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One of the major objectives of cluster science is to discover stable
atomic clusters, which may be used as building blocks for cluster-
assembled materials. The discovery and bulk synthesis of the
fullerened? have sprouted new research disciplines in chemistry
and nanoscience and precipitated intense interests to search for other
similar stable clusters. However, despite major research efforts, no
other analogous gas-phase clusters have been found and yielded to
bulk syntheses. Recently, a 12-atom Sn cluster£S)) named
stannaspherene, was discovered serendipitously to be a highly stabl&igure 1. ORTEP view of the structure of R@Sng*" in [K(2,2,2-crypt)}-
icosahedral cage during gas-phase photoelectron spectroscopiéPdZ@Sng)'SED (50% thermal ellipsoids).

experiment Stannaspherene has a diameter of 6.1 A, which is large P(CH S fing Inf tion f . tal detail
enough to entrap a foreign atom and suggests possibilities to create[ (CeHs)a]a (see Supporting In ormation for experimental detal S)-
A summary of the crystallographic data is given in Table S1, and

endohedral stannaspherenes analogous to the endohedral fullerenes. lected bond dist listed in Table S2

Indeed, we have shown recently that stannaspherene can trap alfe_ﬁ? eP Og f ances arel IS ed IIT hadel I. ; isti

transition-metal atoms, as well as f-block elements, giving rise to e Pa@Sn4" anion IS aclosodetiahedral cluster, consisting
of 18 Sn atoms encapsulating two Pd atoms. It only has an inversion

a whole new class of endohedral clusterShe endohedral but i Il orol h . The Pd
stannaspherenes may even rival the fullerenes, which cannot trapsymmetry, ut its overall prolate shape is psedg- The

transition-metal atoms other than the rare-earth and f-block atoms, Pd distance (3.414 A) is beyond the range of observed singte Pd

and be used as building blocks for novel cluster-assembled materialsPd bond distances (2.52.70 A)? indicating nonbonding inter-

with tunable magnetic and electronic properties. We have found actions O[ _si_mply_ two isolated Pd atczms. The stru_cture of
further that Ph?~ (plumbasphereng)is also a highly stable P,@Sns" Is identical to that of PA@Gas" - reported previously

o . ;
icosahedral cage cluster in the gas phase with a diameter (6.3 A)by Sevovie_t gf. Howeverl,dthe PePd distance é2'83.1 A) in
slightly larger than that of stannaspherene and should also be abIePdQ@GE‘18 indicates aweaxly bonded pdimer, perhaps imposed
to trap a variety of foreign atoms. Indeed, an endohedral AlPb by the shorter GeGe distances as suggested by Sevov et al. The

cluster has been observed as a stable gaseous spedias) can Pd@Sng* cluster also bears some similarity to a+3n cluster
4— i R
be formulated as AFr@Ph.?~. Very interestingly, Eichhorn and (P@Sn;*") recently reported by Eichhorn and co-workets.

co-workers have synthesized a series of endohedral cage com- _SiToiIar to PQ@GQEA'?' which are composeql of mo Pdge
pounds, M@Ph?~ (M = Ni, Pd, Pt), through chemical reactions units1° the Pd@Sng* cluster consists of two identical Pdgn
of K4Pb’9 and ML, (M = Ptl Pdl L=’ PPh) in ethylenediamine units connected by an inversion center (Figure 2). More importantly,
(ED) and crystallized them,as 62,2,2-cryp0I$aIts§ each of the PdSA™ units. is part of a Ffd@SE?‘. endohedral
We are interested in the bulk syntheses of stannaspherepg §Sn stanna'_sphergne by removing & 8fangle with very little strut_:tural
and plumbaspherene (Rb), which are expected to be stable relaxat|on_ (Figure 2c). Thus the R@Sng* cluster can be V|e_\_/ved
solution species and may be crystallized with appropriate counte- as th_e fus_lon of two endohedral str?\nnasph_erenes along:zim_s._
rions, such as (2,2,2-cryptK Inspired by the Eichhorn com- As given in Table S2, the PeSn distance is about 2.90 A within

pounds® we have started exploratory syntheses of endohedral each PdSs S“bg\nit’ whereas the Sibn distances are in the range
stannaspherenes. Here we report the synthesis and structuraﬁ’f 3.012-3.145 A, which are shorter than the calculated-Sn

characterization of a new R@Sns* cluster, which has been distance (3.19 A) for stannasphergdae to the P& Sn interactions.

crystallized as a [(2,2,2-crypt) KPcb@Sns)-3ED salt during our Only three SA-Sn bonds are sligt_wtly elongated: Sn{An(6), Sn-
attempt to synthesize the endohedral stannaspherene Rg@sn ~ (8)~Sn(5), and Sn(9)Sn(3), which are probably caused by the
Its structure has been determined by single-crystal X-ray diffraction, fact that Sn(6, 5, 3) have to "reach out” to bond to the second

and the Pe@Sns* cluster is found to consist of 18 Sn atoms PdSng?~ subunit (Figure 2b). The six horizontal S&n bonds,
encapsulating two Pd atoms and in fact are due to the fusion of such as Sn(})Sn(8), Sn(2)-Sn(3), Sn(3)-Sn(2), Sn(4)-Sn(8),

two endohedral stannaspherenes (Pd@Snalong theirCs axis Sn(5)-Sn(2), and Sn(6)-Sn(4), which bridge the two Pdsfr

by removing a Satriangle on each Saunit at the clustercluster units together, are relatively short and almost identical to each other
joint (3.089-3.106 A).

The [K(2,2,2-crypt}(Pch@Sng)-3ED compound (Figure 1) was To eIuc4i9Iate the stability an_d the electronip struc_:tl_Jrg of the new
crystallized in an ED solution via the reaction of¥y and Pd- PdZ@_SQS cluste_r, we carried out quasi-relativistic den5|t'y
functional calculations at the PW91/TZ2P level (see Supporting

1‘;";?2&”,%8:35'\}:& ﬁ;‘t'i‘(’)‘f{asl"{éborawry Information). We optimized the structure of #&ISng¢*~ starting
8 Tsinghua University. from the crystallographically determined structure and also from
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Figure 2. Relationship of Pg@Sng*~ and stannaspherene Pd@$Sn
(a) the Pd@Sng* cluster, (b) the two halves (Pdgn) of Pb@Sng*~
separated along its pseu@g-axis for clear view, (c) reconstruction of two
endohedral stannaspherenes Pd@Srby adding a Satriangle (green)
to the two PdSgt~ subunits.

Figure 3. Comparison of the structural evolution from Pd@$n to
Pab@Sng* to that from Go to Cro.

stacking two ideal Pd@$5~ endohedral stannaspherenes by
removing a Sgtriangle (i.e., from Figure 2c to 2a). Both led to
the same and a more symmeftig; species for the free R@Sng*
cluster, which is confirmed to be a minimum through vibrational
frequency calculations. Molecular orbital analyses reveal that it can
be viewed as two neutral Pd atoms trapped inside a polyhedral
Sng*~ with a large HOMO-LUMO gap of 1.44 eV (Figure S1)
(compared to 1.70 eV for Pd@&H and 1.66 eV for P Gag*~

at the same level of theory), suggesting that it is a highly
electronically stable species.

Stannaspherefean be viewed as an inorganic analogue of the
fullerene Go, and its calculated diameter (6.1 A) is only slightly
smaller than that of & (7.1 A). It has been shown to be able to
trap all transition-metal atoms including the f-block eleménts,
analogous to endohedral fullerenes. Here we further note that the
structural evolution from the nearly spherical stannaspherene to the
prolate Pd@Sng* is also reminiscent of that fromggto Cyo, as
illustrated in Figure 3. Further extension of@an lead to the
formation of a single wall carbon nanotube. It is interesting to

speculate if the P@Sng* cluster can be further extended to form
carbon nanotube-like structures. Preliminary calculations suggest
that insertion of up to two Pdgmnits into Pd@Sng* still lead
to stable structures, for example, both@$6n4~ and Pd@Sn*~
clusters are stable with reasonable HOMQJMO gaps.

Starting from the nine-atom Zintl ionsgE (E = Ge, Sn, Pb;
x = 2—4)12 several interesting new clusters have been synthe-
sized®10.11.1315 The recent synthesis of tl@osoPhy?~ clustet
from the Pl*~ Zintl ion suggests that the parent stannaspherene
(Sni227) and plumbaspherene (Bb) may also be obtained from
the respective & Zintl ions under appropriate reaction conditions.
Indeed, the current work and the previous wéfkon M@Ph»*~
and Pt@Ph+~, as well as observation of other possible gaseous
Cu—Sn core-shell clusterd® suggest that a whole class of
endohedral stannaspherenes and plumbaspherenes with various
internal atoms, as well as other novel endohedral structures, may
be synthesized and crystallized.
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