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bstract

This paper provides a concise review of some recent developments in the synthesis and preparation of crystalline coordination networks with
otential semiconductive properties. The scope is selective rather than inclusive, with special emphasis on representative compounds exhibiting
eneric features that could enhance electronic coupling between the metal center and the ligand �-systems, and, as a result, could point to general
ethods of forming semiconductive networks. The majority of systems selected herein are based on direct bonding interactions between the metal

enters and polycyclic aromatic hydrocarbon (PAH) units, highlighting the importance of this class of organic molecules in the making of crystalline

lectronic materials. Besides the extensive efforts in ligand synthesis, new dimensions for accessing novel semiconductive systems are also derived
rom the design and choice of the metal center species, including simple ions (e.g., Ag+), metal halide components (e.g., BiCl3 and BiBr3) and the
ore recently developed Lewis acid linkers with multiple binding sites [e.g., dirhodium(II) tetracarboxylate].
2006 Elsevier B.V. All rights reserved.
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. Introduction

Solid state electronics is a rapidly growing field, where
major research area is to integrate organic semiconductive
aterials into electronic devices such as field effect transistors
FETs) and composite solar cells [1–16]. The widely studied
rganic semiconductors include polymeric/oligomeric systems
e.g., oligothiophenes and oligophenyls) [17–21], and fused
romatics (e.g., pentacene and hexabenzocoronene derivatives)
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hydrocarbon

22–33]. Besides their inherent functional flexibility, organic
emiconductors can often be dissolved (either directly or through
hemical modification) in common solvents for low-temperature
rocessing, thus offering great potential for large-area, flexible
lectronics applications. One major limitation of organic semi-
onductors, however, is the considerably lower charge carrier
obilities (as compared with the covalent inorganic systems

uch as Si, Ge and GaAs), which is fundamentally imposed by
he weak van der Waals interactions between organic molecules.

n fact, the major charge transport pathway in organic semi-
onductors is generally considered to be along the direction of
aximum �–� orbital overlap between the organic molecules

34,35].

mailto:zhengtao@cityu.edu.hk
dx.doi.org/10.1016/j.ccr.2005.12.031
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Fig. 1. (a) A portion of the infinite 2D sheet framework in [Ag2(per)(ClO4)2]. (b)
Overlapping of intersheet perylene molecules at a distance of 3.31 Å between the
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To improve on this situation, it is especially helpful to enhance
he electronic communications across the organic molecules
y establishing intermolecular interactions beyond the van der
aals limit. In this regard, coordination bonds, with their inter-
ediate strength between covalent and van der Waals interac-

ions, could potentially provide an intermolecular linkage to
vercome the van der Waals barrier of molecular semiconduc-
ors, while preserving the solution processability at the same
ime. Among the rapidly growing number of metal–organic
oordination networks [36–40], however, conductive or semi-
onductive systems [38,41–48] remain relatively rare. The crux
ere is that the organic ligands usually are of low electroactivity,
nd their electronic communications with the metal centers are
uite weak. For example, the widely used carboxylate groups
s coordinating groups for extended networks constitute strong
lectronic barriers between the metal centers and the rest of the
rganic ligands, generally leading to insulating properties of the
esultant solid state products.

Strong efforts are, nevertheless, being undertaken to access
rganic-based coordination semiconductive/conductive net-
orks, mainly due to the far-reaching potential importance of

he electronic properties of solid state organic-based materials.
s metal–organic interaction is of crucial importance in this

ndeavor, we here focus on synthetic approaches that may point
o new ways for overcoming the electronic barrier between the
etal center and the organic ligand. Instead of being inclusive of

he various crystal structures available in the literature, represen-
ative examples will be selected to illustrate the general synthetic
rinciples. The reader is therefore encouraged to follow up on
he status of the specific areas in greater detail through addi-
ional study of the literature. In contrast to the rather extensive
ynthetic efforts, studies on the transport mechanism and prop-
rties of these systems remain relatively unexplored. It is hoped
hat the current collection of potentially electroactive systems

ight help spur further theoretical interest as well as property
tudies on these comparatively unconventional materials.

. Cation–� networks of Ag(I) and polycyclic aromatic
ydrocarbon (PAH)

Complexes of Ag(I) salts and various PAH molecules have
een widely explored for potentially useful electronic proper-
ies that could arise from the �–� stacking interaction and the
g(I)–� interactions. The Ag(I)–arene interactions often result

n discrete or extended coordination networks propagating in
arious dimensionalities. Extensive listings of these structures
an be found in the reviews by the groups of Munakata et al.
nd Siegel and co-workers [49,50]. The synthetic success here
s largely attributed to the relatively weak and labile bonding
f the Ag(I)–arene interactions, which provide reversible pro-
esses for crystallization. Weak as it is, the Ag(I)-interaction
ould significantly impact the electronic property of the arene
oiety as well as the entire solid state, giving rise to stronger
onductivity. For example, slow diffusion of n-hexane into a ben-
ene solution of perylene and AgClO4·H2O (1:2 molar ratio,
olution color is yellow) yielded orange prisms of the crys-
alline product [Ag2(per)(ClO4)2] [51]. The crystal structure

(
a

[

D coordination sheets (50% probability ellipsoids). Reprinted with permission
rom ref. [51]. Copyright 1997 American Chemical Society.

f [Ag2(per)(ClO4)2] consists of a two-dimensional framework
onsisting of the metal ions bridged by the bidentate counterions
nd the tetra-�2-arene groups as shown in Fig. 1a (the �2 mode
f coordination is commonly observed in these cation–�-based
omplexes). The four Ag–C bond distances range from 2.420(5)
o 2.766(4) Å. Each perchlorate ion links two adjacent silver
toms with Ag–O distances of 2.499(5) and 2.497(5) Å, resulting
n a two-dimensional W-type sandwich sheet of alternating pery-
ene and silver(I) perchlorate groups. Such 2D sheets are further
onnected by the superposed intersheet aromatic �–� stackings
t an average distance of 3.31 Å as illustrated in Fig. 1b. Under
imilar conditions, pyrene and AgClO4·H2O also formed yellow
rystals of a 1D coordination network [Ag2(pyrene)(ClO4)2]
yellow) based on the cation–� interaction pyrene molecules

nd Ag(I) ions.

The solid samples of both [Ag2(per)(ClO4)2] and
Ag2(pyrene)(ClO4)2] display no strong ESR spectrum or
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ignificant electrical conductivity at room temperature, indi-
ating the lack of metal–ligand electronic communication
nder these conditions. However, upon irradiation for two
ays using a 400 W mercury lamp, the fine crystals of both
omplexes turned black, and exhibit ESR signals with g = 2.003
hat is characteristic of the aromatic hydrocarbon radicals.
t was proposed that the irradiation induced partial electron
ransfer from the aromatic donor to the silver(I) ion, forming
rganic radical cation and silver(0). In addition, the I2-doped
amples of both complexes also turned black and exhibited even
tronger ESR spectra of cation radicals. This suggested that
oth perylene and pyrene could be more effectively oxidized by
odine doping than light irradiation. The I2-doped complexes
lso display semiconducting behavior at ambient temperature
ith σ300 values of 1.7 × 10−5 and 4.4 × 10−5 S cm−1 for the
yrene and perylene-based samples, respectively.

Research along this direction has also led to a wide array of
g(I)–arene networks [50,52], some of which contain larger aro-
atic systems such as coronene and rubrene [53], and displayed

pparently stronger electroactivity at room temperature. The
etailed conduction mechanisms or pathways remain, however,
argely unexplored in these systems. It appears that theoreti-
al studies of the band structures on these complexes may help
elineate the contributions to the electronic properties from the
ifferent types of intermolecular forces such as the �–� stacking
nd the cation–� interactions.

The PAH-containing organosilver(I) systems as mentioned
bove commonly consist of distinct donor and acceptor species,
ith the Ag(I) ions acting as the cationic components in the

harge transfer solids. By comparison, a recent Ag(I)–� net-
ork compound reported by Chen and co-workers is based
n the single-component molecular species of [Ag2(ophen)2]
Hophen = 1H-[1,10]phenanthrolin-2-one; see Fig. 2) [54]. The
olecular complex Ag2(ophen)2 displays an intramolecular
g(I)···Ag(I) distance of 2.801(1) Å, which is significantly

horter than the Ag···Ag separation of 2.88 Å in the metal-
ic state, indicating a very strong Ag···Ag interaction. The
olid state packing of the Ag2(ophen)2 species is based on

trong off-set �–� stacking interactions with an unusually
hort ring-to-ring distance of ca. 3.15 Å between adjacent
olecules and silver(I)–� interactions with the Ag···C contact

ig. 2. A perspective view of the molecular structure of Ag2(ophen)2. Reprinted
ith permission from ref. [54]. Copyright 2003 American Chemical Society.
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ignificant interactions between the Ag(I) ion and aromatic group in compound
g2(ophen)2. (a) Space-filling model and (b) ball-and-stick model. Reprinted
ith permission from ref. [54]. Copyright 2003 American Chemical Society.

f 3.082 Å between adjacent molecules, furnishing a staircase-
ike one-dimensional architecture (see Fig. 3). The solid state
ompound is thus structurally different from the above PAH-
ontaining organosilver(I) materials and the known conduct-
ng single-component molecular materials of transition-metal
omplexes with sulfur-containing �-delocalized dithiolene
igands.

Besides a room-temperature conductivity of 14 S cm−1, the
olid sample (neutral, not irradiated) of [Ag2(ophen)2] exhibits a
harp ESR signal with g = 2.00 at room temperature, attributable
o the aromatic radicals, as well as a very broad ESR signal
entered approximately at g ≈ 2.05 at 8.5 K indicating the for-
ation of Ag(0) or Ag(II) species. It was suggested that the

lectron transfer takes place between adjacent molecules via
he two possible pathways of Ag(I)–� and �–� interactions.
uch observations imply that both the electron donor and accep-

or have been combined in a single molecule of Ag2(ophen)2,
ighlighting its difference from the above-mentioned multicom-
onent organosilver(I) systems with Ag(I)–� interactions.

. Metal halide–aromatic hydrocarbon complexes

Another group of compounds that feature significant
lectronic interactions between the ligand and the metal center
re based on the coordination between aromatic hydrocarbon
-systems and metal halides (such as BiBr3 and BiCl3)
omponents. In these systems, the metal halide components
orm isolated blocks or extended structures (chains or sheets),
nd the Bi3+ centers interact with (usually in the face-on mode)
he organic �-systems to cause substantial charge transfer
henomena. Of particular interest to semiconductive properties
re those with extended structures of delocalized electronic

ystems, which could potentially enhance charge carrier
ransport throughout the solid state. The extended structure
an be realized by means of the inorganic chains or isolated
ragments being integrated into higher-dimensional structures
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ig. 4. The BiCl3 network in the crystal structure of 2BiCl3·pyrene. Bond
istances: Bi–Cl1, 2.44(1) Å; Bi–Cl2, 2.51(1) Å; Bi–Cl3, 2.51(1) Å; Bi–Cl2′,
.15(1) Å; Bi–Cl3′, 3.35(1) Å.

hrough the coordination bonds with the �-electron systems
rom the organic ligand.

For example, mixing a p-xylene solution of BiCl3 and pyrene
ed to the formation of the complex 2BiCl3·pyrene [55]. The
ingle crystal structure features two pyramidal BiCl3 units inter-

cting with one crystallographically centrosymmetric pyrene
olecule (Figs. 4 and 5). The bridging Cl atoms (e.g., Cl2 and
l3; see Fig. 4) connect the BiCl3 units in a 2D network that is

urther interconnected by the pyrene molecules. The interaction

ig. 5. Projection of the crystal structure of 2BiCl3·pyrene along the c axis.
otted lines designate Bi···C contacts shorter than 3.5 Å.
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etween the Bi3+ centers and the pyrene molecules is character-
zed by short Bi···C distances such as 3.25, 3.27 and 3.39 Å (van
er Waals distance between C and Bi >3.7 Å [56]), as is shown
n Fig. 5. Counting both the Bi–Cl and Bi–C coordination inter-
ctions, one can therefore consider the current structure a 3D
oordination network. The red-purple color of the crystalline
roduct, in contrast with the almost colorless starting materials
f pyrene and BiCl3, might be considered as significant charge
ransfer (CT) between the pyrene and BiCl3 components within
he extended structure.

Along a similar line, other aromatic molecules that have
een incorporated into CT complex with bismuth halides
nclude benzene [57], perylene [58], fluorene [59], fluoran-
hene [59] and several paracyclophanes [60,61]. In the com-
lex of C6H6·BiCl3, the BiCl3 components also form into 2D
etworks. The bismuth–�-system interactions are less intercon-
ecting than in the above 2BiCl3·pyrene, with each benzene
olecule confined to one Bi3+ center in the �6 mode (the overall

oordination network therefore remains 2D). By comparison, the
arger perylene molecule interacts with BiBr3 to form the com-
lex (perylene)3 [Bi4Br12] featuring isolated tetrameric units of
i4Br12 embedded in a matrix of the organic molecules, with
o extended coordination net formed as a result. A summary of
he CT property for some of these complexes is available [59],
hich indicated a linear correlation (with slope of 1) between the

harge transfer band energies Ec,t and the ionization potentials
f the electron donors, suggesting large-size, easily polarizable
rganic �-systems tend to generate smaller electronic band gaps
n the solid state complexes.

Another interesting direction is represented by the CT com-
lexes based on metal halides (e.g., BiBr3) and cyclophanes
uch as [2.2]-paracyclophane (CP1) [60] and the larger con-
ener [2.2.2.2]-paracyclophane (CP2) [61], in which the mul-
iple aryl groups of the cyclophane molecule could potentially
nteract with more metal centers and enhance the dimension-
lity of the resultant coordination networks. In the complex
P2·2BiBr3·C7H8 (C7H8 is toluene), for example, the BiBr3
omponent formed into a chain based on the edge-sharing of
he pyramidal BiBr5 units (Fig. 6), which was integrated into a
D structure via the coordination between the Bi(III) center and
he aromatic rings from the CP2 molecules. Similar structural

otifs are also observed in compound CP1·2BiBr3 with regards
he BiBr3 chain and the overall connectivity of the coordina-
ion network. With regards the construction of semiconductive
etworks, one drawback of the current cyclophane-based hybrid
ystems stems from the saturated and non-conjugating ethylene

–CH2CH2–) groups separating the aryl rings and blocking the
lectronic communication between the �-electron systems. The
mbedded idea of introducing multiple aryl groups into the lig-
nd for achieving higher-dimensional networks is, however, an
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Fig. 6. A perspective view of the structure of CP2·2BiBr3·C7H8 with thermal
ellipsoids at 50% probability level (toluene molecules are omitted). The carbon
atoms of the benzoid ring in close contact with the Bi3+ center are labeled.
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ond distances: Bi–C1, 3.31(2) Å; Bi–C2, 3.40(1) Å; Bi–C3, 3.49(1) Å; Bi–C4,
.56(2) Å; Bi–C5, 3.42(2) Å; Bi–C6, 3.27(2) Å. Reprinted with permission from
ef. [61]. Copyright 1998 American Chemical Society.

nteresting one, especially when effective conjugation between
he aryl units could be maintained throughout the molecule.

. Networks from dirhodium tetracarboxylate and
olycyclic aromatic hydrocarbons

Recently, Cotton et al. reported a class of coordina-
ion polymers based on dirhodium(II) tetracarboxylate [e.g.,
h2(O2CCF3)4] and various PAH molecules [62], in which

he crystal structures feature potentially effective interaction
etween the metal centers and the organic molecules. In these

ystems, the dirhodium agent contains two sites of strong Lewis
cidity rigidly oriented in space, effectively linking the donor
AH molecules into extended polymeric structures. Notably,
dirhodium reagent such as Rh2(O2CCF3)4 is volatile, sub-

ig. 7. The alternating arrangement of Rh2(O2CCF3)4 and pyrene molecules
n the 1D chain structure of monoadduct of [Rh2(O2CCF3)4]·pyrene. Rhodium
nd oxygen atoms are represented by thermal ellipsoids at the 40% probability
evel. Carbon, fluorine and hydrogen atoms are shown as spheres of arbitrary
adii. Only one orientation of the disordered CF3 groups is depicted. The shortest
h–Carene contacts [2.578(3) Å] are drawn by dashed lines. Similar conventions

emain in Fig. 8. Reprinted with permission from ref. [62]. Copyright 2001
merican Chemical Society.
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iming rapidly at moderate temperatures (ca. 250 ◦C), and thus
eactions can be conducted by sublimation–deposition proce-
ures from the gas phase (i.e., in the absence of solvent). Using
his solventless approach, a series of PAH/Rh2(O2CCF3)4 com-
lexes with isolated, 1D and 2D network structures has been
repared, and their crystal structures determined by single crys-
al X-ray diffraction. For illustration, the structures of the 1D
yrene-based and the 2D triphenylene-based networks are pre-
ented in Figs. 7 and 8, respectively. In these structures, each
hodium site is usually bonded to two contiguous carbon atoms
i.e., a C–C bond, in the �2 mode) on the exterior of the PAH
olecules. Hückle calculations were performed on the corre-

ponding molecules and indicated that the most electron-rich
ites are usually bound to the rhodium sites. Although no solid
tate electronic band gap data are available for these compounds,
he short Rh···C distances (generally between 2.4 and 2.7 Å), as
ell as the varying degree of coloring of the crystals, suggest

hat effective donor–acceptor electronic interaction is possible
n these extended solid state products.

More recently, this area of chemistry has been expanded to
nclude non-planar, bowl-shaped geodesic polyarenes such as
orannulene (C20H10) and hemifullerene [63–65]. Based on the
ffective solvent-free synthetic approach, a number of extended
rganometallic networks were crystallized and characterized
y X-ray studies. Such studies were primarily aimed to probe
he reactivity of the �-systems of the bowl-shaped arenes with

egards the convex or concave reactivity difference. It was of
nterest to note that the concave face appeared to react quite read-
ly with the dirhodium reagent Rh2(O2CCF3)4. For example, a
ark-green adduct [Rh2(O2CCF3)4]3·(C20H10)2] was obtained

ig. 8. The 2D coordination network in the crystal structure of
[Rh2(O2CCF3)4]3·(C18H12)2} (with C18H12 designating one tripheny-
ene molecule). Hydrogen atoms and fluorine atoms of CF3 groups are omitted
or clarity. Shortest Rh–Carene contacts (dashed lines) are between 2.56(2) and
.73(2) Å. Reprinted with permission from ref. [62]. Copyright 2001 American
hemical Society.
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Fig. 9. A fragment of a 2D infinite layer in [Rh2(O2CCF3)4]3·(C20H10)2; Rh
blue, O red, C gray, H light gray; fluorine atoms are omitted for clarity. Ref.
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ple, respectively. The spin density for the TTM-TTP cation
radicals was measured with the diphenylpicrylhydrazyl (DPPH)
as a standard, being 15.8% for [Ag(TTM-TTP)(CF3SO3)] and
87.0% for the doped sample, respectively. It is noted that the
63]—reproduced by permission of Wiley–VCH Verlag GmbH. (For interpre-
ation of the references to color in this figure legend, the reader is referred to the
eb version of the article.)

n yields of 30–35% in a reaction where an excess of the
imetal complex (Rh2:C20H10 ≈ 3:1) was used [63]. As is typ-
cal for analogous donor–acceptor adducts with planar PAHs,
he product is relatively stable in air at room temperature but
s sensitive to moisture. X-ray diffraction studies of the crys-
als of [Rh2(O2CCF3)4]3·(C20H10)2] revealed two unique local
onding motifs of weak �2 coordination, which has an infinite
D layered network consisting of giant hexagonal cells built of
ix dimetal units and six corannulene molecules (Fig. 9). Each
orannulene molecule is coordinated to three dimetal units: two
rom the convex side and one from the concave side (Fig. 9). All
hree linear dirhodium units use both axial positions for coordi-
ation, with each rhodium center binding two carbon atoms of
corannulene (�2 coordination mode). For the three crystallo-
raphically independent rhodium atoms in the asymmetric unit
Rh1, Rh2 and Rh3, with Rh1 and Rh3 bonded to the convex
ide and Rh2 the concave side), the Rh–C bond lengths are aver-
ged to 2.636(3), 2.570(3) and 2.548(3) Å, respectively, with the
ifferences between the two Rh–C bonds for each rhodium atom
eing 0.279, 0.010 and 0.141 Å, respectively.

. Ligands with more distinct coordinating characters

So far we have covered systems based on metal cen-
ers directly coordinating to hydrocarbon �-electron systems.
lthough such direct (face-on) cation–� interactions are well-
oised to provide electronic coupling between the metal center

nd the organic ligand, the �-electrons of the aromatic systems
re usually quite weak in their coordinating ability, especially
n comparison with the more distinct coordination sites with
ell-defined lone-pair electrons (such as sulfur, nitrogen and

F
w
3
[

views 250 (2006) 2745–2757

hosphorus atoms). In addition, the bonding directionality of
he aromatic �-system is quite diffuse, posing more difficulty in
orrelating the ligand geometry with the connectivity of the solid
tate network. In view of these issues, it is pertinent to take note
f electroactive �-systems (such as tetrathiafulvalene, TTF) that
re equipped with chelating sites such as the organylthio [43–45]
nd phosphine [66–69] groups, as such ligands could potentially
urther enhance the bonding and electronic interaction between
he metal center and the organic ligands.

A successful way of connecting these TTF-based ligands into
xtended coordination frameworks is through the relatively inert
nteraction with Ag(I) or Cu(I) species [43–45,70]. For example,
low diffusion of hexane into an acetonitrile/benzene solution
f AgCF3SO3 and the ligand TTM-TTP resulted in an orange
eedle-like crystalline product Ag(TTM-TTP)(CF3SO3) com-
rised of 1D coordination network (see Fig. 10) [43]. Besides
he Ag(I)–S coordination bonds, extensive intermolecular S···S
ontacts also exists in the face-to-face fashion and side-to-side
odes, providing additional interactions across the individual

hain. Moreover, black solid with the composition [Ag(TTM-
TP)(CF3SO3)](I3)0.29 can be obtained by depositing I2 vapor
nto a ground sample of Ag(TTM-TTP)(CF3SO3). The elec-
rical conductivities of the free TTM-TTP, complex Ag(TTM-
TP)(CF3SO3) and the iodine-doped sample were measured by

he conventional two-probe technique at room temperature. The
ree TTM-TTP is an insulator (σ25 ◦C < 10−12 S cm−1), while
omplex Ag(TTM-TTP)(CF3SO3) and the iodine-doped sam-
le show different conductivities with σ25 ◦C of 7.1 × 10−6

nd 0.85 S cm−1, respectively. Although the conduction path-
ay was ascribed to the ligand–ligand interactions of TTM-
TP•+/TTM-TTP or TTM-TTP•+/TTM-TTP•+, the role of

he Ag(I)–S coordination bonds in the conductivity properties
emains an interesting topic to explore. An intense well-resolved
SR resonance was observed with g values of 2.007 and 2.004,
hich can be ascribed to the TTM-TTP•+ cation radicals for

omplex [Ag(TTM-TTP)(CF3SO3)] and the iodine-doped sam-
ig. 10. Side view of two 1D coordination nets in Ag(TTM-TTP)(CF3SO3)
ith face-to-face S···S contacts (1, 3.68 Å; 2, 3.71 Å; 3, 3.55 Å; 4, 3.68 Å; 5,
.66 Å). The methyl groups are omitted. Reprinted with permission from ref.
43]. Copyright 2001 American Chemical Society.
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ig. 11. Labeled diagram of the complex cation Pd(P4)2
2+ in the crystal structu

he Royal Society of Chemistry.

igh conductivity of the doped sample is attributable to its high
pin density.

Given the strong redox activity of the TTF-based ligands,
etworks based on their coordination with more reactive metal
pecies (e.g., open-shell transition metal ions) could give rise to
trong metal–ligand electronic coupling, generating potentially
ich combinations of physical properties of conductivity and
agnetism. Attempts to incorporate more electroactive metal

ons such as Pd2+, Pt2+ or the larger Re2Cl82− have, how-
ver, generally resulted in isolated species, instead of extended
etworks, apparently due to the overly irreversible chelation
nteraction between the TTF-ligands and the selected metal
on species [45,66,68,71,72]. For example, a reaction between
Pd(NCMe)4][BF4]2 and the tetrathiafulvalene-based phos-
hine ligand P4 in the presence of CH2Cl2 resulted in the crys-
allization of the brown compound [Pd(P4)2][BF4]2·CH2Cl2,
hich contains the square planar cation Pd2+ being coordi-
ated by two P4 ligands (see Fig. 11) [66]. Electrochemical
tudies indicate that the TTF redox centers on the individual
omplex ions of Pd(P4)2

2+ are electronically isolated in this
nd other related compounds reported in the same paper. The
olymeric products are presumably too insoluble to be crys-
allized under the experimental conditions. In spite of the cur-
ent difficulties in obtaining extended crystalline structures, the
umerous metal complexes of tetrathiafulvalene-based ligands
hus obtained have greatly expanded the understanding of the
hemistry and physical properties of the tetrathiafulvalene-based
aterials, paving way for exploring the electronic and magnetic

roperties in more advanced systems.

. Coordination networks of large aromatic thioether

igands and bismuth halides

Before touching upon other semiconductive networks in this
ection, let us briefly introduce the extensive pioneering work r
compound [Pd(P4)2][BF4]2·CH2Cl2. Ref. [66]—reproduced by permission of

f Reid and co-workers regarding the coordination complexes
ased on Group 15 trihalides (MX3, M = As, Sb, Bi; X = Cl, Br, I)
nd chalcogeno-ether ligands. In these complexes, the inorganic
alide components usually formed into isolated blocks (e.g.,
imeric or tertrameric units) or infinite chains, which are further
onnected into organic–inorganic networks of various dimen-
ionalities by means of the coordination with monodentate or
ultidentate chalcogeno-ether ligands [73–80]. For example,

ed crystals of the complex [BiBr3(PhTeMe)] were obtained
y slow evaporation from an MeCN solution of BiBr3 that
as layered with an equimolar solution of the ligand methyl-

ellurobenzene PhTeMe in CH2Cl2 [80]. The crystal structure
howed (see Fig. 12) a planar asymmetric Br2Bi(�-Br)2BiBr2
imer unit with one PhTeMe ligand coordinated apically to each
i and occupying mutually anti positions. Br(3) and Br(3b)

orm additional long contacts (3.16 Å) via the open Bi ver-
ex and hence link adjacent units to give an infinite chain of
i2Br6(PhTeMe)2 dimers in a step-like arrangement (Fig. 12b).
lthough electronic structure or property studies on this type of

oordination networks have not been reported, the idea of using
ntervening metal halide fragments (in lieu of individual metal
ons) to connect organic ligands into extended networks points
o interesting possibilities for making hybrid semiconductors,
specially when effective electronic communication between
he organic ligands and metal halide components could be esta-
lished.
Such possibilities are illustrated by a class of recently
eported semiconductive networks that features rather promising
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Fig. 12. (a) View of the crystal structure of the dimeric unit in [BiBr3(PhTeMe)]
with numbering scheme adopted. Ellipsoids are shown at the 40% proba-
bility level. Selected bond lengths (Å): Bi(1)–Te(1) 3.0533(7), Bi(1)–Br(1)
2.8291(10), Bi(1)–Br(1a) 3.0810(10), Bi(1)–Br(2) 2.6497(9) and Bi(1)–Br(3)
2.8570(9). (b) View of [BiBr3(PhTeMe)] showing the interdimer Bi···Br contacts
(
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Table 1
Structure–property relations for HMTT·2BiBr3, HMTT·BiBr3, HMTT·BiCl3,
HETT·2BiBr3, HiPTT·2BiBr3 and HMTT

Compounds Network dimensionality Band gap (eV)

HMTT·2BiBr3 2D 1.64
HMTT·BiBr3 1D 1.75
HMTT·BiCl3 1D 1.82
HETT·2BiBr3 Quasi-1D 1.97
HiPTT·2BiBr3 0D 2.18
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3.16 Å) generating the infinite chains. Ref. [80]—reproduced by permission of
he Royal Society of Chemistry.

roperties of effective metal–ligand interaction, solution pro-
essability and air stability [81,82]. The reported approach
trived to integrate the various design elements of the pre-
ious methods, in order to construct functional semiconduc-
ive networks based upon the interaction between metal halide
omponent and large aromatic molecules containing mul-
iple chelating thioether groups, such as the 2,3,6,7,10,11-
exakis(alkylthio)triphenylene molecules (alkyl: methyl, ethyl
nd isopropyl; corresponding abbreviations for the molecules:
MTT, HETT and HiPTT). It was found that mildly oxi-
izing metal halide fragments such as bismuth(III) bro-
ide are particularly suitable for linking the organic ligands

nto semiconductive networks, while providing effective elec-

ronic coupling between the organic �-system and the metal
enter.

Fig. 13 shows the crystal structures of a series of coordina-
ion networks based on HRTT molecules and BiBr3 (or BiCl3)

c
p
h
f

MTT 0D 2.98

omponents (for comparison, the crystal structure of the HMTT
ompound is also shown). In compound HMTT 2BiBr3, the 1D
hains of BiBr3 component are connected by the HMTT ligands
two pairs of sulfur atoms from the HMTT molecule coordinate
o the Bi3+ center, while the other pair stays unbonded), result-
ng in a 2D coordination network. In compounds HMTT·BiBr3
nd HMTT·BiCl3, the HMTT molecule only engages one pair
f its sulfur atoms in coordination with the bismuth halide
hains, and the overall coordination network is 1D. In com-
ounds HETT·2BiBr3 and HiPTT·2BiBr3, the dimensionalities
f the coordination networks can be considered quasi-1D and
D, respectively. Overall, enlarging the side group from methyl
i.e., HMTT) to ethyl (i.e., HETT) and to isopropyl (i.e., HiPTT)
roups effectively reduces the dimensionality of the bismuth
alide components (and consequently the dimensionality of the
verall coordination framework).

To probe the relations between crystal structures and elec-
ronic properties, the diffuse reflectance spectra of these sam-
les were systematically studied for measuring the electronic
and gaps. As is shown in Fig. 14 and Table 1, all the hybrid
ompounds (2.3–1.8 eV, colors steadily transitioning from the
range of HiPTT·2BiBr3 to the dark red of HMTT·2BiBr3) show
and gaps substantially smaller than those of the HMTT com-
ound (3.1 eV, colorless) and the BiBr3 solid (2.7 eV, colorless),
ndicating significant electronic interaction between the organic
igands and the inorganic components.

More interestingly, as the dimensionality of the coordina-
ion network decreases, the electronic band gap consistently
ncreases, suggesting that the Bi–S and Bi–X coordination
onds have overtaken the �–� interaction between the organic
olecules as the major determinant of the solid state electronic

roperties. In other words, significant electronic interactions
ave been installed between the organic �-systems and the inter-
ening BiX3 moieties, which effectively integrate the individ-
al molecules into hybrid semiconductive networks. Although
harge carrier mobility measurement on these hybrid semi-
onductors still needs to be done, charge transport in these
ybrid systems might be expected to follow the pathways of
he coordination framework (as well as the �–� stacking direc-
ions). Compared with the typical molecular semiconductors,
he stronger intermolecular connections (i.e., the Bi–S and Bi–X
oordination bonds) in these hybrid networks might thus lead to

otentially higher charge carrier mobilities. In addition, these
ybrid semiconductors are air-stable, and show strong promise
or low-cost processing. For example, they can be dissolved in
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Fig. 13. Single crystal structures of a series of coordination networks based on HRTT molecules and BiBr3/BiCl3 [i.e., compounds HMTT·2BiBr3, HMTT·BiBr3,
HMTT·BiCl , HETT·2BiBr and HiPTT·2BiBr ], together with the crystal structure of HMTT. Large red sphere: Bi; medium green: Cl or Br; medium yellow: S;
s reduc
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At this point, it may be relevant to comment on the bis-
muth(III) halide component with regard to the potential advan-
tages that it provides in forming the networks of the above
sections. First, Bi(III) is slightly oxidative and may serve as
3 3 3

mall white: C. Dashed lines in HETT·2BiBr3 indicate elongated Bi–Br bonds,
ef. [82]. Copyright 2005 American Chemical Society. (For interpretation of the
he article.)

eated solvents such as 1,2-dichlorobenzene or benzene, and
hen deposited directly from the solutions in practically quanti-
ative yields.

Building on this discovery, similar synthetic strategy has
lso been extended to phenylalkyne-based ligands such as
,3′,4,4′-tetrakis(methylthio)tolan (TMT) and 1,3,5-tris{[3,4-
is(methylthio)phenyl]ethynyl}benzene (TBMPEB). Molecule
MT reacts with BiBr3 to form a 2D semiconductive coor-
ination network (TMT·2BiBr3), which consists of infinite
hains of the BiBr3 component cross-linked by TMT through
he chelation between the 1,2-bis(methylthio) groups and the
i(III) centers (Fig. 15) [83]. Notice that the BiBr3 chains

n TMT·2BiBr3 share the same connectivity as the ones in
ompounds HMTT·BiBr3 and HMTT·BiCl3, as well as in
he above-mentioned Bi2Br6(PhTeMe)2 and CP2·2BiBr3·C7H8.

olecule TBMPEB reacts with BiBr3 to form a 1D semicon-
uctive coordination network (TBMPEB·2BiBr3), which fea-
ures discrete tetrameric Bi4Br12 units linked by the thioether
roups from TBMPEB [Fig. 16; only two of the three 1,2-

is(methylthio) groups from each TBMPEB molecule are
onded to the Bi(III) centers]. Diffuse reflectance spectra of
oth TMT·2BiBr3 and TBMPEB·2BiBr3 feature strong optical
bsorptions at energy levels (Fig. 17; around 2.1 eV) signifi-

F
H
H
t

ing the dimensionality from 1D to quasi-1D. Reprinted with permission from
ences to color in this figure legend, the reader is referred to the web version of

antly lower than those of the corresponding molecular solids of
MT, TBMPEB and BiBr3 (all above 2.5 eV), indicating signif-

cant electronic interaction between the organic �-electron sys-
ems and the BiBr3 components. In addition, both TMT·2BiBr3
nd TBMPEB·2BiBr3 readily form in high yields and are sta-
le to air, providing advantages for further studies as potentially
pplicable semiconductive materials.
ig. 14. Room-temperature optical absorption spectra for solid samples of
MTT·2BiBr3 (1), HMTT·BiBr3 (2), HMTT·BiCl3 (3), HETT·2BiBr3 (4),
iPTT·2BiBr3 (5), HMTT, BiCl3 and BiBr3. Dotted lines highlight the rela-

ive positions of the absorption edges.
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Fig. 15. A 2D coordination network in TMT·2BiBr3. Large red sphere: Bi;
medium green: Br; medium yellow: S; small white: C. Dotted lines show the
l ˚
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onger Bi–S distance (3.486 A). Reprinted with permission from ref. [83]. Copy-
ight 2005 American Chemical Society. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of the article.)

n electron acceptor for the aromatic �-system, thus facilitating
harge transfer between the organic and inorganic components.
econd, as a heavy p-block element, Bi(III) tends to display
high coordination number, especially in halide compounds,
here secondary Bi–X (X: halogen atoms) interactions [84,85]
ften furnish a seven-fold (or higher) coordination sphere around
he Bi center. Such a high coordination number promotes the
ormation of extended networks in the solid state, generating
ore extensive interconnections across the organic molecules.

n addition, hybrid networks involving metal–halogen bonds
86–99] tend to be more soluble in organic solvents than other

norganic compounds such as chalcogenides, and can facilitate
he crystallization process as well as maintain processability
96–99] in organic solvents.

r
d
l
[

ig. 16. The 1D coordination network in the crystal structure of TBMPEB·2BiBr3.
longated Bi–Br bonds are shown in dotted lines. Selected bond lengths: Bi1–Br1, 2.6
i2–Br6A, 2.538(2) Å; Bi2–Br4, 2.6207(7) Å; Bi2–Br3′, 3.097(1) Å; Bi2–Br5A, 2.78
eprinted with permission from ref. [83]. Copyright 2005 American Chemical Socie

s referred to the web version of the article.)
ig. 17. Room-temperature optical absorption spectra for solid samples of: (a)
MT·2BiBr3 and (b) TBMPEB·2BiBr3. Reprinted with permission from ref.

83]. Copyright 2005 American Chemical Society.

. Other systems of semiconductive networks

Building on the previous research on porous chalcogenide
rameworks, Feng and Bu recently reported a series of coor-
ination networks in which composite chalcogenide nanoclus-
ers were linked by organic ligands such as 1,2,4,5-tetra(4-
yridyl)benzene and different types of bipyridines [100–102].
ue to the inherent electroactivity of the chalcogenide clusters

nd the modifiable organic ligands, a wide range of coordina-
ion networks with potential semiconductivity could likely be
erived from this synthetic approach. At this stage, it appears
hat further studies on the electronic interaction between the
luster moiety and the organic ligand are still needed, as such
nteraction would be crucial for establishing effective semicon-
uctive transport throughout the networks.

A number of other semiconductive coordination nets have

ecently been reviewed by Janiak [38], including the 1D coor-
ination polymers constructed from metalloporphyrins axially
inked by ditopic ligands such as pyrazine and 4,4′-bipyridine
41,103], networks based on Ag···Ag contacts [104,105] and the

Large red sphere: Bi; medium green: Br; medium yellow: S; small white: C.
212(7) Å; Bi1–Br2, 2.6784(8) Å; Bi1–Br3, 2.7575(9) Å; Bi1–Br6A, 3.283(2) Å;
4(2) Å; Bi2′–Br5A, 3.301(2) Å (disordering of Br5A and Br6A is not shown).

ty. (For interpretation of the references to color in this figure legend, the reader



Z. Xu / Coordination Chemistry Reviews 250 (2006) 2745–2757 2755

hite

w
O
s
s
u
g
h
e
c
d
b
m
s
t
c
F
s
t
t
t
p
s
p
v
e

F
N

t
s

8

t
d
f
r
a
e
f
n
m
p
i
r
m
e
c
F

Fig. 18. The lamellar structure in compound Ni2(C4N2H3S)4. Large w

ell-known tetracyanoquinodimethane-based networks [42,46].
f particular interest is that the use of thiolate ions to con-

truct well-ordered and crystalline coordination networks has
een some remarkable success, in spite of the intractably low sol-
bility generally associated with metal thiolate salts. The Chun
roup found that pyridinyl nitrogen-containing thiols could yield
ighly crystalline networks with ions such as Ag(I) [104] and
ven the transition metal ion Ni2+ [106]. For example, the
oordination network with the formula Ni2(C4N2H3S)4 with
istinct electrical conductivity and ferromagnetic interaction
etween the nickel(II) centers was prepared by the hydrother-
al reaction of Ni(O2CMe)2 with pyrimidine-2-thiol in a mixed

olvent of DMF and H2O. X-ray diffraction shows that the crys-
al structure possesses a lamellar structure formed from the
onjugate system of pyrimidine rings and Ni2+ centers (see
igs. 18 and 19). Determination of the conductivity (powder
ample from ground crystals) indicated an electrical conduc-
ivity of 5.00 × 10−3 S cm−1 at 28 ◦C which increased with
emperature, indicating that Ni2(C4N2H3S)4 was a semiconduc-
or. From examining the crystal structure, the semiconducting
roperty of Ni2(C4N2H3S)4 was attributed to its characteristic
tructural feature of the interconnected array of nickel(II) with

yrimidine; the semiconducting property, on the other hand, pro-
ided evidence for nickel and pyridine ring interactions. Further
xploration of thiolate ligand with other functional modifica-

ig. 19. (a and b) The coordination modes of pyrimidine-2-thiolate in compound
i2(C4N2H3S)4.
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spheres: S; large black spheres: Ni; medium gray: N; small white: C.

ions may likely yield systems with wider range of crystalline
tructural features as well as solid state properties.

. Conclusions

In addition to the traditional inorganic semiconductors and
he currently pursued organic molecular semiconductors, coor-
ination polymers could provide another class of compounds
or the future development of functional semiconducting mate-
ials. The rich functionality arising from the interplay of organic
nd inorganic components in coordination polymers provides
specially attractive potentials for their future applications as
unctional electronic materials. One major reason that coordi-
ation systems have been largely left out as semiconductive
aterials may be ascribed to the normally weak electronic cou-

ling across coordination bonding units, which will likely result
n poor charge transport behavior. Recent advances in the prepa-
ation of novel coordination compounds, as is reviewed above,
ay provide certain clues and suggestions for overcoming such

lectronic barriers in the eventual realization of effective semi-
onductive networks based on the coordination interactions.
urther synthetic explorations of wider systems, as well as theo-
etical studies on the electronic structures and electronic device
ests, should prove helpful for materializing this new class of
ompounds in the various practical applications. In a broader
erspective, a number of outstanding problems and issues point
o certain important future directions in this field, including: (1)
urther enhancement of coordination bonding strength for more
fficient metal–ligand electronic coupling and better network
tability, while, at the same time, maintaining the crystallinity
f the solid state products; (2) combination of semiconduc-
ivity with other materials properties such as porosity, photo-

onductivity, magnetism and so on; (3) novel semiconductive
roperties such as multiple electronic band gaps and ambipo-
ar transport behavior. The rich and flexible functionalities of
he organic–inorganic systems of coordination polymers provide
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reat latitude and potential for resolving the problems encoun-
ered along these research directions.
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