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The title phase was synthesized by direct fusion of a stoichiometric amount of the elements followed by annealing
at 650 °C for 3 weeks. The compound crystallizes in the orthorhombic space group Pnma (No. 62), Z ) 4, with
a ) 19.451(6) Å, b ) 12.164(3) Å, c ) 6.581(1) Å. The compound is made up of As3Pb3

5- crown clusters that
can be likened geometrically and electronically to 6-atom hypho-clusters derived from a tricapped trigonal prismatic
closo parent. These crowns are interconnected via intercluster Pb−Pb bonds to form infinite chains along the b
axis, which means the compound contains an extra two cations and two electrons per formula unit. Extended
Hückel calculations indicate that the two additional electrons per cluster are accommodated in π* states on the
cluster and predict that the phase should be semiconducting. The latter is confirmed by microwave resistivity
measurements, F298 ) 1.0 × 102 µΩ‚cm; (δF/δT)/F ) −0.14(3) K-1.

Introduction

Large deltahedral clusters of the tetrel elements (Tt) Si-
Pb) in the neat solid state have been fairly limited. Among
the largest clusters currently are thenido-Tt94- anions which
are now known for all of the group 14 elements except
carbon.2 An important factor limiting the stability of large
deltahedral clusters of the heavy tetrel elements seems to be
disproportionate size-to-charge ratio. Wade’s rules for count-
ing electron states indicate that the charge assigned to a
deltahedral cluster should be independent of its nuclearity
and, therefore, that large tetrel clusters should carry relatively
small charges,-2 for the closo examples.3,4 This can
conceptually set up situations in which the number of cations
may be insufficient to separate the large clusters, presuming
that such clusters would undergo condensation or dispro-

portionation on contact. Large organic ligands such as in
the cryptated alkali-metal cations have been used in the past
to achieve effective separation of such clusters,5 whereas
partial substitution of electron-poorer elements such as Cd
or In serves to increase cluster charge, e.g., in K6CdPb8 and
K5InPb8.6 Alternatively, one would presumably reduce the
overall charge for a typical electron-poor cluster through
substitution of an electron-richer element (e.g., a pnictogen)
that would contribute more electrons to the skeletal bonding
of the cluster. However, this approach might instead provide
a route to new heteroatomic clusters of the tetrel elements
should the substitution lead to new cluster alternatives rather
than just excessively low charges on normal cluster anions.

The diverse heteropolyatomic anions containing both group
14 and 15 elements that have been reported evidently all
exhibit classical bonding and can be classified as Zintl
phases. The 14/15 heteroatomic members in neat systems
include the numerous A5TtPn3 (A ) Li, Na; Tt ) Si, Ge,
Sn; Pn) P, As, Sb) with rings or chains constructed of the
tetrahedra sharing either one edge or two vertices,7 tetrahedral
anions in K8SnSb4, six-membered rings in chains K3SnSb3,8
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and many other examples with more condensation.9 The
mixed members in condensed systems are now extended to
include evidently the first example with nonclassical bonding,
the unconventional electron-rich K5As3Pb3 in which crown-
shaped As3Pb3 clusters are interconnected into 1-D chains.
Heretofore, nonclassical bonding has been encountered most
often in more electron-deficient cluster systems, particularly
with triel (group 13) members.10,11

Experimental Section

Synthesis.The materials and general reaction techniques in
welded tantalum tubes have been described elsewhere.12,13 All
transfers were completed in a N2- or He-filled glovebox. The
compound K5As3Pb3 can be obtained by allowing stoichiometric
amounts of potassium (Strem, 99.9995%), arsenic (Aesar, 99.99%),
and lead (Aesar, 99.9999%) to react briefly at 900°C in a sealed
Ta container, after which the product is annealed for 3 weeks at
650 °C. (Nb tubes frequently failed under these conditions.) The
result was brittle, black, and modestly air sensitive, changing color
in about one minute when brought from the glovebox into the air;
under less forcing conditions, broad lines of Pb might appear in
some powder patterns. The latter has proven to be a good indication
of the quality of the sample protection and of the sensitivity of
nominally anionic lead therein to oxidation by traces of the
atmosphere at room temperature. Initially, single crystals were
isolated from an As-limited reaction mixture that had been loaded
as K5AsPb8. Reactions later loaded on-stoichiometry typically
yielded 80-90% of the title phase with the remainder identified
by powder pattern as a combination of Pb and KPb, implying some
small unseen losses of As.

X-ray Diffraction. Powder diffraction data from an Enraf-Nonius
552 Guinier camera and Cu KR1 radiation were used for phase
identification. An improved method of sample mounting for powder
pattern measurements was employed relative to cellophane tape.
The powders were held between sheets of aluminized polyester film
by means of a thin centered film of vacuum grease that also served
to seal the outer edge of the sheets and to thereby hinder
decomposition of the air sensitive products. The films were then
first compared semiquantitatively with patterns calculated for phases
with known structures. The distributions of products were then
estimated visually from relative powder pattern intensities consider-
ing the symmetry and contents of the unit cells as well.

Several black crystals of K5As3Pb3 were isolated, inserted into
thin-walled capillaries, and checked by means of Laue photographs.
Diffraction data were then collected from one at room temperature
with the aid of a Rigaku AFC6R diffractometer and monochromated
Mo KR radiation. Routine indexing of 25 centered reflections gave
a primitive orthorhombic cell. Systematic extinctions led to the
unique assignment of space groupPnma. The space group assign-
ment was confirmed by a refinement carried out with the aid of
the TEXSAN package.14 The data were corrected for absorption

empirically according to threeψ-scans of strong reflections with
different 2θ values. The final residuals wereR(F)/Rw (I > 2σI) )
3.2/3.7% with the largest residual in the∆F map, 1.69 e-/Å3,
located 0.86 Å from K2.

Selected crystallographic and refinement data are given in Table
1, and more detailed information and displacement ellipsoid
parameters are in the Supporting Information, Tables S1 and S2.
Refined atom positions are listed in Table 2, and the bond distances
are in Table 3.

Theoretical Calculation. These were made over 326k-points
in the irreducible wedge with the aid of the CAESAR EHTB
program of Whangbo et al.15 Only the lead and arsenic atoms were
included (Hii and ú1 for Pb 6s,-15.70 eV and 2.35; for Pb 6p,
-8.00 eV and 2.06; for As 5s,-12.60 and 2.23; and for As 5p,
-6.190 and 1.8916). Calculations were carried out both for the
isolated cluster As3Pb3

5- and for the full anion structure in the unit
cell.
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Table 1. Selected Data Collection and Structural Refinement
Parameters for K5As3Pb3

fw 1041.86
crystal system, space group,Z orthorhombic,Pnma(No. 62), 4
unit cell dimensions

a, Å 19.451(6)
b, Å 12.164(3)
c, Å 6.581(1)
V, Å3 1557.0(6)

calcd density, g cm-3 4.444
abs coeffµ (Mo KR, cm-1) 400.37
R, Rw

a 0.032, 0.037

a R ) ∑||Fo| - |Fc||/∑|Fo|; Rw ) [∑w(|Fo| - |Fc|)2/∑w(Fo)2]1/2; w )
σF

-2.

Table 2. Refined Atomic Positions for K5As3Pb3

atom Wyckoff x y z Beq
a

Pb1 8d 0.04435(5) 0.11826(7) 0.4794(1) 1.55(2)
Pb2 4c 0.19349(8) 1/4 0.4397(2) 1.80(3)
As1 4c 0.9567(2) 1/4 0.2410(5) 1.46(7)
As2 8d 0.1526(1) 0.0534(2) 0.2361(4) 1.51(5)
K1 4a 0.0 0.0 0.0 1.9(2)
K2 4c 0.1033(5) 1/4 0.950(1) 1.8(2)
K3 8d 0.1788(3) 0.9545(5) 0.7293(8) 2.3(1)
K4 4c 0.3685(6) 1/4 0.761(1) 3.5(2)

a Beq ) 8/3π2(U11(aa*)2 + U22(bb*)2 + U33(cc*)2).

Table 3. Atom Separations (Å) in K5As3Pb3

atom pair distance atom pair distance

Pb1-Pb1 3.205(2) As1-K3 ×2 3.630(8)
Pb1-Pb1 3.366(2) As1-K4 3.64(1)
Pb1-Pb2 3.324(2) As1-K4 3.61(1)
Pb1-As1 2.817(4) As2-K1 3.413(3)
Pb1-As2 3.761(3) As2-K2 3.191(6)
Pb1-K1 ×2 3.573(1) As2-K3 3.582(7)
Pb1-K2 ×2 3.671(7) As2-K3 3.280(8)
Pb1-K3 3.676(7) As2-K3 3.499(7)
Pb1-K4 3.98(1) As2-K4 3.744(3)
Pb2-As2×2 2.854(3) K1-K2 ×2 3.660(5)
Pb2-K2 3.789(8) K1-K3 ×2 3.947(7)
Pb2-K2 3.668(8) K1-K4 ×2 4.218(8)
Pb2-K3 ×2 3.778(7) K2-K3 ×2 4.146(8)
Pb2-K3 ×2 4.078(6) K2-K4 4.59(2)
Pb2-K4 4.18(1) K3-K3 ×2 4.440(9)
As1-K1 ×2 3.532(2) K3-K4 4.11(1)
As1-K2 3.44(1) K3-K4 4.44(1)
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Property Measurements.Resistivities of K5As3Pb3 were mea-
sured by the electrodeless Q method17 on 43.6 mg of powder that
had been sieved to 250-425µm and diluted with chromatographic
Al2O3. Measurements were made at 34 MHz over 120-240 K. The
resistivity of K5As3Pb3 extrapolated to 298 K was 1.0× 102 µΩ‚
cm with a temperature coefficient [(δF/δT)/F] of -0.14(3) K-1.
The temperature dependencies are quite reproducible by this
method; on the other hand, the absolute resistivities may be off by
a factor of 2 or 3.

Results and Discussion

Structure Description. The basic structural unit consists
of somewhat flattened As3Pb3 “crown” clusters that are linked
via intercluster Pb1-Pb1 bonds into chains that propagate
along theb axis, Figure 1. The base of the crowns is defined
by a triangle of Pb atoms with As atoms that bridge Pb-Pb
edges as the points of a crown. The cluster possessesCs

symmetry with the vertical mirror planes through As1 and
Pb2 and perpendicular to the page, but it is close to an ideal
C3V assignment, Figure 2. The edges of the base are 3.205(2)
Å (Pb1-Pb1) and 3.324(2) Å (×2) (Pb1-Pb2). The shorter
Pb1-Pb1 edge is bridged by an As1 atom withd(Pb1-As1)
) 2.817(4) Å, and the other two Pb1-Pb2 edges by As2
atoms at distances of 2.761(3) Å and 2.854(3) Å to the

neighboring Pb1 and Pb2 atoms, respectively. Finally, the
resulting crowns are linked via longer Pb1-Pb1 intercluster
bonds (3.366(2) Å) to generate chains of As3Pb3 clusters
along thebB direction, Figure 2. The exo Pb1-Pb1 bonds lie
on centers of symmetry so the crown orientations alternate
along the chains. It is noteworthy that the shortest intracluster
bond is associated with five-bonded Pb1. The chains are well
separated from one another with a minimum distance of 5.14
Å.

The cations serve their expected roles and bridge edges
and cap faces about the As3Pb3 crown clusters. The K1
cations cap the triangular faces defined by the three cluster
As atoms, K2 caps faces of two As and one Pb atom on two
separate chains, K3 bridges pairs of As2 atoms on two
As3Pb3 clusters, and K4 sits in a void defined by four As3Pb3

clusters (three within a chain and one above).
Some similarities exist between the [As3Pb3]5- motif in

the present phase and the one found in Cs5In3As4.18 The
indium phase contains both chains and layers with the same
overall composition of [In3As4]5-. The latter units are quite
similar in appearance to that here except that a fourth As
atom caps the open In3 face opposite the As crown points,
the clusters are interconnected by pairs of In-As bonds, and
the dimers are interconnected by two longer In-In bonds.
The two cluster skeletons are isoelectronic, the indiumw
lead conversion compensating for the three valence electrons
of the fourth arsenic.

Bonding. The electronic requirements for the ideal isolated
As3Pb3

5- cluster can be deduced from Wade’s empirical
rules. The As3Pb3

5- crowns would correspond to ahypho-
cluster, with three basal lead vertices removed from the closo
D3h parent of a tricapped trigonal prism Pb6As3, although
there remains a question as to whether such rules would apply
when adjacent vertices are removed. According to Wade’s
rules, the number of skeletal p electrons required for closed
shell bonding of ahypho-cluster would be 2n + 8 or 20
skeletal electrons in this case. These come from three lead
atoms (6), three arsenic atoms (9), and electrons from the
five cations (5). Molecular orbital calculations support this
treatment of an isolated cluster.

Complications arise when one takes into consideration the
two intercluster Pb-Pb bonds formed by each As3Pb3

5-

cluster. Each exo bond should lower the electron require-
ments of each cluster by one, which leaves the compound
with two excess electrons per cluster that need to be
accounted for. Direct EHTB calculations were therefore
carried out on the full anion structure in one cell. The
resulting DOS and COOP curves shown in Figure 3 reflect
a fairly localized bonding situation. The former densities-
of-states plot shows that a small band gap opens just above
the Fermi level (dashed line). This gap, it is hypothesized,
should increase when K bonding/antibonding states mix in.
The As s contributions (dotted) start below-20 eV and
continue up to approximately-14 eV, and the lower lying
Pb s (blue) behaves similarly. There is clearly a substantial
amount of mixing between the As s and Pb s orbitals. The

(17) Zhao, J.-T.; Corbett, J. D.Inorg. Chem.1995, 34, 378. (18) Gascoin, F.; Sevov, S. C.Inorg. Chem.2001, 40, 6254.

Figure 1. [001] view of the structure of K5Pb3As3 with Pb, blue; As, red;
and K, white.

Figure 2. Detail of the Pb3As3
5- anion and the intercluster linkages. A

vertical mirror plane passes through Pb2 and As1.
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As p contributions (green) begin around-15 eV and
continue up to-10 eV, and the Pb p portion (also blue)
starts around-13 eV and continues to pastEF. The As p
orbitals dominate from-13 eV to-10 eV, at which point
the Pb p gains dominance. There is a good amount of mixing
between the As p and Pb p up to about-8 eV, above which
point Pb p is dominant. The arsenic contributions are
narrower because they function only as terminal atoms
whereas the lower lying lead AOs are broadened appreciably
because of the multicentered bonding of lead.

The COOP curve for the As3Pb3
5- cluster (blue) shows

that weakly antibonding states are populated just below the
Fermi energy, predominantly As-Pb and Pb1-Pb1 inter-
clusterπ states (green). There appear to be few contributions
from antibonding states on the intercluster Pb3 triangle at
Fermi (red). Interestingly, the ideal As3Pb3

5- cluster chain
bonding (blue), which corresponds to 18 skeletal electrons
per As3Pb3

5- cluster, would be optimized at approximately
-9.5 eV. This is in agreement with the prediction afforded
by Wade’s rules for the 6-atomhypho-cluster with two exo
bonds. Added occupancy of theπ* states by the “extra” two
electrons has only small antibonding effects.

The effect of populating the additional intracluster anti-
bonding states is evident in the overlap populations. The
overlap population for the intercluster Pb1-Pb1 contacts at
3.37 Å is 0.37, whereas that for the average intracluster Pb-
Pb contacts, 3.26 Å, is 0.20; i.e., the former is 85% larger
in overlap population with a 0.1 Ålonger bond relative to
the average intracluster Pb-Pb. Since the intercluster anti-
bonding states are not being populated, this is not surprising.
The average overlap population for As-Pb bonds also
remains relatively high, 0.47. Thus, extended Hu¨ckel bonding
analysis suggests that this phase has a good prospect of being
a valence compound and exhibiting semiconducting behavior.

The measured microwave resistivity for K5As3Pb3 supports
this assessment, being 1.03× 102 µΩ‚cm at room temper-
ature with a negative temperature coefficient of-0.14 K-1.
These data are given in the Supporting Information.

The isolated As3Pb3
5- cluster represents a new type of

hyperelectronic Zintl cluster with a heavy tetrel framework
capped by arsenic. It also represents an expansion of the
known heteroatomic Zintl clusters of the tetrel elements in
a new direction, and an alternative to the less reasonable
large clusters associated with relatively few cations for classic
closo species. The ability to rationalize the cluster geometry
with the observed excess electron count enables one to make
this assignment. Even though the compound is infinitely
bonded through intercluster bonding, the extra electrons
evidently remain localized on the individual clusters. The
driving force for the higher cluster charges here must be
2-fold: first, the accommodation of extra cations increases
the Madelung energy and helps separate the anion chains,
and second, the extra electrons are bound in only weakly
antibonding and fairly localized states. This is a novel
alternative to the usual result for hyperelectronic “Zintl”
phases with extra cations in which the added electrons are
delocalized, again in a presumably low lying but open band.
The clearest example of the latter presently is the metallic
Na6TlSb4 in which extra electrons are accommodated in Na-
Sbπ bands.19,20

Supporting Information Available: Tables of crystal and
refinement data and anisotropic displacement parameters; figure
of resistivity data all for K3Pb3As3. This material is available free
of charge via the Internet at http://pubs.acs.org.

IC040045R
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Figure 3. DOS and COOP data for the full anion structure of K5Pb3As3. DOS, total and projected contributions: total, black; As s, red, Pb s,p, blue; As
p, green. COOP: As3Pb3 cluster, blue; As-Pb, green; intracluster Pb, black; intercluster Pb, red.
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