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ABSTRACT: K5Sb4 and K3Sb7 Zintl ion precursors react
with Pd(PPh3)4 in ethylenediamine/toluene/PBu4

+ sol-
utions to give crystals of Sb@Pd12@Sb20

n−/PBu4
+ salts,

where n = 3, 4. The clusters are structurally identical in the
two charge states, with nearly perfect Ih point symmetry,
and can be viewed as an Sb@Pd12 icosahedron centered
inside of an Sb20 dodecahedron. The metric parameters
suggest very weak Sb−Sb and Pd−Pd interactions with
strong radial Sb−Pd bonds between the Sb20 and Pd12
shells. All-electron DFT analysis shows the 3− ion to be
diamagnetic with Ih symmetry and a 1.33 eV HOMO−
LUMO gap, whereas the 4− ion undergoes a Jahn−Teller
distortion to an S = 1/2 D3d structure with a small 0.1 eV
gap. The distortion is predicted to be small and is not
discernible by crystallography. Laser desorption−ioniza-
tion time-of-flight mass spectrometry (LDI-TOF MS)
studies of the crystalline samples show intense parent Sb@
Pd12@Sb20

− ions (negative ion mode) and Sb@Pd12@
Sb20

+ (positive ion mode) along with series of Sb@Pd12‑y@
Sb20‑x

−/+ ions. Ni(cyclooctadiene)2 reacts with K3Sb7 in
en/tol/Bu4PBr solvent mixtures to give black precipitates
of Sb@Ni12@Sb20

n− salts that give similar Sb@Ni12@
Sb20

−/+ parent ions and Sb@Ni12‑y@Sb20‑x
−/+ degradation

series in the respective LDI-TOF MS studies. The solid-
state and gas-phase studies of the icosahedral Sb@M12@
Sb20

n−/n+ ions show that the clusters can exist in the −4,
−3, −1, +1 (M = Pd) and +1, −1 (M = Ni) oxidation
states. These multiple-charge-state clusters are reminiscent
of redox-active fullerenes (e.g., C60

n, where n = +1, 0, −1,
−2, −3, −4, −5, −6).

I cosahedral metal clusters with Ih molecular symmetry have
large orbital degeneracies and often possess special properties

and stabilities. For example, gas-phase endohedrally centered
icosahedral clusters, such as Al13

− (i.e., Al@Al12
−) and related

compounds,1,2 exhibit greater stability than their non-icosahedral
compositional neighbors, such as Al12

− and Al14
−. Their

icosahedral assemblies result in unusual reactivities attributed
to their unique jellium-like electronic structures.2,3 The fullerene
C60 also has Ih molecular symmetry and highly degenerate
HOMO (five-fold-degenerateHu symmetry) and LUMO (three-

fold-degenerate T1u symmetry) orbital configurations with a 1.5
eV HOMO−LUMO gap.4 This electronic structure also gives
rise to special properties, such as the remarkable electrochemical
behavior involving six reversible reductions and one quasi-
reversible oxidation.5−7 The three-fold degeneracy of the parent
LUMO in C60 allows for the six sequential one-electron
reductions that occur at relatively consistent 450 ± 50 mV
intervals. As a result, C60 has eight accessible oxidation states that
can be generated in solution. While multi-oxidation-state
coordination complexes are known, such as the M(bipyridine)3
complexes,8,9 the redox activity is primarily ligand based, and
electron correlation is limited. The redox behavior of C60 and its
fullerene relatives is unique7 and tied to the orbital degeneracies
associated with their high-symmetry structures.
In contrast to gas-phase chemistry, icosahedral transitionmetal

clusters in the condensed phase are rare. Main-group centered
Ni12 carbonyl complexes, such as E@Ni12(CO)22

2−, where E =
Sn, Ge, have icosahedral geometry but are distorted from Ih point
symmetry.10 More recently, a number of icosahedral main group
clusters have been prepared fromZintl ion precursors, such as the
diamagnetic M@Pb12

n− (M = Ni, Pd, Pt, n = 2; M = Rh, Ir, n =
3)11−14 and M@Sn12

3− ions (M = Rh, Ir).13,15 These ligand-free
icosahedral clusters (Figure 1) have rigorous Ih point symmetry,
formally d10 endohedral metal atoms, and highly degenerate
electronic states.11 Attempts to oxidize or reduce these clusters
have met with limited success. For example, Pt@Pb12

n− retains its
icosahedral structure in both the −1 and −2 oxidation states,16
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Figure 1. Schematic drawings of theM@E12
n− (left) and E@M12@E20

n−

(right) clusters, where M is a transition metal and E is a main group
element.
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but further reductions or oxidations have not been successful to
date. Attempts to lower the electron counts in theM@E12 cluster
system by employing earlier transition metals with fewer
electrons result in lower symmetry non-icosahedral structures
such as Ru@Ge12

3− and V@Ge8As4
3− clusters with 3-connected

cage vertices.17,18

Another intriguing icosahedral structure involves the nested
“onion-skin” clusters of formula E@M12@E20

n− (Figure 1),
where M is a metal atom and E is a main group element.19 These
clusters can be viewed as an E@M12 icosahedron centered inside
of an E20 dodecahedron. Because both Platonic solid sub-
structures have Ih point symmetry, the interpenetrating E@M12@
E20

n− structures also possess this symmetry. While this general
cluster type is known in some solid-state compounds (i.e.,
clathrates and Mg32(Al,Zn)49-type intermetallics),20 there are
only two reported examples of this structure as an isolated unit.
The A12Cu12Sn21 ternary phases (A = K, Na)21 contain isolated
Sn@Cu12@Sn20

12− cluster subunits separated by alkali cations.
The only molecular example of this structure type is the As@
Ni12@As20

3− ion22 prepared from a solution reaction between the
As7

3− Zintl ion and Ni(COD)2, where COD = cyclooctadiene.
Both clusters have nearly ideal Ih point symmetry with large
electronic degeneracies.
We describe here two new series of Sb@M12@Sb20

n clusters
whereM=Pd andNi. Through gas-phasemass spectrometry and
single-crystal X-ray diffraction studies (XRD), we have identified
charge states for the Pd cluster, where n = 4−, 3−, 1−, and 1+.
While the Sb@Pd12@Sb20

3− is a diamagnetic complex with nearly
perfect Ih point symmetry, DFT studies show the paramagnetic
Sb@Pd12@Sb20

4− cluster to be Jahn−Teller distorted with a D3d
ground-state structure and a small 0.1 eV band gap. The predicted
distortion from the Ih structure is small and is not discernible in
the single-crystal structure of the ion. These studies suggest that a
general class of Ih E@M12@E20 complexes can exist in various
oxidation states, which is directly analogous to the fullerenes.
The reaction between K5Sb4 and Pd(PPh3)4 in ethylenedi-

amine (en)/toluene (tol) solvent mixtures containing Bu4PBr
gives dark brown plates of [Bu4P]4[Sb@Pd12Sb20]·4tol in ca. 5%
yield based on Pd. The salt contains the Sb@M12@Sb20

4− ion
(Figure 2) and is described below. The cluster is paramagnetic
with an S = 1/2 ground state (see below). Electron paramagnetic
resonance (EPR) spectra of the crystalline solid reveals a g-value
of 2.0036 and full width at half maximum (fwhm) of 9.6G (Figure
S7). A similar reaction between K3Sb7 and Pd(PPh3)4 in en/tol/
Bu4PBr solvent mixtures results in the formation of black needle-
like crystals of [Bu4P]3[Sb@Pd12Sb20]·3.5en in ca. 15% yield
based on Pd. This salt contains the Sb@Pd12@Sb20

3− ion (Figure

S1), which is structurally indistinguishable from Sb@Pd12@
Sb20

4− (Figure 2). Small amounts (ca. 2%) of the [Bu4P]4[Sb@
Pd12Sb20]·4tol crystals also form in this reaction, suggesting that
the −3 and −4 charge states of the cluster coexist in solution.
Both salts have been characterized by single crystal XRD, energy
dispersive X-ray analysis (EDX), and laser desorption/ionization
time-of-flight mass spectrometry (LDI-TOF MS). Similar
reaction between Ni(COD)2 and K3Sb7 in en/tol/Bu4PBr
solvent mixtures gives black precipitates of Sb@Ni12@Sb20

n−

salts that have been clearly identified through LDI-TOF MS
studies. While the cluster is most likely in the Sb@Ni12@Sb20

3−

charge state in the condensed phase, we have not isolated
crystalline samples of this material and have only identified the
Sb@Ni12@Sb20

−/+ ions in the gas phase (see below).
The structures of the Sb@Pd12@Sb20

n− clusters (n = 3 or 4) are
virtually identical and only differ by the types of solvates and the
number of cations in the respective crystal lattices. A summary of
the metric parameters and comparisons with the As@Ni12@
As20

3− and Sn@Cu12@Sn20
12− ions are given in Table 1 and S1.

Summaries of the crystallographic data are given in Tables S2 and
S3. The [Bu4P]3[Sb@Pd12Sb20]·3.5en salt is monoclinic, space
group P21/n, with the Sb@Pd12Sb20

3− ion centered on a general
position. The [Bu4P]4[Sb@Pd12Sb20]·4tol salt is alsomonoclinic,
but possessesC2/m crystal symmetry. In this structure, the center
of the Sb@Pd12Sb20

4− ion resides on the 2c Wykoff position with
crystallographically imposed 2/m symmetry. One PBu4

+ counter-
ion was disordered in each of the structures.
The 33-atom structures can be viewed as interpenetrating

cluster subunits defined by Sb@Pd12
n− icosahedra nested inside

of Sb20 dodecahedra (Figure 2b,c). The charges on the complexes
are clearly distributed across the entire clusters (see below), but
from an 8-N Zintl-type analysis, one can view all of the three-
connected Sb atoms in the Sb20 cages as neutral. This analysis is

Figure 2. X-ray crystal structure of Sb@Pd12@Sb20
4− ion (Sb is violet, Pd is gold) showing (a) the 33-atom structure represented as interpenetrating

dodecahedral Sb20 and icosahedral Sb@Pd12 shells. Pd−Sb bonding is omitted for clarity. (b)The Sb@Pd12 icosahedron. (c)The Sb20 dodecahedron. (d)
An identical view of the full 33-atom cluster showing only the Pd−Sb bonds between the Sb20 and Pd12 shells. Bonds to the endohedral Sb and the weak
Pd−Pd and Sb−Sb interactions are omitted for clarity.

Table 1. Average Bond Distances (Å) for E@M12@E20
n−

Clusters (E = As, Sb, Sn; M = Pd, Ni, Cu)a

E−M12 M−M E−E M12−E20

As@Ni12@As20
3− 22 2.557 (2) 2.689(4) 2.752(3) 2.395(5)

Sb@Pd12@Sb20
3− 2.856(20) 3.003(10) 3.109(34) 2.713(45)

Sb@Pd12@Sb20
4− 2.8538(3) 3.0009(5) 3.1063(5) 2.7114(6)

Sn@Cu12@
Sn20

12−(Na)21
2.631(5) 2.766(12) 3.104(5) 2.766(9)

Sn@Cu12@
Sn20

12−(K)21
2.625(3) 2.759(8) 3.097(5) 2.760(7)

aThe E−M12 bonds are to the central μ12 atom. The M12−E20 bonds
are to the outer E20 shell.
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akin to As@Ni12@As20
3− and simplifies as Sb3−, Pd12

0, and Sb20
0

for the diamagnetic Sb@Pd12Sb20
3− ion complex. The extra

electron in the Sb@Pd12Sb20
4− ion resides in a nominally

degenerate Hg state (before Jahn−Teller distortion, see below),
similar to C60.
The central Sb@Pd12 icosahedron in each anion is virtually

identical with Pd−Pd and Sb−Pd bond distances of 3.00(1) Å
and 2.86(1) Å, av., respectively. The Pd−Pd distances are 9.5%
longer than those in Pdmetal (2.74 Å) and related organometallic
Pd−Sb clusters (2.96 Å, av.),23,24 which is only slightly more than
the 7.6% elongation of the Ni−Ni contacts of As@Ni12@As20

3−

relative toNimetal (2.50 Å).25 In contrast, the Pd−Sb contacts to
the centered Sb are similar to Pd−Sb contacts in organostibnide
Pd clusters (2.69 Å, av.)23,24,26,27 and Pd−Sb intermetallics (2.75
Å, av.).28,29 In all of the E@M12@E20

n− structures (Table S3), the
E−M12/M−Mratio is 0.951, which is equal to the ideal geometric
value.30

The Sb−Sb contacts average 3.11 Å in the Sb20 dodecahedral
shells of both clusters and are quite long for typical 2-center 2-
electon (2c-2e) bonds. For comparison, Sb−Sb contacts in
R2Sb−SbR2 organostibnides are typically 2.83−2.87 Å in
length31,32 and Sb−Sb contacts in polystibnide Zintl clusters
are typically in the range 2.81−2.98 Å.33,34While the 3-connected
Sb environments in the Sb20 cages are suggestive of traditional 2c-
2e bonding with an Sb lone pair, the Sb−Sb bond distances are
indicative of weak fractional or secondary bonding interactions.35

In contrast, the Pd−Sb contacts to the Sb20 cages (M12−E20, 2.71
Å, av.) seem to be more robust and typical of Pd−Sb interactions
in related intermetallics and clusters.
Strong radial M12−E20 bonding with weaker M−M and E−E

bonding seems to be characteristic of this cluster type in that
analogous trends are observed in the Sn@Cu12@Sn20

12− and
As@Ni12@As20

3− clusters (Table 1).21,22,36 While it may be
convenient to highlight the Platonic-like dodecahedral and
icosahedral subshells when deconstructing the overall cluster
(Figure 2b,c), it is more accurate to represent the structure in
terms of the strong M12−E20 bonds while omitting the weaker
M−MandE−E bonds (Figure 2d). Various bondingmodels have
been used to describe the electronic structures of related clusters,
such as jellium cluster analysis, cluster valence analysis and
Wade−Mingos analysis.19,21,22 Below, we describe the structure
and bonding in terms of all-electron DFT analysis.

All-electron calculations were performed on the Sb@Pd12@
Sb20

3−/4− clusters using the DGauss DZVP double-ζ orbital basis
with matching A2 auxiliary basis set.37 The analytic density-
functional method38 with exchange-correlation parameter 0.7
was used to compute electronic structures. The Sb@Pd12@
Sb20

3− molecular geometry was optimized in icosahedral
symmetry with a net molecular charge of −3. The cluster is
diamagnetic with 228 total valence electrons. The highest
occupied molecular orbital is 36 t1u, the lowest unoccupied
molecular orbital is 45 hg, and the gap is 1.33 eV. The calculated
bond distances and angles are in excellent agreement with the
experimental data (Table S1). The samemethods applied to As@
Ni12@As20

3− yield the same frontier-orbital irreducible repre-
sentations and a slightly larger HOMO−LUMO gap of 1.58 eV.
The Sb@Pd12@Sb20

4− cluster has a single unpaired electron in
the hg orbital set. In this state, the gg and hg geometrical
distortions then become Jahn−Teller active.39 The gg distortion
leads to minimal energy lowering in aD2h state. The hg distortion
leads to a lower-energy D3d state containing a small 0.1 eV gap,
which appears to be the ground state. The optimized D3d
structure is virtually indistinguishable from the idealized Ih
structure as evidenced by the calculated bond distances given
in the Table S1. The distortion is not resolved in the single-crystal
structure, which is not surprising in view of the spherical nature of
the cluster. In isolation, the unpaired hg electron is unbound and
the calculated fourth electron affinity is less than −5 eV. These
results have been confirmed by equivalent Gaussian09
calculations.
LDI-TOF MS data were collected from single crystals of the

[Bu4P]3[Sb@Pd12Sb20]·3.5en salt suspended on carbon tape.
The data (Figure 3a) show a strong parent ion peak atm/z= 3833
with a mass envelope characteristic of the expected statistical
distribution of 121Sb (57%) and 123Sb (43%) isotopes and the six
naturally occurring Pd isotopes in the 33-atom cluster. In
addition, a series of Pd12Sb21‑x

− (x = 1−10) and Pd12‑ySb21‑x− (y =
1−3) cluster anions are formed in the laser ablation process and
seem to be characteristic of this class of compounds (e.g., As@
Ni12@As20

3−).22 The Pd12‑ySb21‑x
− (y = 1−3) series appears as a

low-mass tail on the primary Pd12Sb21‑x
− peaks. The population

evolution of the high-mass peaks is shown in the spectral
deconvolutions of themass envelopes (Figures 3a and S2). There
are also overlapping peaks for Pd13Sb21

− and Pd12Sb22
− due to the

Figure 3. (a) LDI-TOFmass spectrum of Sb@Pd12@Sb20
3− (negative ion mode) showing the molecular ion atm/z = 3833 and the Pd12Sb21‑x

− (x = 1−
10) and Pd12‑ySb21‑x

− (y = 1−3) cluster series. The overlapping mass envelopes were deconvoluted as shown in the insets and the cluster ion populations
are given in Figure S2. (b) LDI-TOFmass spectrum of Sb@Ni12@Sb20

n− (negative ion mode) showing the Ni12Sb21‑x
− (x = 1−10) andNi12‑ySb21‑x− (y =

1−3) series. The sodium ion impurity peaks are labeled (green dashed line).
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attachment of an additional Pd atom and Sb atom, respectively, to
the parent cluster. Analysis of the same sample in the positive ion
mode shows the Pd12Sb21

+ ion in the gas phase, along with other
Pd12‑ySb21‑x

+ clusters (Figure S3). As with virtually all Zintl-type
clusters in the gas phase, only singly charged ions are detected by
mass spectrometry. In all cases, the molecular ion is the most
intense peak in the high-mass region of the spectrum.
LDI-TOF MS data for the Ni−Sb reactions (Figure 3b) show

the presence of Sb@Ni12@Sb20
− as evidenced by the character-

istic parent ion at m/z = 3261 and the corresponding Ni12Sb21‑x
−

and Ni12‑ySb21
− series of clusters. In contrast to the Sb@Pd12@

Sb20
3− cluster, the Sb@Ni12@Sb20

n− complex shows a far more
prominent set of Ni12‑ySb21

− cluster anions due to Ni loss in laser
ablation process. TheNi−Sb sample also containsNa+ ion-paired
clusters (i.e., NaNi12Sb20

−) resulting from Na+ impurities,
however, ion pairing with the molecular ion was not clearly
evident in these studies or LDI-TOF studies with K+-doped Sb@
Pd12@Sb20

3− crystals.
The solid-state and gas-phase studies of the icosahedral Sb@

E12@Sb20
n−/n+ ions show that the clusters can exist in the−4,−3,

−1, and +1 oxidation states (M = Pd). We have not yet detected
clusters in the −2 or neutral charge states, which could have
appeared in the form of KPd12Sb21

− (i.e., the K+ Pd12Sb21
2− ion

pair) or KPd12Sb21
+ (i.e., the K+ Pd12Sb21

0 ion pair).While there is
some evidence of these clusters in the NaNi12Sb21 series (Figure
S4), definitive proof is still missing. Regardless, these
observations suggest that multiple oxidation states of the clusters
might be accessible in solutions, representing a new class ofmulti-
oxidation-state high-symmetry clusters.
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