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In an attempt to abstract the structural units of widely known silicate, phosphate, and
arsenate compounds based on a transition-metal oxide (TM oxide) framework, we have gained
some new insight into the study of “nanostructured” materials and their corresponding
electronic and magnetic properties. In this review, we highlight some of the features
associated with the nanosized TM oxide frameworks observed in this special class of oxides.
Structurally, these oxides adopt a mixed framework that is composed of interlinked MOg
(M = transition-metal cation) octahedra and XO, (X = Si**, P5", As®") tetrahedra. TM oxide
octahedra may share vertexes, edges, and faces to form nanoscale layers, chains, and
oligomers. These structurally well-defined low-dimensional lattices are of experimental and
theoretical importance in the sense that electron interaction can be studied in a confined
space. In this review, we will illustrate these structurally confined TM oxide frameworks,

including those observed in molecular complexes.
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Introduction

Transition-metal (TM) oxides have long provided both
chemists and physicists with attractive solids that merit
experimental and theoretical studies of technologically
important phenomena. This already rich oxide system
has once again received an enormous amount of atten-
tion since the discoveries of high-T. superconducting
cuprates by Bednorz and Muller! and by Chu and Wu.2
The variety and complexity of the newly discovered
oxides® and the evaluation of the factors that influence
and control structural and physical properties have
promoted renewed excitement in the study of TM oxides.
Understanding fundamental parameters that govern
the materials’ performance has played a crucial role in
every aspect of this research. Attempts to physically
and/or chemically build nanometer-size structures are
being made with the aim of simplifying the extended
structures to reveal parameters that may be used to
fine-tune the bulk physical properties.

Recent advances in the production of “nanostructured
materials” by researchers studying condensed matter
as well as molecular science have provided substances
with some spectacular magnetic and electronic proper-
ties arising from quantum effects.*~” The solid-state
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physicist relies on methods for “physically” dividing bulk
magnetic materials into their component nanometer-
sized particles while trying to maintain control over
their size, shape, and crystal structures. The synthetic
chemist approaches the problem by attempting to build
up well-defined small molecules having large numbers
of unpaired spins. By incorporating spin-containing
moieties into appropriate extended structures, coopera-
tive magnetic coupling can be achieved to yield solid-
state materials with reproducible properties.

This review will look at some transition-metal oxides
containing silicates, phosphates, and arsenates, long-
studied families of oxides that can provide both the
chemist and physicist with the opportunity to study
delocalized electrons in a confined lattice. In studying
this class of solids, we have come to realize that the
lattice confinement may be accomplished chemically by
chelation with closed-shell, nonmagnetic oxyanions
(XO4"—, X = Si, P, As). In the following discussions, we
will also briefly contrast some of the chemically dis-
similar higher nuclearity molecular complexes recently
reported. The molecular solids, in principle, demon-
strate the same feasibility of using organic-based,
closed-shell ligands to achieve structural isolation and
electronic insulation of TM-oxide-based magnetic clus-
ters. This class of compounds, however, provides a less
rigid lattice, which will give rise to less comparable
spin—lattice interaction than the extended inorganic
solids.

To further illustrate the concept, Figure 1 presents
schematic drawings of idealized features containing
confined TM oxide wires (chains) and sheets (layers)
that are embedded in oxyanion-based insulating materi-
als. These “composite” features are different than those
seen in the nanostructured magnetic composite materi-
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Figure 1. Nanosized transition-meta oxide wires (chains, left)
and sheets (layers, right) are embedded in closed-shell, oxy-
anion-based matrix; see the text.

als because the bonding at the interface where two
sublattices are combined is largely covalent. The TM
oxide frameworks in question are, for the sake of
description, approximately 10 A (one nanometer) in size
along the confined dimension(s). These confined TM
oxide frameworks will be referred to hereafter as
nanosized TM oxide layers, chains, or oligomers, de-
pending on size and geometry.

The TM oxide lattice is generally constructed through
the condensation of metal (M)-centered MOg octahedra,
MO, tetrahedra, or related MOs square pyramids and
trigonal bipyramids as well as MO, square planes. The
resulting lattice contains M—O—M linkages and possibly
M~—M interactions. The following schematic drawings
show the octahedral condensation in three different
ways, in which the M center for each idealized octahe-
dron is omitted for clarity. The vertex-sharing octahe-
dra (I), as one can imagine, will result in a linear
M—O—M linkage. The edge-sharing (Il1) and face-
sharing (111) octahedra will each give a relatively short
M~—M distance in addition to a M—O—M linkage with
a bent angle. The du-m calculated from idealized
octahedra is expected to be 2.83 or 2.31 A, respectively,
based upon du-o being ca. 2.0 A. It is rare to see face-
sharing octahedra due to a short M—M distance and
subsequently a strong cation—cation repulsion.

G O B

I II 111

In the following sections, | will only discuss, due to
space limitations, the synthesis of the aforementioned
solid-state oxides made by the halide-flux methods. |
will describe two useful methods for property charac-
terization of this class of solids. A list of compounds
based on nanosized TM oxides of Ti (d!), Mn (d®~°) or
Cu (d9 is given in an attempt to show their variety.
Again, due to limited space, only a few examples from
the list are selected for discussion of structure and, if
possible, properties. In the conclusion, I will comment
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on some future directions to give some new insights into
the study of “nanostructured” transition-metal oxide
materials.

Synthesis via Halide Flux Methods

The growth of single crystals is important in order to
avoid problems associated with grain boundaries and
random orientation of crystal lattices in polycrystalline
materials. Single crystals are necessary in this research
because they have been used to determine not only the
crystal structure, but also the anisotropic magnetic and
transport properties.

The fruitful structural chemistry demonstrated in our
exploratory synthesis is due largely to the employment
of molten halide fluxes. It is evident that these halides
are a good reaction medium for the crystal growth of
refractory compounds. A wide spectrum of halide
fluxes, alkali and alkaline-earth halides, provides a
sizable temperature window (300—1000 °C) for synthe-
sis and crystal growth.2 These fluxes include single
salts, such as the monochlorides A'CI (mp = 605 °C for
LiCl up to 801 °C for NaCl) and dichlorides A''CI, (mp
=782 °C for CaCl, up to 963 °C for BaCl,), and eutectic
mixtures such as CaCl,/BaCl, (mp = 450 °C for 43.6/
56.4 molar ratio). While the role of molten halides needs
to be studied further, these flux techniques (in contrast
to traditional, high-temperature, solid-state synthesis)
allow new discoveries to be made through altered
reaction conditions, such as acidity and basicity, solubil-
ity, and reaction temperature. It is realized that
incidental incorporation of cations and/or anions from
the flux is inevitable. The salt inclusion, however,
provides much variety in the structural features of the
final product.® In any case, these fluxes are inexpensive
and have proven to be easy to work with in terms of
retrieving crystals.

The flux-growth reaction can be performed in a
carbon-coated fused silica ampule. The halide salt is
added to the reactants in a mass ratio of 3—10:1 as a
flux for crystal growth. The reaction mixture is sealed
inside a quartz container which is carbon coated by the
pyrolysis of acetone or ethanol. It is then heated at the
desired temperature, typically 100—200 °C above the
melting point of the flux, for ca. 1—2 weeks, followed
by slow cooling at a rate of 2—25 °C/h to ~50 °C below
the melting point of the flux, and then the furnace is
cooled to room temperature. Single crystals are re-
trieved by washing the product with deionized water
using suction filtration.

Property Characterization

Several techniques suitable for measuring bulk physi-
cal properties of conventional solid-state compounds
may not be applicable for the property characterization
of some of these compounds. Measuring electrical
conductivity, for example, is impractical for solids
containing a “discrete” TM oxide framework. Magnetic
susceptometry, however, would be an invaluable tool for
the study of magnetochemistry and electronic properties
of molecular solids and solids containing confined TM
oxide lattices, like the ones mentioned in this review.
UV—vis spectroscopy would be useful for the routine
analysis of the electronic structure of this class of solids
(see the later example).
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Table 1. Selected Examples of Manganese-Based Higher Nuclearity Complexes?
complex [MxOy]™* core ground state S ref
[Mnlzolz(OQCPh)le(Hzo)4] [Mn12012]15+ 14 25
[Mn1008(02CPh)6(pic)g]-3H20 ['\/m;[(JOg,]mJr NA 26
(NEts)[MNn704(OAC)10(dbm).] |:|\/|I’17O4]13Jr 3—4 27
(NBUn4)2[Mngo4(OZCPh)lz(EtgmaDz(HzO)z]'CHQC|2 [MngO4]l4+ 3 28
[MngO7(02CCsHs)13(py)-] [MngO7]*3* NA 30
[MngO7(0O2CPh)g(sal)a(salH)2(pyr)a] |:|\/|T‘IQO7]124r NA 29
[Mn10014{ N(CH2CH2NH2)3} e]8+ [Mn10014]8+ NA 31
[Mnio(biphen)s04Cly2]* [Mn1o04]26+ 13—14 35
(Et4N)2[M nloozclg{ (OCH2)3CMe} 6]'4MEOH'2H20 [Mn100201127 NA 36
K4[Mnlgole(OZCPh)zz(phth)z(HzO)4]'10MecN |:|\/|I’1130;|_5]22Jr 11 37
(PPh4)[MNn12012(02CEt)16(H20)4] [Mn1,01,]15+ 9-10 38
[Mn3L)6(OH)4(CH3CO2)2], L = C21H15N203 [MngoLe]** NA 39
[Mn1303(OEt)6(02CPh)12] |:|\/|rl;13Og(OEt)(3]12Jr 15/2 40
[(NBu"4)[MngOsCls(O2CPh)7(H20)2] [Mn305]12+ 11 41
[MngNaz07(0,CPh)15(MeCN),] [MngO7]13+ 4 41
[Mnlzolz(OZCR)le(H20)4] [R = Ph, Me, Et] [Mn12012]15+ 19/2 (R = Et) 42, 43
[MI"I12(CH3COO)m(H20)40]_2] |:|\/|I’112012]:LGJr NA 44
[Mn1004(biphen)4X12]4’ (X = le, Br’) [Mn1004]15+ 12<S<14 45
[Mn16BagNaxClO4(OH)4(CO3)4(H20)22L ] NA 46

a For the purpose of this discussion, “high-nuclearity complexes” are defined as those with seven or more metal atoms. The smaller

complexes can be found in ref 23 and references therein.

A recent study of temperature-dependent magnetic
properties of three transition-metal arsenates of this
type by Nakua and Greedan has shown some intriguing
results. In their report, they find no evidence of the
presence of any short-range magnetic order between
isolated magnetic centers.l® These compounds are
divalent transition-metal arsenates with the general
formula MAs;Og, where M is Mn, Co, or Ni. The
framework adopts a hexagonal close-packed network of
oxygen atoms, and alternate layers of octahedral sites
are filled two-thirds by As®* ions and one-third by the
M2* jons. This leads to sheets of edge-sharing AsOg
octahedra, while the transition-metal ions are located
in isolated octahedral sites. The Curie—Weiss fits
present no deviations at lower temperatures. The
absence of any significant short-range order correlations
in these oxides is discussed due to the absence of a
dominating superexchange M—O—M pathway. All three
compounds, otherwise, exhibit what appears to be a
magnetic long-range order transition at low-tempera-
tures. In BaTiy(P207),, for example, we have observed
similar magnetic properties which indicate that electron
localization in isolated magnetic centers is indeed
possible due to the closed-shell, nonmagnetic oxyan-
iOﬂS.ll'lz

UV—vis spectroscopy is a convenient tool to identify
the discrete nature of the nanosized TM oxide frame-
work. There are three major transitions one would
expect. The absorption due to the d—d transitions can
be detected at roughly ~1—2 eV (~1240—620 nm).13
The absorption corresponding to LMCT bands originat-
ing from the XO4 group can be observed at ca. 3 eV
(~413 nm) and above. The absorption resulting from
the bridging oxo oxygen (M—O—M) LMCT band can be
seen at the low-energy region between the first two
transitions.130¢

On Molecular Complexes with [M,O,]"" Core

Molecular complexes have the advantage of a single,
crystallographically defined size, unlike many nanoscale
magnetic materials which have a distribution of cluster
sizes.6714723  The discrete nature of this structural
property gives, in principle, many possibilities to modu-

late the bulk physical properties of the material by
appropriately choosing the constituent molecules.’* The
bulk properties are often determined by cooperative
interactions between the constituent molecules, which
consequently can be assembled in the lattice in such a
way to maximize the bulk response. Some molecular
magnets showing interesting ferro- and antiferromag-
netic interactions have been observed in some recent
examples of Ni- and Cu-based molecular complexes.t>~19

We will briefly describe the Mn-based molecular
complexes in this section for the future comparison of
nanosized Mn—0O framework between molecular and
extended solids. The primary interest of these studies
has been stimulated by a number of factors, including
the aesthetically pleasing structures of the [MyO,]"* core
and their propensity to exhibit attractive magnetic
properties due to a high-spin ground state S. Efforts
have been initially directed primarily toward di- and
tetranuclear species to obtain potential models of the
Mn units within certain manganese biomolecules.?® The
structure of Mn4O3Cl4(O2CR)3(py)s, for example, pos-
sesses a [Mn4O3]"" “partial cubane” unit with the vacant
apex occupied by a uz-Cl~ ion.2* The compounds re-
ported in ref 23 are high-spin and the exchange interac-
tions are relatively small. In most cases, they are
antiferromagnetic (negative J). Some rare examples are
ferromagnetic (positive J), which has led to high spin
ground states. One of the most noteworthy species is
the Mn1,012(0,CPh)16(H20)4 complex, whose remark-
able spin ground state of S = 14 is the highest yet
observed for a discrete molecule.?®> The complex consists
of a central Mn'V,0,4 cubane held within a nonplanar
ring of eight Mn""" atoms by eight us-oxide atoms.

Manganese carboxylate chemistry continues to be a
source of cluster complexes with a variety of metal
nuclearities up to 18 (Table 1).26-31.35-46 The oxidation
states of magnetic manganese in these complexes range
from Il to IV. Figure 2 shows the partial structure of a
discrete polyoxomanganese cation [Mn;oO14(tren)g]®+,3!
whose MngO14Ng core resembles in some respect the
layered structures of extended solids of the naturally
occurring manganese oxide minerals chalcophanite
(ZNMn307¢3H,0)3233 and lithiophorite ((Al,Li)MnO,-
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Figure 2. Top view showing MngO14Ng core made of edge-
sharing octahedra in the [Mn1oO14(tren)s]®" structure. At the
bottom is an oblique view showing the layered nature of edge-
sharing octahedra. (Reprinted with permission from ref 31.)

(OH),).2334 Relatively few examples show magnetic
susceptibilities increasing with decreasing temperature,
e.g. (MesN)4[Mnyo(biphen);04Cl15],3% (NBu",)[MngOg-
C|6(02CPh)7(H20)2],41 and Mnlzolz(OQCR)le(Hzo)4 (R =
Ph, Me, Et).4243 The later three mixed-valent Mn'Vy-
Mn'ls complexes show a maximum (19—20ug) in uesl
molecule vs. temperature at 10—20 K. This is attributed
to the population of a large-spin ground state at the
lowest temperatures.

Figure 3 shows the [Mn;0020Clg] core of the [Mn30,-
Clg{ (OCH;)3CMe} ]2~ complex anion. The structure of
the core contains edge-shared MnLg (L = O, CI) octa-
hedra which adopt a characteristic feature of condensed
oxides.

A Mn;3 complex containing a novel supercubane
[MNnVYMN"MsMn!g(us-O)s(usz-OEt)e]*2" core has been iso-
lated recently.® Figure 4 shows the structural frame-
work of [Mni13014] that adopts a distorted structure
mimicking the unit cell of NaCl.

Molecular complexes that have metal cations that
adopt several oxidation states exhibit interesting prop-
erties. The crystal structure of (PPhs)[Mn12012(O2-
CEt)16(H20)4] shows a localized-valence Mn'!, 7Mn'!!,
4Mn'V situation. Dc and ac magnetic susceptibility
studies show that this complex has an S = 19/, ground
state and that it displays a superparamagnet-like
nonzero frequency-dependent out-of-phase response in
the ac susceptibility behavior that is unusual for a
molecular species and unique for an ionic species.3®

The general synthetic strategies of higher nuclearity
complexes have been demonstrated beautifully by dis-
solution of preformed, small nuclearity species with
[Mn3018™7* or [Mn4O,]8* cores followed by reprecipita-
tion (aggregation).?* For example, reaction of [Mn4Ox(Ox-
CMe)s(py)2(dbm);] (dbm~ is the anion of dibenzoyl-
methane) with CI~ in CH,Cl, gives the heptanuclear
complex [Mn704(02CMe)1o(dbm)s]~,2” and reaction of
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Figure 3. (a) A view of the [Mn;O2Clg] core of the
[Mn100.Clg{ (OCH_)3sCMe} )%~ structure. (b) Schematic repre-
sentation of the { Mol g} core. (Reprinted with permission from
ref 36.)

Figure 4. The NaCl-type [Mn13014] core in the novel super-
cubane [Mn"VMn'MsMn"s(us-O)s(us-OEt)s]*>" complex. (Re-
printed with permission from ref 40.)

[Mn402(0,CPh)g(H20)]~ with MesSiCl gives the octa-
nuclear complex [MngOgClg(O,CPh)7(H20),]~.4* Simi-
larly, treatment of [Mn4O0,(O>CPh)g(H>0]~ with Khphth
(Hphth~ is monodeprotonated phthalic acid) gives K-
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Mn18016(02CPh)a2(phth)2(H20)4.37 Aggregation via dis-
solution of [Mn4O,(0O,CPh)s(MeCN);(pic),] in MeCONMe,
(DMA) and CH,CI; in the presence of picH (picolinic
acid) leads to slow crystallization of [Mn;005(0,CPh)e-

(pic)e] 2

On Extended Solids

The chemistry of transition-metal-containing silicates,
phosphates, and arsenates discussed in this section has
an ancient history and has been studied mostly by
mineralogists. The structures of these families of oxides
are complex and have been abstracted almost exclu-
sively from the point of view of the extended X—0O (X =
Si, P, As) lattice. The transition-metal cation in these
lattices has been viewed as a linker to the building
blocks of the extended oxide framework, and it has
received little attention with regard to the role that it
plays in governing physical properties of electronic and
magnetic importance. In light of the potential features
offered by oxyanions for lattice confinement, we will
revisit some of these solids from a different structural
point of view. In this review, their nanometer-sized,
transition-metal oxide layers, chains, and clusters will
be emphasized.

As expected, the database for the TM—X—0O based
minerals is large.#” If we limit our search of existing
materials to compounds that contain just six or fewer
elements, we find a total of 682 phases, which include
three families of compounds, 196 of which have TM =
Ti, 282 with TM = Mn, and 204 with TM = Cu. The
reason that these three elements are chosen here is
mainly because they represent the chemistry of silicates,
phosphates, and arsenates of early, middle, and late
transition-metal cations that we have been studying.
Some of our recent findings, with regard to the specific
TM oxide frameworks, will also be included in the
following discussions.

Titanium-Containing Compounds. Thus far, much
of our effort has involved the synthesis of mixed-valence
early transition-metal (d°~2) phosphates and silicates.
A novel family of quasi-two-dimensional oxosilicates has
been discovered. The structural formula of this com-
pound series can be written as LasM(Si207)2(MO2)4m, 1248
where m (=1, 2) represents the thickness of the (110)
MO, (M = Ti, V) rutile layer (see the structure of Las-
TigSi4O39 titanium(l11/1V) phase (m = 2) in Figure 5).
The extended framework consists of alternating slabs
of (TiO2)am and LasTi(Si,07), silicate layers. Band
structure calculations show that the d electrons reside
entirely in the rutile layers, and the bottom portions of
their d-block bands are partially filled.#84 Conductivity
measurements on pressed-pellet samples of the Ti series
show semiconducting behavior with small gap energies
and exhibit a sharp transition at low temperatures. This
indicates that the electrons in the partially filled bands
are localized. The electronic band structures and bond-
ing analyses of the m = 1 and 2 phases suggest that
bipolaron formation is likely causing the electron local-
ization and, thus, the observed nonmetallic state.

It is likely that any transition-metal dioxide MO,
adopting the rutile structure*® should form LasM-
(Si207)2(MO2)4m. In fact, recent reports on Laz 4CageVs-
Si402,%80 and LagMsSis02, (M =V, Mn)*8¢ demonstrate
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Figure 5. Structure of a-LasTigSisO30 viewed approximately
along the b axis of the monoclinic unit cell, as outlined. All
the octahedral coordinations in TiOg are represented by thick
lines and the tetrahedral coordinations in Si,O; by thin lines.
Small circles represent titanium and silicon atoms and large
circles represent oxygen atoms, whereas small solid circles
represent the lanthanum atoms. (Reprinted with permission
from ref 48d.)

that rutile sheets of both early transition-metal (V) oxide
and middle transition-metal (Mn) oxide can be incor-
porated. This facilitates systematic studies of electron
interactions in a confined lattice at different d electron
levels.

Fascinating structural chemistry has been observed
in this oxosilicate series. Two new polymorphs, a- and
B-LayTigSisO30, show structures which can be considered
diastereomeric, with respect to the relative orientations
of rutile and silicate slabs. While the orientation of the
rutile slab is fixed, the silicate slabs in these structures
are mirror images of each other. The observed differ-
ence in the unit cell dimension ¢ (15.189 A vs 14.252 A)
and monoclinic angle § (110.92° vs 95.39°) is the result
of lattice matching. Taking into account the difference
in the tilted angle 3, the spacing between the rutile slabs
(doo1 = ¢ x sin p) is essentially the same, 14.187 A vs
14.189 A, respectively. Also, the cation-substituted
La4TisSis—xPxO2, series (m = 1) can be prepared. This
mixed-silicophosphate family lends additional merit to
our systematic study with regard to the ability to fine-
tune the electronic structure of the rutile sheet without
introducing structural variation.

Manganese(l1,111,1V)-Containing Silicates, Phos-
phates, Arsenates. Many minerals not only have
attractive X—O frameworks but also contain novel TM
oxide lattices that are embedded in the X—O matrix.
The formulas and structures are often complex due to
cation mixing in a common crystallographic site (Table
2).50-87 nesite, for example, has a relatively simple
chemical formula, Ca;Mn7Si;p025(OH)2¢5H,0, and, in-
cidentally, an interesting three-dimensional frame-
work.%® The extended framework contains double sili-
cate chains with a five-tetrahedron-repeat period, which
consists of alternating six- and eight-membered rings.
The embedded Mn—0O lattice, which forms an edge-
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Table 2. A Partial List of Silicate, Phosphate, and Arsenate Compounds Containing Mn—0O Oligomers, Chains, and

Sheets

compound special frameworks property ref
Oligomers

AMNP,07 (A = Ca, Ba) edge-sharing Mn;019 antiferromagnetic 52
Na;MnP,07 edge-sharing Mn;01g antiferromagnetic 53
CaMn;,(BeSiO,)3 face-sharing Mn,Og, dyin—mn = 3.25 A 56
Mn;SbAsO1,, manganostibite edge-sharing Mn,019 and Mn3014 octahedral units 65
LiNaMngSi10028(OH)2, nambulite cross-linked, six edge-sharing MnOg octahedral units 66
CayMn7Si1g028(0OH)2+5H,0, inesite cross-linked, seven edge-sharing MnOg octahedral units 59
CayMngSi1p03p, rhodonite cross-linked, eight edge-sharing MnOg octahedral units 60
CaMn(HAsO4)2(H20), edge-shared MnQOg dimer 70
KoMn3ZngSiyOss edge-shared MnOs dimer 77
LiMnPO4 edge-shared MnOg dimer 87

Chains
CuaMn(P0Oy)2(H20) parallel double chains of CuO4/CuQ4(H,0)/MnOs(H,0) 51
BaSr,Mn,0,(Si1012) MnOg octahedral chain 54
NaMnz(PO4)(HPO,), MnOg octahedral chain antiferromagnetic, 57

d® high spin

CazMn,0,(Sis012) MnOg octahedral chain 54
KMn20(PO4)(HPO,) edge-sharing MnOg zigzag chain 58
NHsMn,0(PO4)(HPO.)-H20 edge-sharing MnOg zigzag chain 64
NaMnSi,Og edge-sharing MnOg zigzag chain 67
Naz_ngn10(5i11V034)(OH)4 edge—shared MnOg 69
Na;Mn,Si, 07 vertex- and edge-shared MnOg 73
CaMnySisO1s edge-shared MnOg 75
Na;MnIn(SiO3(OH)),(OH) edge-shared MnOg 78
SrMny(SizO7)(OH)2(H20), lawsonite edge-shared MnOg 83
CaMnSi,0¢ edge-shared MnQOg zigzag chain 85
NaMnPO,4 edge-shared MnOg chain 86

Sheets
KMnPQO4-H,0 vertex-shared MnOg magnetic data 50
CuMny(PO4)2(H20) edge-shared MnOg/MnO4(H20), 51
KLiMn3SisO012 MnOg octahedra sharing cis edge 55
Ca(Mn,Fe)14SiOy4, braunite 11 edge- and vertex-shared (Mn,Fe)Og octahedra 61
Mn3(OH)4(AsO.), flinkite edge-shared MnOg octahedra 63
Pb,Mn;Si>Oq vertex-shared MnOg octahedra 68
Mn,SiOy face- and edge-shared MnOg octahedra 71
K2Mns(Si12030)(H20), milarite edge-shared rings of alternating 6MnQO,4 and 76

6MnOg sharing edges
MnPO4 vertex-shared MnOg 79
LiMn(AsOy) vertex-sharing MnOg 80
Mixed Frameworks
(Mn203)sMnSiO3 MnOg and MnOg polyhedra 72
MnSiO3 edge-sharing MnOg 74
KMn4(PO4)3 edge-shared MnOg 81
Cuz5Mn(PO4)2(OH) mixed framework of vertex- and edge-shared MnOg 82
and CuO;, (n = 4-6)

BaMn,TiO(Si,07)(OH); mixed framework of edge-shared MnQOg sharing 84

common vertexes with TiOg

sharing polyhedral band, consists of a sequence of seven
Mn(Il) octahedra capped by two Ca pentagonal bipyra-
mids to form the Mn;Ca,036 unit. The extended lattice
propagates by cross-linking these units through sharing
the cis edges of the four MnOg octahedra. The formation
of a Mn-deficient, high-Ca rhodonite, CazMn7Si;0O029,
has been demonstrated by dehydration of inesite fol-
lowed by thermal migration (diffusion) of Ca?* and Mn2+
cations via the octahedral band (see ref 59 and refer-
ences therein). The regular rhodonite structure con-
tains ten-octahedra CaOg/8Mn0Oe/CaOg units and single
silicate chains with a five-tetrahedron repeat.

Several investigated minerals contain novel transi-
tion-metal oxide frameworks. Mn milarite,’® KoMns-
(Si12030)(H20), for example, has extended sheets made
of rings of alternating 6MnO, and 6MnOg polyhedra
sharing edges (Figure 6). The Mn—O distances are 2.22
A (x6) and 2.08 A (x4), respectively. The Mn—Mn
distance across the shared edge is 3.019 A.

The A-site cation has a substantial effect on this type
of mixed-framework compounds. The structures of the
edge-shared zigzag chain of MnOg octahedra in the

framework of taikanite,>*2 BaSr,Mn,0,(Si;O12), and
CMS-X1,5% CazMn,0,(Sis012), are different due to the
different A-site cations, BaSr, and Cas, respectively.
CMS-XI is composed of undulating cis—trans—cis octa-
hedral edge-sharing chains with a 10 A translation
period. In taikanite the sinusoidal undulating chains
have a cis—cis connectivity with a 5.1 A translation
period.

Three new isotypic phosphates of the A',B!'"P,07 type
that adopt two dramatically different layered structures
were reported recently.>® Na,MnP,0-; possesses a novel
Mn—P—0O slab structure made of fused Mn4P,O2s cages
(Figure 7). Due to the A-site cation effect, NaCsMnP,07
and NaCsMng 35Csg 65P207 form the K,CuP,07 structure
containing undulating slabs of corner-sharing MnOs and
P,07 units. The dimer-like, short-range ordering for the
Mn,0;0 dimers is absent in the magnetic susceptibility
of Na,MnP,07 (Figure 8a), instead the sharp maximum
indicating antiferromagnetic transition at ~7.2 K. The
transition is completely missing in NaCsMnP,07 (Fig-
ure 8b), likely because of the absence of a superexchange
pathway Mn—O—Mn.
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Figure 6. Ring of alternating 6MnO, and 6MnOs sharing
edges of KoMns(Si12030)(H20). The extended sheet is formed
by sharing the edges of 2MnOs and 1MnO, of the neighboring
rings.

Figure 7. Two empty Mn4P,O5 cages in Na,MnP,0O; are
fused by sharing a common Mn;O,, dimer. Each cage is
centered by the inversion center. The Mn;0O; dimer is high-
lighted by solid lines and the P,O7 unit is outlined by hollow
lines.

Copper-Based Silicates, Phosphates, Arsenates.
Likewise, many minerals exhibit novel structures that
contain interesting nanosized Cu—0O frameworks. Table
3 lists some examples from a large class of existing
compounds as well as some phases newly synthesized
in our laboratory.8-147 Figure 9 shows the structure
of shattuckite, Cus(SiO3)4(OH),, which contains brucite-
like (CuOy), layers built up from edge-shared octahe-
dra.1%2 The CuOg octahedron adopts the [4 + 2] Jahn—
Teller distortion where the two long bonds are 2.59 A
(k x 2, for Cu(1)), 2.62 A, and 2.31 A (P, Q for Cu(2)),
much longer than 1.96 A, 1.98 A (i x 2, j x 2), and 1.93—
2.05 A (L~O) of the four short bonds, respectively. The
isolated square planar CuQ, consists four regular Cu—0O
bonds, 1.89—1.95 A (R~U). In addition, the two long
Cu—0 are 2.69 and 2.78 A (V, X for Cu(3)). The rows
of planar CuQ4 groups in the layers are sharply tilted
and interestingly arranged like Venetian blinds (Figure
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Figure 8. Magnetic susceptibility of (a) Na,MnP,0; and (b)
NaCsMnP,0.

10). The analogous planchéite possesses similar (CuO5),
layers that are separated by different silicate groups.

Also, two novel phases, Pb,Cu''7(AsOy4)s (11) and Pby-
Cu',Cu's(AsO4)e (I-11), with topologically related crystal
structures were recently discovered by Effenberger.°¢ 11
contains Cu''30;9 and Cu'' 404, chains formed by edge
and vertex connections of Cu"'O,4 squares and distorted
Cu"'Os trigonal bipyramids. While the CuzOjg chain is
maintained in I-11, the CusO1, chain is interrupted by
the substitution of the Cu(1)O, square by the two
linearly coordinated monovalent copper atoms. The
O—Cu'-0 linkage connects the Cuz0;, groups and the
Cu40;, chains to form corrugated layers.

The magnetic properties of these Cu?*-based silicates,
including phosphates and arsenates in the same matter,
are rarely studied. Studies of dioptase, Cug[SicO15]¢6H.0,
show that the three-dimensional lattice consists of
corner-sharing Cu,Og dimers that are made of pairs of
edge-shared planar CuO,4 groups.1%* Magnetic studies
reveal that the material becomes antiferromagnetic near
70 K.195 The proposed magnetic structure based on a
doubled unit cell (¢ = 2¢c = 15.60 A) suggests a
superexchange via an extended antiferromagnetic or-
dering through Cu—O—Cu bridges.

It is relatively rare to find structures containing
Cu—O0O chains. In the mixed sulfate and silicate mineral
wherryite, Pb7Cu,(S04)4(Si0O4)2(OH),, the copper oxide
framework forms a pseudo-one-dimensional chain.10?
Figure 11 shows the Cu—O chain made of [4 + 2]
distorted octahedra. It is noted that the chains are
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Table 3. A Partial List of Silicate, Phosphate, and Arsenate Compounds Containing Cu—0O Oligomers, Chains, and

Sheets
compound special frameworks property ref
Oligomers
Na,Cus(Sis012) edge-shared Cu,0¢ square planar dimer 88
Li>Cus(Si207)2 edge-shared Cu;0g and Cu3O1g 89
Rb,Cu,SigO1g dimeric edge-shared Cu,Og square planar 93
polyhedra
Cs,CuzSigO1g dimeric edge-shared Cu,O¢ square planar 90
polyhedra
Ba,Cuy(Sis012) edge-shared Cu;0¢ dimer 92
K2Cus(As,06)2 edge-shared Cu3zOg trimer 97
BaCuy(AsOy); edge-shared Cu,Os trigonal bipyramidal dimer 100
CuAgH3(AsOa)2 edge-shared Cu,0g square planar dimer 109
CuzAI(AsO4)(OH)4-4H,0 edge-shared Cu;01 octahedral dimer 111
Li>Cus(SiO3)a edge-shared CuzOg square planar trimer this work
ANasCuy(AsO4)4Clz, A= Rb, Cs vertex-shared Cu4O;; cyclic tetramer this work
KCuPO,4 vertex-shared CuO4 and CuOs 122
NasCuz(PO4)2[(PO4)HPO,] Cu30s2 unit of vertex-shared CuO,4 and 2CuOs 124
Cu3PsO15°14H,0 edge-shared Cu;01o octahedral dimer 127
AgsCu3z(PO4)2[(PO4)HPO,] Cu30s2 unit of vertex-shared CuO,4 and 2CuOs 128
Cu(HPO3zH), edge-shared Cu,01o octahedral dimer 129
CuPO3F-2H,0 edge-shared Cu,0g square pyramidal dimer 130
BaCuP,0y dimers of edge-shared square pyramidal 132
CuOs[4+1]
CazCu3(XOy4)s (X = P, As) vertex-shared 2CuOs[4+1] + CuQ4 trimer 140
Li>Cu,PeO1s edge-sharing CuOg[4+2] dimer 141
K4Cu3(AsO4)2[AsO3(OH)]2 vertex-sharing 2CuOs[4+1] + CuQ4 trimer 144
Chains
BaCuy(PO.); CuOs bipyramidal chain anti, Tmax = 65 K 103
Pb7Cu2(S04)4(Si04)2(OH),, wherryite edge-shared CuOg [4+2] octahedral chain 107
Li>(Mg,Cu)Cuy[Si>Os]2 chain of edge-shared alternating CuO4 and 108
(Mg,Cu)Os¢
Cuz(AsO4)(0OH)-3H-0, euchroite octahedral chain cross-linked by AsO,4 through 109
branched CuOg by sharing edges
Cu(AsO30H)(H,0), geminite edge-shared zigzag octahedral chain 112
Cus(Zn,Cu)4Cd2(AsO4)s(H20)2, keyite vertex-shared octahedral chain 113
Cu3zAs04(OH)s, clinoclase chain of vertex-sharing trimers (2 edge-shared 115
Cuz0s + vertex-shared CuOs)
MCug(X0O4)3(OH)e*3H20, where M = Bi, Y, octahedral chain 116
rare-earth element, Ca, Al; X = As,
P; Ca-rich agardite
/-NaCuPO, chain of alternating CuO,4 and CuOg[4+2] ferrimagnetic, 135,
T.=18K this work
[NazCuz(PO4)2][CuOCI] chain of fused CuOg and CuOg4 antiferromagnetic this work
CuHPO3-2H,0 chain of distorted CuOsg 119
o-NaCuPO4 chain of vertex-shared CuOs[4+1] 120
B-AgCuPOy4 chain of edge-shared CuOs[4+1] Tn=45K 121
CuzK(OH)(PO3F)2-H0 chain of edge-shared CuOg[4+2] octahedra 125
[CuMg(PO4)(OH)(H20)2]2(H20), nissonite edge-shared CuOg[4+2] octahedral chain 131
Bi>Cu3z(OH)20,(P0Oa4)2:2H,0, mrazekite edge-shared octahedral chains interlinked by 134
vertex-shared CuOg
BaCuy(POa); chains of vertex-shared square planar CuOs antiferromagnetic, 136
a large maximum
at 65 K
BiCu,PO¢ double chains of vertex-sharing dimers of 137
edge-shared CuOs square pyramids
CugO2(P04)4(OH), zigzag double chains of edge-shared CuQO4 138
and CuOs
Cu3zP0O4(OH)3, cornetite chain of edge-shared dimers 139
Cuz(AsOy)2-1 edge-sharing CuOg[4+2] chain 147
Sheets
KCu3z(OH)2[(AsO4)H(AsO4)] CuOg octahedral sheet 98
Cuy(AsQO4)2,0 CuOs, square pyramidal and trigonal antiferromagnetic, 101
bipyramidal, layer 30—300 K
Cus(Si03)4(OH),, shattuckite (CuOy)n layer, consisting distorted CuOg 102
octahedra, interlinked by square planar CuO,
Cug(Sis011)2(0H)4-xH20, planchéite similar to that of shattuckite 102
BaCu,Si,07 vertex-sharing CuOs[4+1] layer separated 106
by Si207
(Cu,Zn)3Pb(AsO4)2(OH),, bayldonite edge-sharing CuOg octahedral sheet 114
(Cu,ZNn)2ZnP0O4(OH)3-2H,0, veszelyite edge-sharing CuOg octahedra 117
Cus(PO4)2(OH)a4, pseudomalachite edge-sharing CuOg[4+2] and CuOs[4+1] 118
Cuz(POy)2H20 vertex- and edge-shared CuOg[4+2], CuOs[4+1], 123
and CuOq[4]
KCuPO4 sheet of vertex-shared CuOs[4+1] square 133
pyramids
KCuPO4-H,0 vertex-sharing CuOs[4+1] sheet 142
Cu3(AsOa)2-111 vertex- and edge-sharing CuOp, (n = 4,5) 99
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Table 3 (Continued)
compound special frameworks property ref
Mixed Frameworks
Pb,Cu''7(AsO4)s chains of vertex-, edge-shared CuO4/CuOs 96
Pb,Cu',Cu''s(AsOy)s corrugated sheets of interconnected chains of 96
vertex-, edge-shared CuO4/CuOs
CazCusSigOys, liebauite extended vertex-/edge-sharing CuOn (n = 5, 6) 91
AgCus(AsOy)s edge-shared CuOp (n = 4, 6) 94
NaCus(AsOa)3 edge-shared CuOj, (n = 4, 6) 95
KCu4(AsOy)3 edge-shared CuO, (n = 4, 6) 99
Cue[SigO15]-6H20, dioptase corner-linked nearly planar Cu,Og dimers formed antiferromagnetic, 104, 105
by pairs of edge-shared CuO, Tn=~70K
CuyPOy4 vertex-shared Cu''Og, Cu''Os, and Cu'O, antiferromagnetic this work
KCu4(PQOy4)s edge-shared CuOs[4+1] square pyramids and 126
CuOs trigonal pyramids
Cug(SigO1g)-6H0 edge-sharing CuOg[4+2] 143
CuAs04(OH), olivenite vertex- and edge-sharing CuO,, (n = 5,6) 145
Cu3(AsOg)2-11 vertex- and edge-sharing CuO, (n = 4—6) 146

Figure 9. Plan of the unit cell of the crystal structure of shattuckite, Cus(SiO3)4(OH),, viewed along the c axis (b axis is horizontal).
In the distorted octahedral Cu coordination, the longer apical bonds are dashed. Hydrogen bonds are dotted. Large, double circles

represent OH groups. (Reprinted with permission from ref 102.)

surrounded by the closed-shell anions SO42~ and SiO4*~
and “shield” from each other further by Pb2" cations.
Judging from the structure, wherryite should be a good
example for the study of magnetic interactions in the
confined one-dimensional Cu—0O chain.

A new bismuth copper(ll) oxyphosphate, BiCu,POg,
that exhibits a novel double Cu—O chain has been
synthesized recently.13” The double chain, as shown in
Figure 12, is composed of vertex-shared dimeric units
Cu,0g made of edge-shared CuOs square pyramids. The
CuOs is [4 + 1] coordinate, forming four short (1.94—
2.02 A) and one long (2.19 A) distance. The double chain
is connected to edge-shared BiOs pyramidal chains to
constitute sheets parallel to the (100) plane. The sheets
are connected through the PO, tetrahedra. Again, no
magnetic properties have been investigated.

In the past 5 years, we have been looking into copper-
containing silicate, phosphate, and arsenate systems
because of interest in low-dimensional copper oxides.
It should be noted that, although a large collection of

copper-containing compounds were reported prior to this
study, recent discoveries have revealed that an abun-
dant chemistry featuring low-dimensional, copper oxide
structures is yet to come. This is attributed in part to
the different reaction medium provided by molten-salt
synthesis, compared to the traditional solid-state and
hydrothermal methods used for the previous studies.
The first three of the following four novel compounds,
LizCUgSi4012,148 AN65CU4(ASO4)4C|2 (A = Rb, CS),149’150
B-NaCuP0,,13>148 and LiCu,POs,1#8 containing different
nanometer-size Cu—O frameworks, trimetal-, tetra-
metal-center units, pseudo-one-dimensional chain, and
double-layer slab structures, respectively, are discussed
below.

The attractive trimeric [CuzOg]!°~ and tetrameric
[Cu4012]*6~ (Figure 13) units are identified in otherwise
structurally complicated Li,CusSisO;, and CsNas-
Cuy(AsO4)4Cl, lattices, respectively. It is recognized
that these “oligomeric” Cu—O structural units are
uniformly distributed in the extended lattice, i.e. each
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Figure 10. Schematic views of the triple layers in shattuckite
(top) and planchéite (bottom), viewed along the b axis. The
rows of planar CuO, groups are shown as crossed squares. The
longer apical Cu—O bonds are dashed. The double circles
represent OH groups. (Reprinted with permission from ref
102.)

Figure 11. The CuOg octahedral chain (randomly dotted) in
wherryite viewed down [100]. (SO.) tetrahedra are cross-
shaded, and (SiO,) tetrahedra are line-shaded. (Reprinted with
permission from ref 107.)

framework possesses an exclusive structure unit of
nanosized copper(l1) oxide. These structural units are
well-separated from each other by the oxyanion spacer.
The closest Cu—Cu distance between neighboring frag-
ments is not less than 5.00 A. This distance, in fact, is
far longer than 2.56 A in elemental copper.25!
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Figure 12. The copper double chain running along the b axis.
(Reprinted with permission from ref 137.)

Figure 13. (a) Arrangment of the condensed [CusO1,]'6~
tetramers and [AsO;]®~ units in the Cu—As—O sheet. Mirror
planes are present across the opposite bridging oxygen atoms
of the Cu4O4 core. (b) Structure of the crown-like [Cu,O12]*¢~
tetramer capped with the CI~ anion (70% thermal ellipsoids).

The Cu401, cluster adopts an interesting cyclo-Sg-like
Cu404 core (Figure 13b). This puckered geometry is
attributed to the bond strength of the fused [AsO,4] units
and the steric effect of the capping Cl~ anion. The
copper atoms lie in a plane between the layers of the
nearly planar arrays of bridging oxygen atoms (Ob), two
0O(2) and two O(4), and terminal oxygen atoms (OY), four
O(5) and four O(6). The four Cu—0O bond distances of
the Jahn—Teller [CuO4] unit are in a narrow range,
1.93—1.99 A, where the shorter bonds correspond to Ot
and the longer bonds correspond to O°. The sum of the
four O—Cu—0 angles is 359.7°, indicating that the
[CuO4] unit adopts a nearly square planar configuration.
The Cu—Cl distance from the capping CI(1) to the Cu,
square, 2.73 A, is long compared with the sum of
Shannon crystal radii, 2.46 A, for a 5-coordinate Cu?*
cation (0.79 A) and a 6-coordinate Cl- (1.67 A).152

A remarkable similarity in general structural features
is evident between the Cu4s04 core of the cluster and
the building block found in the puckered Cu—0O layer
of the high-T, cuprate superconductors.® With respect
to high-T, superconductivity, it is well-known that the
Cu—0 layers are considered critical structural features.
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Figure 14. Optical absorption spectrum of CsNasCu4(AsOg)s-
Cl,.

A brief comparison of the CusO1, cluster in this com-
pound with the CuO; layers in the YBa,CuzO7_, struc-
ture shows that the in-plane Cu''-O distances are
comparable, 1.94 A for YBa;CuzO7—s vs 1.96 A for the
average distance in the Cu4O3, cluster. The thickness
of the puckered CuO; layer is 0.27 A, however, as
opposed to 1.09 A with respect to the Cu,O, core. The
highly puckered Cus0;, unit containing Cu—O—Cu
angles (mean value 109.5°) are much different than
those found in YBa,CuzO7-; (distorted linear ca. 165°).
Consequently, the Cu—Cu distances along the edge of
the Cu, square are shorter, ca. 3.22—3.24 A vs 3.82—
3.89 A, respectively.

The electronic absorption spectrum was recorded in
the range 0.50—6.20 eV (Figure 14). Based on a
preliminary analysis of the spectrum, the intense ab-
sorptions above 24 000 cm~! can be assigned to LMCT
bands from the o lone pair of the anions to the ¢ orbital
of the copper, as similar assignments have been made
in other Cu(ll) complexes.!>® The specific assignment
of bands is difficult because of multiple ligand interac-
tions due to AsO43~ and Cl~ anions. The ligand-field
spectra show broad bands, with maxima at 1.43 and
1.77 eV. While it is necessary to assign the bands with
the assistance of an accurate electronic structure, the
observed bands are in the region where the d-d transi-
tions are generally observed.53

The variable-temperature magnetic susceptibility data
of CsNasCuy4(AsO,4)4Cl, are plotted in Figure 15. The
Curie—Weiss fit of the y~1 curve in the 150—300 K
region results in a negative Weiss constant, 6 = —36.5
K, which is intrinsic to the antiferromagnetic (AF)
coupling. The effective magnetic moment, ues = 3.22ug,
is comparable with the spin-only value. The y*vs T
curve shows a minimum at ~50 K and a maximum at
11 K, typical for a dominant antiferromagnetic exchange
interaction with some remaining paramagnetism (=11
K). Detailed analysis is underway.

A fruitful structural chemistry arises from the ver-
satile nature of bond interactions between distorted
(Jahn—Teller) Cu'"Og_x (x = 0—2) polyhedra and tetra-
hedral oxy groups. The previously reported 5-NaCuPO4
exhibits a pseudo-one-dimensional Cu—0 chain.135148 |t
is also worth noting that, in each structural unit, there
are two different crystallographic Cu(ll) sites whose
CuOy (x = 4—6) coordination is suitable for accom-
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Figure 16. (a) The magnetic susceptibility and (b) the field-
dependent magnetization plots of f-NaCuPO,.

modating trivalent copper, Cu(l11). Chemical substitu-
tion of Si*" for P>" in this known compound, for
example, will allow investigation of the magnetochem-
istry of NaCuP;_,SixO4 as a function of x. The prelimi-
nary examination of 5-NaCuPOQ, reveals unusual low-
temperature magnetic properties. The =1 vs T curve
indicates that the magnetic behavior obeys the Curie—
Weiss Law at temperatures in the range of 20—300 K
with a ferromagnetic transition occurring at around 18
K (Figure 16a). The field-dependent magnetization
plots (Figure 16b) show a rapid increase in M at
temperatures below the transition, as opposed to a
constant M above the transition point. It is noted that
similarly interesting magnetic behavior has been ob-
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served in other low-dimensional solid-state materials.*>*

Brief investigations into the mixed-valence copper(l/11)
compounds has shown complex structural formation,
e.g., CuP0O4° and Nay,Cuy(PO4).Cl.156 The latter can
be reformulated as [NayCu''3(PO,4)2][Cu'OCI]. The
Cu""—0 units form linear chains made of fused [CuOg]
and [CuQ4] polyhedra and bridged to the Cu'—0 chain
by the electronegative anion, Cl~. The closely spaced
Cu?* magnetic centers are bridged by oxo anions, giving
rise to a possible competitive coupling between anti-
ferro- and ferromagnetic ordering starting at ~220 K.
The pseudo-binary compound Cu,PO,4 has an attractive
extended framework which consists of low-dimensional
arrays of nearly parallel Cu'O; linear units and short
Cu'-O—Cu"-0-Cu' and Cu'"-O—Cu'" linkages. The
Cu'O; units are closely spaced, at 2.74 A, due to cross-
linking via the PO, tetrahedra. The magnetic data
shows a broad transition to antiferromagnetic ordering
below 170 K.

Conclusions and Future Directions

This review has abstracted a large family of transi-
tion-metal oxide containing silicates, phosphates, and
arsenates with respect to the framework of TM oxide
layers, chains, and oligomers. In studying this class of
solids, we have come to realize that the lattice confine-
ment may be accomplished chemically by chelation with
closed-shell, nonmagnetic oxyanions (XOx"~, X = Si, P,
As). The chemically dissimilar higher nuclearity mo-
lecular complexes briefly discussed in this review dem-
onstrate the same feasibility of using organic-based,
closed-shell ligands to achieve structural isolation and
electronic insulation of TM oxide-based magnetic clus-
ters. For comparative studies, one should also consider
in these studies the inorganic/organic hybrid materials
where structurally confined TM oxide frameworks have
been observed.1%”

Structurally confined TM oxide frameworks that exist
in molecular complexes and extended solids adopt a
large variety of geometries. Intuitively, the magnetic
properties are going to be diverse. To systematically
study these compounds will lead to a larger database
with respect to the correlation between magnetic cou-
pling and confined lattice,!58 and it is potentially
important for the continued development of a funda-
mental understanding of the magnetochemistry of TM-
based oxide materials.

The accumulated synthetic expertise on Ti-, Mn-, Cu-
based silicates, phosphates, and arsenates can now be
channeled into additional areas. The high-oxidation
state, middle transition-metal as well as other oxyanion
systems, such as borates and aluminates, are immediate
candidates. Some preliminary work has been started
in our research group. Given the variety and funda-
mental importance of the magnetochemistry, the greater
materials database promises to deliver would make the
invested time and effort well worthwhile.
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