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Principles of solid-state structure and bonding that relate metal-halide and metal-
chalcogenide materials are described through a comparison of binary AXn salts. Structural
variation is rationalized by a comparison of the size and charge of the respective ions, the
d-electron count of the cations, and the type of A-X, A-A, and X-X bonding interactions.
These general bonding considerations are exploited for the construction of new metal-halide
structure types that are patterned after known chalcogenide structures such as metal-halide
analogues of silicates, aluminosilicates, phosphates, and phosphonates.

Contents

Introduction 1
Construction Principles Derived from
Simple AXn Salts

1

Construction of Complex Halide/
Chalcogenide Analogues

7

Summary 13
Acknowledgments 14

Introduction

An overview of solid-state chemistry, such as that
extracted from the Inorganic Crystal Structure Data-
base (ICSD) summarized in Figure 1, finds metal oxides
to be by far the dominant class of inorganic materials.
Oxides exhibit widely diverse application such as high-
temperature superconductors, optical materials, and
catalysts.1,2 Solid-state non-oxide systems, though sig-
nificantly underexplored, provide a similarly rich chem-
istry. With the increasing demand to design materials
for specific applications, it is worthwhile to consider the
utilization of principles of solid-state structure and
bonding that can be gleaned from the plethora of oxide
materials for the design and construction of novel non-
oxide materials. Others have previously reviewed the
chemistry of halides.3-9 In this review, we articulate
foundational structural relationships between chalco-
genides and non-chalcogenide materials and demon-
strate the application of such principles to the specific
construction of a variety of metal-halide materials.

We have recently initiated syntheses of metal-halide
framework materials in order to exploit the reactivity
of metal-halide building blocks for potential catalytic
applications and the polarizablity of the building blocks
for potential optical and ion transport applications.10,11

While the stability of the thermodynamically favored
metal oxides provide a robust support for chemistry, the
stability comes at the expense of reactivity and mobility.
By contrast, textbooks describing organic synthesis will
list any variety of metal halides such as CuCl, FeCl2,

ZnCl2, AlCl3, PdCl2, TiCl4, MgCl2 MnCl2, NiCl2, ... over
the reaction arrow indicating their catalytic function.
However, such metal halides are generally used “off the
shelf”, with little attention paid to the structure of the
material. Designs with structural features known for
oxide materials that are constructed utilizing reactive
and polarizable metal halides can be envisioned as what
others have called “solid-state inorganic enzymes”.12

Our discussion is focused primarily on the structural
and bonding relationships of chlorides and bromides to
the oxides and sulfides. These halides and chalco-
genides are chosen because their similarity in size and
electronegativity results in the greatest commonality of
structure. The electronegativities of Cl (3.0) and Br (2.8)
are intermediate between O (3.5) and S (2.5), whereas
F (4.0) is outside the range of chalcogenides. With
respect to size, the covalent radius of O (0.74 Å) is close
to that of F (0.72 Å), S (1.04 Å) is similar to Cl (0.99 Å),
and Br (1.14 Å) is close to Se (1.17 Å).13 We limit our
discussion to crystallographically characterized materi-
als that exhibit extended structures, though similar
comparisons can be made for molecular species.

Construction Principles Derived from Simple
AXn Salts

It has been stated in jest that if you work hard
enough, the structure of all solid-state materials can be

Figure 1. Schematic overview of inorganic compounds from
the Inorganic Crystal Structure Database.
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related to sodium chloride or perovskite. This overgen-
eralization emerges from an understanding of crystal
structures derived from the closest packing of spheres.
Such packing arguments, dictated by the sizes of the
components, are most helpful to describe the ionic
bonding limit or also when packing molecular units with
no strong intermolecular interactions. Introduction of
the directionality of covalent bonding serves to signifi-
cantly increase the complexity of extended structures.
Nevertheless, a majority of structural differentiation can
be understood from a consideration of the size, charge,
and electron configuration of the components of a crystal
structure. In the context of this review of halide/
chalcogenide analogues, the charge and electron count
of the building blocks are of greatest import, since
anions of similar size are considered. Although applica-
tion of the structural preferences of building blocks to
the preparation of complicated structures is shown to
be useful for the design of new materials, the com-
monality of bonding preferences of building blocks
provides no guarantee that analogous extended solids
can be constructed. This in part lies to the art of the
synthetic chemist and to the blessing of nature.

Charge Matching. Charge matching strategies
have been widely utilized for the preparation of new
materials based on a given structural archetype. Zeolitic
materials represent a classic example whereby any
variety of framework tetrahedral cations can be substi-
tuted into a silicate lattice (SimO2m) such that charge
neutrality is maintained. This is achieved exclusively
by framework cation substitution in the aluminophos-
phates, AlmPmO4m, and also by the addition of extra-
framework cations in aluminosilicates [A]n[AlnSim-nO2m]14

or cobalt phosphates [A]x[CoxAlm-xPmO4m].15 Charge
matching strategies are similarly useful for the com-
mercially important magnetic oxides with the spinel
structure, AB2O4, in which the sum of the charges of
the A and B cations must balance the -8 charge of the
anions as observed for MgAl2O4, Mg2TiO4, LiAlTiO4,
Li0.5Al2.5O4, LiNiVO4, and Na2WO4.16 Charge matching
strategies by anion substitution are also possible, but
much less exhaustively utilized. Halide spinel struc-
tures are known for several fluorides, such as Li2NiF4.
However, in AB2F4 structures only +1 and +2 cations
are possible, whereas cations with charges of +1 to +6
are observed for the oxides. Cation combinations of +2/
+5, +4/+4, and +6/+3 could potentially yield nitride
spinel structures; however, forcing the highly charged
cations into a tetrahedral site is not generally favored.17

Charge matched variations of both anions and cations
are readily characterized by consideration of the periodic
table. Substitution of a halide anion for an oxide anion
(a move to the right on the periodic table) must be
compensated by a concurrent move to the left on the
periodic table in the choice of a cation. This is clearly
demonstrated by the isostructural and approximately
isoelectronic series: ReO3, TaO2F, TiOF2, ScF3. The
opposing progression across the periodic table for anion

and cation variation in a given structure type is clearly
apparent for the sodium chloride structure type as
demonstrated in Table 1. Group 1 halides, group 2
chalcogenides, group 3 pnictides, and group 4 tetrelides
all adopt this common structure. The charge matching
requirements also indicate limits to the accessibility of
binary salts as described in Table 2. While halides of
all binary salts are commonly observed, the charge
requirements imposed by the anions make the prepara-
tion of classic MN3 salts virtually impossible. Similarly,
the requirements of +6 cations restrict the MO3 struc-
tures to a limited number of transition-metal com-
pounds.

Electron Configurations. AX Salts. While the
charge matching synthetic strategy is frequently useful
for the preparation of derivative structures of a given
structure type, it in no way accounts for the structural
variation of ions as a function of their electronic con-
figuration. For example, while the halides NaCl, LaI,
and CuCl, the chalcogenides MgO, ZrTe, and ZnS, and
the pnictides ScN, NbSb, and GaN are, respectively,
charge matched (based on a simple consideration of
oxidation states), they represent three distinctly differ-
ent structure types as shown in Figure 2. The sodium
chloride structure is favored for the most ionic AX salts
with an octahedral coordination exhibited by both
anions and cations. The AX salts LaI, ZrTe, and NbSb,
with formally d2 electron configurations that favor
metal-metal bonding, adopt the NiAs structure type in
which the cation is coordinated in an octahedral envi-
ronment of anions and the anions are coordinated to a
trigonal prism of cations. The shared edges and faces
of the octahedra are optimal for the formation of metal-
metal bonds. Alternatively, AX salts which exhibit
strong covalent bonding between anions and cations and
utilize cations of main-group elements, or transition
metals with a d5 or d10 electron configuration, exhibit
the sphalerite (zinc blende) structure in which both
anion and cation are tetrahedrally coordinated. While

Table 1. NaCl Structure Types

I/VII II/VI III/IV IV/IV

LiF, LiCl, LiBr, LiI
NaF, NaCl, NaBr, NaI MgO, MgS
KF, KCl, KBr, KI CaO, CaS, CaSe, CaTe ScN, ScP, ScAs, ScSb TiC
RbF, RbCl, RbBr, RbI SrO, SrS, SrSe, SrTe YN, YP, YAs, YSb ZrC
CsF BaO, BaS, BaSe, BaTe LaN, LaP, LaAs, LaSb HfC

Table 2. Charge Limits for Simple AXn Salts

AX AX2 AX3 AX4 AX5 AX6

halides +1/-1 +2/-1 +3/-1 +4/-1 +5/-1 +6/-1
chalcogenides +2/-2 +4/-2 +6/-2 +8/-2
pnictides +3/-3 +6/-3
tetrelides +4/-4

Figure 2. Structural variation of common AX salts. (a) NaCl
structure-type, (b) NiAs structure-type, (c) ZnS structure-type.
(The cations are the small shaded spheres, while the large
unshaded spheres are the anions. This convention will be used
throughout the review.)
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each of these structure types is dictated by local bonding
preferences of the constituent building blocks, the
compilation of compounds in Tables 1 and 3 demon-
strates that an opposing periodic relationship, resulting
in isoelectronic materials with charge-matched cations
and anions, can be articulated for both the ionic NaCl
and covalent ZnS structure types.

Simple periodic trends are not easily tabulated for the
NiAs structure type. A majority of NiAs structures are
found for chalcogenides and pnictides,18 while it has
been observed for only one metal halide, LaI,19 and a
limited number of tetrelides. The added complexity of
metal-metal bonding resulting from numerous struc-
tural instabilities further complicates this structure
type.20,21 A bonding description of metal-metal cluster-
ing distortions is not yet well articulated for the NiAs
structure type (as, for example, has been described for
the AX2 salts below); nevertheless, such distortions
demonstrate the importance of covalent and metallic
bonding in this structure. At the same time, all of the
first-row transition-metal selenides and a majority of
the sulfides adopt this structure type in which M2+

cations are stabilized in the chalcogenide layers. This
structural independence of the d-electron count argues
for more ionic bonding models. In addition, both Ni and
Pt are observed to adopt NiAs-type structures with
group 13, 14, 15, and 16 anions.18 Thus, while a
systematic bonding picture of the NiAs structure will
be rather complex, it is reasonable to predict that other
halides and possibly more tetrelides may adopt this
structure type.

AX2 Salts. As described above for the AX salts, both
charge and electron configuration are critical for the
determination of the bonding, and thus the observed
structure type, for AX2 salts. Here, however, the
electron count has more direct control over the observed
structure types. The most ionic AX2 salts, including all
of the fluorides and a majority of the oxides, are
observed to adopt either the fluorite or rutile structure
types. A coordination number of eight in the fluorite
structure type is preferred for the larger and more
highly charged cations, whereas salts with smaller,
lower charged cations adopt the rutile structure type.
The first-row transition-metal oxides, and most of the
transition-metal fluorides adopt the rutile structure, as
opposed to the second- and third-row transition-metal
oxides and rare-earth metal fluorides which adopt the
fluorite structure.13 The edge-shared octahedral chains
of the rutile structure are well suited for distortions
when metals are present with electron configurations
favorable for metal-metal bonding. For example, MO2
(M ) Mo, W, Tc, V, Re, and Nb) all exhibit some form
of dimerization along the edge-shared octahedral chains
as a result of M-M bonding.13 Similar distortions are
less common for metal halides since the rutile structure
is only observed for the first-row transition metals,
which are less likely to form metal-metal bonds. Upon
increasing the polarizability of the ions, the dichloride

salts of the alkaline earth and several of the first-row
transition metals adopt the layered, cubic closest packed
CdCl2 structure type.9 This structure type is not known
for any chalcogenide phases. A further increase in the
polarizability of the constituent ions, thus increasing the
covalent character of the M-X bonds, results in the
formation of three-dimensional silicate-type structures
when a coordination number of four is preferred and in
the layered MoS2, NbS2, or CdI2 structures for metals
that prefer 6-fold coordination. In the latter, significant
metal-atom clustering is observed for metals with
electronic configurations suited for metal-metal bond-
ing. By contrast, for the heavier chalcogenides, anion-
anion bonding results in the formation of pyrite (FeS2)
structures. No pyrite structures are currently known
for metal halides; however, framework structures formed
with anion-anion bonding have recently been reported
with polyiodide anions.22

Silicate-Type Structures. Although fewer metals adopt
a tetrahedral coordination geometry than an octahedral
geometry, tetrahedral silicate-type structures dominate
“inorganic natural products” composing 95% of the
earth’s crust.23 Silicate structures are generally con-
structed from SiO4/2 tetrahedra which are corner shared
to other tetrahedral or octahedral building units. This
construction motif is prone to extensive polymorphism
with four crystalline phases present on the SiO2 phase
diagram in addition to many metastable and amorphous
glassy phases.16 Charge matching strategies for tetra-
hedral cation substitution have been extensively inves-
tigated in the large family of aluminosilicate materials
since, as shown in Table 4, [AlO2]- is isoelectronic and
isostructural to SiO2. As discussed for the AX salts, it
is also possible to describe a related chemistry based
on the opposing periodic trends of anion and cation
substitution for these AX2 salts. Substitution of N3- for
O2- requires a concurrent move to the right on the
periodic table for cation substitution from Si4+ to S6+

for charge balance. While SN2 is not known to exist as
a silicate-type structure, there are several known SxNy
oligomers.23 Nevertheless, the isoelectronic [PN2]- has
recently been discovered to adopt a structure analogous
to high cristobalite in HPN2

24 and LiPN2.25 Similar
cristobalite-type structures are also observed for the
isoelectronic [SiPc2]2- and [GePc2]2- (Pc ) N, P, and As)
building blocks.26 By contrast, a move to the right on
the periodic table upon anion substitution of F- or Cl-

for O2- requires a move to the left for cation substitution
from Si4+ to Be2+ or Zn2+. Both BeF2 and ZnCl2 are
known to adopt cristobalite-type structures, demon-
strate extensive polymorphism, and exhibit a rich
chemistry of glass formation.27-30 While no [CuCl2]-

has yet been shown to adopt a cristobalite-type struc-
ture, the cuprous chlorides also exhibit extensive poly-
morphism,31 and as will be discussed below, copper zinc
halides and lithium beryllium fluorides can be prepared
to adopt structures analogous to aluminosilicates.

There are four crystallographically characterized
phases of ZnCl2,32-35 but only R-ZnCl2, which is iso-

Table 3. ZnS (Zinc Blende, ccp) Structure Types

I/VII II/VI III/V

BAs
AlP, AlAs, AlSb

CuF, CuCl, γ-CuBr, γ-CuI ZnS, ZnSe, ZnTe GaP, GaAs, GaSb
γ-AgI CdS, CdSe, CdTe InP, InAs, InSb

HgS, HgSe, HgTe

Table 4. Cation/Anion Charge Matching for Silicate-Type
Structures

T6+(X3-)2 “SN2” [PN2]-

T4+(X2-)2 SiO2 [AlO2]-

T2+(X1-)2 ZnCl2 [CuCl2]-

BeF2
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structural to high cristobalite (Figure 3), adopts a
structure that is a direct analogue of SiO2. The struc-
ture of δ-ZnCl2 (or orthorhombic ZnCl2) adopts an
analogous structure to the Pna21-cristobalite structure
observed for several ternary phases such as R-Na-
GaO2.36 δ-ZnCl2 is the first binary compound of this
structure type;35 however, this structure has been
predicted for SiO2 by simulated annealing techniques.37

A comparison of the oxide and chloride structures, as
shown in Figure 3, clearly indicates that these AX2 salts
exhibit a common crystal structure (tetragonal, I-42d,
and Pna21, respectively); however, the anions are
ordered into layers in ZnCl2, whereas in SiO2 the anion
layers are quite puckered. This is a result of the
difference in the T-X-T bond angle (T ) tetrahedral
cation) dictated by the T-X bond distance. The longer
Zn-Cl bonds, 2.31 Å, allow for a more acute T-X-T
angle, 108.3°, without unfavorable T-T repulsions, than
is possible for a silicate where the short Si-O bonds,
1.62 Å, favor the expanded Si-O-Si of approximately
140°. Both the BeF2 (Be-F ) 1.35-1.57 Å) and [PN2]-

(P-N ) 1.65-1.72 Å) structures have metrical param-
eters much more similar to the silicates than to the zinc
chlorides. This bond length influence on bond angles
raises the possibility of framework flexibility resulting
from a variation in the T-X-T angle. A maximal
expansion to 180° gives the C9-diamondoid connectiv-
ity.26 Interestingly, the contraction of the T-X-T angle
to approximately 109° brings the anions into a closest
packed arrangement in which the metal cations fill one-
fourth of the tetrahedral holes. A (112) section of the
R-ZnCl2 structure contains the closest packed layers
which are stacked in a cubic closest packed fashion. The
δ-phase of ZnCl2 contains the same closest packed layers
but they are stacked in a hexagonal closest packed
pattern. The limit to this T-X-T angle is imposed
largely by the minimization of cation-cation repulsions.
Thus, long T-X bonds will favor more acute T-X-T
angles.

MX2 Structures with Six Coordinate Cations. For the
most part, metal dianions in which the cations prefer a
coordination number of six and exhibit significant
covalent bonding to the anions adopt a derivative of one

of two layered structures with the metals in either a
trigonal prismatic or an octahedral coordination geom-
etry. Numerous polymorphs exist for the trigonal
prismatic structures including 2H-MoS2, 2H-NbS2, 3R-
MoS2, and 3H-MoS2. All of these contain the same MX2
layers constructed of edge sharing trigonal prisms but
differ in the stacking arrangement of the layers across
the van der Waals gap. CdI2 (1T-MX2) is a derivative
of a hexagonal closest packed lattice in which half of
the octahedral holes are occupied such that van der
Waals layers separate every other MX2 layer of edge-
sharing octahedra. It is not obvious what factors
favor one structure over another as, for example, TaX2
(X ) S or Se) adopts both the 2H-MX2 and 1T-MX2
structures.38-40 Nevertheless, both of these structure
types exhibit a hexagonal lattice when undistorted but
are susceptible to significant distortions driven by
metal-metal bonding. The nature of the distortion has
been described to be directly influenced by the d-electron
count as well as the M-X bond distance.41-43

MoS2- and NbS2-Type Structures. The 2H-MX2 lay-
ered structures and their stacking derivatives, which
are composed of edge-sharing trigonal prisms, are most
commonly observed for the Nb, Ta, Mo, and W chalco-
genides. While the same extent of polymorphism is not
yet known for the metal halides, ZrCl2

44 with a d2

electronic configuration adopts the 3R-MX2 structure
analogous to d2 MoS2

45 and WS2.46 Consistent with the
band structure reported by Whangbo and Canadell,42

the d2 configuration fills the lowest d-block band, which
is reasonably separated from other bands. The complete
filling of this band favors the undistorted hexagonal
lattice that is observed. By contrast, when this band is
only half filled, as in salts with a d1 electronic config-
uration, this hexagonal lattice is unstable with respect
to distortion. In NbSe2, TaS2, and TaSe2, a 3 × 3 super
structure is observed at low temperature resulting from
a metal atom trimerization caused by a charge density
wave (CDW).47-51 Halide analogues of a d1-2H-MX2
structure might be expected to be found among the
lanthanide dihalides. In fact GdI2 has been shown to
adopt the 2H-NbS2 structure.52 While no low-temper-
ature trimerization is reported for GdI2, a ferromagnetic
ordering is observed within the hexagonal layers below
313 K.53 A weak trimerization would be consistent with
this electronic localization. PrI2 is also known to adopt
both the 2H- and 3R-MoS2 structures, again with no
trimerization distortion reported. However, PrI2 is also
known to adopt numerous polymorphs including CdCl2-
and LaI2-type structures as well as a unique (PrI2)4
cluster phase, which may be a result of the electronic
instability of the d1 configuration.54 Alternatively,
several lanthanide dihalides have been shown to add
hydride to form LnX2Hx (Ln ) La, Ce, and Gd, X ) Br
and I)55 in a similar fashion as TaS2Hx,56 to yield a 2H-
NbS2, 2H-MoS2, or 3R-MoS2 structure type. Here the
hydride oxidizes the d1 metal, depleting the lowest
d-block band, resulting in semiconducting to insulating
behavior upon increasing hydride content. This oxida-
tion toward a d0 configuration thus prevents the metal-
atom clustering that results from a CDW-type instabil-
ity.

CdI2-Type Structures. The CdI2 (1T-MX2) and CdCl2
structures can be considered stacking derivatives of
layers composed of edge sharing octahedra. As noted

Figure 3. Ball and stick drawings indicating the similarity
between the polymorphs of ZnCl2 and SiO2. (a) R-ZnCl2, (b)
high cristobalite, (c) δ-ZnCl2, and (d) Pna21-cristobalite.
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above, the hexagonal closest packing observed in the
CdI2 structure type seems most favored for systems with
significant covalent bonding between cation and anion.
Thus, the CdCl2 structure is infrequently observed for
the heavier halides and not at all for the heavier
chalcogenides. Like the trigonal prismatic layered
structures, the electronic configuration of the metal is
responsible for complex distortions of the ideal hexago-
nal lattice due to metal-metal bond formation described
in Table 5. The band structure of the 1T-MX2-type layer
is significantly more complex than that of the corre-
sponding 2H-MX2-type layers.42 The lowest three d-
block bands exhibit considerable overlap consistent with
the observation of the clustering distortions in materials
with electron counts below d6. Ideal hexagonal lattices
(Figure 4a) are most commonly observed for materials
with d0, d6, and d10 electron configurations and for
higher temperature phases of materials with intermedi-
ate electron counts. However, MX2 salts capable of
metal-metal bonding exhibit a variety of structural
distortions upon partial filling of these metal-metal
bonding bands as described in Table 5. It has been
noted that among metals with a given d-electron con-
figuration weak distortions are typically observed for
compounds with short M-X bonds, whereas systems
with longer M-X bonds generally involve a stronger
distortion as seen for LiVO2

57,58 vs WTe2.59

d1. To date, only the chalcogenides are known to
adopt truly d1 1T-MX2-type structures. The partial
filling of the lowest two d-block bands results in an
electronic instability such as the observed x13 × x13
clustering of metals observed for VSe2.60 In fact, some
degree of structural tunability has been observed for the
mixed-metal ditelurides.43 This clustering does not
expressly correspond to Fermi surface nesting but is
considered to originate from local chemical bonding.
Related x4 × x4, and x7 × x7 clustering have been
reported for VSe2 and x19 × x19 clustering in NbTe2.61

A ribbon-type distortion which corresponds to a tri-
merization along the a and (a + b) lattice directions is
observed for MTe2 (M ) V, Nb, or Ta).62,63 This is a
result of a common nesting vector associated with two
one-third filled bands of a d4/3 electron configuration.
This ribbon chain is observed only for the tellurides in
which significant occupation of Te-Te bands is ob-

served, such that the oxidation state of Te is reduced
from the formal oxidation state of Te2-. No metal
halides exhibit these types of electronic distortions.
However, LaI2, NdI2, and PrI2 adopt a similar layered
structure64-66 which exhibits a tetragonal distortion
shown in Figure 5. This tetragonal distortion places the
lanthanide in the center of an iodide cube. In fact, the
relationship between the CdI2 structure and the LaI2

Table 5. Compounds with CdI2, 1T-MX2, Related Structuresa

halides ref chalcogonides ref

d0 CaI2 76 TiS2 TiSe2 TiTe2 77, 77, 77
ZrS2 ZrSe2 ZrTe2 78, 78, 79
HfS2 HfSe2 13, 79

d1 LaI2
T 64 VSe2

x13 VTe2
R 60, 63

NdI2-IIT 65 NbTe2
R 62

PrI2T 66 TaS2
x13 TaSe2

x13 TaTe2
R 80, 81, 62

d2 TiCl2
Tr TiBr2 TiI2 67, 82, 74 LiVO2

Tr 68
R-ZrI2

Z 70 1T-MoS2
Tr â-MoTe2

Z 69, 59
WTe2

Z 59
d3 VCl2 VBr2 VI2 73, 74, 74 ReS2

D ReSe2
D 71, 72

d4

d5 MnBr2 MnI2 83, 84 CoTe2 85
RhTe2 86

d6 FeBr2 FeI2 87, 88 NiTe2 34
PdTe2 89

PtS2 PtSe2 PtTe2 89, 89, 89
d7 CoBr2 CoI2 87, 88
d8 R-PdCl2

JT 75
d9

d10 CdI2 90

a Superscripts: T, tetragonal distortion; x13, x13 × x13 super structure; Tr, trimerization; Z, zigzag chain; R, ribbon chain; D, diamond;
JT, Jahn-Teller distorted chains.

Figure 4. Ball and stick representation of the ideal hexagonal
lattice found in a (a) CdI2 layer viewed down the c direction
and (b) the zigzag chain and (c) trimerization distortions
caused by a CDW instability.
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structure, where the octahedral or cubic holes, respec-
tively, of every other anion layer are occupied, is exactly
analogous to the relationship between NaCl and CsCl.
The large lanthanide cations do not readily fit into the
smaller octahedral holes of a 1T-MX2 lattice and thus
distort the structure to a tetragonal lattice. While no
specific M-M bonding distortions are reported for these
LnX2 materials, the bonding has frequently been de-
scribed as a Ln3+(e-)(I-)2 in which the 5d1 electron is
delocalized in a conduction band consistent with the
observed metallic properties. The existence of several
other structure types for other lanthanide dihalides may
in fact be related to the instability of the d1 configuration
with respect to metal-metal bonding distortions,7 but
a more in-depth structural study would be required to
articulate such relationships.

d2. Two structural distortions of the 1T-MX2 lattice
are observed for compounds with the d2 electron con-
figuration as shown in Figure 4b,c. Whereas TiCl2, 1T-
MoS2, and LiVO2 exhibit a trimerization,67-69 R-ZrI2,
â-MoTe2, and WTe2 exhibit the formation of zigzag
chains.59,70 The electronic band structure of the non-
distorted layer can be figuratively described as the
superposition of three “hidden 1-D bands” from the one-
dimensional chains of edge-sharing octahedra.42 The
two d-electrons can thus fill either one-third of all three
of the bands, which gives rise to a 3 × 3 superstructure
consistent with the trimerization, or fill half of two
bands, resulting in a dimerization along two of the three
chain directions consistent with the observed zigzag
chain. For the isoelectronic halides and chalcogenides,
a trimerization is observed for systems with the shortest
M-X bonds, whereas zigzag chains are observed when
longer M-X bonds are present. The compounds with
shorter M-X bonds also exhibit shorter metal-metal
contacts and thus a greater dispersion of the d-block
bands. As the bandwidth increases, the disproportion-
ate band filling of the zigzag chain becomes much less
favored with respect to the delocalized trimer because
of a greater promotional energy for reorganization.
Conversely, the longer M-M and M-X bonds are not
sufficiently stabilized by the delocalized three-center
bonding of the metal trimer. As a consequence, localized
two-center two-electron bonding is observed forming a
zigzag chain.

d3. The bonding in d3 1T-MX2 can similarly be
understood from the principles of electronic structure
described for the d2 phases in which each of three hidden
1-D bands is half-filled. The resulting diamond cluster-
ing observed for ReX2 (X ) S, Se)71,72 can equally be
described as a CDW instability derived from two nesting
vectors or as the formation of three localized two-center,
two-electron bonds. A more symmetrical distortion

derived from three nesting vectors might be expected
for an oxide structure with shorter M-X bonds. No
distortions are reported for the structures of the VX2
(X ) Cl, Br, I)73,74 salts, nevertheless, it would be
interesting to examine the low-temperature behavior of
these phases.

d4. MX2 phases with a d4 electron count are notably
absent from both halide and chalcogenide materials. In
the metal halide systems, for example, while CrCl2
adopts a distorted rutile structure, both Mo and W form
cluster phases such as W6X12.13 Clearly, metal-metal
bonding dominates the phase formation causing major
clustering as described below. By contrast, the formally
d4-chalcogenide FeS2 adopts the pyrite structure where
X-X bonding reduces the oxidation of the metal such
that it is better described as d6. As noted above, the
pyrite structure has not been observed for any halide
materials; however, similar bonding is observed for a
variety of pnictides, yielding, for example, the isoelec-
tronic and isostructural FeS2 and â-NiAs2.

d8. A d8 electronic configuration in an octahedral
geometry is expected to be unstable with respect to a
Jahn-Teller distortion. A distortion which lengthens
two M-X bonds in a 1T-MX2 layer will break the three
hidden 1-D edge-shared octahedral chains into one set
of edge-shared square-planar chains as observed for
R-PdCl2.75 No d8 transition-metal chalcogenide phases
exist since no d8 M+4 ion is known. Instead, for example
CdS2 adopts a pyrite structure with Cd2+.

AX3 Salts. A rich structural variation is observed for
metal-halide AX3 salts including molecular and one-,
two-, and three-dimensional species as recently re-
viewed by Lin and Miller.3 Like the AX2 salts, this
complex structural variation is significantly influenced
by metal-metal bonding distortions as a function of
their d-electron count. A similarly diverse chemistry
cannot be observed, however, for chalcogenide analogues
since the AX3 stoichiometry requires cations with a +6
charge, thus limiting possible cations to transition
metals later than group six. In fact, transition-metal
trioxides are only known for Cr, Mo, W, and Re. For
the heavier chalcogenides only CrTe3, NbSe3, and TaS3
are found from a search of the Inorganic Crystal
Structure Database. NbSe3 and TaS3 have an unusual
valence though, in which the chalcogenide does not have
a -2 charge. The compositional diversity is reversed
in ABX3 salts, with chalcogenides exhibiting a greater
range of composition than halides. Such halide salts
are restricted to combinations of +1 and +2 cations to
balance the -3 charge of the anions, whereas +1/+5,
+2/+4, and +3/+3 combinations of cations will charge
balance the -6 charge of chalcogenide anions. A rich
structural chemistry resulting from complex patterns
of metal-metal bonding is similarly observed for chal-
cogenide ABX3-x materials, which exhibit d-electron
counts between d0 and d4.91 Structural relationships
between more complex halides and oxides will be
discussed later.

Summary of Construction Principles. The above
analysis of simple AXn salts reiterates several principles
of bonding that can be exploited for the construction of
metal halides with the structure types of known chal-
cogenides, while also noting expected boundaries where
these analogies must break down. (1) In the ionic

Figure 5. View of the hexagonal and tetragonal cells of (a)
CdI2 and (b) LaI2, respectively, illustrating that the relation-
ship between the two structure types is analogous to the
relationship between the NaCl and CsCl cells.
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bonding limit, the size and charge of ions are the
dominant influences that determine the structure of
solids. These size and charge arguments are also
important in the construction of covalent solids. (2) As
the A-X bonds become more covalent, the geometric
preferences of the cation become heavily influenced by
its electron configuration such that local octahedral,
tetrahedral, square planar, etc. geometries are ob-
served. (3) Heavier element combinations add the
possibilities of A-A interactions, seen in a rich variation
of metal-metal bonding. X-X interactions, on the other
hand, may also become significant, particularly in the
case of the heavier chalcogenides and pnictides. (4) The
A-X bond distances have a major impact on the A-A
contacts such that short A-X bonds will require long
A-A distances in cases of A- -A repulsion or will favor
short A-A contacts when metal-metal bonding is
viable.

Construction of Complex Halide/Chalcogenide
Analogues

In the second half of this review, these principles are
shown to be important to understanding the relation-
ship between halides and chalcogenides of selected
complex structure types, and we demonstrate the uti-
lization of such principles for the construction of new
metal-halide materials derived from known chalco-
genide analogues.

Metal-Atom Clustering in Complex Structure
Types. M3X8

n-. Intermediate in structure and com-
position between a 1T-MX2-type and a BiI3-type layered
structure are a series of solids which contain M3X8

n-

layers. The edge sharing octahedra which make up this
layered structure are well suited for metal-metal
bonding, depending on the metal d-electron count. In
the nondistorted structure, shown in Figure 6a, six MX6
octahedra share edges to form a regular hexagon with
an “empty X6 octahedron” in the center. The ideal
lattice is observed in the structure of Na2Mn3Cl8

92 in
which the high-spin d5-electron configuration is not
susceptible to a distortion from octahedral symmetry.
By contrast with a d2-electron configuration, both
[Mo3O8]4- 93 and [Ti3Cl8]2- 94 exhibit a trimerization of
their crystal structure (Figure 6b) at or below room
temperature, respectively, analogous to the metal-
metal bond driven distortion in the d2-1T-MX2 com-
pounds previously described. Substitution of the Mo by
V requires an increase in the charge on the layers by
-3 as observed for the [V3O8]7- layers within NaV6O11.95

With an identical electron configuration, the [V3O8]7-

layer in sodium vanadate undergoes a similar trimer-
ization at low temperature.

(M6X8)X6
n- and (M6X12)X6

n- Clusters. An examina-
tion of the simple binary MX2 and MX3 salts finds no
simple halide or chalcogenide salts with a d4 electron
configuration other than CrX2 (X ) Cl, Br), which adopts
the distorted rutile structure as noted above. Rather,
salts with d-electron counts between d3 and d4 are
unstable with respect to the formation of metal-metal
bonded clusters. Homoleptic d3 metal halides of the
second- and third-row transition metals with the MX2
and MX3 stoichiometry form cluster phases such as
Ta6Cl12 and W6Cl18,96 respectively, whereas d4 metal
halides of the same compositions form Mo6Cl12

97 and
Re3Cl9

98 clusters, respectively. By contrast, no homo-
leptic d3 or d4 MX3 chalcogenide phases exist, and the
d3 MX2 chalcogenides exhibit a metal-metal bond
driven diamond chain-type clustering described above.
Nevertheless, slight compositional variations in the M/X
ratio for both halides and chalcogenides and/or the
inclusion of interstitial atoms or extracluster cations
while maintaining a d-electron count of between d2.5 and
d4 results in the formation of a large variety of octahe-
dral cluster phases as summarized in Table 6. Only
selected cluster phases are reported here to highlight
the relationship between the halides and chalcogenides,
since numerous reviews discuss such cluster phases.99-104

Two basic cluster units are observed consisting of
either an M6X8 core in which the ligands cap the faces
of the octahedral cluster, or with an M6X12 core where
the ligands bridge the edges of the cluster (Figure
7).99-104 In both cases, these bridging ligands are
designated as inner ligands, Xi. Six terminal ligands
attach to each type of cluster in apical positions and are
designated as outer ligands, Xa. The observed compo-
sitional range from M6X18 to M6X8 is a reflection of the
extent of condensation of cluster connectivity through
anion bridges. For example, a structure in which all
six of the terminal ligands are shared between two
neighboring clusters would be represented as (M6Xi

12)Xa
6/2

or M6X15. Several of these reports have discussed the
bonding requirements of these octahedral clusters and
found that the M6X8-type geometry is most favorable
for clusters with 24 cluster bonding electrons (d4 per
metal), whereas the M6X12-type geometry is favored for
the less electron rich clusters with an optimal 14 or 16
cluster bonding electrons (d∼2.5 per metal). In these
phases, when the number of cluster bonding electrons
is insufficient for the preferred cluster bonding ad-
ditional electrons are obtained either via interstitial
stabilization to yield (M6Z)X12 cores or via the addition
of extracluster cations. Alternatively, mixed halide/
chalcogenide clusters allow further compositional varia-
tion of a given structure type. Thus a fine-tuning of the
metal, the number and charge of the anions, and the
presence of interstitial or extraframework cations can
be exploited for the construction of an extensive family
of cluster phases. Similar bonding analogies can be
drawn between a variety of halide and chalcogenide
condensed cluster phases, such as the relationship
between the interstitially stabilized Sc4Cl6B105 and the
extraframework cation stabilized NaMo4O6.106

Tetrahedral Structure Types. Having observed
the structural relationships between halide and chal-

Figure 6. (a) Ball and stick drawing of an undistorted M3X8

layer viewed down the c axis. (b) Trimerization of the M3X8

layers found in Zn2Mo3O8 and the low-temperature structure
of Na2Ti3Cl8.
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cogenide phases which exhibit extensive metal-metal
bonding, it was interesting for us to attempt to exploit
similar bonding principles for the construction of ana-
logues of a radically different class of materials such as
silicates and phosphates. Such materials are influenced
primarily by the local geometry of the building blocks
as opposed to the propensity to form metal-metal
bonds.

Complex Silicate-Type Structures. Starting from
the observed relationship between ZnCl2 and SiO2, we
set out to prepare metal-halide structural analogues to
aluminophosphate and aluminosilicate zeolitic materi-
als.11 Although these metal-halide materials will not
yield refractory microporous framework materials such
as are typically used for hydrocarbon processing, new
chemical transformations are expected to be viable if
we can engineer Lewis acidic and redox active metal-
halide building blocks into crystalline frameworks which
exhibit size and shape selectivity. To achieve our goal
of metal-halide zeotype-framework design, we must (1)
utilize MX4/n-type building blocks for which a tetrahe-
dral coordination is favored by the metal’s d-electron
count, (2) exploit the principles of charge matching, (3)
control the relative size of framework and templating
ions, and (4) be attuned to structural effects dictated
by variation in M-X bond distances.

MM′X4. Charge matching principles, analogous to
those relating SiO2 and AlPO4, should in principle be
paralleled by a relationship between ZnCl2 and CuMX4
(M ) Al, Ga; X ) Cl, Br, I).126 A direct analogue of the
R-ZnCl2

32 structure type is found in the structure of
CuGaI4.127 Here, the CuI4/2 tetrahedra (Cu-I ) 2.62
Å) and the GaI4/2 tetrahedra (Ga-I ) 2.56 Å) are
virtually of identical size and thus the +1 and +3
cations directly substitute for two ZnII cations. How-
ever, in CuAlCl4 the CuCl4/2 tetrahedra are significantly
larger (Cu-Cl ) 2.36 Å) than the AlCl4/2 tetrahedra
(Al-Cl ) 2.14 Å). The difference in size of the tetra-
hedral building blocks of CuMX4 (M ) Al, Ga X ) Cl,

Br) results in a doubling of the unit cell. Like ZnCl2,
the atom arrangement in CuMX4 structures can be
described as the stacking of closest packed layers in a
cubic closest packed fashion to yield the tetragonal
R-CuMX4

126,128,129 or a hexagonal closest packed fashion
to yield the orthorhombic â-CuMX4,126 as shown in
Figure 8. The â-phase of CuMX4 has been shown to be
metastable with respect to the R-phase and can only be
synthesized by rapid quenching from a melt.

The cations of both ZnCl2 and CuMX4 order into
zigzag chains, occupying only one-fourth of the tetra-
hedral holes of the approximately closest packed anion
sublattice. The ordering of the vacant holes in the
lattice creates notable “van der Waals” channels through-
out the framework. These channels are physically too
small for penetration by small molecules (for CuAlCl4
the cross-channel Cl-Cl contacts being 0.2-0.4 Å
greater than the sum of the van der Waals radii of Cl).
Nevertheless, we have shown by gravimetric analysis,
spectroscopy, and real time powder diffraction that
R-CuAlCl4 can reversibly chemisorb 0.5-1.0 molar equiv
of small molecule gases such as C2H4, CO, and NO. This
gas sorption may also be related to the reversible
benzene adduct formation of (C6H6)CuAlCl4,130 although
different adduct structures are observed for different
adduct molecules.131 A common adduct is observed
upon sorption from either the R- or â-phase, but upon
gas desorption only the thermodynamically favored
R-phase is observed. In the case of the ethylene adsorp-
tion into R-CuAlCl4, at least one intermediate phase is
observed by real time powder diffraction.132 The X-ray
powder diffraction of the final ethylene adduct confirms
that a tetragonal phase with lattice constants of a ) b
) 6.33 and c ) 12.38 Å is formed. This powder pattern
is consistent with a model in which the framework is
expanded at the M-Cl-M′ angles from 109° to 180°,
yielding a [NMe4][CuPt(CN)4]-type structure133 in which
the olefins are coordinated to an opened coordination
site on one of the metals. This flexibility of the T-X-T
angle is along a similar distortion coordinate that

Table 6. Metal Halide and Chalcogenide M6X8 and M6X12-Type Clusters

(M6X8)X6 (M6X12)X6

halide ref chalcogenide ref halide ref chalcogenide ref

M6X18 W6Cl18 96 Nb6Cl13O3
5- 107

M6X17
M6X16 Zr6Cl16B3- 99 Nb6Cl13O3

3- 108
M6X15 Ta6Cl15 109
M6X14 Mo6Cl14

2- 110 Co6Se8(PPh3)6 111 Nb6Cl14 112
M6X13 Mo6Cl13

- 113 Zr6Cl13B 99
M6X12 Mo6Cl12 114 Re6S12

4- 115 Zr6Cl12Be 99 Nb6O12
M6X11 Nb6I11 116 Re6S11

4- 117 Sc6I11C2 118 Nb6O11
6- 119

M6X10 Mo6Br8S2 120 Re6Se8Cl2 121 Y6I10Ru 122 Mo6O10
2- 123

M6X9 [HNb6I8]I3 124
M6X8 Nb6I8

2+ Mo6S8 125

Figure 7. Ball and stick drawings of the (a) (M6Xi
8)Xa

6 and
(b) (M6Xi

12)Xa
6 clusters.

Figure 8. Ball and stick representations of (a) R-CuAlCl4

looking down a and (b) â-CuAlCl4 looking down c. The smaller
shaded spheres are Al and the larger shaded spheres are Cu.
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relates R-ZnCl2 to high-cristobalite (see above) and
results in >3 Å channels. While various structures are
formed by the small molecule adsorption into the
CuAlCl4 framework, in all cases, the reversible sorption
process appears to be dictated in part by the flexibility
of the metal-halide frameworks.

[MnM′m-nX2m]n-. Aluminosilicates, which include the
diverse family of zeolites, exploit the principles of charge
matching to create open framework structures. A
charge deficient tetrahedral cation is substituted for
certain of the Si4+ framework cations in order to create
an anionic lattice, and extraframework cations balance
the charge of the framework as well as serve to fill space
and/or template the framework construction. By anal-
ogy, it should be possible to substitute charge deficient
cations into the zinc chloride lattice for similar haloz-
eotype constructions. This is observed by replacing
certain Zn2+ framework cations with Cu+ in ZnCl2 to
yield [CunZnm-nCl2m]n- that must be charge balanced
and templated by extraframework cations.

The Sodalite Structure. Trimethylammonium cations
serve to template the formation of â-cages resulting in
the sodalite structure, [HNMe3][CuZn5Cl12], CZX-1,
shown in Figure 9a.11 (CZX is defined as the common
name for this family of copper zinc halides.) Using the
geometric constraints described for oxide-based sodalite,
a cubic lattice constant of 10.55 Å is predicted for a
sodalite cage constructed out of ideal tetrahedra (R )
109.4°) with a M-X bond distance of 2.28 Å and a
T-X-T angle of 109.4° (æ ) 45°).134 Crystallizing in
the cubic space group I3m, with a ) 10.5887(3) Å, CZX-1
very nearly exhibits the ideal structure for a contracted
â-cage. Geometrically, the T-X-T angle can vary from
109.4° to 160° according to the extent of cage expansion.
The observed T-X-T angle of 110.04(3)° in CZX-1 is
markedly more contracted than any known oxide based
sodalite where the T-O-T angles range from 124 to
160°.135 The minimum angle is limited by the T-X bond
distances which determine the T-T separations. De-
spite this most contracted cage, the larger T-X bond
distance in the metal halide framework still yields a
sodalite cage with the largest known cell volume.

The structural comparison between the oxide- and
halide-based sodalite structures is parallel to that
described above for ZnCl2 and SiO2 and is similarly
evident in the respective anion arrangements. With a
nearly ideal tetrahedral angle at Cl, the halide-based
sodalite structure clearly shows a cubic closest packing
arrangement of the framework anions. The role of the
template is to fill 4/16 of the closest packed anion sites

such that the â-cages could be formed (Figure 9b).
Constructions with larger templating cations and/or the
inclusion of solvent are anticipated to yield expanded
cages with T-X-T angles in the range of that observed
for oxide-based materials.

A Novel Microporous Framework. Syntheses utilizing
the more rodlike diethyl- or dimethylammonium cations
result in the templated growth of a novel zeotypic
framework with a three-dimensional channel structure
shown in Figure 10.11 CZX-2, [H2NEt2][CuZn5Cl12], and
CZX-3, [H2NMe2]n[CunZn6-nCl12] (n ) 1 or 2), consistent
with our aluminosilicate analogy, are also constructed
from corner sharing tetrahedral primary building units.
Like the halozeotype described above, these materials
also exhibit T-X-T angles of 110°, which is well
contracted below that observed for any aluminosilicates.
Nevertheless, the connectivity of this framework cannot
be described from a closest packing of anions. Unlike
the sodalite cage, this structure is not geometrically
flexible, since an opening of the T-X-T angles also
requires significant distortion to the MX4/2 tetrahedra.
For this reason, the CZX-2 structure type is only
expected to be observed for frameworks constructed
from building blocks with long T-X distances.

The most open direction of the CZX-2 framework
consists of channels running along the 21 axes parallel
to b. The smallest ring to circumscribe this channel
consists of 11 tetrahedra. As shown in Figure 10 (for
CZX-2), the templating dialkylammonium cations reside
in the center of these channels and are hydrogen bonded
to the chloride channel interior. In the stuffed n ) 2
CZX-3, the dimethylammonium cations are oriented in
a slightly different fashion within the same channels
in order to maximize hydrogen bonding. The shortest
cross-channel contacts are 6.34 Å for CZX-2, which
corresponds to a free diameter of 2.9 Å given the van
der Waals radii of Cl ) 1.7 Å. These are smaller
openings than traditionally observed for an 11-ring since
the T-X-T angle of 110° results in a collapsing of the
window. Four eight-ring windows provide entry into the
primary 11-ring channels forming smaller channels
along the body diagonal. The largest void in the fully
occupied CZX-3 structure is centered directly in the
eight-ring window and also corresponds to the channel
parallel to the c axis with the shortest void-centroid-

Figure 9. Ball and stick representation of the sodalite cage
found in (a) [HNMe3][CuZn5Cl12], CZX-1, and (b) a (111) section
emphasizing in the ccp anion sublattice with 4/16 of the anion
sites vacant.

Figure 10. Ball and stick representation of [H2NEt2][CuZn5-
Cl12], CZX-2, viewed along the a direction, which shows the
position of the templating cation within the 11-ring channel.
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to-halide distance of 2.69 Å. This void space, in addition
to the void created by template vacancy in CZX-3 (n )
1), is of appropriate size to adsorb small molecules such
as methanol. While this solvent adsorption also results
in colloid formation, we have shown that CZX-3 (n ) 1)
adsorbs 1.8 mol per formula unit more methanol than
does its stuffed n ) 2 counterpart.

Lithium Beryllium Fluoride Frameworks. A similar
analogy between oxide and halide frameworks is ob-
served starting from a BeF2 parentage. As noted above,
BeF2, ZnCl2, and SiO2 exhibit common structural
motifs and all can be readily supercooled to glassy
phases.29,30 Since Li+ readily adopts a tetrahedral
coordination geometry, charge matching strategies by
which certain Be2+ sites are substituted by Li+ to yield
an anionic framework can be exploited to create a family
of [A]n[LinBem-nF2m] materials. In fact, a survey of the
Inorganic Crystal Structure Database finds four three-
dimensional lithium beryllium fluorides, two of which
are direct analogues of aluminosilicate structure types.
Bu and Stucky recently pointed out that both [N2H5]+

and [Cs]+ template the formation of an ABW-type zeolite
framework with eight-ring channels running along b
and c.136-138 (The latter is shown in Figure 11a.)
Similarly the three-dimensional framework [K]LiBeF4

139

is isostructural to [K]AlSiO4
140 in which channels of six-

rings penetrate the lattice along a, b, and c, the former
being shown in Figure 11b.

Unlike the CZX materials, these LiBeF materials
exhibit metrical parameters much more similar to those
of the silicates with Be-F ) 1.55 Å and Li-F ) 1.85 Å,
as compared with Si-O ) 1.62 Å and Al-O ) 1.73 Å.

Thus, as observed for all oxide structures, the short
metal-fluoride bond distance will require a more obtuse
T-X-T angle. The elongated Li-F distance, with
respect to the Al-O distances, results in a slightly
contracted T-X-T angle, observed to be on the order
of 130° in several [LiBeF4]- crystal structures. Never-
theless, the closest packed-type geometry observed for
the metal chlorides is not expected to be observed for
the fluorides.

Surfactants as Templates. Upon successful demon-
stration of the concept of the construction of metal-
halide analogues to zeolites, we have begun to explore
the limits of such framework construction by attempting
to prepare metal-halide analogues of mesostructured
materials in the M41S family.141,142 We do not expect
the halide frameworks to be stable upon the removal of
the templating surfactant; however, the softer metal-
halide lattice may facilitate crystal growth that will
provide useful structural models for the silicate ana-
logues. A family of MZX (mesostructured zinc halides)
can readily be prepared from CTAB (cetyltrimethylam-
monium bromide) and ZnCl2.143 Single crystals of MZX-
1, [CTA]2Zn2Cl6, were grown from methanol solutions
of a 1:1 mixture of the starting materials. MZX-1
(Figure 12) adopts a lamellar structure with a basal
spacing of 14.9 Å, which is significantly less than the
length of the CTA surfactant as a result of a canting of
the alkyl chains with respect to the stacking planes. The
anionic inorganic spacers, Zn2Cl6

2-, edge shared tetra-
hedral dimers, are associated with the cationic head-
groups of the detergent. This metal-halide structure is
a cation deficient analogue of the previously character-
ized chalcogenide, [C12TA]4Sn2S6‚2H2O (C12TA ) dode-
cyltrimethylammonium).144 The canting of the C16
cation chains in cation deficient MZX-1 results in nearly
identical lattice constants to the tin sulfide lamellar
phase with twice the number of shorter, C12, cations.
Increasing the surfactant to ZnCl2 ratio to 2:1 results
in the formation of a new lamellar phase, MZX-2, with
an increased basal plane separation of 31.6 Å as
determined from the orthorhombic cell of a ) 7.82 Å, b
) 31.56 Å, and c ) 5.21 Å. The indexed diffraction
pattern of MZX-2 is shown in Figure 13. The structure

Figure 11. Ball and stick representations of the anionic
sublattices (a) CsLiBeF4 viewed along the c direction and (b)
KLiBeF4 viewed along the b direction. The smaller shaded
spheres are Be and the larger shaded spheres are Li.

Figure 12. Ball and stick representation of [CTA]2Zn2Cl6,
MZX-1, viewed along the a direction.
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of MZX-2 is expected to be analogous to the lamellar
[H3N(CnH2n+1)]2ZnCl4 structures.145 In addition to di-
recting structure formation, the surfactant/ZnCl2 ratio
also can be exploited to direct liquid crystalline forma-
tion. The liquid crystalline properties of these MZX
materials will be described in a future work.143 We
anticipate that control of the liquid crystalline phases
will be important for the directed synthesis of hexagonal
mesostructured phases.

Non-Silicate Tetrahedral Structures. As de-
scribed above, silicate structures are rather restricted
in their local structural organization due to the short
Si-O bonds with respect to the size of the silicon
cations. By contrast, metal-chloride distances are long
with respect to the size of transition-metal cations.
Thus, while several of the above structure types dem-
onstrate analogy to silicates, a greater commonality may
be anticipated for oxides of smaller cations such as
borates, or for main-group sulfides.

AM4X7. The M4X7
n--type frameworks exhibit a va-

riety of structural connectivities in order to accom-
modate the local bonding requirements of the respective
building units. Deviating from the traditional MX2
corner-sharing tetrahedral structural motif, in which all
anions are two coordinate, the M4X7

n- stoichiometry
requires a variation in framework connectivity such as
three coordination at certain anions (BaAl4S7),146 edge
sharing tetrahedral connectivity (HP4N7),24 and/or a
combination of octahedral and tetrahedral local geom-
etries (SrAl4O7).146 It is the BaAl4S7 structure type that
is exhibited by the frameworks for which the M-X
bonds are long with respect to the size of M and thus is
the observed structure for [A]Cu2Zn2Cl7, A ) H3NMe
and Cs (CZX-4 Figure 14). Interestingly, [Cs]Li2-
Be2F4

136 also adopts this structure type although it is
not known for any aluminosilicate phases. The struc-
ture of this framework is most readily described from a
closest packing morphology in which one-eighth of the
anion sites of a closest packed layer are occupied by the
extraframework templating cations.147 These layers are
then stacked in a hexagonal closest packed fashion such
that each template resides in a cage of 12 anions. This
closest packed type structure is observed when the
T-X-T bond angle can approach an ideal tetrahedral
angle of 109.4°. This structure is found as the resultant
phase when templating the copper zinc halides with
either H3NMe+ or Rb+ to yield CZX-4. Consistent with
the longer M-X bonding, this structure type is identical
to the known BaM4S7 (M ) Al, Ga),148 in which one of

the anions is three coordinated. Because of the local
geometric constraints imposed by short metal-oxide
distances, B4O7

2- is the only oxide framework with this
structure type since B3+ is a very small cation.149 Yet
even here, the short B-O bond distance requires a
significant expansion of the T-X-T angle to a range of
115-140°. Completely different polyhedral connectivi-
ties are required in the structure of aluminates and
gallates, which favor T-X-T angles of approximately
140°. The slightly longer distances of the lithium and
beryllium tetrahedra, which favor T-X-T angles of
approximately 130°, allow this structure type to be
adopted by RbLi2Be2F4. However, its structure is
significantly distorted away from the ideal closest
packed-type geometry.

Frameworks from Condensed Tetrahedra. An-
other type of framework observed for species with more
contracted T-X-T angles involves constructions utiliz-
ing condensed building units which often involve edge
sharing tetrahedral condensations or higher coordina-
tion numbers. Such condensed building-block construc-
tion was observed in the organic templated microporous
tin sulfides, SnS-1 (Sn3S7

2-),150,151 in which all of the
tin cations are five coordinate. A second common
condensed building block observed in chalcogenide
framework construction is the (M4X6)X4 adamantine-
like unit.152 These adamantine-like units are most
frequently linked into framework structures by ligation
of the terminal chalcogenides to divalent transition
metals such as in the MGeS-3 frameworks MGe4S10

2-.153

In DPA-GS-8, dipropylammonium-Ge4S9, adamantine-
like units are linked by bridging terminal chalcogenides
(Ge4S6S2S2/2)2- to form a zigzag chain.154 The metrical
parameters of an adamantine-like building unit are
equivalent to those required for a closest packing
arrangement of ions. This requires contracted T-X-T
angles making this geometry accessible only for species
with longer M-X bonds. Similarly, the edge-shared
tetrahedral connectivity in SnS-1 requires contracted
T-X-T angles and long T-X bonds to avoid short T-T
contacts. Thus, such condensed tetrahedral units are
not favored for silicate constructions. Nevertheless, as
described above, these metrical parameters are well

Figure 13. Powder X-ray diffraction pattern for MZX-2.

Figure 14. Ball and stick representation of [H3NMe][Cu2Zn2-
Cl7], CZX-4.
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suited for constructions using condensed metal-halide
building blocks.

Cu9Cl16
7-. Isolated Cu4X6

2- (X ) Br and I) complexes
have been known for some time.155-158 These adaman-
tine-like units exhibit no terminal ligation and are well
isolated by large phosphonium and ammonium coun-
tercations. Solvothermal synthesis in ethanol utilizing
CuCl and the small H3NMe countercation yielded the
first condensed chloride units “Cu4Cl6” in which these
adamantine building blocks are condensed into a com-
plex chain structure Cu9Cl16

7- with effectively an open-
framework pore structure shown in Figure 15.159 The
backbone of this chain structure consists of inner/outer
halide bridges linking Cu4Cl4

iCl2
i-aCl2

a-i units. At-
tached to each backbone complex building unit a second
polyanion forms an inner/outer bridge. Further frame-
work condensation is prevented on the pendent polya-
nion by a terminal chloride and a terminal CuCl3 unit.
This “open-framework chain structure” is stabilized by
hydrogen-bonding of the ammonium cations to both the
polyanionic chain and to an isolated Cl- anion that
resides in the center of this void.

Cu7Cl11
4-. A three-dimensional copper-halide open-

framework Cu7Cl11
4- (Figure 16) has also recently been

prepared from the solvothermal synthesis of CuCl2 in
the presence of ethylenediamine.160 The resulting
framework is similarly constructed from condensed
copper chloride tetrahedra forming Cu4Cl11 tetramers.
These are linked by three CuCl3/3 trigonal pyramidal
units which surround two Cu(en)2

2+ charge-balancing
extraframework cations. The four-coordinate Cu(en)2

2+

also exhibits weak axial Cu-Cl coordination to the
framework. While no direct chalcogenide analogue to
this phase is known, the polymorphism of copper(I)
chlorides145 is notably similar to that described for the
tin and germanium sulfides152 such that common prin-
ciples of framework construction are observed.

Phosphate Analogues. Like silicate framework
materials, metal phosphates are of considerable interest
for separations and catalysis applications.12,15,161-164 As
an extension of the above silicate analogy, we have
demonstrated that CuCl4

3- can function electronically
and structurally as a phosphate or thiophosphate
analogue for the construction of new metal-halide
frameworks. For example, the copper aluminum chlo-
ride phases discussed above can be described as Al-
(CuCl4) which are electronic and structural analogues
of aluminophosphates Al(PO4).126 Similarly, the haloz-

eotype copper zinc halides11 are direct analogues of zinc
phosphates; for example, (ZnPO4)3

3- also adopts the
sodalite structure.135

CuZrCl6-. To further demonstrate this copper chloride/
phosphate analogy, we have initiated the synthesis of
early transition metal/copper chloride materials with
the goal of producing octahedral/tetrahedral framework
structures patterned after the extensive family of
zirconium, vanadium and molybdenum phosphates.
Reaction of CuCl, ZrCl4, and H2NMe2Cl in the melt or
in a superheated benzene solution (150 °C) yields
[ZrCuCl6]-.165 This chain structure is constructed from
alternating zirconium halide octahedra and copper
chloride tetrahedra which share common edges as
shown in Figure 17a. The orthogonal orientation of
opposing edges of a tetrahedron require the zirconium
octahedra to be linked in an orthogonal fashion. In the
room-temperature crystal structure, the ZrCl6 unit
adopts a nearly ideal octahedral geometry, whereas the
copper chloride tetrahedra are significantly distorted
due to hydrogen-bonding to the dialkylammonium cat-
ions. A phase transition resulting from a reorientation
of the alkylammonium cations is observed below 210 K.
The [ZrCuCl6]- chains are closely related to the [MPS4]-

chains (M ) Ni or Pd)166,167 in which tetrahedral

Figure 15. Ball and stick representation of a single complex
chain in [Cu9Cl16]7-.

Figure 16. Ball and stick representation of the three-
dimensional copper halide open-framework Cu7Cl11

4- viewed
down the c direction. [Cu(en)2]2+, not shown, fills the channels
in this structure.

Figure 17. Ball and stick representations illustrating the
similarity between the chains found in (a) [ZrCuCl6]- and (b)
[NiPS4]-.
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thiophosphate building blocks link square planar metal
centers through shared edges (Figure 17b). The tetra-
hedral building block CuCl4

3- is the charge-matched
structural equivalent of PS4

3-, and with the two termi-
nal axial chlorides, ZrCl2

2+ is the charge-matched and
structural equivalent of the square planar Ni2+ or Pd2+.
Whereas a notable puckering of the [ZrCuCl6]- chain
is observed, in the absence of strong hydrogen-bonding,
the [MPS4]- chains are completely linear with an M-S-
S-P dihedral angle of 180°. The long M-X bonds with
respect to the size of the metal cations allows an edge
shared connectivity observed for the metal copper
chloride and metal thiophosphate chains. Short P-O
bond distances preclude a similar structure for metal
phosphates because of repulsive M-P contacts.

Phosphonate Analogues. Phosphonates, RPO3
2-,

are frequently utilized to induce pillared phosphate-type
structures in which organic pillars separate inorganic
chains or layers.168-170 A similar pillaring of metal-
halide analogues of phosphates might be obtained by
utilization of LCuCl32- (L ) neutral ligand) or RZnCl32-

(R ) alkyl, aryl, ...). Constructions with the LCuCl3
2-

phosphonate analogues are particularly attractive for
catalytic applications whereby the lability of the Cu-L
bond can be exploited to reversibly open a coordination
site at a redox active metal center.

((C6H6)CuCl3)2Zr. The solvothermal reaction of CuCl
and ZrCl4 in benzene at 150 °C produced yellow crystal-
line ((C6H6)CuCl3)2Zr for which the structure is shown
in Figure 18a.171 The benzene molecules are coordi-
nated to the copper sites by an η2-mode of coordination.
Two chloride ligands bridge between the copper and
equatorial sites on the zirconium octahedron such that
a common polyhedral edge is shared. The third chloride
is bridged to the apex of the zirconium octahedron. The
two LCuCl3 units link zirconium octahedra, related by
an approximate center of inversion. Crystal packing of
these chains influences unique second-order Jahn-
Teller distortions making each of the two LCuCl3 units
distinct so as to maximize the edge to face interactions
of the aromatic rings in neighboring chains. The
benzene can be irreversibly replaced by PPh3, which also

breaks up the chain into ((PPh3)CuCl3)2Zr molecular
units.171 A search of the Cambridge Crystallographic
Database finds no 1-D phosphonate for which ((C6H6)-
CuCl3)2Zr is a direct structural analogue. This again
is due to the observation that the longer M-Cl distances
can readily form edge-bridged contacts, which are rarely
seen for the metal oxides. However, the structure of
[(RPO3H)2ZrF2]- (R ) CH2NH(CH2CO2)2),172 shown in
Figure 18b, is a very close structural parallel. A
figurative loss of 2 equiv of HF would allow for a
condensation to an edge-bridged phosphonate which
would be a direct analogue to our halide phase.

((C6H6)CuCl3)AlCl. The same phosphonate analogy
is observed for the layered structure of ((C6H6)CuCl3)-
AlCl which is obtained in the reversible adsorption of
benzene to CuAlCl4 described above.130,173 Numerous
patents describe the utility of (C6H6)CuAlCl4 for the
reversible binding and separation of CO from gas
mixtures,174-176 as well as for the catalytic polymeriza-
tion of olefins177 and aromatics.178 Again the benzene
molecules are coordinated to the copper sites via an η2-
mode of coordination. As shown in Figure 19, the
LCuCl3 units are linked through their corners to alu-
minum chloride tetrahedra forming an undulating
layered structure. Adjacent to each Cu-L bond in the
layer is a terminal Al-Cl bond. This is analogous to
the molecular species ((tBuPO3)Al(iBu))4,179 which con-
tains the same construction features (a terminal alu-
minum alkyl replaces the terminal aluminum chloride).
The shorter M-O bonds in the aluminophosphonate
apparently favor the tetrameric structure as opposed
to the undulating layer structure of the copper alumi-
num halide. The reversible adduct formation of ligands
coordinated to CuAlCl4 effectively demonstrates the
utility of these construction principles and the potential
for such constructions to perform useful chemistry.

Summary

In this review we have described a variety of struc-
tural and bonding analogies observed for known metal
halide and chalcogenide materials. We have selected
structure types for which commonality is observed
between halides and chalcogenides, as opposed to
emphasizing those structure types for which one and
not another set of anions are observed. For example,
to date no metal-halide analogues to the copper oxide
high-temperature superconductors have been synthe-
sized. But the work described here probes the ques-
tion: when does nature set limits as to what structure
types are accessible for a given set of anions? Such
limits are well beyond the boundaries of known chem-

Figure 18. Ball and stick representations illustrating the
similarity between the chains found in (a) ((C6H6)CuCl3)2Zr
and (b) [(RPO3H)2ZrF2]-, R ) CH2NH(CH2CO2)2. The smaller
shaded spheres are Cu in (a) and P in (b). The small unshaded
spheres represent flourides. Only the methylene carbon of the
phosphonate are shown for clarity.

Figure 19. Ball and stick representation looking parallel to
the layers of ((C6H6)CuCl3)AlCl. The smaller shaded spheres
are Al and the larger shaded spheres are Cu.
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istry. As we have demonstrated, a careful utilization
of principles of structure and bonding can provide a
rational foundation for the design of new solid-state
materials patterned after the vast structural chemistry
known for metal oxides. While structural analogies are
fundamental to such rational synthesis, the chemical
properties of the resulting non-oxide solids are antici-
pated to be quite varied and useful when applied to
diverse applications.
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