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Polyanionic Clusters and Networks of the Early p-Element Metals in the Solid
State: Beyond the Zintl Boundary

John D. Corbett*

Dedicated to Professor Arndt Simon on the occasion of his 60th Birthday
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Reduction of p-element (post-transi-
tion) metals and metalloids by alkali
metals leads to many salts containing
polyatomic clusters or network anions
of these elements. The earliest solvated
examples were referred to as Zintl
ions. Synthetic explorations have now
established that many of the clusters
can in fact be obtained from neat
(solvent free) high-temperature reac-

particularly for the heavier tetrel
(group 14) and triel (group 13) ele-
ments. Some synthetic tricks have also
proven useful. Electronic guidelines
such as Wade’s rules, known to account
well for other types of electron-defi-
cient cluster bonding, are widely appli-
cable to these compounds, but numer-
ous hypoelectronic (electron-poor)
trielide salts have also been discov-

to related infinite network structures
and Zintl (valence) compounds. The
Zintl boundary designation tradition-
ally delineated the tetrel elements that
form salts with the active metals from
those of the triel and earlier elements
that were once thought to generate
only intermetallic phases. The distinc-
tion no longer seems appropriate, at
least with regard to some alkali-metal

tions of binary to quaternary systems,

\

ered. These developments also extend

compounds of the triel elements. )

1t is always difficult to predict the unimaginable

1. Introduction

A great deal is known and understood about metal —metal
bonding of the transition metals in well-reduced systems, both
as ligated clusters and in extended solids; the number and
variety of examples arising in large part because many good
bonding d orbitals are available. An analogous chemistry for
the pretransition metals appears to be precluded by their
diffuse orbitals and weak metal —-metal bonds, although the
novel delocalized bonding about simple anions in a few metal-
rich arrays characterized by Simon is a unique feature of
alkali-metal chemistry.l'! The chemistry of the alkaline-earth
metals (including magnesium) seems to be unusually bereft of
significant metal —metal bonding features beyond the ele-
ments themselves and a few nitride compounds. In contrast,
the comparative metal —metal bonding among compounds of
the main group p-metals (metametals, metalloids) with the
active metals is widespread and anomalous with regard to
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traditional examples. On the other hand, aluminum chemistry
in intermetallic systems does not correlate well with catena-
tion characteristics of the other p-metals, although this
element does show a remarkable solid-state chemistry of its
own. Thus, another classification for this review could be in
terms of the cluster and network chemistry of the post-
transition elements. In this regard there is still little basis for
the separation of silicon from germanium chemistry.

The post-transition metals are themselves highly irregular
or nonclassical in terms of structures and properties and are
often not considered as “real” metals.> 3] Compounds of the
heavier p-metals also tend to be relatively electron-poor, to
the degree that the ns? pairs act increasingly corelike in
reduced phases. Perhaps something unusual should have been
anticipated with respect to their element-element bonding
(catenation) in the electron-richer systems, but as it was not, a
surprising length of time passed before these features were
discovered or generally recognized. Catenation is, of course,
well known for boron, carbon, silicon, and so forth. Indeed,
elementary views of the bonding in clusters of the heavier
metal analogues in Zintl phases and ions (see below) are
based on precepts similar to those developed for the non-
metals—namely, Wade’s and the octet rules. The former were
the first to organize in an empirical manner the compositions,
electron counts, and geometries arising with the delocalized
electron-deficient cluster bonding in the boron hydrides and
boranes,* which in fact have clear and functional parallels in
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“naked” clusters of the heavy p-metals because of the
increasing inertness or energetic isolation of the ns? pairs.!
The applicability of the octet rule and the occurrence of
anionic, homoatomic analogues of some catenated nonmetals
were first recognized among alkali-metal “salts” of the heavy
metals and metalloids. Such salts are now often termed Zintl
(or Zintl-Klemm) or valence phases (broadly expanded to
include modern bonding concepts),l*'!] while polyanions of
the heavier metals, once known only in solution with liquid
ammonia, are termed Zintl ions.['" 2] The further distinction
of the Zintl boundary (or Zintl border) was introduced by
Laves!® 'l as the dividing line between what we chose to call
the triel group (group 13, aluminum or gallium family, symbol
Tr) and the tetrel group (group 14, silicon family, symbol
Tt).['1 The border itself had been defined earlier by Zintl!' as
the left-hand limit on the periodic table for elements that
allow the formation of 1) monoatomic (8-N) anions (Sb*-,
Sn*",...) in saltlike structures of compounds richest in an
active metal (for example Mg,Sn in the anti-(CaF,) structure
family) as opposed to alloylike phases,' and 2) polyanions
under strongly reducing conditions in liquid ammonia that
were later designated™ as Zintl ions. All assignments of
Zintl’s name to these categories occurred posthumously.

In this article we relate the considerable amount of new
chemistry that has been discovered for the earlier p-metals
within the last 25 years, with emphasis on the newer develop-
ments in the solid state. A review of similar material appeared
in 1996.111

2. Traditional Zintl Ions

In the 1930s, Zintl provided the first substantial character-
izations of what became termed Zintl ions, although frag-
mentary evidence regarding the unusual green solutions of
lead metal (or its halides) when treated with sodium solutions
in liquid ammonia had been known since the 1890s. As
reviewed earlier,'” his extensive studies led to empirical
formulae for a variety of what appeared to be polyanionic
salts of the post-transition metals in liquid ammonia, for
example Sny*-, Pby*~, Pb,*~, Sby*~, Bis*~, Bi;>~. Alkaline-earth
metals did not afford this chemistry, nor did the potential
cluster-forming elements (Ge, Si, Ga, In, or TI) when

introduced with alkali metals (hereafter noted as A in
formulae). However, none of the salts with ammoniated
cations was sufficiently stable to yield crystalline products at
room temperature. A few Zintl anions were isolated much
later as ethylenediamine (en) complexes of the sodium salts
according to analytical results, but only an incomplete crystal
structure was achieved for Nay(en),Sn,.'”1 The first general
route to the isolation of salts of the Zintl anions was
accomplished through provision of a stronger chelating agent
for the cations, especially [2.2.2]cryptand (“crypt”). We will
see later that many of these “ionic” tetrelide clusters, as well
as new trielide examples, have in fact been isolated recently as
neat binary compounds with the alkali metals, which are
closer to the emphasis intended in this article.

2.1. Alkali Metal - Cryptand Salts of Zintl Ions

An updated list of the polyanions isolated from solution
and structurally characterized, generally as complexes with
cationic sodium or potassium encapsulated in [2.2.2]cryptand,
is given in Table 1. (Note that what we list for all of these
examples are oxidation state assignments and not the real

Table 1. Zintl anions isolated from molecular solvents with alkali-metal —
cryptand cations.

Ion Symmetryl® Skeletal Reference
p-electrons

Sb2, Bi,2~ D,;, (arachno) 2n+6 [18, 19]

Sn,Bi,, Pb,Sb,2, InBiy>~  ~ T, (nido) 2nt4 [20-22]

Sns?-, Pbs?, Ges>~ ~ Dy, (closo) 2n+2 [23, 24]

Gey> [Vl ~ Dy, (closo) 2n+2 [25]

Gey™ ~ Cy, (closo) 2n+2

Ge, }M ~C,, (nido) 2n+4 (26]

Ge- ~Cy 2n+1 [27-29]

Ge ™ ~ C,, (dimer) 2n+6 [22]

Sng*~ Dy, (closo) 2n+1 [30, 31]

Sn,*-, In,Bis- C., (nido) 2nt4 [22, 32]

J[KSng*], J[KPby] ~Cy+K* (chains) 2n-+4 (33, 34]

Pby*- ~Cy 2n+1 [28, 31, 34]

TISng*~ } . ~ Dy, (closo) 2n+2 [35]

TISng*~ ~ Dy, (closo) 2n+2

[a] Neglecting heteroatoms. [b] This structure was first reported as a
disordered Ge,>~ cluster,®® later shown to be false upon reanalysis.
[c] Double salts.
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charges.) Considerable expansion of Zintl’s original list of
polyanions has been possible, while others on his list have not
been reproduced, or have been reformulated as other charge
types. Note that, relative to the compounds formed in liquid
ammonia, inclusion of the cryptand in the reactions expands
the cluster-forming elements listed to include germanium, a
family of paramagnetic Tt,’~ ions (Tt = Ge — Pb), and a couple
of substitutional examples involving some of the earlier triel
elements. However, no general expansion to include elements
further left in the periodic table, beyond the Zintl boundary,
has been achieved by forming the complex as a cationic alkali-
metal —cryptand salt.

Except for the tetrahedra listed at the beginning of Table 1,
all of these polyanions are best described (on comparison with
the relatively electron-rich tetrahedra P, and As,) in terms of
delocalized electron-deficient bonding, sometimes referred to
hereafter as “classical” bonding, which is to include modern
views of cluster bonding. These tetrahedra are classified
further according to Wade’s useful rules and their skeletal
p-electron counts, as follows:[ the closo-deltahedra, of n
deltahedral atoms, require 2n+2 skeletal p-electrons (specif-
ically, Tt,>~ for all tetrelide clusters); nido clusters, with their
deltahedra missing one vertex, require 2n+4 electrons
(cluster-based electrons of the n+1 closo-parent remain);
and arachno polyhedra, missing two vertices, require 2n+6
electrons. Of course, the same conclusions regarding these
special points of electronic stability may be readily obtained
from extended Hiickel molecular-orbital calculations, spher-
ical-harmonic treatments, and so forth.’”! In most cases, the
ns? states mix only weakly into the skeletal bonding orbitals,
corresponding instead to nearly inert ns? cores.

The important feature is the generality of these simple
guidelines for relating geometry to electron count for clusters
with notable electronic stabilities. There seem to be no
significant exceptions, save for some surprising radicals. A
novel, dimeric product of the radical Ge,*~ is shown in
Figure 1a. (References will not repeated in the text or the

LT ]

1% ! i i
Figure 1. Examples of tetrelide anions, as [A C crypt] salts. a) Ges°~, the
dimer of the Ge,’~ radical. The b) C,, and ¢) ~ Dy, pair in K,Pb,.

Figure captions when these references can be unambiguously
found in a Table.) Most of the observed cluster symmetries
given in Table 1 are in close agreement with expectations, or
have recognizable relationships when characteristic propor-
tions or dihedral angles are considered. On the other hand,
the three (or more) nine-atom Tt,"~ species do include
geometric uncertainties because of some evident “softness”,
disorder of mixed species, or cavity-dependent variations,
especially for n=2, 3. The Tty*" species are fairly close to the
unicapped square antiprismatic (nido) ideal, whereas the
isolated closo-Ge,*~ and the exceptional Sny*~ radical ion are
close to Dy symmetry. On the other hand, the anions in
A C[2.22]crypt salts of Ge,> 1 and Pby* 8 that each
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contain one unique cluster, exhibit appreciable distortions
from C,, symmetry. Three paramagnetic [A C[2.2.2]cryp-
tand];Tt, phases, one each for germanium,??”! tin, and lead,",
contain pairs of independent clusters showing significant (Ge)
or some (Sn, Pb) degree of distortion. However, recent
reanalysis on the basis of quantitative magnetic studies shows
that only one-half of the tin and lead members are para-
magnetic.’¥! Clear examples of Tt,>~ have been limited to
Gey’", where the first charge assignment was made on the
basis of geometry alone,? there being at the time no reason
to suspect odd numbered electron clusters. However, Gey>~
has been recently confirmed, as a cryptand salt, as a single D5,
anion.” Recently, several salts of the Sny* and Pb,*~ ions
have been obtained by direct reaction of the elements in
liquid [18]crown-6.71 These results are novel since this
complexant does not completely sequester the cations, and
several direct alkali-metal —cluster interactions remain.

2.2. Related Group 15 and 16 Cations

It turns out that the list of classical ions in Table 1 may be
expanded to include isoelectronic and isosteric cations from
electron-richer families shown in Table 2. Limiting stabilities

Table 2. Isoelectronic polycations prepared with weakly basic haloanions
(AICl,~, HfCIZ).

Ton Symmetry Skeletal p-electrons Reference
Se 2, Te+ Dy, 2n+6 (arachno) [40, 41]
Bis+ Dy, 2n+2 (closo) [42, 43]
Big** ~Dy 2n+6 (arachno) [42, 44]
Big* Dy, 2n+4 (closo) [45]

of these cations are now defined by the disproportionation
reactions to the elements and higher oxidation state com-
pounds, and these reactions are characteristically affected by
interactions of the latter with any counteranions present.
Accordingly, weakly basic anions are useful for stabilizing the
polycations, for instance AICl,~ and HfCls>~, but also fluoro-
nated anions and the like that have analogous importance in
superacid systems.[*) One obvious difference between the
anions (Table 1) and cations (Table?2) is the geometric
contrast between the conforming unicapped square antiprism
of the 22-electron nido anion (e.g. Sny*~) and the tricapped
trigonal prism (D5,) found for the isoelectronic closo-Big>*. In
fact, the latter structure is an important alternative to the nido
geometry for a nine atom, 22-electron species, where it has
been shown to arise via a 15-20% trigonal elongation from
the ideal 20-electron D, cluster unit, a distortion that
stabilizes what is otherwise the a,” LUMO.P 4]

2.3. Polytetrelide Anions in Neat Salts

Contrary to the “end of the story” implications of the
results shown in Table 1, numerous “neat” salts between
“naked” cations and these cluster anions have been shown to
exist in the past few years; that is, salts without an added
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complexant or solvent. Furthermore, these salts reveal not
only numerous new classical and hypoelectronic cluster
anions of the trielides (gallium family) but also emphasize
the significant increase in stability achieved with tightly
packed naked cations over salts with large, complexed cations.
The same conditions have more recently been shown to apply
to a notable number of the traditional tetrelide (Zintl ion)
clusters too. (So far, virtually only the alkali-metal systems
have been explored.) Thus, with modern definitions of closed-
shell bonding in electron-deficient clusters, we have con-
verged on the common classification of these neat salts of
former Zintl ions as Zintl phases, solid state compounds with
closed-shell bonding that have characteristics of conventional
salts (Section 5). The increased stability of these species—
witness the trielide members to be discussed in Section 3—is
usually associated with the additional Madelung (electrostatic
potential) energy realized with the tighter packing and
specific interactions between the alkali-metal cations and
the Zintl anions. In fact, it has been known since the early
1960s that the neat 1:1 alkali-metal:tetrelide binary phases
(with the exception of lithium) are all stable and that these
contain Tt,*~ ions isoelectronic with P,, As,, and the like.’l At
the time, the relatively high charge per atom in these anions
made this differentation of Zintl ions and phases reasonable
and selective. On the other hand, there is still no evidence that
these Tt,*~ tetrahedral species can be extracted into molecular
solvents under any conditions, and so these remained as a
handful of examples of neat tetrelide salts for many years.
Substantial advancements regarding other tetrelide clusters
have taken place recently (Table 3). The accepted view that

Table 3. Classical® anionic clusters of the tetrel elements (Tt) that are stable as neat salts.

Cs;,Pby; also exist.’?l Three other A,Tt, structures are also
known. The overall implications are that the earlier solution-
state results for the Tty*~ Zintl ions and subsequent isolation
as cryptand derivatives (Table 1) probably came about
through the simple solution of one or another of their rather
conventional salts. Of course, intercluster or cluster—alloy
reactions may have also contributed to the cryptand products.
Presently, evidence suggests that most other species (Tt,*~ and
Tty>~ in Table 1) probably originated with redox processes in
solution.

Of course, some vagaries of cluster conformation remain.
The Sis*~ clusters in monoclinic Rb,Si;; occur in four
independent asymmetric forms, presumably because of pack-
ing effects. One is very close to the characteristic C,,
configuration, with one square face defining the base of the
unicapped square antiprism, while the other three are similar
but more complex. Each of the latter have two open “square”
bases (contrast Pby*~ in Figure 1b), one diagonal thereon
corresponding to an elongated prismatic edge of the alter-
native Dy, tricapped trigonal prism. Extended-Hiickel MO
calculations give similar large HOMO -LUMO gaps for all
four configurations, while the three distorted members all
have LUMOs that are similar to the extra a,” HOMO orbital
in Big>*.

The first neat phase discovered was tetragonal Cs,Ge,,
which contains four independent cluster anions as well,
but these are all very similar C,, examples, virtually the same
as found for one cluster in the double-cluster phase
[K C crypt]s(Gey),. The cesium compound is diamagnetic,
ruby-red, and semitransparent. Another is the monoclinic
Cs,Pby with a single cluster that
is unambiguously a unicapped

square antiprism.

Ton Compound Cluster symmetryl! Skeletal p-electrons  Reference
- - Discoveries of C,,-symmetric

Tt ATt (A=Na-Cs, Tt=Si-Pb) T, (nido) 2n+4 [9] . )

BaSi,, Na,BaTt, (Tt=Si, Ge) T, (nido) 2nt4 (48, 49] Tty" clusters as neat alkali-
TiSn’ NasTISn; T, (nido) 2n+4 [50] metal phases are perhaps still
Sigt ALTty(Tt,), (A =Rb, Cs) ~ C,, -+ three distorted 2n+4 [51] exceeded in impact by the elu-
Sng“; A, Tty(Tt,), (A=K-Cs) four unique clusters 2n+4 [52] cidation of the structure of
I(’}lf:“* és‘gii (A=Rb, Cs) g: EZZZ; ;Zii Eﬂ dla'magnetlc K4Pb9 and Rb,Pb,,

K.Pb,, Rb,Pb, ~ Dy, and Cy, (two types) 22 (55, 56] which contains both problem-

A,Pby(Pb,), (A =Rb, Cs) ~Cy 2n+4 [52] atic configurations for Pby*—
ZnGeg ™ CsZnGey ~ Dy, [57] one as a capped antiprism of C,,
Cd,Pb, -1 K,CdPb C,; oligomers + P4~ [58]

symmetry, the other an approx-

[a] Following Wade’s rules or equivalent. [b] Not traditional deltahedra.

Zintl ions of the type Tt,*~ could be obtained only via reactive
solution of unrelated intermetallic or alloy phases into
molecular solvents has been disproven by the Sevov group
for all examples. Instead, the A, Tty compounds or the related
A,,Tt; species [= (AT), Tty*~(Tt,*"),] with the naked cations
(A =K-Cs) are preparable as binary alkali-metal salts by a
conventional high-temperature synthesis in tantalum vessels.
The absence of an earlier recognition of these neat phases
evidently arose from a lack of careful attention to the
synthesis and characterization of the solid binary “alloys”
and, probably, because of their very poor X-ray diffraction
characteristics. Single crystal characterization was first ob-
tained for Rb,,Si;,, while powder diffraction data showed that
the isostructural Cs;,Si;, A,Sny; (A =K-Cs), Rb;,Pb,;, and

674

imately trigonal prism (Dg,);

see Figure 1b, c. Heretofore,
the dichotomy involving these two configurations was spread
between two examples: the first are the C,, Tty*~ anions in
binary or alkali-metal —cryptand systems; the second like the
D, Biy>* cation, known only in the presence of acidic anions
such as HfCI2~ ! but distorted to C,, symmetry with BiCls>~
and Bi,Cl>".! The choice of views can be critical in
distinguishing between these configurations, and distance
and dihedral angle considerations are the best means;
especially useful considerations are the equal heights of the
ideal trigonal prism versus the two equal diagonals and
planarity of the capped and open faces of the antiprism. The
shape of one Pby*~ member in K,Pb, (Figure 1b) is very close
to that in the ![KPb,’"] cryptand compound (C,, symme-
try)P4 whereas the C,, version is clearly closer to the two

Angew. Chem. Int. Ed. 2000, 39, 670 -690
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examples of Bi’*. (Specifically, the divergence from the ideal
for the ~ D5, member are 5°—9° in two dihedral angles and
two prism edges (not drawn in the Figure) are 12 % longer
(0.54 A) than the third. The angular measures compare with
20°, 22°, and 28° deviations from those parameters of the
antiprism.) The Rb,Ge, has also been shown to take up
ethylenediamine to give a Rb,Ge,- en structure in which the
cations have been partially solvated but not separated from
the anion environment.[*!

It should be noted that additional evidence for Gey*~ and
Sny*~ species, including these species as neat sodium salts, has
been obtained by the von Schnering group from synthetic,
X-ray powder diffraction, and vibrational spectroscopic
studies but without clear X-ray resolution of the two structure
types due to poor crystal quality (twinning, high pseudosym-
metry).®Yl (The results from Sevov et al. generally pertain to
larger cations.)

2.4. Mixed Element Clusters

There is little doubt that more isoelectronic and substan-
tially isosteric cluster analogues of those in Table 3 will be
prepared, and perhaps also some unimaginable species when
mixtures of cations (see Section4) or of p-metals from
different groups are employed. A few examples of the latter
were noted in Table 1, TISn;>~ is another in Table 3, and more
will be discussed in the next Section. But some attempts will
give surprises, accessing different types of cluster structures
that are not stable (or have not yet been achieved) under the
homoatomic regime. Two early examples, using zinc or
cadmium, are noted in Table 3: Attempts to increase the
charges on tetrelide clusters, which depend only on the
deltahedral type and not on cluster size, gave novel results
instead, as condensed or interbridged oligomers in the
diamagnetic Cs,ZnGeg and metallic K¢CdPbg examples. The
first, ZnGeg’~, can be viewed as two Ge, tetrahedra each face-
bonded (u;) to a central zinc atom to give an effective Dy,
symmetry, that is, two fused trigonal bipyramids, Ge,ZnGe,*".
The second contains separate Pb,* units and Cd,;Pb,'"~
oligomers in a 2:1 ratio: The Cd;Pbs!%~ consists of pairs of
CdPbg®~ units (analogous to ZnGeg®) that are further
interbridged by a six-coordinate Cd** again u;-bonded to
faces of the end lead groups as (Pb,CdPb,)Cd(Pb,CdPb,)!-.
Other examples are the similar CsHgPbg with a mercury
atom bridge between edges of the two lead tetrahedra,®? and
T1,Te,?-, which is butterfly, not tetrahedron, shaped.l® To
date, these contrary geometries all occur with elements
differing by two or more groups, but this alone is not a
sufficient condition. Inclusion of gold in Tt,* and related
species generally gives condensation into infinite chains, for
example ![Tl,Au’"],[% %] but will not be considered further.

3. Triel Clusters: Beyond the Zintl Boundary
An obvious condition to provide analogues for the electron-
poorer trielides is that classical examples have one more

negative charge per atom than the comparable tetrelides, that

Angew. Chem. Int. Ed. 2000, 39, 670—690

is, closo-Tr,"?~ is equivalent to closo-Tt,2". In addition, the
foregoing Sections have anticipated one other change that is
apparently necessary to prepare trielide clusters: sufficiently
large Madelung energies in the compact solid state with only
more-or-less small, closely packed naked cations. Thus,
molecular solvents are (evidently) insufficient, with or with-
out cryptand or equivalent, to separate the ions and yield
solutions of the same polyanions. The alloylike structural
results that led Zintl to exclude valence-compound prospects
for the trielides beyond the Zintl boundary (Section 5), was at
the time based on the structure types that these compounds
formed with excess magnesium.['¥l With 60 years of subse-
quent experience, we now know that magnesium is not the
best “test” cation; in fact, there are only a few alkaline-earth
systems for which there is any information relevant to this
review. In any case, the Zintl boundary is now certainly a less
general and useful delineation than originally considered for
the formation of classical polyanions. For the moment, we will
deal primarily with both the classical (Wade’s rule) polyanions
and, especially, those that fall short of these requirements and
thereby expand our chemistry horizons into a new hypoelec-
tronic cluster regime. Electron localization and relevant
properties will be considered later with discussions of Zintl
phases (Sections 5 and 6), although it is evident that with
trielides we approach the land of intermetallic phases.!'* ]

3.1. Classical Examples

The fact that the structure of Na,Tl, which was (with my
encouragement) investigated over 30 years ago, could be
analogously formulated as (Na*)yTL®" in terms of oxidation
statesl”l evidently gave the first hint that cluster results
comparable to those for the then relatively unknown trielides
might be achieved. Clearly, relatively small monovalent
cations coupled with the larger, polyanionic atoms in the
clusters are important for stability. As with A,Tt, phases (A =
Li-Cs), it was 25 years later that the smallest extension of the
generality of trielide-cluster chemistry first appeared for the
comparable Nagln, as well as hypoelectronic examples.[%-7!]
At the other extreme, by the early 1980s the alkali-metal -
gallium systems were becoming known for their numerous
gallium — gallium bonded examples, but only in networks built
entirely of what were new interbonded (or fused) gallium
clusters and smaller gallium units, often very complex in
detail.”? At that time, the complex networks of electron-
deficient gallium clusters were seemingly unrelated to Zintl
phases of the later p-metals, although a couple of insightful
articles relating the former to boron chemistry through
Wade’s rules had been published.’> (Analogous, discrete
gallium clusters were not discovered until quite recently.)
Notwithstanding, the connection between the cluster chem-
istry of gallium in networks and that of the heavier, later
p-metals was not recognized until the cluster chemistry of the
latter and the applicable electronic rules became clearer. In
fact, the first investigations on alkali-metal systems of indium
were undertaken with other objectives.

Classical examples of trielide clusters, largely discovered
along the way to the more novel results, are listed in Table 4.
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Table 4. Classical® anionic clusters of the triel elements (Tr) that are stable as neat salts.

bond lengths. (These, in fact,

Ton Compound Cluster symmetryl?l  Skeletal p-electrons  Reference are important in occupied
TLS, IS Na,Tl, Napln ~ T, (nido) 2nt4 (67, 68] band states.) The experimental
NayKoTls 5 ~ T, (nido) 2n+4 [75] result is a metallic compound.
Tls'~ Na,K, Tl Dy, (closo) 2n+2 [76] (A possible role of the high
Na,;KoTl;s 35 D, (closo) 2n+2 [75] field La** has not been exam-
NaoK,TliCds Dy (closo) A (7] ined.) Of course, the metallic-
Ins- LasIns C,, (nido) 2n+2 [78] L. f th Kl
Gagd BaGaH, ~ 0, (closo) 2n42 [79] ity 1s a property of the weakly
Tl Na KT, M (M=Mg, Zn, Cd, Hg) T, 2n+2 [80] bound electrons and the lat-

[a] Following Wade’s rules or equivalent.

These all involve atomic charges that are greater than one,
and are found only for the smaller clusters and cations with a
higher charge density or under special packing situations. For
instance, two examples of trigonal bipyramidal Trs’-, the
direct analogue of Pbs>~, were in effect trapped in complex
structures along with nonclassical clusters, for example in
(Na®),(K*)y (Tl )(T15™), and (Na®)p5(K*)o(TF )1 35(Tls™ )oss-
(T1,3),(Tl~).The productive utilization of mixed cations will
be elaborated later. The examples of isolated octahedral Tr~
units are probably encountered because of particularly favor-
able lattice packing and the higher charge densities of the
cations. More octahedra are certain to be found if enough
systems are investigated thoroughly. The octahedral Gas*~ in
BasGagH, is rigorously D4 (described as approximately O, in
Table 4). This cluster was first reported®! for a composition
that was difficult to understand, presumably that of a metallic
phase (Ba’*)s(Gas® )(e™),. However, experience has shown
that closed-shell Zintl compounds predominate in this sort of
chemistry, a condition that has been implicit in nearly all of the
examples discussed heretofore and which will be considered
later in more detail. Thus, the answer for the apparent
inbalance here was found in hydride impurities, namely,
reformulated to Ba;GagH, with hydride located in the better-
sized pair of barium tetrahedra (see Figure2). Hydrogen

: e

Figure 2. The structure of Ba;sGagH,, with trigonal antiprismatic Ga,*~ and
hydride in barium tetrahedra.

contamination is now known to be a particularly insidious
problem, even with the best alkaline-earth metals available
commercially.[$% 83!

Finally, the formal Ins~ ion in LasIns is a forecast of
probable things to come. In this case, the relatively few higher-
charged cations appear insufficient to separate the classical
square pyramidal (nido) indium clusters well, and some
intercluster indium—indium distances remain that are only
11-15% (0.33-0.48 A) greater than the average intracluster
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tice, whereas the well-defined
cluster shape is a reflection of
more tightly bound valence
electrons. Clearer examples of this isolated cluster type are
certain to be found through the utilization of a greater number
of cations with lower charges.

3.2. Hypoelectronic Trielide Clusters

Exploratory synthesis efforts within the alkali-metal —triel
systems, for indium and thallium especially, have revealed
many novel and unanticipated features about their chemis-
tries, not just new classical species, structures, and stoichio-
metries, but also the presence of evidently the first hypoelec-
tronic clusters relative to Wade’s classical rules. For a long
time, the minimum for skeletal electron counts in traditional
main-group element clusters was taken to be the 2n+2
electrons for closo-deltahedra, but this apparent boundary
existed only because this “rule” had never been adequately
tested. The trielides provide such a new chemistry not only in
homoatomic naked clusters, especially Try;”~, but also for
centered polyhedra such as Znln,;~. Indeed, the unusual
presence of centered (interstitial) atoms in some clusters is
comparable to that requirement for many of the rather distant
My(Z)X,-type clusters of the early transition metals M
(interstitial Z, halide X).[%4

Table 5 summarizes discrete hypoelectronic clusters as 1)
homoatomic, 2) substituted, and 3) centered examples. The
electronic classification of the last group depends to some
extent on the point of view. (Other examples, found in
networks such as icosahedral gallium, appear in Section 5.2.)
The four new examples in the homoatomic category are
shown in Figure 3. The TI*~ (a) and T1,”~ (b) reflect conven-
tional (Jahn-Teller) axial compressions of the conventional
octahedron and the uncommon pentagonal bipyramid, re-
spectively. These changes are methods to reduce the relatively
large cluster charges on the normal polyhedra (—8 and —9,
respectively). A transannular bond is achieved only in Tl,’-,
0.1-0.2A longer than in the remainder of the cluster,
although the larger equitorial ring for this example already
situates the axial atoms so close that the ideal (2n+2) model
may not apply. The distortion for each example drives the out-
of-phase 0* (a,") combination of p, orbitals on the axial atoms
energetically higher and free of occupying electrons. It will be
noted later that the structures of K Tl and CsTlg are
alternatives for the similarly four-bonded, stuffed-diamond
structure of NaTIl (Section 5.1) since the K+ and Cs* ions are
too large to fit comfortably within the (formal) TI~ network.
(The RbTI member does not exist.) The unprecedented Tly’~
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Table 5. Hypoelectronic clusters of triel elements. bonding a,” orbital within the

Ion Compound Cluster symmetryl?l Skeletal p-electrons®) Reference trigonal prism [Eq. 1]. The a,”
I ) orbital consists of p, orbitals
omoatomic . L
TiS- KTl ~Day 12 (2n) [85] that are m bonding within the
CsTI ~Dyy 12 (2n) [86] basal faces but antibonding
TI- Na;;KysTlsAu, ~ Dy, (Cyy) 14 (2n) (87] along the prismatic edges, so
KT ~Dsn (Co) 14.2n) (88] that a loss of 7 bonding upon
Tl Na,Ky Tl G, 18 (2n) [76] . .
Na,KyTleAu, Co 18 (2n) (87] lateral expansion and increased
Gay,’- CssGayy 9 CsgGay, Cl ~ Dy, 18 (2n—4) [89] antibonding effects upon com-
In,,"~ Kslny, 9 Rbglny,, Csglnyy ~ Dy, (D5) 18(2n—4) [69-71] pression make this orbital both
T, A¢TL e (A =K-Cs) ~ D3, (Ds) 18(2n—4) (90] energetically high and empty.
AssTly (A =Rb, Cs) D, 18(2n-4) 1] (The opposite distortion stabil-
Ky ThyAu, Ds, 18 (2n—4) [92] \ pposite distortion sta
) izes the Ds, form of the 2n+4
Substituted R
TlyAu,’ Ky ThyAukl Dy, 16 2n—6) [92] electron polyhedron Biy™*, see
TlgCd,'~ NaygK (Tl;sCd,9! Ds, 18 2n—4) [77] Section 2.2.) Hence, the combi-
InjHg*" KiIn, Hg') ~ Dy, 18(2n—4) (93] nation of capping and distortion
Centered converts the former (2n'+2) Tl,
Iy Zn* KyIn,pZn Daa 18 (2n) [94] polyhedron to the new and
TlyZn®- KTl,0Zn Dy 18 (2n) [95] .
GayNil*- Nay,GaNi ~C,, 20 (2n) [96] more symmetric (2n—4) Tl
In M1~ K, TroM (M =Ni-Pt) ~Cy, 20 (2n) [97] cluster with a lower charge
Tl M- Ko Tr;oM (M =Ni-Pt) ~C;, 20 (2n) [98] (n=n'+2). The stability of the
Tl Na, ATl (A =K-Cs) T, 25 (2n+1) [99] seven examples of binary AgTry,
Tl Na,KTl, Dy 26 2n+2) [99] .
TI,Nal-, TLH- NayK TlH T, 26, 14 (2n+2) [100] compounds are logically de-
TILM™>, Tl NayKTLM (M=Mg, Zn-Hg) T, 26, 14 (2n+2) [80] pendent on the competing, al-

[a] Neglecting heteroatoms. [b] Skeletal electron counts exclude ns? cores, while n values for polyhedra exclude
the centered atom, if any. [c] Metallic phase; stoichiometric but not electron precise. [d] Curie—Weiss
paramagnetic salt. [e] Hg is disordered over trigonal prismatic sites.

Figure 3. Four unusual trielide anions found in neat salts: a) tetragonally
compressed Tl,*~ in CsTl; b) T1,”~ in K(Tl;; ¢) Tly’~ in Na,K,, Tl,o; d) Tl,,"~
from KT, with the atoms defining the trigonal prism drawn lighter.

cluster (Figure 3¢) has now been captured in two different
compounds (Table 5), as have Tl;’~ and TI,7- clusters. The
derivation the configuration of Tl,’~ from the common nine-
atom polyhedral shapes (D3, or C,,) is fairly tortuous, but the
result is readily achieved by removal of four adjoining atoms
from the centered TI;!'~ icosahedron (see below), which
exposes the formerly centered thallium atom (at the top of
Figure 3¢). The TL,7~ cluster is also a fragment of the same
parent.

The important entrée into new hypoelectronic clusters that
are achieved through distortion, and the most common
example among the trielides, is In;;’~ and its descendants, all
of which are very close to D3, symmetry. The anion in KTl is
shown in Figure 3d with the trigonal prism highlighted. With
the clarity of hindsight, this polyhedron is readily achieved
conceptually through first capping the basal faces of the
(hypothetically closo) tricapped trigonal prism Tl,!'~ by two
thallium cations, which introduces no new skeletal orbitals or
electrons. The two new vertices are at this point rather
exposed and of low order in bonding, but a logical axial
compression and radial expansion both adds bonding between
axial and equitorial capping atoms and empties the formerly
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ternative phases present in the
various systems, that is, either
AgTry, or the A,Tr; phase, but
not both.® This accounts for at

caps on C3 distortion
—_—

Tl' = +2TI* Tl
2n+2 2n—2

Tl '~ +2e” 1)
2n—4

least some of the surprise associated with the occurrence of
the smallest cluster (Ga,;’") with the largest cation (cesium),
but this product is irregular in other ways too.

The contrast between cation count (8+) and the closed-
shell cluster charge (7 —) in the AgTl;; phases defies, of
course, the traditional belief that their magnitudes should
match. Accordingly, the AgTl;; phases join a limited list of
“metallic salts”, of which TiO, CeS, and Lal, are simple
members. The resistivities of AgTl;; phases are still moderate
(a few hundred pQcm), metallike in their temperature
dependencies, and their magnetic susceptibilities are charac-
teristic of Pauli paramagnetism (except for CsygGa,;). The
evident answer is that one extra cation per formula is
necessary for good packing in the rhombohedral AgTry;
lattice; a [110] section for KgTl;; is shown in Figure 4. More
examples of this particular behavior are found in other trielide
systems (examples to follow). Two ways have been found to
capture the extra electron in AgIr; while retaining the basic
crystal structure. Substitution of one indium atom by mercury
(disordered over the trigonal prismatic sites) in Kgln,; yields
the diamagnetic product Kgln,(Hg. Alternatively, a halogen
(X=Cl-1) added to a variety of A¢Tr;; systems becomes
bound in a distorted version of an A cavity that was already
present in the binary AgTr,; structure, and this change
afforded nine diamagnetic AgTr;;X phases. In three cases,
these ternary halides exist in systems in which the binary
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Figure 4. A [110] section of the rhombohedral structure of KgT1;;.[%]

phase is evidently not stable (Rb—Ga, Rb—In, Cs—In). We
have not been able to reproduce a report of RbgIn,;.["

Two other products of a substitution in the Tl,,’~ polyhe-
dron have different characteristics and new features. Gold
substitutes on the two axial (threefold-symmetric) sites, which
would, without modification, give a TlyAu,’~ unit that is four
electrons short. This is remedied by the addition of two
electrons plus the formation of a strong transannular bond
(dayra=2.96 A) between the former capping atoms (see
Figure Sa). The remaining thallium framework changes very

Figure 5. Centered clusters of the trielides: a) TlLAu,’~, b) Tl,Zn®,
c) Ga, Nil'-.

little in this process so the product is essentially a tricapped
trigonal prism with centered basal faces. The independent unit
in the structure, (K*),5(TlyAu,’")(TL;")(Au~)(e"), contains
both an isolated and essential Au~ ion and an extra, evidently
delocalized, electron. The cation count seems quite certain.
On the other hand, a more standard substitution, TlgCd;'*-
within NagK,sTl;3Cd;, puts the heteratoms in the waist-
capping positions. This structure also contains a pair of Tls"~
anions and an extra electron per cell, (Nat)y(K*)4(Tls"),-
(T1;Cd;!%")(e”). However, the extra electron for both
NagK(Tl;3Cd; and CsgGa,; does not produce a metallic
property. Moreover, no significant change in the cluster
dimensions or contact distances appears in either compound,
suggesting that electrons are not trapped in antibonding
(LUMO, etc.) cluster orbitals, at least on a single unit. The
electrons are instead evidently (Mott-)localized, possibly
held in some multication cavity, where they yield typical
Curie — Weiss magnetic signatures (1.50 and 1.43 ug, respec-
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tively). These phases may be similar to Pr,Is in this charac-
ter.[101, 102]

3.3. Centered Trielide Clusters

Another pleasant surprise in polytrielide chemistry is the
occurrence of a family of novel centered clusters. Two
Tr;(Zn®" members (Tr=1In, Tl) exhibit zinc addition to the
center of a standard (D,y) bicapped square (Archimedian)
antiprism (Figure 5b), a process that also includes the effects
of distortion. The parent cluster again undergoes a tetragonal
compression and lateral expansion, presumably to achieve
more nearly equivalent Tr—Zn distances, which likewise
enlarges the two basal (square) planes and raises the
corresponding bonding a, molecular orbital to a future
LUMO role. Addition of a centered neutral zinc atom then
causes the loss of one bonding a, orbital and two electrons
(since both of the totally symmetric s-like orbitals were
occupied), and an appreciable stabilization of the remaining
orbital through mixing with the zinc 4s orbital (Scheme 1).

distort
Trigt?" Trigt® + 2e
2n
2n+2
Z
\—>n TripZn® + 2e”

2n-2

2= cluster to the centered

Scheme 1. The transition from the ideal Try,
TroZn®" cluster.

Similarly, the 4p orbitals on zinc stabilize existing cluster
states while three corresponding antibonding orbitals appear.
An alternative view is to retain the electron pair in the weakly
stable, distorted Tr;,'?~ unit and to add Zn?*, which stabilizes
one and empties another a, level. The 2n —2 electron-count
result is in either case the result of the distortion.

The formation of the isoelectronic Tr;(M!*~ clusters (Tr=
Ga, M=Ni; Tr=1In, Tl, M=Ni, Pd, Pt) does not give the
same geometric result, for reasons that may be rather
unfamiliar in molecular chemistry but which appear impor-
tant in compact ionic compounds in the solid state. The
reduced ~ C;, symmetry of the Tr;)M'*~ polyhedron evidently
manifests the presence of (or need for) strong interactions of
the polyanion with the two additional cations (see below), and
the polyhedron is opened to provide additional edges and
faces of a roughly tetracapped trigonal prism. In Figure 5c the
gallium member Ga,(Ni'*~ is shown with the uncapped basal
face at the bottom. The bonding effects in Ga,Ni'*~ and
In,(Nil®~ show some close parallels with those in the
isoelectronic In, Zn3~, starting with the similar tetracapped
(2n) Tryy!%. The principal nickel bonding occurs via the 4s and
4p orbitals, particularly the former, while the nickel d'°
manifold lies about 5eV lower, corresponding to a well-
reduced Ni° core. The average number of trielide neighbors
and the Tr—Tr overlap population at each vertex are greater
than in the zinc-centered cluster, as is the number of
neighboring potassium cations that show rather specific
interactions with the cluster at faces, edges and vertices (see

Angew. Chem. Int. Ed. 2000, 39, 670 -690



p-Metal Clusters and Networks

REVIEWS

Section 4). Both the nickel- and zinc-centered compounds are
diamagnetic. It is interesting to note that three types of 11-
atom clusters all have 40 cluster-based electrons when ns?
cores are included, Tr;,Zn®", Tr(Ni'’-, and Tr;,’~. The Tty*"
polyhedra are also 40-electron species.

The trielide explorations have also revealed a new family of
naked polyhedra, the self-centered (closo) Tl;; icosahedra.
Although these species are, for the most part, not hypoelec-
tronic, they are included in Table 5 with other centered
examples. Better precedents of fragments of this polyhedron
are the uncentered borane Bj,,H;,>~ and the network of
icosahedra interbonded at vertices of a-boron. The nominal
6s? cores on thallium can be viewed as alternates to the
exo B—H or B—B bonding functions in the boron compounds.
The delocalized bonds in the thallium polyhedra are longer
and weaker than for boron, and the observation of only
endohedral (centered) examples for such a large polyhedron
seems reasonable. The added member can be either a 13th Tl
atom, or a cation of a more active metal. (Empty Ga, clusters
are also known in cluster networks—see Section 5.2.) As will
be detailed later in Section 4.2, the packing of cation
neighbors about the approximate ico-
sahedra seems to be of paramount
importance.

Among the self-centered examples,
the somewhat more versatile struc-
tures of the stoichio-
metric cubic
Na,A¢Tli; (A=K-
Cs) contain the odd-
electron Tl;5'% clus-
ter (Figure 6). Evi-
dently, the particular
environment  with
ten cations, especial-
ly the 8/2 Na't near
neighbors (see below), is structurally
more important than achievement of
a closed-shell Tl;'"'~ cluster (closo-
Tl,'"*~ plus a centered TI*). The
symmetry of the cluster is 7;, and
the space group Im3. The unit cell is
shown in Figure 7a. The radial
distances within the anion are all
equal and short, 3.225 A, while
those on the surface distribute be-
tween six smaller values, 3.281 A for
the edges bisected by three per-
pendicular twofold axes and 3.416 A
between these edges. The electron
hole in these phases is evidently
localized, as they exhibit Curie—
Weiss paramagnetism with u.; values
of (Rb)1.74 and (Cs)1.90 up, and
g=2.01 for both. Provision of other
interstitial elements yields an inter-
esting family of mixed octahedral
and icosahedral clusters in a related
cubic structure (see below) that

)]

Figure 6. The
Tl cluster
in Na,K,Tl 5.
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retain much of the strong and effective packing of
Na,A¢Tls.

The closed-shell Tl;;''~ has so far been achieved only as the
stoichiometric rhombohedral Na;KsTl,;, with the cell illus-
trated in Figure 7b. The lower symmetry R3m space group
gives a D54 symmetric Tl;5"'~ cluster with two slightly different
radial distances and three distinct surface separations: 3.22 A
for those equivalent to the three trans bond pairs in Tl;;1%~ and
two longer ones, 3.42 and 3.58 A. This phase has weak Pauli
paramagnetism and is a modest metallic conductor, approx-
imately 70 pQ cm at 293 K, whereas the Na,A¢T1,; compounds
are poorer metals. These last two features, not uncommon
among trielide phases, will be a subject of consideration in
Section 6. The phase fields of the two stoichiometric Na-K-T1
cluster compounds Na,K¢Tl;; und Na;KTl;; are well sepa-
rated and distinct (compare ref. [103]). A novel variation for
the former cubic structure A,(A’)¢Tl;; has been reported in
the phase K(NaCd),(T1;,Cd) by Belin and co-workers!'™ (see
also the end of Section 4.2). Insertion of Cd into the TI;,!4~
clusters alone would leave the system short four electrons per
unit cell. In fact, the deficiencies are compensated by random

Figure 7. a) The centered cubic unit cell of Na,KTl,;, with sodium as the darker isolated atoms; b) the
rhombohedral cell of Na;K¢Tl5; ¢) the primitive cubic cell of Na;,K4(T1;,Na)(TI;H).
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substitution of about 50 % of the four Na* sites by Cd** (Z =
2). Support for this novel arrangement is strong, as deter-
mined by crystallographic refinement and also by direct
analysis of single crystals from a synthesis at that stoichiom-
etry. Although the refinement of cations of post-transition
elements on alkali-metal sites has in general raised some
concerns (because of the strongly reducing polyanions
present), the supporting chemical analyses here and the fact
that the product is properly a fairly poor semiconductor make
this instance very logical. The cadmium cations, dispersed
among an equal number of inner sodium sites (see Sec-
tion 4.1), provide more communication between the “not-so-
naked”l'™ clusters.

The presence of a little adventitious hydrogen in such
cluster systems has also given a novel result, as has happened
many times before. Reaction of a 2Na:1K:3Tl composition
yielded a related mixed-cluster compound with a slightly
smaller primitive (Pm3) rather than the body-centered cubic
unit cell of NayA(Tl;;. The structure (see Figure 7¢) has a
thallium octahedron centering a simple cube of Tl;,Na units
and the heavy atom composition Na;sKTlz. The odd-
electron stoichiometry seemed amiss since the compound
was not Curie — Weiss paramagnetic, and so hydrogen in the
form of TI;H’~ was immediately suspected (only 0.02 wt. % H
is needed).[*¥ Standard experiments confirmed this; none of
this product was encountered when the sealed tantalum
reaction container was heated in high vacuum, but it was
produced quantitatively on either purposeful addition of a
small amounts of H, or the use of a sealed silica jacket (which
dehydrates slowly on heating) around the reaction container.
The presumed formulation is therefore (Na®)(K*)s-
(T1,NaB~)(TIgH’-). (Note that H- alone in a cation-defined
cavity would not be suitable.) The structure can be easily
derived from the centered cell composed of (Na,K¢Tli5),
(Figure 7a) by substitution of one-half of the potassium by
sodium about the octahedron, TIgH for one Tl,;, and TI;,Na
for the other Tl;; in the primitive cell. Furthermore, other
interstitials may substitute in the icosahedral fragment to give
an isotypic series that contains empty octahedra and
icosahedra centered by a divalent metal, namely
(Na*),(K*)s(T1,,M">")(Tl¥) (M =Mg, Zn, Cd, Hg, but not
Ca, Ni, Eu, Yb). Competition experiments show that the
examples with centered divalent cations and empty octahedra
are more stable than those with centered sodium and hydro-
gen atoms.

A fanciful extension of the last cluster structure (Figure 7 c)
is suggested as it shares an isotypic relationship with Mg,Zn,;
and Na,Cd,;, which would be formulated in similar terms as
MM OM;3) (M) M=Zn, Cd; M'=Mg, Na).® Clear
distinctions between nominal cations and cluster anions
are lost as zinc now bridges between the zinc polyhedra
that replace the thallium clusters, and so much more
homogeneous bonding interactions are present. Thus we
have, in the same structure type, basically crossed over the
Zintl phase boundary between anion-forming substances in
saltlike lattices and alloylike compounds. Some of the
similarity is only geometric, but there are certain to be
interesting, related bonding features to be deduced in
Mg,Zn,; and diverse analogues.
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4. Cation Effects

4.1. Cluster “Solvation”

Experience with the structures of a wide variety of the
present compounds that are characteristically polar or ionic
gives compelling indications of both the importance of
electrostatic interactions between ions or charged groups
and how structures appear to maximize these effects by filling
the spaces efficiently. “Nature abhors a vacuum”, in salts
anyway.

Close inspection of the diverse neat structures described
here reveals that remarkably specific and transferable alkali
metal dispositions occur about each cluster anion. The
“solvation” environment always consists of cations that, in
order of increasing distance from the anion, 1) cap cluster
faces, 2) bridge edges, 3) are positioned exo (outward) at
vertices. Although these cluster anions must have significant
polarizabilities and therefore some covalent interactions with
the cations as well, the electrostatic portion presumably
dominates. Clearly, the strongest interactions are found with
the shorter-ranged face-capping cation sites, within the limits
of cation —cation repulsions. I will emphasize the nearest shell
or two of cations about the anions, for it is really these
“solvated” cluster anions that define our structural building
blocks. It should be noted that the cations commonly show
specific interactions with two or more clusters, these bridges
serving to keep them apart since the polyanions would
presumably condense or interbridge directly were they to
come in contact. The whole collection of neat cluster
structures affords a wide variety of polyanions on which very
regular alkali-metal cation positioning can be observed,
thereby allowing significant generalizations. The regularities
seem surprising, but perhaps earlier comparisons of what we
call “solvation” by cations have lacked such a variety of large
anions.

Previous tables reveal some specific cation trends. Trielide
clusters of the same type must have greater negative charges
than related tetrelide members, and it is noteworthy that all
neat, classical (Wade’s rule) trielide clusters with charges
greater than — 1 per atom occur with either sodium or higher
charged cations (see Table 4). This is especially noteworthy
with the high (formal) charges on tetrahedral Tr,*~, where the
smaller radii of curvature allows better accommodation of a
relatively larger number of cations (see below). On the
other hand, larger cations may be sufficient for many
hypoelectronic (or other) clusters, where charge-per-atom
values are all less than or equal to unity (Table 5). Several
“odd” phases may be provisionally attributed to these packing
effects, especially for paramagnetic Tl;5'°" in Na,A(Tl;; where
there is no room for the 11th cation (Section 4.2), and in the
metallic AgTr;; phases. A few other electrides are rather
inexplicable but presumably related, including
(K)o(TL")(e7); and (K*);5(Tlyy " )(ThAu," ) (Au-)(e™). The
latter is not obtained without gold, and extra gold does not
trap the odd electron, so the presence of a suitable cavity for
Au~ is probably the critical point. This and other possible
electron trapping means, as by a halogen, have not been
widely explored.
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4.2. Mixed Cations: A Synthetic Means for Increasing
Variety

It is demonstrably true that many more trielide clusters may
be isolated in the presence of mixed cations, a new and
valuable “synthetic laxative” to expand variety. The inter-
actions in binary systems are self-limiting as all cations are the
same. The anions isolated are selectively those for which good
packing schemes for their simple “solvates” are possible.
Table 6 lists a number of mixed cation phases with their

Table 6. Mixed cation stabilization of new phases and new trielide clusters.

Formula Clusters
Na,K, Tl Tls’~, Tly~
Na;K Tl Tl
Na,A¢Tl; (A=K-Cs) Tly5'0
NayK,Tl,3Cd; TlgCd;'-, Tls~
Na,, KTl sAu, T1,7-, Tly’-

Na K Tl;sM (M =Mg, Zn, Cd, Hg) TlS, Tl,,M 2~

Na;sK(Tl,sH
NayKgTlys 33
NayA;Ing (A=K-Cs)
Nay gKg,In5

TIH'-, T1,,Na®~
TL#, Tl (Tl,/T1")

network of closo- and arachno-In /%!
network of closo-In;, and open Ins!'*]

[a] References to the first eight are in Tables 4 and 5.

cluster contents that have been so achieved in thallium and
(less explored) indium systems, all examples containing at
least sodium and potassium. In fact, all trielide clusters,
excepting Tr2~, Tl°~, Tl7-, and Tr,® are presently known
only in compounds containing mixed alkali-metal ions (or
higher charged cation components). Extensions to alkaline-
earth metals and lithium should further the variations,
although for lithium X-ray diffraction limitations and even
special polylithium bonding states['”) may be encountered.
The corresponding effects in the thallium network structures
have scarcely been explored, but mixed cations of various
types have been reported to yield many new gallium and
indium networks.['”” 1% In general, one can imagine that a
large variety of potential clusters may be captured from the
starting alloy “soup”, and one or more clusters obtained are
subject to the availability of a suitable cavity in a “good”
structure. Along this line, neutron diffraction studies on a
variety of binary alkali-metal-p-metal melts give clear
evidence that polyanions are present in the liquid state.
Related indicators are found in thermodynamic properties,
resistivities, and the like as a function of composition.
Diffraction spectra of K/T1 and Cs/Tl1 melts also reveal
surprising prepeaks, indicating some degree of intercluster
ordering as well.[9% 1101

The following will enumerate the largely unpublished
evidence for the specificity and variability of cation environ-
ments around some clusters. Four examples are shown in
Figure 8. The special face-capping positions sought out by
sodium ions are most evident, while the competition of
sodium with the larger potassium (rubidium, cesium) ions at
other sites is less readily interpreted but must also have to do
with cation proportions, space filling, cation—cation separa-
tions, and so forth. On the other hand, it appears that sodium
cations alone are too efficient at intercluster bonding in the
sense that all binary Na/In and Na/Tl phases, except the two
high-field NagTr, compounds, occur in network structures
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Figure 8. Cation environments about some cluster anions (black), with
sodium as the smaller, lighter spheres: a) the Na,(K;Tl, group in
Na,;KoTlj555; b) Nay,Tly in the same phase; c) the K, Tl;** group in
K¢Tl; d) the K, Tl clusters in KgT1;;.

in which Tr—Tr bonds usually interbridge between clusters,
often in complex ways (see below). Some specific examples of
cluster solvation follow.

Tr,~: In the isostructural Na,In and Na,Tl, the nearest
neighbor ions at increasing distances from the center of Tr,3~
cap all faces, bridge all but one edge, and are exo at each
vertex of each tetrahedron, such that the packing is a little
irregular in this orthorhombic structure. In addition, all of the
five independent types of sodium act as bridges between two
or three clusters with some distribution of these functions.®l
The more symmetric T1,3~ component in Na,;K,Tl;55; (see
Figure 8a) has ten sodium atoms with a very similar motif on
every face and edge, but with three potassium atoms bridging
around one basal face and, further out, three more potassium
atoms positioned exo at each vertex (not shown).

Tl In the same Na,;KyTls5;, the Tl’~ unit has all six
faces and six edges bonded to sodium, but not the waist edges
(see Figure 8b). Further out, there are also potassium atoms
positioned exo at each thallium atom: three at each three-
bonded apical thallium atom, and two at the less-negative,
more-bonded thallium waist atoms (not shown). On the other
hand, in the sodium-poorer Nay,K¢(Tl;Cds)(Tls),, the sodium
is face-capping and potassium is edge-bridging on one-half of
each trigonal bipyramid, while the reversed roles appear for
the other half. There are only exo potassium pairs around the
waist. These dispositions are considerable more uniform than
those around TI5’~ in the sodium-poor Na,K,,Tl,, where the
essential sodium is only tetrahedrally bonded to a short edge
on Tly’~ and to a long equatorial edge on the distorted Tly'~.

Tl7~: The cation neighbors and thence the presumed
relative stabilities of these pentagonal bipyramids anions are
distinctly different in K,jTl; and Na;;K;Tl,3Au,, namely,
K,(T1** versus Na,K Tl;** in the first sphere. In the binary
phase (see Figure 8c) potassium bridges edges on one
pentagonal prism and caps faces on the other (this is in
concert with out-of-plane waist bridging functions, not
shown), while in the quaternary phase the cations alternate
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face-capping roles in both halves of the prisms in the order
K-Na-K-Na-K.

Tr;,”~: Clusters in the family of rhombohedral AgTr; (see
Figure 8d, where the threefold axis is vertical) are surrounded
by two independent types of cations. All six triangular faces
about the waist (in pairs that share common prism edges) are
capped by A2-type cations; each of these cations lies on a
parallel threefold axis and thus has the same function in three
adjoining clusters. Around each axial cap on the trigonal
prism, three times as many Al-type cations (shown smaller in
Figure 8) cap all the convex quadrilateral faces (bisected by
the bond between capping atoms), bridge each edge of the
trigonal pyramid, and are also exo at the three adjoining
trigonal prismatic atoms. (The latter are omitted in the
Figure 8d.) The same A1 cations also share these functions on
adjoining clusters. An identical envelope of cations is found
about the Tl;;’~ cluster in hexagonal KsTl,,Aus.

TripZn%~: A single type of potassium atoms has three
regular functions on this D, polyhedron (see Figure 5b),
collectively capping the eight triangular faces around the
waist of each cluster, bridging eight cap-to-antiprism edges in
a second, and bonding exo to the eight thallium atoms in the
antiprism of a third cluster. The apex atoms thus have bridges
on the four adjoining edges but no cation positioned exo, the
same relationship as in Tr;,®~ where these vertices also appear
less accessible.

Tl;5"~: The three cubic or rhombohedral structures of salts
that contain centered icosahedra (see Figure 7) yield the
clearest views of the “solvation” and of the roles of cations.
Figure 9 shows the cation environments about Tl;!°~ and
Tl;;'"' as they occur in space groups I3m and R3m, respec-
tively, with the clusters shown as shaded polyhedra. A very

p2f Brae]
;151'1" 4

Figure 9. a) The Tl;5'°~ cluster polyhedron in Na,K,Tl,; with its neighbor-
ing eight sodium (small, black) and 24 potassium (larger, white) cations of
its “solvation” sphere; b) the same representation of T3~ with NagK
neighbors (D3, symmetry).

682

specific positioning of the cations on the icosahedra pertains
to the whole series; every face (20) and vertex (12) is capped
by a cation to give a fixed solvation sphere of 32 cations about
each. Sodium atoms in specific positions are essential, and
both their number and orientation define the structures. The
eight face-capping sodium atoms (black) in Na,KTl;; (Fig-
ure 9a) lie in a regular cube about the cluster (on the cell
diagonals) with the other 24 potassium atoms defining a
slightly distorted truncated octahedron. In Na;KTl;; (Fig-
ure 9b), the sodium atoms define a trigonal antiprism (viewed
here almost along the threefold axis). In both cases, the
sodium cations are located in the center of chairlike puckered
hexagons of potassium cations, and all are also shared with
neighboring clusters. (Of course, no alkali metal bonding is
implied by the connections drawn, which are only to guide the
eye.)

In both structures, each sodium atom caps a triangular face
on both the cluster shown and on a neighbor related by the
particular symmetry: eight in the case of Na,A¢Tl; and six in
the case of rhombohedric Na;KT1,;. These Tl;-Na-T1; figures
are trigonal antiprismatic and too small to accommodate any
other alkali-metal cation. The loss of one of these cations from
Na;KgTl; puts more thallium atoms around each cation so
that the cavities are larger in Na,A¢Tl;; and, it turns out,
rubidium or cesium can be accommodated as well. But there is
no room to pack an eleventh cation in Na,K(Tl;;, as the
largest cavity remaining is tetrahedral with three cation
vertices and a radius of 2.48 A. Alternatively, the creation of
an electron hole in the HOMO to give Tl;;!°~ must simply cost
energetically less than disruption of this well-packed struc-
ture. In other words, good packing in both structures requires
two different sizes of alkali-metal cations in specific ratios,
and so the phases appear to be stoichiometric and distinct.
The prediction of alternate structural modes is very difficult, if
not impossible, but from present evidence we conclude that
good structures for any of the known Tr, anions cannot be
accomplished with cations of the same size.

Tl,Z: The substitution of the body-centered cluster in
Na,K¢Tl; by a Tlg octahedron to give primitive cubic
(Nat),(K*)s(T1,,Na"3~)(TI;H"") (and equivalent), Figure 7c,
is accompanied by substitution of six sodium for potassium
neighbors around the smaller central cluster with a commen-
surate decrease in the lattice di-
mension of about 0.9 A. Cation
dispositions are otherwise very
similar in both compounds. The
all-sodium environment of the *
octahedron is shown in Figure 10.
Among the three independent
sodium atom types, the Na2 atoms
still lie on the body diagonals of
the cell and cap all faces on the 3
octahedra and on 40% of the  Figure 10. The Na* ions
faces on the TI;,Na units that lie  about Tl¢*" in Na KTl
at the cell corners. Likewise, pairs
of Na3 atoms are positioned exo
to each octahedral vertex. The latter cations lie in pairs in
pseudotetrahedral sites on each of the cell faces (e. g., at 0, 5,
z;0, %, 7) where they bridge between TlgH~ in adjoining cells
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and positions on adjoining T1,,Na'*~ units above and below.
These two polyhedra and the space group have uniquely
suitable symmetries for this arrangement. Of course, all of
these features, especially the mixed cation precondition, apply
to the extended family of isotypic Na;,K4(T1,,M)(Tls) M=
Mg, Zn, Cd,...) where the now-empty octahedra are slightly
expanded while the larger icosahedra are contracted on
insertion of formally dipositive cations.

The special stability of the Na,K¢Tl;5; packing (Figure 7a) is
further emphasized by the discovery of the isostructural
(Na,Cd,)KTl,,Cdl'"™ noted before. Substitution of cadmium
in Tl,, as already known in the primitive cubic
Na,;K¢(T1;,Cd)(Tls) (Section 3.3) and discussed in the pre-
vious paragraph, would by itself leave the cluster short by two
electrons, but this is nicely compensated for by random
replacement of half of the sodium by dicationic cadmium in
the closest sites (Figure 9a). The phase is a semiconductor as
the outer cadmium ions must serve to enhance the valence
band width through intercluster interactions. Substitution of a
tetravalent cation in the icosahedron instead, zirconium for
instance, could give a diamagnetic product as well.

4.3. A “Good” Structure

There are many features that need to be considered to
judge a “good” structure, and some of these judgements
derive from subjective experience. A useful pedagogical
example is shown in Figure 11, but it is not in any way a

Figure 11. The Na;,K35Tl,gAu, unit cell and its surroundings, with the Tly’~
and Tl,7~ clusters emphasized. The alkali-metal and gold atoms are
represented by small open and medium-sized black spheres, respectively.
(This Figure is reproduced as the Frontispiece.)

special one. The phase Na;,K3Tl;3Au, occurs in space group
P6m2, with (Na*),(K)ss(Tl,)3(Tly );(Au~), as the inde-
pendent unit (again in terms of oxidation states), there being
one such unit in the cell. The phase is stable over a sizable
region of the quaternary system and with apparently fixed
proportions of the four components, so there is something
special about these ions, their sizes, and their packing in this
structure. The clusters (black atoms) lie on unit cell faces and
exhibit only mirror symmetry together with twofold axes at
the plane intersections (mm2 or C,,). The potassium and
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sodium positions are represented by the larger and smaller
open spheres. Only the gold atoms (small solid spheres) lie on
special points 6 at %, %, 0, and so forth. Little more can be
judged from the illustration alone, and inclusion of bond
representations between cations and clusters would make it
quite inscrutable.

Closer inspection of distances and local environments is
necessary to assess the system well. In a general sense, all
contacts between component ions seem reasonable. All
cations bridge between clusters, sodium being especially
effective at this bridging between faces on pairs of each type
of cluster. These sodium connections are in fact chainlike
because of the mm symmetry of the clusters. There are four to
eight thallium atoms at typical distances about each cation (at
somewhat greater distances for potassium), and six to eight
cations about each thallium atom except at the less-exposed,
face-centered atom on TI,’~ (i. e., the centered atom in the
parent Tl;5; see Figure 3¢). The shortest TI-K, TI-Na, and
K—K distances are found around the apices in Tl,”~. Sodium
atoms contact most thallium atoms in the structure by
bridging four edges on the base of Tly’~ and capping four
faces on T1,”~. The 3.50 A K—Au distances within the trigonal
antiprismatic K¢Au are comparable to those in other cluster
phases containing isolated gold and consistent with the
eightfold 3.69 A interatomic distance in CsAu (CsCl struc-
ture). The role of the two gold anions is evidently both to
capture two extra electrons in the independent unit and to
reduce repulsions within the cation lattice that lies between
the clusters. The compound does not form without gold, nor
will it take up more gold even though another free K¢ cavity of
diameter 3.30 A exists, presumably because of the lack of
another electron. Other candidates to substitute for the gold
anion, such as the larger halides, have not been tested.

Both clusters in this case are hypoelectronic (2r). It is, of
course, necessary that the two clusters and Au- have
electronic structures and valence gaps that are consistent
with a common Fermi energy. Further, the requirement of a
periodic, three-dimensional structure must also be added to
the “good” efficient packing and bonding implied above, all of
which makes the overall result even more remarkable.
Furthermore, the valence or oxidation state balance exhibited
by this phase as well as by a large number of other cluster
compounds is impressive and much more frequent than the
formation of electrides or truly metallic phases with extra
electrons.

5. Network Compounds as Zintl Phases

A further development of the concept of Zintl phases is
now necessary beyond that given at the beginning of the
review (Section 1). Many network compounds are also found
to be valence compounds, even when electron-deficient
clusters are involved, CaBg being a classic example. These
are also collectively and usefully named Zintl phases. This
descriptor is generally applied to compounds of active metals
with p-metals that appear to have an electronically closed
shell in their bonding, a condition that is often deduced from
the structure alone.l'''] Originally, Zintl applied this idea to
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the maximally reduced monoanions of the main-group
elements, and its applicability was later extended to more
complex compounds in which the bonding could still be
described by octet rules and which might be isostructural and
isoelectronic with a following element (Si,*, layered As, and
so forth)." 81 More modern concepts have been incorporated
regarding delocalized or electron-deficient bonding in net-
works, clusters, and so forth.' All of the neat cluster
compounds already considered are in the general sense Zintl
phases, save for the few odd examples. However, in this
section we are concerned only with those phases exhibiting
infinite bonding in one, two, or three dimensions. Some very
complex examples are known, especially in gallium sys-
tems('®! and in mixed trielide —tetrelide or other p-metal
combinations.'® We will limit our considerations to a few
network tetrelide and trielide examples that fit with the
preceding material.

Clearly the Madelung part of phase stability must be very
important here too, and the surface structures of the cations
on the anionic networks as well (Section 4). These aspects are
more complex in networks and have not been well explored or
generalized. The problems of filling space in an efficient way
in a three-dimensionally bonded network are more complex
than with isolated clusters, and valence closure in some
instances may be only approximately achieved. Clearly
however, the considerable complexity of many structures
reflects a drive to conform to some sort of valence rules.

Many tetrelide networks are achieved in combinations with
electron-richer pentels (pnictogens), chalcogens, or the like,
but these represent more of classical Zintl phase chemis-
tryl® %1% which is not the intent of this article. Addition of
cations to the tetrel elements classically gives structures
related to those of later elements, for example, CaSi, that
contains infinite sheets of 3b-Si~ with the arseniclike structure
separated by cations.’). (In a shorthand often attributed to
von Schnering,['?l 4b-Tr~ or 4b-Tt is conveniently used, where
4b means four-bonded Tr~ or Tt.) Packing differences in SrSi,
and LiGe yield analogous 3b-Tt~ lattices with a defect
diamond structure and cations in the interstices therein, while
those in zig-zag chains of many 2b-Tt*~ are found in 1:1
alkaline earth metal salts with the CrB structure.

5.1. Tetrelide Networks

Some more novel tetrelide networks have been realized
recently that exhibit different means of cation accommoda-
tion. One is the well-known clathrate-I structure [A _;(H,0) ]
that was originally assigned to the evident compositions
AgTt,. This presented problems, since the network of four-
bonded tetrelide elements with cations in characteristic
cavities apparently has no need or use for the electrons
added by the eight alkali-metal atoms. The actual compounds
in fact satisfy simple valence rules by incorporation of two
specific tetrelide site vacancies ([J), which in turn are each
accompanied by four neighboring Tt~ sites that absorb the
eight electrons from the cations, more explicitly, as (A*)y(4b-
Tt%)34(3b-Tt")g[1,.["?> 18] Numerous isoelectronic, defect-free,
and fully four-bonded variations of this have been generated
by substitution of eight trielide atoms in the network, namely,
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AgTrgTtyy (A=K-Cs; Tr=
Al-In; Tt=Ge, Sn)" and
with a change in cation as
well, AY%Tr,Tty, (AY=Sr,
Ba; Tr=Al Ga; Tt=Si-
Sn).S1 A different propor-
tion of elements from the two
groups and another expres-
sion of cation accommoda-
tion in a four-bonded helical
net occurs in Na(GaSn,)
which is more clearly descri-
bed as J[4b-Ga~(4b-Sn’),],
Figure 12.1191 A very similar
result with a different space
group is found for
NalnSn,.""l Anionic tin is
particularly well known for its apparent drive and versatility
to form closed-shell anions or networks in valence compounds,
as examples witness the mixture of tin monomer and oligomer
anions present in Cay Sny, [= (Ca?*)5;(Sn*")s(Sn,’)s(Sns'?7) ],
where all of the tin atoms have simple octet counts.[']
Likewise, the complex network in NasSn;; has precisely five
3b-Sn~ per formula unit as expected.'"”) Different variations
are found in formal 3b-Tt~ products. A good number of other
binary alkali-metal —tetrelide compounds evidently exist
judging from phase diagrams,'?"! but their correct composi-
tions and structures are unknown and basically unimaginable.

Figure 12. The structure of Na-
GaSn, with sodium ions (lighter
spheres) ordered in zig-zag helical
chains of [GaSn, |. The Ga and
Sn atoms are disordered.

5.2. Trielide Networks

Intrinsic to the trielides are greater degrees of interbonding
and condensation and, in many cases, incorporation of
electron-deficient clusters, but this trend may also be reversed
to some degree by the addition of more cations. Nothing gives
us the insights needed to predict these often complex
structures.

There are many ways in which one can design an anionic
four-bonded trielide framework. The most famous is that
which is isosteric with cubic-packed diamond and with the
elements silicon and gray tin, namely the Zintl phase NaT1,[12!]
shown in Figure 13. The structural problem that remains has
to do with cation accommodation. In the case of NaTl, along
with Naln and LiTr (Tr= Al-1In), the appropriate “stuffed
diamond” NaTl-type structure is exhibited since these cations
fit well enough in the alternate tetrahedral sites of the parent
lattice. Detailed theoretical and property studies also support
the original concept of a substantial charge transfer and
directed TI-TI bonding.'! On the other hand, this arrange-
ment is ordinarily not possible for KTl and CsTl, presumably
due to the size of the cation, and these exist instead as an
(A1)¢TIS cluster (see Table 5).

A different variation occurs in the layered structure
exhibited by Cs,In;, Rb,In;,[?* and K,Ga,,” which have a
straightforward electronic configuration. That for K,Ga; is
shown in Figure 14. The simple construction starts with an
ideal Gas*~ octahedron, with 14 skeletal electrons (2n+2) in
cluster molecular orbitals above six nominal 4s? core states.
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Figure 14. A portion of the layer of interbonded octahedra in K,Gaj;.

Reduction of the cluster charge and layer generation can be
imagined to arise by one-electron oxidation of each of the
four 4s? pairs about the waist of the octahedron to give the
imaginary tetraradical ion Gag:*~. Condensation of these in a
planar array then yields the structure shown, the two-
electron —two-center intercluster linkages being characteristi-
cally shorter than the electron-deficient Ga—Ga “bonds”
(edges) within the clusters. Thus K,Ga; is reduced 1e~mol™!
from the three-dimensional interbridged network found in
CaB;.

Both versions of known, isolated trielide clusters (see
Table 5) as well as new types are found in compounds with
network structures. The gallium systems are particularly
productive.’> 11 Among the more striking are empty closo-
Ga,, analogues of the T1;,M examples already described. A
clear result occurs for Li,Ga,,'>! in which empry 12b-Ga,,?~
clusters are connected directly and through Ga,*~ links, as
shown in Figure 15a. The former are also found in K;Ga;.['*!
Figure 15b shows how a new and smaller cluster variety,
closo-Gag?~ dodecahedra, are bound into sheets and these
sheets in turn bridged by isolated gallium atoms in AGa; (A =
K -Cs).['”l Another novel phase, Na,(GasSn;, contains Gay,
icosahedra bonded exo to terminal and bridging tin atoms to
give chains.'?l A conventional formulation of this network
would leave the structure short one electron per formula unit.
A high yield synthesis to confirm the stoichiometry of the
crystallographic analysis, particularly for sodium, was not
possible. A second phase in this system, Na;GasSn;, contains
layers of similarly interconnected Ga,, icosahedra interbond-
ed to disordered Ga,Sn; puckered layers. This is a valence
phase according to the X-ray crystallography.'”l Empty,
interbridged In;, clusters, together with other species, are
found in A;NaylIn'% and K;4,Na,¢In;, 1% among others.
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Figure 15. a) A portion of the structure of Li,Ga; with isolated dimeric 6b-
Ga,> units interlinking sheets of interbridged Ga,, icosahedra. b) The
tetragonal structure of KGa, with chains of interconnected triangular-faced
dodecahedra linked by 4b-Ga~ atoms.

Other types of rather complex situations have been described
and discussed,[’> 18191 while Kj;,Zn,Ing!3% and NagK,;C-
d;,Ingg"3! are more recent examples.

Another condensed product shown in Figure 16,
NasIny, -,I*% affords useful lessons about new clusters, bond-
ing, and a close approach to a valence compound in a fairly
complex arrangement. Here, nido clusters derived from
icosahedra (~ Cs, Iny;) are seen to be linked apex-to-apex as
well as each vertex exo bonded through a single bridging atom
to ten other clusters, meaning the nominal isolated nido-
In; " (2n+4) cluster has become In;°~. (The fractional
stoichiometry comes about because of % vacancies at the
apices of these clusters.) The other unit in this structure is a
new polyhedron, an elongated (sodium-centered) closo-In
cluster, that requires 2n+4 skeletal electrons in isolation
according to EHMO calculations. These polyhedra are
oxidized too through intercluster bond formation at eight
vertices, in part via triangular normal valent (3b-In2") link-
ages. Finallyy, MO calculations indicate that intercluster
repulsion occurs between certain pairs of nonbonding elec-
tron pairs at exo positions on adjoining clusters. The total
electron count, calculated to be necessary in consideration of
all of these factors and complexities, comes to 99.4 % of
available electrons according to the refined composition; a
remarkable closure that is probably within experimental
uncertainties. The drive for closed-shell bonding is evident.
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Figure 16. The tetragonal unit cell and surrounding atoms in Na;In;; ;.
Note the interbonded closo-In, clusters, nido-In,; cluster dimers, and In,
units.

One of the more novel results with thallium to date may be
the columnar structure discovered for the composition
CssTl,;Cd, ! a piece of which is shown in Figure 17. This is
generated from face-sharing, cadmium-centered pentagonal
Tl,, antiprisms (equivalently, condensed cadmium-centered

Figure 17. A portion of the infinite augmented chains of condensed
cadmium-centered Tl,, antiprisms in CssT1;,Cd,.

and -capped thallium icosahedra) to which four-bonded
thallium “fins” are added on one side. The lopsided rods
pack into an hexagonal array, well separated by cesium
cations. This phase appears to be a zero-gap semiconductor
according to Hiickel band theory calculations.

Finally, the “granddaddy” of all trielide cluster condensa-
tion products to date must be that found in a couple of
complex indium “fulleranes”. The In,, building block and the
penultimate sodium sphere in the simpler NagsIny,Z, (Z=Ni,
Pd, Pt)['* are shown in Figure 18. This actually is the outer
part of a multiply endohedral unit constituted as Ni@In,,@-
Na;,@In,,. Note that the innermost In;(Ni'’~ unit (not shown
because of some disorder) had already been recognized in the
form of an isolated cluster (see Table 5), while the outer In,,
cage has the same conformation as the regular fullerene C,,
(but not its m-bonding). Not surprising, in light of the cation
effects noted earlier (Section 4.1), is the duality exhibited by
the intervening Nas complement (represented as open
spheres) which places a sodium cation on the inside of every
face of the In,, unit. (A second, similar shell also occurs on the
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Figure 18. The fulleranelike In,, cluster and the endohedral Nas sphere
(white spheres) of NagsIng;Ni,. The In;,Ni core is not shown.

outside of every face.) The complicated part, which will not be
detailed here, is the way in which this “stuffed buckyball” is
incorporated into a three-dimensional solid. Every surface
indium atom gains a fourth neighbor and an electron octet,
either by condensation of the In;, units into close-packed
layers through sharing of the six pentagonal faces around the
waist of each unit or through some added In; and Ing
decorations bonded near the poles. Additional cations fall
between the layers, some defining related Ni@In,@Na3;,@Ing-
Na,, units. The relationship between this complex Nagng,Z,
(Z=Ni, Pd, Pt) and C,, are the same as between Naln (stuffed
diamond) and diamond. Furthermore, it differs from the Naln
composition only minutely, largely through the incorporation
of a very few nickel, palladium, or platinum core atoms.

A second more complex phase, Na;,,In;(,Z,,[35 exhibits
many of the same general features. Two macroclusters,
Ni@In,;@Na;,@In,, and Na@In,;;@NazIn,@In,, are co-con-
densed into puckered layers as before. All faces on both
“fulleranes” are capped on the inside and the outside by
sodium atoms except for two indium atoms in the penultimate
sphere within the second unit. These are bonded near an open
site on In;; and serve as tethers by which the innermost
In,4(Na) cage unit is suspended! Isn’t chemistry grand!

6. Properties and Philosophy

Implicit in the closed-shell assumption for the assignment
of Zintl phases is that these compounds should be diamag-
netic semiconductors, although this characteristic has gener-
ally been investigated only rarely. As considered before in
more detail ') the properties of many of the trielide cluster
phases are not so simple but, for some views, this does not
always turn out to be of overwhelming importance as far as
understanding the chemistry. One major value of the Zintl
concept is in testing whether a new compound, its structure,
and the electron distribution suggested therefrom are reason-
able, whether important features such as impurities are
perhaps missing, if something new in bonding is represented,
or whether the compound is apparently metallic. Even the last
feature is not necessarily fatal to our simple attempts to
classify and understand cluster bonding.

A modest survey regarding electrical resistivities, magnetic
susceptibilities, or both, of some of these tetrelide and trielide
phasesl'®l reveals that only a few have resistivities with
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appropriately negative temperature coefficients (e.g., Rb,In;,
K¢Sn,,) while most have resistivities in the range of 200-
800 u2cm with positive temperature coefficients. A larger
number of phases are, nonetheless, diamagnetic (as opposed
to Pauli-like paramagnetic) even after correction for orbital
(Langevin) terms, including Na,Tr, KTl, CsTl, Na,K, T,
KioInoNi, K¢Tr;yZn, and NaglnyNi,. On the other hand, a
good number of other examples that seem understandable in
term of their structures are in fact Pauli-paramagnetic, for
instance NayKgTl53;, NaJK¢TlsMg, and Na,KsTlAu,.
Thus, Na;KTl,; has a positive, approximately temperature-
independent paramagnetism (circa 20 x 10~* emumol~!) and
a resistivity of only about 70 uQ2cm, suggesting it is a poor
metal. In no case has any of these phases been characterized
well enough to identify, or exclude, a semimetallic (indirect
gap) property, a circumstance that would not in the simplest
sense contradict Zintl concepts. In making conclusions on the
basis of magnetic data, one should remember that many of the
metals in this region are themselves diamagnetic because of
nontraditional orbital and band properties.

It is worth noting that essentially all of the phases under
consideration here retain other characteristics long attributed
to Zintl phases, especially saltlike brittleness, stoichiometric
(line) formulations, and melting points above those of the
component metals, whereas the magnetic properties suggest
an approach to the intermetallic world is also in process. 10 ]
Nonetheless, important considerations for our chemical
understanding are that what we “see” in a structure can be
predictably determined by the most tightly bound valence
electrons (above ns? cores where appropriate), whereas the
moderate resistive and Pauli-magnetic properties often found
derive from a very small number of the most weakly bound
electrons near the Fermi energy, for instance when band
dispersion has closed the gap in a near-semiconductor. There
is substantial evidence that the former matters more in these
considerations; for example, we may usefully classify AgTr;,
K,sTlyAus, and so forth with “extra” electrons as “metallic
Zintl phases” in which the bonding requirements associated
with the clusters seem clear. In a different sense, Lasln;
(Section 3.1) is a metallic Zintl phase apparently with a
closed-shell cluster count but also inadequate intercluster
separations. In fact, the square-pyramid clusters persist when
the system is made electron richer in the isotypic La;TrTt, and
La;Tt; analogues, the internal dimensions of the clusters
changing only modestly and as expected from interactions of
the LUMO cluster orbitals with the conductance band.!'3¢!
Note that these metallic cluster systems do not react in what
some may consider to be an obvious way, in which the metal -
metal bonds open upon reduction; rather, many bonded
features frequently persist into the intermetallic region.

Nesper has aptly likened these situations to examining a
submerged continent observed through an ocean of the
conduction electrons, where it is the structure of the former
that matters more.'”! Similarly, metallicity may come about
when the nominally highest energy electrons or anions are
instead delocalized, such as those in the highly reduced formal
Tr3~ isolated atoms in both Ys;Ga; (MnsSis-type) and LasInC
(inverse perovskite),l') and the hypoelectronic Ca;Gas'3 13
and Sr;Ing.['*1 A similar result appears to pertain to the w*
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electrons on the dimers in some CrsB;-type compounds, which
otherwise could be simply (or naively) formulated with
closed-shell units as in (Ca?*)5(Sn,*~)Sn*". In fact these appear
to be closer to multiply bonded dimers after m* electron
delocalization.[*]

7. Trends and Forecasts

Some clear trends are evident in the foregoing, somewhat
evolutionary, presentation. In the overall view, it is generally
recognized that the transition from boron to thallium involves
major changes in the chemistry, especially from strong and
more directed bonds to more diffuse orbitals, more metallike
behavior, and longer, weaker bonds. Considerable structural
complexities in their compounds with the electropositive
metals appear to be a common thread. The first step, an
aluminum versus gallium comparison, has been largely
ignored for metal-rich systems because there is so little that
is comparable. Major differences in their fundamental proper-
ties are frequently cited as responsible (ionization energies,
ionic and metallic radii, electronegativities, formation enthal-
pies, etc.) and attributed to the irregular intrusion of the 3d
transition elements just before gallium with a resulting
decrease in shielding of its valence electrons.'*!! These sizable
contrasts between properties of elemental aluminum and
gallium do not reveal what the corresponding differences in
their chemistry will be.® %l Aluminum is certainly “harder”
chemically and less electronegative, aluminides are generally
more refractory, and their compounds with other metals are
usually classified as intermetallics. At the same time, alumi-
nides are still near the Zintl border in character and clearly
exhibit significant homoatomic bonding, which usually max-
imizes bonding (overlap-weighted bond populations) within
the aluminum framework but does not come near a closed
bonding system (gap) electronically. For example, the com-
plex two-dimensional aluminum framework found in
Ca;;Al,"* certainly demonstrates that directional Al—Al
bonding is still very effective and important and that
manifestations of the Zintl-Klemm concept, especially strong
homoatomic bonding, vanish slowly.[% 143]

Gallium cluster chemistry has scarcely been described
herein because, with few exceptions, so much of it pertains to
complex networks, largely unrelated to the behavior of the
rest of the family.”> 1% In the words of the principal author
Belin, “atom defections, atom substitutions, disorder, or
nonstoichiometry often obscure the understanding of elec-
tronic and bonding requirements [in these networks]”.[4l The
theoretical basis for the fused clusters sometimes encountered
is even more problematical.'*] The transition from gallium to
thallium clearly involves considerable enhancement of the
stability of isolated clusters, but not to an exclusive degree.
Some largely unrelated network structures still appear for
indium and thallium (to the extent that the explorations have
been comparable for each element), but cluster anions of
considerable variety dominate. Some important trends appear
to operate in concert in the Ga —TI transition—the apparent
increase in the relative stability of the ns? pair down this series
and a parallel decrease expected for the strengths of Tr—Tr
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bonds (the enthalpies of formation of Tr(g) decrease by 36 % ).
Since the imagined process for the formation of networks
from clusters is oxidation of the ns? pair at each vertex (or
some hybridized equivalent) followed by the generation of
normal two-electon—two-center intercluster bonds, the ex-
pected trends for each step favor the formation of networks
for gallium but clusters of thallium.

A pertinent question is often asked: why are the anionic
states of the earlier p-metals so stable ? To our knowledge this
property has never been predicted or this strong proclivity
well explained beyond the general electron deficiency of these
elements and their compounds. One useful, but pretty simple,
comparison is with energetic trends relative to the solid
elements, that is, the relative energetics of disproportionation
of these compounds into the component alkali and trielide
metals when all changes in bond energies in the former are
neglected. Since the gaseous states of both the sodium and
gallium families are noteworthy for their relatively low
enthalpies of condensation, there is simply less to be gained
on decomposition of these compounds, or less to be required
in countervailing bond strengths within the clusters.

Where next? So much of the excitement in exploratory
synthesis is the discovery of the unpredictable and unima-
gined. On the other hand, some simple expectations come
from just looking at the periodic table and the literature. Even
a cursory look at the structures of the alkali-metal compounds
formed by zinc and cadmium reveals numerous examples that
can be interpreted as heavily condensed versions of clusterlike
structures of the types seen here, a result that is appropriate to
the lower electron populations. There must be a intermediate
chemistry between these metals and the trielides. In addition,
aluminum chemistry roughly along the lines of what has been
seen for gallium family elements is too easy an expectation,
and it will in fact be different in major and unimagined ways,
as is already quite evident.

This article emphasizes the concept that a remarkable
variety of homoatomic (and other) bonding types is found in
anionic states of the post-transition metals, and that a great
number of these diverse species can be understood in terms of
stoichiometry, geometry, and electron count by simple appli-
cations of the Zintl-Klemm concepts together with, for
electron-deficient deltahedra, the essence of Wade’s rules. A
great deal of room remains for further investigations that
range from exploratory syntheses through property studies
and theoretical explanations of the considerable variety of
new and unprecedented materials. The greatest experimental
difficulty in property measurements is handling these very
sensitive phases as they are characteristically strong reducing
agents and are readily oxidized to the p-metals. A good deal of
attention to the detailed electronic and bonding states of these
unusual compounds is needed. For instance, understanding
bond length variations and differences in these compounds
requires detailed calculations, while very few investigations of
stability factors have included the important Madelung
energy terms. Their boundaries with metallic and intermetal-
lic substances are in much need of characterization, explan-
ation, and understanding.

As for lessons learned, the more or less new, diverse, and
important ways in which electron-poor cluster systems may be
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stabilized are as follows: 1) distortions of conventional
clusters to new bonding regimes; 2) centering of at least
main-group elements within clusters; 3) cluster oxidation and
formation of cluster networks; 4) utilization of sizable Made-
lung energy gains in the neat solid state from charged cations
that are in intimate contact with anionic clusters or networks;
and 5) the serendipitous location of particularly favorable
component ions and clusters to achieve very stable three-
dimensional structures, a process that at present is only
accomplished empirically through synthetic explorations.
Opportunities clearly abound!
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