zn centers so that an undulate
chain of octahedral�- and	-complexes is created. Amtz
coordinates two Zn ions via the two nitrogens next to the car-
bon. In the 2D polymer [Zn(amtz)(OH)]n infinite Zn–amtz
–Zn chains are cross-linked by hydroxo bridges[142]. Re-
action of Zn2+ with htzb affords a mononuclear complex
with two htzb ligands coordinating to Zn in a chelating
mode. However, when kept in solution, the sparingly sol-
uble [Zn(htzb)2] · 6H2O complex is slowly converted into
polymeric {[Zn(htzb)2] · 1.5H2O}n [143]. {[Zn(htzb)2] ·
1.5H2O}n has a 3D structure generated by the htzb ligands
bridging three Zn centers through the exodentate nitrogens.

1D coordination compounds are formed with the sulfon-
amide ligands hyt and psts, [Zn(NH3)2(hyt)]n [144] and
{[Zn2(NH3)4(psts)2] · 2H2O}n [145] (linkage of tetrahe-
dral Zn(NH3)2 fragments by hyt and psts coordinating to
Zn ions through both deprotonated sulfonamide nitrogens
(hyt) or through one sulfonamide nitrogen and one thiadia-
zole nitrogen (psts)), with dbco, [Zn(NCS)2(dbco)(dmso)]n
[146], with iac, {[ZnCl(iac)(iacH)]· H2O}n [147] (link-
age of tetrahedral ZnCl(iacH) fragments by iac serving as
bridging ligand by binding through one imidazole nitro-
gen and one carboxylate oxygen), with the aldolate ligand
py–C(O)C(NEttBu)C=NtBu, [ZnEt2{py–C(O)C(NEttBu)
C=NtBu}]n [148]as well as with mbpH,{[Zn(mbppH)Cl2] ·
0.5thf· 0.5hexane}n (infinite zigzag chains with mbppH co-
ordinating two Zn ions through two nitrogen atoms)[149].

In {[Zn2(bdaip)(�2-OH)(OH)]NO3 · 2H2O}n [150] and
{[Zn3(�3-OH)(�2-OH)(4,4′-bpy)0.5(4,4′-oba)2] · 0.5H2O}n
[151] 61- and 21-helical chains are generated by�2-OH
groups. In{[Zn2(bdaip)(�2-OH)(OH)]NO3 · 2H2O}n din-
uclear {Zn2(bdaip)(�2-OH)(OH)} entities are connected
through single hydroxo bridges to form a considerably
stretched helix with 12 Zn ions spanning one helical turn.
Partial homochiral packing ofM- and P-helices is ob-
served. In{[Zn3(�3-OH)(�2-OH)(4,4′-bpy)0.5(4,4′-oba)2] ·
0.5H2O}n a �2-OH group links Zn3(�3-OH) units into a
helical chain. 4,4′-Bpy and 4,4′-oba interconnect the helical
chains into a 3D coordination network. The trizinc clusters
can be excited to give an emission band at 415 nm, while
the organic ligands contribute to an emission band cen-
tered at 465 nm so that{[Zn3(�3-OH)(�2-OH)(4,4′-bpy)0.5
(4,4′-oba)2] · 0.5H2O}n exhibits intense blue photolumines-
cence in the solid state. Examples of coordination polymers

with {ZnLx} repeating units (L=organic ligand) being
linked through other inorganic bridges than hydroxo groups
(halogenide, sulfate) are referenced in[152].

The cage-like complex [Co(bcsarH4)]Cl5 has been used
by Donelly et al. as a chiral, supramolecular building
block [153]. N,O-chelation of Zn2+ ions by the pendent
amino-carboxylate arms gives rise to infinite, homochiral
strands. In the crystal packing of{[ZnCl{Co(bcsar)}]Cl2 ·
3.5H2O}n polymeric strands of opposite chirality are held
together by H bonds so that overall an achiral solid results.

Shionoya et al. used Zn ions to assemble the adenine
derivative L7 into a single-stranded coordination polymer
that associates with the natural oligonucleotide (dT)70 [154].

Recently, Mochida et al. have synthesized the ferrocene-
based ligand dptf to generate a 1D structure of alternat-
ing {Zn(facac)2} and ferrocene-based dptf units[155].
The N-donor atoms of dptf occupy thetrans positions of
Zn(facac)2 so that a straight chain is formed that shows
redox activity due to the incorporated ferrocene moities.
By contrast, the bis-1-pyridyl ferrocene bpfer assembles
tetrahedral Zn centers into discrete macrocycles of compo-
sition [Zn2(bpfer)Cl4] [156]. The ferrocene ligand adopts an
eclipsed conformation and the tetrahedral coordination ge-
ometry of the Zn ions gives the macrocycle a butterfly-type
shape. [NaZn3(ferdc)2(OH)3(H2O)]n has been prepared
from 1,1′-ferrocenedicarboxylic acid and has been found to
contain layers of composition NaZnO that are sandwiched
between layers of ferrocene moities which coordinate to
the axial positions of Zn through the carboxylate groups
[157]. In {[Zn(fca)2(bpe)]n · 2H2O}n enolized ferrocenoy-
lacetone ligands chelate the Zn centers while bpe serves as
a bridging ligand to generate a 1D polymer[158].

11. Concluding remarks

As manifested by the structures reviewed in this arti-
cle, the versatile coordination properties of the Zn2+ ion
allow for a large variety of architectures resulting from
the self-assembly of Zn2+ with organic ligands. A number
of open-framework structures derived from conformation-
ally rigid polydentate ligands are available to date that are
promising candidates for applications due to properties like
permanent porosity and (selective) adsorptive behavior.
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