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Conceptually, it is not difficult to imagine reaching into a solid structure and carving out
just that portion of the framework we desire. Solid-state reactions incorporating an ionic
component into a covalent structure have long been recognized as experimental means for
accomplishing just such feats. However, the method does not always succeed, and so, in an
effort to extend its use in more logical approaches to solid synthesis, we herein provide an
assessment of the scope and limitations of the reaction type. Dimensional reduction is set
forth as a general formalism describing how the metal—anion (M—X) framework of a parent
compound, MX,, is dismantled upon reaction with an ionic reagent A,X to form a child
compound AnaMXy+n. The added anions serve to terminate M—X—M bridges, yielding a less
tightly connected framework that retains the metal coordination geometry and polyhedron
connectivity mode of the original parent structure. In most instances, the connectedness of
the ensuing framework can also be predicted, facilitating enumeration of likely structures.
A database containing more than 3000 relevant crystal structures has been compiled
(available at http://alchemy.cchem.berkeley.edu/dimred) and is employed in evaluating the
applicability of dimensional reduction to various systems. Examples are provided and results
are tabulated for the deconstruction of parent solids featuring octahedral, tetrahedral, square
planar, and linear metal coordination polyhedra linked through corner-, edge-, and face-
sharing interactions. The success of dimensional reduction is observed to depend significantly
on the choice of the countercation A (with smaller cations typically giving more reliable
results), suggesting that this should be considered a variable parameter when targeting a
specific child framework. The utility of the method in dismantling cluster-containing

frameworks is also discussed.

1. Introduction

Organic chemists have at their disposal a vast library
of reaction schemes for performing specific structural
transformations. The careful evaluation of the scope and
limitations of each reaction—particularly with regard
to experimental conditions and functional group compat-
ibility—has enabled development of a logic by which
complex organic structures can be built up from simpler
components.! In stark contrast, solid-state chemists
have in their grasp only a few generalizable reaction
schemes with which to modify the structure of an
inorganic solid in a manner that might be predicted a
priori. Consequently, a similar logic for constructing
solids has failed to emerge, despite the obvious advan-
tages of wielding such an approach to tune physical
properties that correlate so critically with the structure
of a solid material. In an effort to help alleviate this
discrepancy and extend the library of solid-state reac-
tions, we herein formalize and evaluate a long-standing
means of manipulating binary solid frameworks.

Owing to the extreme variation of bonding interac-
tions in inorganic structures, solid-state synthesis has
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traditionally been a discipline rife with preparative
techniques, but lacking in predictive capability.? For
even very simple solids, fundamental issues such as
understanding mechanisms of formation?® and determin-
ing stable compositions* and crystal structures® remain
as challenges for ongoing research. While the prospect
of gaining Kinetic control in the synthesis of solids
through the use of low-temperature sol—gel,® molten
salt,” or solventothermal® techniques has excited con-
siderable interest,2¢ these methods typically do not
prescribe the overall structure of the resultant meta-
stable product. What predictive reaction schemes do
exist are easily enumerated. Intercalation reactions
involve the insertion of guest species into existing
interstices within a solid host.® Related ion exchange
reactions entail the interchange of ions, again without
disrupting the covalent framework of the solid host.1°
Other soft chemical (or chimie douce) routes, classified
as topotactic condensation reactions, alter the frame-
work itself by forging new bonds between surfaces upon
elimination of intervening terminal ligands.'12 Often,
the very existence of a framework will suggest the
possibility of synthesizing isostructural variants by
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isomorphous substitution reactions, wherein one or
more of the elements are replaced by other elements
known to adopt similar geometries.'® Finally, the re-
cently developed “crystal engineering” approach exploits
established coordination preferences of individual metal
ions and rigid bridging ligands in the assembly of solid
frameworks from solution via ligand substitution reac-
tions.14 The use of these predictive reactions in conjunc-
tion further extends our control in the synthesis of
solids, such that each new reaction type introduced adds
greatly to the complexity and variety of attainable
structures.

Solid-state chemists are well-accustomed to the prac-
tice of describing a complicated crystal structure by
relating it to some simpler parent structure. The close
relationships of many elaborate metal oxides (including
high-T. superconductors) to the perovskite structure
come readily to mind.1®> Conceptually, we recognize how
a framework might be dismantled by incorporating
additional anionic ligands that terminate connections
between metal centers in the structure. While such
thinking is frequently implicit in the syntheses formu-
lated by experienced chemists, it does not apply in every
instance, and the extent to which it governs solid-state
reaction chemistry has never been assessed systemati-
cally. In what follows, this intuition is consolidated in
a general reaction formalism termed dimensional reduc-
tion,1® the specific predictable characteristics of the
structure are described, and the scope and limitations
of the method are evaluated.

2. The Theory of Dimensional Reduction

Dimensional reduction treats systems where a binary
solid MXy, which will be referred to as the parent
compound, reacts with n equivalents of a dimensional
reduction agent A,X to form a ternary child compound
AnaMXy4n. Here, the anions X may serve as either

MX, + nAX — A, MX,.,

L ternary child M

binary parent 4
dimensional reduction agent

bridging or terminal ligands on the metal centers M,
and the added equivalents are incorporated into the
M—X framework. The charge-balancing counterions A
are much more electropositive than M and will not form
strong covalent bonds with the anions; they will there-
fore be treated as lying outside the framework. An
example is shown in Figure 1, which depicts the
stepwise deconstruction of an MX3 framework (1) con-
taining MXg octahedra linked in three dimensions via
shared corners. Incorporated anions insert into M—X—M
bridges, as the first equivalent of AzX severs linkages
along one direction. The resulting compound A MX4
exhibits two-dimensional sheets of corner-sharing octa-
hedra (2), with the counterions A residing between the
layers. An additional equivalent of A X severs bridges
along another direction to leave one-dimensional chains
of corner-sharing octahedra (3). Finally, a third equiva-
lent yields a molecular compound with discrete octahe-
dral [MXg]*~ ions and no remaining M—X—M bridges
(4). Compounds of this last type shall be referred to here
as saturated. The term “dimensional reduction” derives
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Figure 1. Dimensional reduction of a framework of corner-
sharing octahedra. Here and in all subsequent figures M and
X atoms are represented by black and white spheres, respec-
tively. Reaction with A.X incorporates additional X atoms into
the M—X framework, inserting into M—X—M bridges to reduce
the connectedness and dimensionality of the framework.

from the observation that incorporation of a single
equivalent of AX lowers the dimensionality by one in
many systems where the theory applies. The lowering
of the dimensionality of certain metal chalcogenides
upon incorporation of highly electropositive cations has
been noted previously!” and is just one of the predictions
dimensional reduction makes for such a system.
Dimensional reduction draws on knowledge of the
structure of a binary parent compound, MXy, to make
predictions about the structures of the ternary line
phases in the two-component phase diagram between
it and A X. While all of these phases can be sampled
by varying the value of n in reaction (1), no firm
predictions are made as to what specific compositions
will be obtained experimentally. (Note that the values
of X, n, and a are not required to be integers, such that,
as written, reaction (1) does not necessarily contain
empirical formulas.) Since the binary solids have been
quite thoroughly explored, it is possible to construct a
database containing the structural information perti-
nent to dimensional reduction for most potential parent
compounds. Both the metal coordination geometry and
the polyhedron connectivity mode (i.e., corner-sharing,
edge-sharing, or face-sharing) in a child compound are
then predicted to be the same as in its parent structure.
Underpinning our predictions is the assumption that
these structural aspects are largely determined by the
interplay of the metal and anion. Since the formal
oxidation states of M and X are unchanged by reaction
(1), their respective electronegativities and effective
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radii remain approximately constant, such that the
directional bonding between M and X in the parent and
child compounds is expected to be similar. As we shall
see, in some cases the availability of additional anions
X or association of the framework with external coun-
terions A will enforce a structure not in accord with the
foregoing predictions, but often these effects can be
minimized through the judicious selection of an alterna-
tive A cation (see section 5 below). Indeed, because the
more covalent M—X framework is generally of primary
interest, the choice of A in reaction (1) should be viewed
as an experimental variable, equivalent in some regards
to adjusting the physical conditions under which an
organic reaction is performed.

Importantly, one can further predict the connected-
ness of the child compound framework, which we define
here as the mean number of distinct M—X—M linkages
around the metal centers.'® In other words, it is the
average number of bonds that must be severed to
liberate a discrete MXcn,, polyhedron, where CNy is the
metal coordination number. If CNx denotes the number
of M atoms coordinated to X, then (CNx — 1) M—X—M
linkages extend from a given metal center through the
coordinated anion. The connectedness is calculated by
summing the number of linkages extending from a
center M; through all CNy, of its coordinated anions X;
and then averaging the sums obtained for each of the
m different metal centers in a repeat unit:

CNMi

> N1 @

]

m
connectedness = —
m &

For frameworks containing only one type of metal and
one type of anion, this expression simplifies to
CNwm x (CNx — 1). In such cases, the ratio of anions to
metals (which is x + n for a compound AnaMXx+) must
be equal to CNwm/CNx.2® Hence, the connectedness for
these simple valence or haplotype?® frameworks can be
deduced from just CNy and the chemical formula

CNy,
X+ n

haplotype connectedness = CN,, x ( - 1) 3)

For example, the rock salt (NaCl) lattice, with six-
coordinate metal centers, has a connectedness of 6 x
(6/1—1) = 30, while the fluorite (CaF,) lattice, with
eight-coordinate metal centers, has a connectedness of
8 x (8/2—1) = 24.

As is the case for the structures depicted in Figure 1,
many child compounds exhibit frameworks composed of
MXcn,, polyhedra with each vertex shared between no
more than two metal centers (i.e., with anions restricted
to coordination numbers of one or two). Under this
restriction, frameworks with (x + n) anions per metal
center must have an average of 2 x [CNy — (x + n)]
two-coordinate X anions bound to each M atom. And
since each two-coordinate anion provides a single
M—-X—M linkage, the connectedness for such com-
pounds is precisely that average. Thus, the connected-
ness of the framework in a child compound, ApaMXyn,
derived from a parent compound featuring only one- and
two-coordinate anions is predicted to be
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connectedness = 2 x [CNy, — (X + n)]
(for CNy € {1, 2}) (4)

Using eq 4, the connectedness of the MX3 framework 1
is calculated as 2 x [6 — (3 + 0)] = 6, in agreement
with the structure wherein each of the six vertices of
the MXg octahedra are involved in just one M—X—M
linkage. Increasing n by 1 decreases the connectedness
by 2, so the framework in a child compound with
formula A;MX, (n = 1) is predicted to have a connected-
ness of 4. Framework 2 achieves this result by sur-
rounding each metal center with four M—X—M bridges
and two terminal X ions. Also consistent, framework 3
of A2aMXs (n = 2) has two bridges per metal center, for
a connectedness of 2, and the saturated framework 4 of
AszaMXg (N = 3) is zero-connected.

Based on knowledge of the parent structure, the
connectedness expected for most child compounds can
be calculated through a process analogous to that just
described. However, for compounds with anions liable
to assume more than two different coordination num-
bers, the connectedness cannot be definitively predicted
without further specific structural information. As an
instructive example, consider the compounds NaMnCl3
and NH4CdCls, featuring frameworks 5 and 6, respec-
tively (see Figure 2).2522 The corresponding parent
compounds, MnCl, and CdCl;, both adopt twelve-
connected haplotype structures with two-dimensional
sheets of octahedra each sharing six edges.?324 An
AMCI3 child compound should then have less tightly
connected frameworks of edge-sharing octahedra, but
because the chloride anions might reasonably adopt
coordination numbers of one, two, or three, its con-
nectedness is not uniquely determined. Since the anion:
metal ratio must equal the ratio of the mean coordina-
tion numbers of M and X,19 it follows that the mean
coordination number of CI in these structures must be
6/3 = 2. In NaMnCls, this is accomplished with frame-
work 5 in which all chloride anions are two-coordinate,
forming six-connected haplotype sheets of edge-sharing
octahedra. In NH4CdCl3, however, a more complicated
edge-sharing structure is realized with framework 6,
consisting of one-dimensional chains in which each
metal center is bound by one terminal anion, two anions
that are two-coordinate, and three anions that are three-
coordinate. The mean anion coordination number is still
two, but each metal center is now surrounded by
(I x0)+(2x1)+ (3 x 2)=8M-CI-M bridges, for a
connectedness of eight. Thus, while the framework
connectedness is always seen to be lowered in a child
compound, for situations such as this it cannot be
guantitatively predicted. Regardless of the precise con-
nectedness, increasing the anion:metal ratio without
changing the metal coordination number must decrease
the mean anion coordination number, resulting in the
termination of intermetal M—X—M bridges (see example
in Figure 3).2%

Dimensional reduction can be used to formulate
reactions targeting new compounds of altered con-
nectedness (and dimensionality). Scheme 1 shows an
array of compounds that might be accessible via dimen-
sional reduction of suitable parent solids containing six-
coordinate metal centers. Although the generic formulas
listed correspond to common framework compositions,
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Figure 2. Framework isomerism. The two frameworks de-
picted have identical metal coordination geometry, mode of
connectivity, and metal:anion ratio, yet 5 forms six-connected
sheets, while 6 forms eight-connected one-dimensional double
chains.

3 )
BiFs
+ +
[BiFeI”

Figure 3. Chains of corner-sharing octahedra in BiFs (top)
incorporate additional fluoride ions upon reaction with AF (A
= alkali metal). To maintain the metal coordination geometry
while increasing the number of anions, the anion coordination
number must be lowered, resulting in the termination of Bi—
F—Bi bridging interactions. One can envision this as occurring
through a process in which each added fluoride ion inserts into
a Bi—F bond. However, it is important to emphasize that
dimensional reduction is not intended as a specific reaction
mechanism, but only as an empirical link between the struc-
tures of related compounds.

the products do not necessarily have to occur at discrete
steps of n = 1 as shown. Rather, related child com-
pounds are possible for any rational value of n between
0 and 6 — x. To illustrate this and one other point, we
shall examine the dimensional reduction of VF3, which
adopts the structure of framework 1 (see Figure 1), with
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Rb, Cs, Tl Tl, Sr, Ba K,Rb,Cs, Tl

2 For compounds with alkali metals or Tl cations, a = 1, while
for those with alkaline earth metal cations, a = 0.5.

VFg octahedra sharing corners in all three dimensions.2®
Dimensional reduction predicts that reaction with A F
should yield child compounds with corner-sharing octa-
hedra in frameworks of lower connectedness, as evalu-
ated using eq 4 above (CNp = 6, x = 3). Thus, by
performing a solid-state reaction between VF3; and A F
in a 1:1 molar ratio, one can target a compound A;VF4
with VFg octahedra sharing corners to form a four-
connected framework (such as 2). Analogous reactions
employing a 1:2 and 1:3 molar ratio would target A,,VFs
with a two-connected framework (such as 3) and Az, VFe
with discrete zero-connected octahedral anions (4),
respectively. Indeed, many of these compounds have
been prepared by just this route (see Scheme 2),
including the entire series with A = K, Rb, TL%
However, one can also imagine using dimensional
reduction to produce structures intermediate to those
depicted in Figure 1. For instance, one-dimensional
multichains consisting of m parallel chains of type 3
fused via corner sharing could be targeted in (4 — 2/m)-
connected Am+1)aVmFam+1 child compounds by employ-
ing an m:(m + 1) ratio of reactants. Even more compli-
cated intermediate structures are observed in the
vanadium(l11)—fluoride system (see Figure 4). The two-
dimensional solid KsV3F14 (7),28 features four-connected
corner-sharing octahedra linked through two-connected
octahedra to form a square net. Since the structure
contains two two-connected octahedra per four-con-
nected octahedron, its overall connectedness, which is
the mean degree of connectivity, is (2 + 2 + 4)/3 = 8/3.
Similarly, Rb,VsF17 displays a mixture of five- and six-
connected octahedra that share corners in a two-
dimensional framework (8) with a connectedness of
26/5.27

Although dimensional reduction predicts the coordi-
nation geometry of M, the polyhedron connectivity
mode, and the connectedness of a framework, for most
cases multiple isomers are possible within these con-
straints. The likely isomeric structures are expected to
be similar locally for both M and X, so differences
between them will depend largely on the choice of
countercation A and on packing considerations. Indeed,
the frameworks depicted in Figure 1 are by no means
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Figure 4. Vanadium fluoride frameworks with nonintegral
connectedness. In 7, a mixture of two- and four-connected
corner-sharing octahedra form sheets of connectedness
(2 + 2+ 4)/3=8/3. In 8, corner-sharing octahedra form a two-
dimensional structure with a layer of six-connected octahedra
sandwiched between two layers of five-connected octahedra.
With four five-connected octahedra per six-connected octahe-
dron, the connectedness is (4 x 5 + 1 x 6)/5 = 26/5.

unique for the compositions given. Consider the poten-
tial structures for A,3VFs, which, as a child compound
derived from VF; (1), is expected to exhibit a two-
connected framework composed of corner-sharing VFg
octahedra. The expectations are most simply satisfied
by a linear chain of octahedra sharing trans corners (3),
as observed in the structures of A,VFs (A = Rb, TI).%7
However, other more complicated frameworks also meet
the criteria and are frequently observed upon varying
the A constituent. Some examples are shown in Figure
5. The octahedra in the analogous K,VFs compound
share cis corners instead of trans, resulting in an
isomeric zigzag chain (9).2” Similar local interactions
are present within the framework of PbsVaFio
(=PbVFs-1/,PbF;), where VFs octahedra are again
linked through cis corners, in this case forming discrete
square [V4F20]®~ ions (10) that cocrystallize with excess
PbF,.27 The structure of BaVFs is unusual in that it
features two different isomeric chains.?” One of the
chains adopts the two-connected linear structure of 3,
while the other exhibits two one-connected octahedra
per four-connected octahedron (11), for a mean degree
of connectivity of (1 + 1 + 4)/3 = 2 in the adorned chain
and an overall connectedness of two. Note that none of
the two-connected frameworks in Figure 5 possess more
than two distinct metal sites.

An infinite array of isomers can be generated by
making alterations of this sort; however, as we shall see,
nature typically selects one of the simpler possible
frameworks. Consequently, specifying the composition,
metal coordination geometry, polyhedron connectivity
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Figure 5. Isomeric [VFs]>~ two-connected frameworks of
corner-sharing octahedra. Each framework fits with the
predictions of dimensional reduction, yet variation of local
connectivity yields these distinct structures. The structures
have been idealized for clarity; actual V—F—V angles are close
to the 149° angle observed in VF3.26

mode, and connectedness of a framework severely limits
the number of structure types commonly observed.
Given the composition, dimensional reduction then
dictates the other three specifications, and can therefore
be used to identify a small set of known structures that
a new compound is most likely to adopt. For example,
while many compounds have the composition AMX3,
most adopt one of only a few common structure types:
perovskite (CaTiO3),2® NH4CdCl3,22 BaNiO3,%° or wol-
lastonite (CaSiO3).3! The constraints that dimensional
reduction places on such a child compound permit ready
distinction between these structures for a given choice
of A, M, and X. Moreover, our examination of the scope
of dimensional reduction has produced a database that
can be used to identify all of the known structures
meeting a specified set of constraints. Hence, dimen-
sional reduction will provide a rapid empirical means
of guessing a structure, which could on occasion pre-
clude extensive computation—despite recent advances
in the development of theoretical methods for predicting
solid structures.®> Other empirical methods of this sort
employ structure field maps for evaluating structures
of binary compounds,®? but only rarely can these be
applied to ternary compounds.®® Ultimately, rather
than rely upon existing structures, one may wish to
exploit a particular parent structure for generating
likely child frameworks using an approach analogous
to that developed for enumerating molecular cluster
geometries.3*
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Figure 6. Choices of A, M, and X. Elements shaded light gray were used as potential counterions A in our survey, while those
shaded black were used as metals M and those that are white were used as anions X. Dark gray indicates that an element was
not used as any of these. Lanthanide elements (not shown) were also used as A cations when appropriate. Some elements, such

as zinc, can serve as either A or M.

3. Compilation of Proven Structures

A sizable body of experimental data is required for a
thorough evaluation of any empirical reaction scheme.
Accordingly, a survey of all available structures that
could potentially be related through dimensional reduc-
tion was undertaken. To ensure the integrity of the data,
the survey was limited to compounds whose structures
have been proven rigorously by crystallographic means.
The resulting database will be used to enumerate
systems where dimensional reduction is most applicable
as well as to elucidate the causes of any systematic
violations of its predictions.

Data were gathered primarily from the Inorganic
Crystal Structure Database,3> Powder Diffraction File,36
and Dictionary of Inorganic Compounds,3” which were
exhaustively searched for structurally proven binary
compounds MXy. These parent structures were classified
according to metal coordination geometry, polyhedron
connectivity mode, and connectedness. The data sources
were then searched for all ternary compounds with
formulas AnaMXy+n such that MX, has a known unsat-
urated framework. Choices for A, M, and X were
restricted based on the requirements of dimensional
reduction (see Figure 6). Thus, X can be any element
capable of bridging between metal centers. Our survey,
however, encompassed only compounds where X is a
halide, oxide, or chalcogenide ion since the paucity of
data in other systems (nitrides, phosphides, etc.) pre-
vents us from drawing statistically valid conclusions.
The cation A is presumed to have little covalent interac-
tion with X and can therefore be any highly electropos-
itive element, particularly one with a closed shell
electron configuration (e.g., alkali metals, TI', Cd", etc.).
Relative to A, M can then be any metal expected to form
significantly more covalent interactions with X. Certain
compounds were also excluded from the study as a
result of characteristics deemed incompatible with
dimensional reduction at this basic level. For example,
frameworks with anion—anion (X—X) bonding were
excluded as parent compounds due to the added com-
plication of possibly severing anion—anion bonds in the
course of a reaction. Other omitted parent compounds
include nonstoichiometric phases and mixed-valence
compounds. For polymorphic compounds, only the ther-

Table 1. Number of Compounds in the Dimensional
Reduction Database

anion, X
lower
metal, M oxide chalcogenide fluoride halide total
transition metal 970 331 451 450 2202
main group metal 348 284 95 92 819
total 1318 615 546 542 3021

modynamically stable phase under standard conditions
was considered.

In all, 524 binary compounds and 2497 ternary
compounds were incorporated into the database. Under
the aforementioned restrictions, 312 different combina-
tions of M and X and 10056 combinations of A, M, and
X are allowed. Note that most metals M can assume
multiple oxidation states and that for any one of these
the A—M—X phase diagram will contain perhaps four
or more distinct phases. Thus, it is quite evident that
while our knowledge of the structures of binary com-
pounds is substantial, the exploration of ternary struc-
tures has only just begun. Table 1 summarizes the
distribution of known structures, a large fraction of
which consist of transition metal oxides and fluorides.
The complete database can be accessed via the World
Wide Web at http://alchemy.cchem.berkeley.edu/dimred.

4. Examining the Scope of Dimensional
Reduction

The database of binary and ternary structures allows
us to assess the general effectiveness of dimensional
reduction. The structure of each compound of the type
AnaMXy+n was examined and compared to that of the
corresponding MXy parent compound to ascertain
whether it follows the tenets of dimensional reduction.
For an unsaturated ternary compound, this requires
that both the metal coordination geometry and the mode
of connectivity match those in the parent compound,
thereby allowing prediction of the connectedness in most
cases. In contrast, a saturated child compound needs
to maintain only the metal coordination geometry of its
parent, as all connections have been severed. These two
types of compounds will be treated separately in most
instances, and emphasis will be placed on the unsatur-
ated compounds, whose structures are less easily pre-
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dicted by other means. Compounds were sorted accord-
ing to parent compound structure type and examined
for trends that would suggest how dimensional reduc-
tion can be most successfully employed.

4.1. Frameworks with Corner-Sharing Octahe-
dra. The set of binary compounds with structures
composed strictly of corner-sharing octahedra contains
41 metal fluorides and 2 metal oxides (WO3 and ReO3),
all of which are relatively ionic in character. No binary
metal chalcogenides or lower halides are included.
Pauling’s rules attribute the preference for corner-
sharing interactions over edge- or face-sharing interac-
tions in ionic compounds to the increase in Coulombic
repulsion that arises from the shortened intermetal
distance in an edge- or face-bridged structure.®® Indeed,
75% of all binary and ternary metal fluorides with
unsaturated frameworks display only corner-bridging
interactions, while only 8% display no such interactions.
The preference for octahedral (or higher) coordination
of the metal centers in ionic compounds has been
attributed to the nondirectionality of ionic interactions;
rather than form a few directional covalent bonds, the
metal cations surround themselves with as many anions
as possible.38:39 Consequently, the largest spherically
symmetric M ions achieve coordination numbers greater
than six (as in TIF3, LaFs, and HfF,); however, by far
the majority of transition metal fluorides exhibit octa-
hedral coordination of the metal. Since there is a clear
predisposition for metal fluorides to form structures
with corner-sharing octahedra, dimensional reduction
applies remarkably well here: 80% (235/294) of all child
compounds derived from parent compounds with corner-
sharing octahedra have the predicted structural char-
acteristics.

Parent compounds of formula MX3; that adopt struc-
tures with corner-sharing octahedra are particularly
amenable to dimensional reduction. These structures
feature MXg octahedra linked through all six corners
to form a six-connected three-dimensional framework,
as in the RhF3 and ReOj3 (1) structure types.®® The
distinction between the two structure types lies solely
in the M—X—M bond angle and is disregarded here since
such attributes, although sometimes retained, do not
affect our immediate predictions for child compounds.
The known child frameworks that derive from these
MX3 parent structures via dimensional reduction are
enumerated in Table 2. Here, frameworks that are
topologically equivalent are grouped together, while
frameworks of distinct connectivity (such as the ex-
amples depicted in Figure 5) are listed separately. This
leads to compounds such as Rb,VFs and CaCrFs being
grouped together; even though their crystal structures
differ, the M—F frameworks in the two compounds are
superimposable.?”53 Table 2 serves as a catalog of
frameworks that might be attainable by dimensional
reduction of any such parent compound. Many systems
follow the sequence shown in Figure 1, with framework
9 frequently substituting for framework 3 (see Scheme
2 for examples). Of course, a specific system is not likely
to form compounds with every framework listed and
may in fact form compounds with frameworks not yet
known; nevertheless, the listing provides a useful
guideline for the range of likely structures. Note that,
in proceeding down the table, the number of equivalents
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Table 2. Frameworks Derived from MX; Compounds with
Corner-Sharing Octahedra

formula conn. dim. no. examples ref
MX3 (1) 6 3-D 21 VFj3, RhF3, ReO3 26, 40
AoM4sXi3 55 3-D 1 KoWiO013 41
AM;3X1g 5.33 3-D 1 NaMnszFio 42
AoMsX17 (8) 52 2-D 7 RbyVsFi7, RboFesFi7 27, 43
AMX4 (2) 4 2-D 25 RbVF4 NaTiF, 27,44
AMX4 4 1-D 3 CsAlF4 KCrFy 45
AMX4 4 2-D 2 NaCrF4, NaFeF, 46
AMX4 4 2-D 1 LilnF4 47
AMX4 4 2-D 1 KScF4 48
A3M2Xg 3 2-D 2 Ba3R6209 49
AsM3zX14 (7) 2.67 2-D 5 KsV3aFs, NasAisFis 28, 50
AsM3X14 2.67 2-D 1 NasMnszFi4 51
AzaMX52 (9) 2 1-D 17 KyVFs, Ba;WOs 27,52
AzaMX5? (3) 2 1-D 15 RbyVFs, CaCrFs 27,53
AMXs (3 + 11) 2 1-D 5 BaVFs, BaFeFs 27,54
AMXs-t,AX; (10) 2 0-D 3 PbsVaFia, PbsFesFio 27,55
AsM3X1s5 2 1-D 1 Nd4sW3015 56
AzaMXe? (4) 0 0-D 44 RbsVFg, LisWOs 27,57

a Counterions with different values of a have been incorporated.

n of AaX employed in reaction (1) increases while the
connectedness (conn.) and, less rigorously, the dimen-
sionality (dim.) decrease. Overall, there are 134 child
compounds in accord with dimensional reduction dis-
tributed among 17 different framework types.

4.2. Frameworks with Edge-Sharing Octahedra.
As the binding forces in a solid become more covalent,
the Madelung term in the stabilization energy decreases
in significance, while orienting atoms so as to optimize
orbital overlap gains importance. The preference for
corner-sharing structures is then commonly abandoned
in favor of higher modes of connectivity. Relatedly, the
tendency toward high metal coordination numbers
diminishes and more structures exhibit tetrahedral
coordination of the metal, where four highly directional
orbitals are better suited to covalent bonding.32ab.39.58
In addition, certain covalent structure types seem to
differ only minimally in energy, as exemplified by the
polymorphic compounds TiCls, TiBrs, ZrCls, and RuCls,
which can all adopt structures either with sheets of
edge-sharing octahedra (as in 5) or with chains of face-
sharing octahedra.®® As a result of these influences,
many of the 164 binary compounds exhibiting structures
with edge-sharing octahedra proceed to form child
compounds with face-sharing octahedra or molecular
tetrahedra. All told, 40% (91/226) of the ternary com-
pounds in this class are consistent with dimensional
reduction.

The most common binary structure with edge-sharing
octahedra occurs in layered MX; compounds with the
CdCl, or Cdl, structure types.246% Note that the stack-
ing sequence of the MX; sheets, which distinguishes
between these two structure types, is not important for
dimensional reduction. Table 3 enumerates the known
child frameworks that arise from dimensional reduction
of such parent compounds. Therein, ordered inverse
spinels (A2MX,) are differentiated from disordered
inverse spinels; the former typically contain octahedra
sharing only two edges to form four-connected chains,
whereas the latter link octahedra through an average
of two edges but have undetermined local variations.
Among a total of 65 child compounds, only 8 distinct
frameworks have been discovered thus far.
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Table 3. Frameworks Derived from MX; Compounds with
Edge-Sharing Octahedra

formula conn. dim. no. examples ref
MX2 12 2-D 12 CdCl,, Cdlz, SnS; 24, 60
AMyXg 11 3D 1 CsMnuClg 61
A2M3Xg (13) 8 2-D 2 NazMn3C|g 62
AMXs3 (6) 8 1-D 30 KFeCls SnZrSs 63
AaMX32 (5) 6 2-D 3 NaMnCls, NaxZrS; 21, 64
AsMX4 (14) 4 1-D 9 NaxMnCl, 65
A2MX4b 5 LizVC|4, LizFeC|4 66
AsM3X12°AxX3 4 1-D 2 LaZSnSS 67
AsMXe (4) 0 0D 13 NagMnClg TlCrlg 62,68

a Counterions with different values of a have been incorporated.
b Disordered inverse spinel with mostly edge-sharing connectivity.

Mnclz
12-connected
2-D

L% NaCl

Na,Mn,Cl,
8-connected
2-D

l% NaCl

NaMnCl,
6-connected
2-D

lNaCI

Na,MnCl,
4-connected
1-D

14

Figure 7. Deconstruction of a framework of edge-sharing
octahedra. The two-dimensional, twelve-connected framework
12 incorporates additional anions to give less tightly connected
sheets 13 and 5. Further dimensional reduction yields the
chain structure 14 and then finally discrete octahedral ions
(4, not shown). Note that reaction equivalents given are all
per mole of Mn.

As shown in Figure 7, treatment of MnCl, with NaCl
affords an extensive dimensional reduction series, sam-
pling four of the eight frameworks. The MnCl, parent
compound adopts the CdCI, structure, with MnClg
octahedra sharing six edges to form twelve-connected
sheets (12).28 Reaction with two-thirds equivalents of
NacCl yI6|dS NazMn3CI8 (=Na0,67MnCI2_67)62 in which the
added chloride ions produce eight-connected sheets with
octahedra sharing just four edges (13). Another one-
third equivalents of NaCl yields NaMnCls, which ex-
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Table 4. Effects of the Counterion A on Compounds
Derived from MX; Parent Frameworks with
Edge-Sharing Octahedra

cation, A"

child compound Li Na In K TI Rb Cs
AMX3

edge-sharing 1 1 3 6 7 3 1

face-sharing 0 0 0 1 5 11 18
Ao MXy

edge-sharing 7 3 0 0 0

tetrahedral M 2 2 3 4 10

hibits a six-connected two-dimensional framework with
octahedra sharing three edges (5).2* Incorporating one
more equivalent of NaCl yields Na,MnCl,, featuring
chains of four-connected edge-sharing octahedra (14).55
Notice how frameworks 13, 5, and 14 can be obtained
from the structure of 12 by removing one-fourth, one-
third, or one-half of the metal centers, respectively.
Finally, excess NaCl extracts a saturated compound,
with discrete octahedral [MnClg]*~ ions (4), as in
NasMnClg (=NasMnClg2NacCl).62 It should be men-
tioned that since these are thermodynamic products
from high-temperature solid-state reactions, it is not
necessary to proceed with a synthesis in the stepwise
fashion suggested by Figure 7; rather, each child
compound can be prepared directly from a stoichiometric
reaction between the parent compound and the dimen-
sional reduction agent (reaction (1)).

Although the countercations A lie outside the M—X
framework, they can still play a role in determining
whether a specific system will follow the predictions of
dimensional reduction. This is demonstrated in child
compounds AMX3; and A;MX, derived from the MX; (X
= CI, Br, 1) parent framework 12 composed of edge-
sharing octahedra. Table 4 summarizes the effect of
varying the radius of the cation A™ in these phases:
clearly, dimensional reduction is much more reliable
(i.e., more likely to result in a child framework with
edge-sharing octahedra) here when a smaller, more
polarizing cation is employed. This rule of thumb may
extend to lower halides of transition metals in any
oxidation state; however, there is not yet sufficient
information in other systems to be certain. For example,
all of the known unsaturated child compounds derived
from MX;3 parents with edge-sharing octahedra contain
face-sharing octahedra, but very few compounds with
small counterions have been structurally characterized.
If the effect of the counterion on the present class of
compounds is general, then we can expect analogous
phases incorporating smaller Li* or Na* cations to adopt
structures with edge-sharing octahedra; this remains
to be tested. For more on the role of the countercation
A, see section 5.

4.3. Frameworks with Face-Sharing Octahedra.
Eight binary metal halides adopt structures with MX3
chains of face-sharing octahedra (15, see Figure 8). The
structures of only four child compounds from these
systems have been proven: Css3Zrzlg and AsMo2Brg (A
= K, Rb, Cs).%2 All four exhibit molecular structures
consistent with dimensional reduction in which two MXg
octahedra share a common face to form dinuclear
[M2Xg]3~ clusters (16). Such confacial bioctahedra are
also frequently encountered in ternary metal halide
compounds that derive from parents with edge-sharing
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MoBr;
6-connected
1-D

ZcsBr

Cs3Mo,Brg
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16

Figure 8. Terminating face-bridging interactions. MoBr; (top)
has a one-dimensional, six-connected framework of face-
sharing octahedra. Reaction with CsBr severs face-bridging
interactions to yield discrete three-connected [Mo,Brg]*~ con-
facial bioctahedra in CszMo,Bre,.

octahedra and have been extensively studied with
regard to the degree of bonding between metal centers.”®
Although the body of data here is extremely limited, it
suggests that dimensional reduction provides a facile
means of preparing these compounds. Further, dimen-
sional reduction could potentially supply a convenient
route to phases containing trinuclear [M3X:2]3~ (or
longer) chain fragments of the type generated in solution
and crystallized as (PPhg)s[Mosli2].7t

4.4. Frameworks with Octahedra Linked by
Mixed Connectivity Modes. Many binary compounds
exhibit structures with a mixture of connectivity modes.
Foremost among these is the rutile structure (and the
closely related CaCl, structure) in which octahedra
share two trans edges to form chains, which are corner-
bridged to form a twelve-connected three-dimensional
framework.”? This structure is adopted by relatively
ionic compounds, including 10 fluorides and 3 lower
halides of divalent metals, and 18 oxides of tetravalent
metals. Dimensional reduction suggests that unsatur-
ated child compounds in these systems should share
corners and/or at most two edges, but does not predict
which mode of connectivity will persist. Figure 9 shows
two possible ways that incorporation of additional
anions could lower the connectedness of a rutile-type
framework. If incoming anions insert into M—X—M
corner-sharing interactions, these corner bridges will be
severed, resulting in a framework that retains the edge-
sharing interactions. If incoming anions instead disrupt
M—-X—M linkages that are part of an edge-sharing
interaction, the edge bridges convert into corner-sharing
interactions. In nearly all binary compounds of this type,
the M—X bonds belonging to edge-sharing interactions
are longer than the M—X bonds involved in just corner-
sharing interactions. The tendency for these perhaps
weaker bonds to be severed preferentially upon dimen-
sional reduction may account for the prevalence of
corner-sharing structures in the ensuing ternary com-
pounds.

As enumerated in Table 5, the 220 child compounds
that derive from rutile-type parent compounds in accord
with dimensional reduction—representing 58% of the
384 ternary phases structured—are distributed over 19
different frameworks. All but 29 of the unsaturated
compounds adopt structures with strictly corner-sharing
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Ma

Figure 9. Inserting anions into the rutile structure. Upper:
A portion of the rutile framework, with all anions equivalent,
having us bonding as shown for Xa. Left: Incorporating Xg
lowers the coordination number of X, by breaking the Mc—Xa
bond, leaving an edge-sharing structure. Right: Incorporating
Xg again lowers the coordination number of X,, this time by
inserting into the Mg—Xa bond, leaving a corner-sharing
structure.

Table 5. Frameworks Derived from MX; Compounds with
a Rutile-Type Structure

formula conn. dim. no. examples ref
MX; (17) 12 3-D 30 FeFy TiOy, IrO; 72,73
AoMs5X142 6.8 3-D 1 562CU5F14 74
AMX3 (1) 6 3-D 64 KMnFjz, BaTiO3 75
AM3Xo1/,AX3 6 3-D 46 Y2Sny07 76
A:MX3 6 3-D 1 LiyReO3 77
AMX;2 6 3-D 1 SrirOs 78
AMX3 (18)2 6 2-D 1 CalrOs 79
AsM3X10 533 2-D 4 SrsV30q9 80
AoM3X102 5.33 3-D 2 BasFesFig 81
AsM X7 5 2-D 20 Ks3CosF7, Sr3Ti207 82
AoMo X7 5 2-D 3 LazTi207 83
AoMoX72 5 2-D 1 LaMo0207 84
AsM7X262 486 3-D 3 BaeCU7F25 85
A2aMX4P (2) 4 2-D 35 K;yNiFg4, SroSnOs 86
ArMX4 (14)2 4 1-D 12 NaxCrFs4, CaxlrO, 87
AoMX,42C 4 1-D 7  MgoMnOg4 88
AMX4 4 2-D 6 BaMnF,, BaFeFs 89
AoMX,42 4 1-D 1 PboMnOg4 90
AsM3X1o 4 2-D 1 La4Ti3012 91
A43MX6b (4) 0 0-D 11 Ca4lr05, LisPtOe 92

a Framework retains edge-sharing interactions. P Counterions
with different values of a have been incorporated. ¢ Disordered
inverse spinel with mostly edge-sharing connectivity.

connectivity. Thus, many of the frameworks listed here
are also candidates for child compounds derived from
MXj3 parents comprised of corner-sharing octahedra
(and vice versa), albeit with different associated charges.
Indeed, four of the frameworks, including 1, 2, and 4
(see Figure 1), are already common to both Tables 2 and
5. In contrast, the edge-sharing connectivity is only
occasionally retained in rutile-based systems. An ex-
ample where it does persist is depicted in Figure 10,
with the dimensional reduction of 1rO, (17)73 using
CaO. Reaction with one equivalent of CaO lowers the
coordination number of the oxide anions from three to
two, generating six-connected sheets of IrOg octahedra
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IrO,
12-connected
3-D

lCaO

CalrO;
6-connected
2-D
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Figure 10. Dimensional reduction of a rutile framework with
mixed connectivity modes. Incorporating CaO into IrO; pre-
serves edge-sharing interactions, while reducing the con-
nectedness and dimensionality of the framework to yield sheets
(18), chains (14), and discrete octahedral ions in CaslrOg (not
shown). For clarity, outer bonds indicating the extended
structure have been omitted from 17.

sharing two edges and two corners (18) in CalrOs.7® A
second equivalent of CaO severs the corner-sharing
interactions, yielding Ca,lrO,4, with four-connected chains
of octahedra sharing two edges (14).8” Finally, an
additional two equivalents is sufficient to terminate the
remaining bridges and to form a saturated compound
with discrete octahedral [IrOg]e~ ions (4).92a

Thus, despite the lower metal oxidation states, the
propensity for relatively ionic frameworks to assume
structures with corner-sharing octahedra (as discussed
in section 4.1) extends to the child compounds of MX;,
phases with X = O, F. While the binary parent com-
pounds might also be expected to adopt such structures,
the presence of edge bridges can be rationalized with a
simple geometric argument.®® An MX, framework ex-
hibiting octahedral coordination of the metal centers
must contain some anions with a coordination number
of at least three.’® As shown in Figure 11, for three
regular octahedra to share a vertex while maintaining
only corner-sharing interactions, the vertices on neigh-
boring octahedra must come within close proximity of
each other. In PdS; and -HgO,, this is accommodated
by forging a bond between anions,®* while in AgF,, the
octahedra distort severely to give a 4 + 2 metal
coordination.®® However, most ionic MX; solids instead
adopt the rutile structure, accepting the less favorable
edge-sharing interactions (with the concomitantly short-
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Figure 11. Geometric restrictions on corner-sharing octahe-
dra. Left: Bringing three octahedrally coordinated metals
together with only corner-bridging interactions forces anions
from neighboring octahedra into very close contact. Right:
Distortion of the coordination sphere around silver atoms in
AgF, separates these anions by lengthening the axial Ag—F
bonds and tilting the equatorial plane.

ened metal—metal contacts) as a means of avoiding
these anion—anion repulsions while maintaining ap-
proximately regular octahedral metal coordination. The
mixture of connectivity modes is therefore due to
geometric constraints associated with the very tightly
connected framework necessitated by a low anion:metal
ratio. Incorporating additional anions into the frame-
work can release it from said constraints by eliminating
the need for three-coordinate anions, permitting the
child compound to adopt a structure with two-coordinate
anions and the preferred corner-sharing of octahedra.

Mixed connectivity modes are found in many other
condensed frameworks, including the commonly occur-
ring nickel arsenide, corundum (Al,O3), and C—M;03
(e.g., Mn,0g) structures.®® As with descendants of the
rutile structure, the less tightly connected child com-
pounds derived from these structures usually tend
toward adoption of a single persisting connectivity mode.
Here again, a low anion:metal ratio coupled with the
tendency to maximize metal coordination number,
imposes high coordination numbers on the anions in the
parent compound. This leads to utilization of less
favored connectivity modes, which are then abandoned
in the subsequent child compounds.

4.5. Frameworks with Corner-Sharing Tetrahe-
dra. Numerous less ionic compounds, and particularly
those with relatively small metal centers, assume
structures composed of linked MX, tetrahedra. In accord
with Pauling’s rules,®® the tetrahedra typically share
corners. Such frameworks are readily manipulated
through dimensional reduction, with 272 of 416 ternary
compounds (65%) displaying the expected structural
characteristics. As enumerated in Table 6, nearly half
of these derive from just seven MX; parent compounds,
each featuring a four-connected network of corner-
sharing tetrahedra. A total of 19 distinct child frame-
works are currently known, all but 3 of which are
exemplified by silicon or germanium oxides. Note that,
while there are many different structure types with two-
connected chains of corner-sharing tetrahedra, all such
known chains are topologically equivalent. This is
contrary to the situation with two-connected chains of
corner-sharing octahedra discussed in section 2 where
cis—trans isomerism at individual metal centers can
lead to variation in chain connectivity, as in frameworks
3 and 9 (see Figure 5).
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Table 6. Frameworks Derived from MX; Compounds with
Corner-Sharing Tetrahedra

formula conn. dim. no examples ref
MX2 4 3D 8 BeFy SiOz(19) 97
AoMyXg 3.5 2-D 1 K3SisOg 98
AcM10X23 3.4 3-D 1 RbgSip023 99
AsM4X10 3 0-D 5 Na46e4810 100
A;M2Xs (20) 3 2-D 4 LizSiy0Os, LipGe,0s5 101
AMXs5 3 3-D 2 CsBeyFs 102
AM:2 X5 3 2-D 2 RbBe2F5 103
AoM2Xs 3 2-D 2 szSizOs 101a
AMXs5 3 2-D 1 BaSiyOs 104
A3M5X13 2.8 1-D 1 Ba38i5013 105
AoM3Xg 2.67 1-D 1 Bazsi308 106
AgMs5X14 2.4 0-D 1 TlgGesO14 106
AMX3 (21) 2 1-D 20 LiySiO3, PbGeS; 107
Agal\/|3>(9a 2 0-D 5 KeSigOg, Sraeegog 108
AsMX124dAX 2 0-D 1 PDbsSiO4 109
AzaMoX72 (22) 1 0-D 28 LieSi207, NagGe,S7 110
A4M4X14 1 0-D 3 La4(3e4014 111
AsM3X11 0.67 0-D 2 PbsGEgOll 112
AsM3X11°6AX  0.67 0-D 1 Pb11Siz017 113
AzaMX42 (23) 0 0-D 88  LisSiO4, MgoGeSa 114

a Counterions with different values of a have been incorporated.

The silicates represent by far the most thoroughly
investigated of these systems. Their overwhelming
preference for structures with corner-sharing tetrahedra
is well documented,!?® so it comes as no surprise that
dimensional reduction is extremely applicable to silicate
frameworks. Indeed, it is probably here that the ideas
of dimensional reduction are most deeply embedded in
the mindset of solid-state chemists. Figure 12 depicts a
dimensional reduction sequence relating some of the
more common silicate frameworks with the incorpora-
tion of Li,0 into the four-connected o-quartz structure
of SiO, (19).97° Here, addition of successive one-half
equivalents of Li,O produces compounds with frame-
works of diminishing connectedness: corrugated three-
connected sheets (20) in LiySi»0s,19%2 two-connected
chains (21) in Li,SiO3,1972 discrete one-connected [Si,O7]6~
anions (22) in LigSi»07,11% and finally, discrete molec-
ular [SiO4]*~ tetrahedra (23) in LisSiO4.1142 Dimensional
reduction applies equally well to the frameworks in
hundreds of quarternary silicates of the type
AnaA'vaSiOxin+n, 22 Which are not included in our present
study because they contain multiple countercations.

More condensed frameworks of corner-sharing tetra-
hedra are commonly observed in MX parent compounds
that adopt the zinc blende!® or wurtzite!!’ structures.
Note that the differences in overall connectivity between
these two twelve-connected structures are of no conse-
guence to the predictions of dimensional reduction. Of
the 70 known ternary compounds stemming from par-
ents of this type, 27 (39%) are in agreement with those
predictions. As listed in Table 7, these child compounds
exhibit six different framework types, three of which
(19, 21, and 23 in Figure 12) overlap with entries in
Table 6.

4.6. Frameworks with Edge-Sharing Tetrahedra.
Very few binary parent compounds favor structures with
edge-sharing tetrahedra. Many alkali metal oxides and
chalcogenides form A,X phases with the antifluorite
structure, wherein AX, tetrahedra share all six edges;
however, these are not appropriate as parent com-
pounds for dimensional reduction. As shown in Figure
13, the structure of SiS, contains four-connected chains

Chem. Mater., Vol. 13, No. 4, 2001 1159

Sio,
4-connected
3-D

j%LbO

Li,Si05
3-connected
2-D

l‘i Li,O

Li,SiO;
2-connected
1-D

21 l% Li,0

LigSizO07
M 1-connected
0-D
22 .
15 Li,O
Li,Si0,;

O/% 0-connected
0-D

23

Figure 12. Dimensional reduction of SiO,, a parent structure
composed of corner-sharing SiO, tetrahedra. At each step,
reaction with successive one-half equivalents of Li,O (per mole
of Si) reduces the connectedness of the framework by one. For
clarity, outer bonds indicating the extended structure have
been omitted from 19.

Table 7. Frameworks Derived from MX Compounds with
Corner-Sharing Tetrahedra

formula  conn. dim. no. examples ref
MX 12 3-D 20 CuCl, Zn0O, zZnS 116—-118
AsM3Xs 6 2-D 1 NasCdsSes 119
AMXz 4 2-D 2 SrZn0O, BaCdS; 120
AMXz (19) 4 3-D 1 BazZnO. 121
AoM2Xs 3 3-D 1 LayBeyOs 122
AoMX3 (21) 2 1-D 10 K3CuCls Ba,CdSe; 120b, 123
AsMX4 (23) 0 0-D 12 KeHgS4, Na62n04 124

in which SiS, tetrahedra share two opposite edges
(24).125126 Reaction with one equivalent of TI,S produces
T14Si,Se, featuring two-connected [Si»Se]*~ clusters in
which two tetrahedra share a single common edge
(25).127 Incorporation of a second equivalent gives
T14SiS,, with isolated [SiS,;]*~ tetrahedra.'?® In addition,
several lower halides of group 13 metals form molecular
M,Xgs complexes with the two-connected structure of 25.
Nearly all of the 37 structurally characterized ternary
compounds arising in these systems possess saturated
[MX4]~ tetrahedra. The two known phases that do not
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Figure 13. Dimensional reduction of SiS,. Addition of suc-
cessive equivalents of TI,S disrupts the one-dimensional chains
of edge-sharing tetrahedra (24) to give dinuclear [Si»Sg]*~
clusters (25) and mononuclear [SiS4]*~ species (23, not shown).

are KAI,Br; and KGa,Cl,, which feature one-connected
[M2X7]~ clusters with two tetrahedra sharing a corner
(22);12% in both cases, incorporation of additional KX
leads to the expected saturated product.

4.7. Frameworks with Other Metal Coordination
Polyhedra. Systems with less common metal coordina-
tion geometries can be quite amenable to dimensional
reduction. Coordination geometries other than octahe-
dral and tetrahedral often arise in a parent structure
as a consequence of some electronic preference of the
metal ion. Since dimensional reduction does not alter
the electron count on the metal center, this preference
will generally persist in the ensuing child compounds,
contributing to the high degree of applicability of
dimensional reduction in such systems. We shall look
closely at two particular systems that typify the behav-
ior observed in compounds with square planar coordina-
tion of d® metals and linear coordination of certain d©
metals.

Along with four other binary metal oxides and chal-
cogenides in our database, PdO adopts the cooperite
(PtS) structure type in which square planar MX, units
share two trans edges and four corners to form the
three-dimensional network (26) shown in Figure 14,130
Reaction with just one-third of an equivalent of SrO
promptly disposes of all edge-sharing interactions,
resulting in the corner-sharing three-dimensional frame-
work (27) of SrPd304.13! Incorporating additional SrO
produces Sr,PdO3;, featuring chains of coplanar square
units sharing trans corners (28).131 No compound achiev-
ing saturation with discrete [PdO4]®~ anions has yet
been structurally characterized. Dimensional reduction
applies with similar success to most such systems; 81%
(71/88) of all ternary compounds derived from parents
with square planar metal coordination follow its predic-
tions.

The compound Cu,O exhibits a structure in which
linearly coordinated Cu centers are linked through
tetrahedrally coordinated oxide anions to give a three-
dimensional framework analogous to that of g-cristo-
balite (29, Figure 15).132 Two such frameworks actually
interpenetrate in the crystal structure, but this does not
affect the predictions of dimensional reduction. Reaction
of Cu,O with 0.6 equiv of Rb,O generates RbzCusOy,
which has a complicated two-dimensional net structure
with linear Cu coordination (30).13% Additional Rb,O
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Figure 14. Deconstruction of a framework with square planar
metal coordination. In PdO, square planar PdO, units share
two edges and four corners. Incorporation of SrO first severs
all edge-bridging interactions to form 27 and then severs some
corner-bridging interactions to form 28. Note that reaction
equivalents given are all per mole of Pd. For clarity, outer
bonds indicating the extended structure have been omitted
from 26 and 27.

produces RbsCu404, a compound containing molecular
[CusO4]*~ squares (31).134 The remaining bridges are
cleaved upon assimilating one further equivalent of
Rb,0O to form the saturated compound Rb3zCuO,, with
discrete linear [CuO,]3~ ions (32).1%5 As enumerated in
Table 8, these and three other framework types are
encountered among the 32 child compounds arising from
Cu,0 and isostructural Ag,O. With linear coordination,
of course, higher connectivity modes are not possible,
such that a child compound need only retain this metal
coordination geometry to follow the predictions of
dimensional reduction. And indeed, all 40 known ter-
nary compounds derived from parent compounds with
linear metal coordination do so.

4.8. Saturated Compounds. Thus far, we have
focused our attention on the more complex structures
of unsaturated compounds. However, dimensional re-
duction also provides an extremely effective method for
preparing simple saturated compounds that are fre-
quently of use in solution chemistry. For systems
derived from parent compounds with linked octahedra,
92% (206/223) of all child compounds of the type
AnaMXyin (X + n = 6) do in fact contain the anticipated
octahedral [MXg]?*~ anions. Similarly, for systems de-
rived from linked tetrahedra, 97% (153/157) of all
compounds of the type AnaMXyx+n (X + n = 4) contain
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Cu,0
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Figure 15. Dimensional reduction of Cu,0, featuring a six-
connected framework with linearly coordinated metal centers.
Reaction with Rb,O severs Cu—O—Cu linkages to form the
two-dimensional framework 30, the molecular square anion
31, and finally the saturated [CuO;]*~ anion 32. Note that
reaction equivalents given are all per mole of Cu.

Table 8. Frameworks Derived from M;X Compounds with
Linear Metal Coordination

formula conn. dim. no. examples ref
M2X (29) 6 3-D 2 Cu0, Ag20 132, 136
AM:zX; 4 3-D 2 LiAgsO2, NaAgsO» 137
AMgXy 4 3-D 2 SI’A9604. BaAgeo4 138
A3M5X4 (30) 2.4 2-D 3 K3CU504, RbgCU504 133, 139
AsMyXy (31) 2 0-D 8 Rb4CU404, Na4Ag4O4 134, 140
A.MX?2 2 1-D 4 CsCuO, PbAg,0; 141

AzaMX2(32) O 0- 13 RbsCuOz, NasAgO, 135, 142

a Counterions with different values of a have been incorporated.

tetrahedral [MX4]?~ anions. Multifarious solution-based
techniques have been developed for synthesizing such
molecular complexes. For example, the octahedral com-
plex [MoClg]3~ has been prepared by a number of
different methods, with varying degrees of difficulty and
success. These methods, with reported yields ranging
between 50 and 80%, include electrolytic reduction of
MoOs in concentrated HCI, oxidation of M0,(O,CCH3)4
in concentrated HCI, reduction of (NH4)s[M07024]-4H,0
in concentrated HCI, and ligand substitution reactions
of other Mo'"' complexes.1*3 Some of the syntheses are
labor-intensive, but modifications or new approaches are
sometimes difficult to devise since multiple species with
varying ligand sets and metal oxidation states may be
present in equilibrium. Yet dimensional reduction sug-
gests a straightforward route to the desired product. A
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solid-state reaction between the parent compound MoCl;
(5) and three equivalents of an alkali metal chloride
dimensional reduction agent is expected to afford a
soluble child compound A3;MoClg with molecular
[MoClg]®~ anions. Indeed, we have found that KzMoClg
is formed in near quantitative yield by just such a
reaction.'#* Often overlooked by solution chemists as a
preparative method, dimensional reduction can offer a
clean and efficient alternative means of synthesizing
soluble molecular ions.

4.9. Cluster-Containing Frameworks. Solid phases
containing early second and third row transition ele-
ments in low oxidation states sometimes exhibit multi-
nuclear clusters—usually associated via metal—metal
bonds—of generic type [MmQq], where Q represents an
atom bonded to multiple metal centers within a clus-
ter.1%5 Such compounds have previously been excluded
from our considerations; however, dimensional reduc-
tion can also be applied to frameworks composed of
interlinked cluster units.16:146 Take, for example, the
binary phase MogCl;2, which adopts a two-dimensional
structure featuring [MogClg] clusters.’4” The clusters
possess a common [MgQg] core geometry consisting of a
central Mg octahedron with each triangular face capped
by a u3-Q atom. An additional ligand extends radially
from each vertex of the octahedron, and it is through
these outer ligands that intercluster bridging can occur.
In MogCli,, the outer ligands consist of two trans
terminal Cl atoms and four bridging Cl atoms that link
neighboring clusters to generate a four-connected sheet
similar to 2 (see Figure 1), but with [MoeClg] clusters
positioned on the M atom sites. Reaction of MogCl;, with
one equivalent of NaCl produces NaMogCly3,148 with
two-connected chains of clusters similar to 3, while
reaction with two equivalents of CuCl produces
Cu,MosCl14,2° containing discrete [MogCl14]2~ molecules
similar to 4. Thus, incorporating additional anions can
reduce the number of connections between cluster cores
in a manner wholly analogous to the dimensional
reduction of simple metal—anion frameworks.

The presence of Q atoms capable of serving as an
outer ligand for a neighboring cluster permits a supple-
mentary mode of connectivity between clusters—one
that would correspond to direct bonding between metal
atoms in our preceding treatment of metal—anion
frameworks. This mode is exemplified in the structure
of ResSegCl, (see Figure 16), wherein face-capped octa-
hedral [ResSeg] clusters, each with two trans terminal
Cl ligands, are directly linked through intercluster Re—
Se bonds to form eight-connected sheets (33).1%0 The
compact rhombic Re;Se; interactions connecting clusters
render the framework intractable to low-temperature
methods for excising molecular clusters.14%> Dimensional
reduction, however, can be employed as a means of
disrupting intercluster bonds through insertion of in-
tervening outer ligands. Thus, a high-temperature reac-
tion incorporating one equivalent of TICI vyields
TIResSegCls, in which each cluster unit now has three
terminal chlorine ligands and is connected to only three
neighboring clusters in a dimpled two-dimensional sheet
(34).146 Further incorporation of TICI leads to the one-
dimensional compound TI,ResSesCly, with four terminal
chlorine ligands and two trans bridging interactions per
cluster (35), and finally, excess TICI affords
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RegSegCl,
8-connected
2-D

TICI

TIResSeBCI:,
6-connected
2-D

LT.C.

TI,ResSesCly
4-connected
1-D

Al

\ Ty

35 lBTICI

TIsRegSegCl,
0-connected
0-D

Figure 16. Dimensional reduction of RegSesCl, with TICI.
Only the local connectivity of a single cluster unit is depicted;
black, shaded, and white spheres represent Re, Se, and ClI
atoms, respectively. Each added equivalent of TICI supplies
another terminal chlorine ligand and destroys a rhombic
Re,Se; interaction between clusters. For clarity, outer bonds
indicating the extended structure have been omitted from 33,
34, and 35.

TIsReeSesCl;  (=TI4RegSesgClg-TICI)  with  discrete
[ResSesCle]*~ clusters (36).146 Related dimensional re-
duction reactions have provided this same cluster core
in soluble form as CssResSegle,' enabling access to a
realm of previously unexplored solution chemistry.15!

Cluster-containing solids that have been dismantled
to some extent through dimensional reduction are
enumerated in Table 9. Besides the face-capped octa-
hedral [MsQs] type clusters, many examples feature
[MeQ12] clusters with a geometry consisting of an Mg
octahedron that has each edge bridged by a u»-Q atom
and is sometimes centered by an interstitial atom.
Another early example involves the extraction of edge-
bridged triangular [ResCls] clusters from RezClg.178 In
many instances, this provides access to soluble molec-
ular clusters for which there is no known method of
assembly in solution. It is worth noting that the added
complexity of the cluster units can provide additional
avenues for adjusting the framework connectedness,
including using a Q' constituent with a different formal
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Table 9. Dimensional Reduction of Cluster-Containing

Solids
parent phase  dim. child compounds® dim ref
[MeQs]-Type
M06C|12 2-D NaM06C|13 1-D 147, 148
Cu,MogCl14 0-D 149
MogBri2 2-D CSzMOaBI’]A 0-D 152
Mogl 12 2-D PbM05|14 0-D 153
WeBl’lz 2-D KzWeBr14 0-D l52b, 154
Li4R€5811 3-D RmeEsSM 0-D 155
R6658C|2 3-D T|2R9558C|4 1-D 146, 156
CS5R9533C|7 0-D 146
ResSsClg 1-D RbRegS5Clg 0-D 157
REGSgBrz 3-D CSsREGSgBﬁ 0-D 16, 158
RegS7Brs 3-D Rb3ReGS7Br7 0-D 159
ResSesClo (33) 2-D  TIResSesCls (34) 2-D 146, 150
TI,RecSesCls (35) 1-D 146
T|5R95568C|7 (36) 0-D 146
R96585C|6 2-D CSzR96585C|g 0-D 160
ResSesClg 1-D KRegSesClg 0-D 159a, 161
REGSesBl’z 3-D CSzREeSEsBI’4 1-D 16, 162
CsRegSegls 2-D Cs4RegSeglg 0-D 16
[MeQ12]-Type
ZreHcllz 3-D LieZI’eHCllg 0-D 163
ZrgBeCljz 3-D KZreBeCli3 3-D 163a, 164
ngl"eBec|15 3-D 165
NasZrsBeClig 2-D 166
BasZre¢BeClig 0-D 167
ZI'GBC|13b 3-D RbZI’sBC|14 3-D 1636\, 168
KzZTsBC|15 3-D 165
RngFeBChs 3-D 169
CSngsBclle 2-D 166
BazzreBC|17 1-D 170
RszFeBC|13 0-D 171
ZI’GCC|14 3-D KZFGCC|15 3-D 163a, 169
Rb4ZI’6CC|18 0-D 172
LinGMnC|14 3-D LiZZreMnCIls 3-D 173
ZrgFeClaa 3-D CsZrgFeClis 3-D 169, 173a
ZrgFeBrig 3-D CsZrgFeBris 3-D 169, 174
NbeCl14 3-D LiNbeClis 3-D 175
Li2NbgClie 2-D 176
K4NbeClig 0-D 177
Other Types
RE3C|9 2-D C53R93C|12 0-D 178
ResBrg 2-D RbRe3Br10 1-D 179

a A selected example is given for each known framework type.
b This compound features an additional type of connectivity mode
in which neighboring cluster cores share a common Q atom.

charge or altering the electron count associated with an
interstitial or heterometal atom.

5. Applying Dimensional Reduction

Using dimensional reduction to target a specific
framework is a relatively uncomplicated task. A stan-
dard high-temperature reaction between the parent
solid and a stoichiometric amount of the dimensional
reduction agent will usually suffice to provide a child
compound with the desired characteristics.18 Indeed,
with only a few exceptions, all ternary compounds used
as examples in the text have been produced in this
manner. Certain systems, however, can be difficult to
manipulate with some countercations, as observed in
section 4.2 with the incorporation of larger cations in
the lower halides of transition metals. Such a depen-
dence on cation size is by no means unique to these
compounds. In fact, the success of dimensional reduction
has been proven to depend on the choice of cation in
roughly one-third of all compounds considered.18! Re-
stricting our data to these cation-dependent systems,
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the applicability of dimensional reduction steadily de-
creases from A = lithium (64%) to cesium (14%) and
from A = beryllium (100%) to barium (40%), in agree-
ment with our prior observations in Table 4. Earlier, it
was assumed that the metal—anion interaction changes
little as the result of a dimensional reduction reaction;
here, we must examine the validity of that assumption.
Terminal anions will possess more electron density than
bridging anions since the electrons are shared with
fewer positively charged metal centers (which provides
the basis for their heightened electrostatic bond strength
in Pauling’s rules).?® As dimensional reduction lowers
the coordination number of the anions, they become
effectively larger and more negatively charged, in many
cases leading to reduction of the metal coordination
number. The more highly charged terminal anions are
attractive to cations, so it is here that our assumption
of noninteraction with the counterion is challenged. If
the cation is strongly polarizing (i.e., small and highly
charged), then it will draw electron density away from
the anion, countering any increase in effective size and
charge of the anion with respect to a metal center in
the framework. Such mitigating effects will not be in
operation under the influence of a weakly polarizing
cation. Thus, in many cases, the use of a small, highly
charged countercation A will help minimize the increase
of electron density on the anions, extending the success
of dimensional reduction.

In cases where a direct synthesis cannot be ac-
complished, ternary compounds with larger counter-
cations can still potentially be accessed through dimen-
sional reduction by taking advantage of the kinetic
stability of the framework. If the desired framework is
open and can be produced with some smaller cation by
dimensional reduction, it may subsequently be possible
to carry out a cation exchange reaction using a low-
temperature technique® without perturbing the frame-
work. Of the ternary compounds that adopt structures
inconsistent with dimensional reduction, nearly one-
third has a known analogue, formally related through
cation exchange, which does exhibit the predicted
structural characteristics. Thus, if a specific cation-
framework combination is required, it is advisable to
attempt suitable dimensional reduction reactions with
a variety of different cations, followed, if necessary, by
an ion exchange reaction. In this way, dimensional
reduction can be coupled with other synthetic methods
to provide access to a wider range of solids.

Aside from its general utility in the synthesis of new
solids, dimensional reduction is particularly well-suited
for preparing compounds in which a physical property
inherent to the known parent compound is dimension-
ally restricted. Indeed, many physical properties that
arise largely from through-bond phenomena are readily
manipulated with dimensional reduction. As an ex-
ample, consider the electronic structures for the series
of frameworks depicted in Figure 1. In the tightly
connected parent structure 1, a conduction band elec-
tron is easily delocalized across the framework. As
connections in the framework are severed, the spread
of the band narrows until the saturated compound 4
contains isolated ions without covalent linkages; here,
electrons should be quite localized and conductivity is
expected to be poor. Between these two extremes,
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frameworks 2 and 3 may exhibit anisotropic conductiv-
ity within the sheets or along the chains, respectively.
In contrast, one could envision an opposing trend in
ionic conductivity, as propagated through the cations
A and confined by the framework. Other properties of
inorganic solids that rely primarily on connections
between metal centers and local geometrical parameters
that are conserved by dimensional reduction should be
similarly adjustable. Thus, the study of materials of
interest for their mechanical, optical, magnetic, and
thermoelectric properties may also be facilitated by
dimensional reduction.

Dimensional reduction additionally provides a straight-
forward empirically derived means for predicting certain
facets of the structure of an unknown compound. A
ternary compound is easily traced back to its binary
parent, the structure of which then supplies information
concerning the child framework. For example, an un-
known compound of formula NaCoF, is traced back to
CoF3 by extracting one equivalent of NaF. Since the
structure of CoF3 exhibits CoFgs octahedra sharing all
six corners (1),182 the child compound NaCoF, is ex-
pected to possess a four-connected framework of corner-
sharing octahedra. While this does not pinpoint a
specific crystal structure, it significantly restricts the
list of likely candidates (see Table 2) from which the
structure type might be recognized by comparing X-ray
powder diffraction patterns. A wide range of compounds
have the composition AMX4, yet dimensional reduction
applies to all of these systems with some degree of
success, describing 68% where X = F, 59% where X =
Cl, 73% where X = Br, 100% where X = 1, and 21%
where X = O. Note that this method is readily applied
to any ternary composition, without requiring extensive
calculations.

6. Summary and Outlook

An important aspect of the recent development of
solid-state chemistry has been the recognition of new
synthetic techniques that permit some control over the
ensuing product structure. Herein, we formalize and
systematically evaluate an enduring method for dis-
mantling binary metal—anion (M—X) frameworks com-
posed of linked metal-centered polyhedra. In essence,
dimensional reduction reactions sever connections be-
tween neighboring polyhedra in such a framework by
incorporating additional bridge-terminating anions into
the compound. Electropositive cations A are used to
balance charge, without influencing the covalent M—X
framework. The metal coordination geometry and poly-
hedron connectivity mode of the parent structure are
retained in the framework of the ensuing ternary phase,
enabling prediction of its connectedness—defined as the
mean number of distinct M—X—M linkages around the
metal centers. The scope of this reaction type can be
assessed through examination of a database containing
2497 ternary structures derived from 524 binary com-
pounds. Solids with octahedral, tetrahedral, square
planar, and linear metal coordination geometries linked
through a variety of connectivity modes are amenable
to dimensional reduction, lending this approach wide-
spread utility. In targeting a specific subsidiary frame-
work, the choice of A should be viewed as an experi-
mental variable, with smaller cations generally providing
more consistent results.
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The dimensional reduction formalism is shown to
extend to frameworks containing multinuclear clusters
and could be augmented to apply to many other systems
not considered here. Indeed, the existing theory is
already sufficient for application to quaternary (or
higher) phases containing multiple cations of type A.
However, it may also be extended to encompass qua-
ternary compounds of composition AnaMmM' m Xm+m'+nas
wherein two different metal centers each maintain a
preferred coordination geometry and mode of connectiv-
ity while occupying alternate sites in an M—X—M'—
X—M connected framework. The theory could further
be modified to include reactions to form mixed-valence
compounds in which the addition of oxidizing equiva-
lents of X (without accompanying A cations) results in
a higher average metal oxidation state as well as a lower
framework connectedness. It is hoped that the continu-
ing addition to the library of reactions available for
manipulating solid architecture will permit the rational
synthesis of increasingly complex structures and, ulti-
mately, interesting new materials.
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