Inorg. Chem. 2003, 42, 7731-7733

Inorganic: Chemistry

* Communication

Preparation and Precise Structural Determination of a Second Gag,
Cluster Compound. A First Hint for Cluster Doping and Its Fundamental
Consequences in the Field of Chemistry and Physics of Nanoscaled

Metalloid Cluster Material

Andreas Schnepf, Bettina Jee, and Hansgeorg Schntckel*

Institut fir Anorganische Chemie der Urersita Karlsruhe (TH), Engesserstr., Geb. 30.45,

D-76128 Karlsruhe, Germany

Edgar Weckert, Alke Meents, and Daniel Lubbert

HASYLAB at DESY, Notkestr. 85, D-22603 Hamburg, Germany

Erik Herrling and Bernd Pilawa

Institut fr Physik der Uniersitd Karlsruhe (TH), Wolfgang-Gaede-Str. 1,

D-76128 Karlsruhe, Germany

Received September 3, 2003

The GagRa*~ [R = N(SiMes),] species, which represents the
largest metalloid cluster entity structurally characterized so far, has
been electronically and topologically modified: Via changing the
redox potential of the reaction solution, crystals different from those
containing the GagsR*~ anion can be isolated, featuring similar
GagR®~ entities. An accurate crystal structure analysis via
synchrotron radiation is presented, which might be the first step
toward an understanding of the metallic conductivity and super-
conductivity of the GagsRx*~ cluster compound, physical properties
which are singular in the field of metalloid clusters so far.

The different kinds of metal atom clusters have gained
increasing interest recenthy.For metal atom clusters which
contain both ligand-bearing and naked metal atoms that are
only bound to other metal atoms, we have introduced the
term metalloid in order to express, in accordance with the
Greek wordetdog (ideal, prototyp), that the ideal form of
the motif of the solid structure can be recognized in the
topology of the metal atoms in the cluster. In general, such

metalloid clusters contain more direct metatetal than

metal-ligand contacts. This means that the metalloid clusters

in which, in accordance with the definition of Cotton,
nonmetal atoms may also belong*to.

The most prominent metalloid cluster is the
[Auss(PPh)1,Clg] cluster® However, so far no X-ray crystal
structure analysis has been obtained, due to the lack of a
suitable crystal, though several groups made extensive efforts
to obtain pure crystalline material. The largest metalloid
clusters of precious metals that have been structurally
characterized are BCO)y(PMe3)21,6 Pdias(CO o PEL)3z0,”
and, recently, Pd(COuo(PES)14.2 These clusters contain 11,
55, and 6 naked metal atoms (all interior), respectively, but
in each case, there are more ligated metal surface atoms.
This property is different from the largest metalloid clusters
containing main group metals, AR,?~ ° and Ga/Rx¢*™ 1°
[R = N(SiMe3);] (1) which contain 57 and 64 naked metal
atoms, respectively, and only 20 ligand bearing metal atoms.
The arrangement of the 64 naked Ga atoms (two naked Ga
atoms occupy surface sites (top and bottom) and the other
62 interior sites) inl featuring a short bonded Ganit in
its center is presented in Figure 1.

Since most of these metalloid clusters of precious as well
as of base metals are difficult to prepare in a crystalline state,

form a subgroup of the extensive metal atom cluster group (4) cotton, F. A.Q. Re.. Chem. Soc1966 20, 389.
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Figure 2. Molecular structure of GasaN(SiMes)s]20}3~. SiMes groups
are omitted for clarity. Vibrational ellipsoids with 50% probability are
shown. The central Gaentity with the Gaunit in the center is emphasized
via a polyhedral presentation.

Figure 1. Arrangement of the naked 64 Ga atoms of4Be(SiMes)s] 20~ . .

(1). The interior football-like arranged 32 Ga atoms, surrounding the central properties of the crystalline cluster compound. In order to
Ga unit, are emphasized via a polyhedral presentation. confirm the charge of 3, we performed EPR measure-
ment$® which show the expected EPR signal witly-factor

of 1.984 at 6.7 K.

The arrangement of the 84 Ga atomgiis, within error
Sbars, the same as iy however, because of the different
overall charge (3 instead of 4-), a different packing of
the Ga, anions in the crystal is observédin principle, the
ionic crystal of2 can be described as a distorted fcc lattice
of Gas,>~ anions with [(THF)LIBrLi(THF) 3]* cations in the
octahedral sites and [Li(THE)" cations in the tetrahedral
sites, from which a negative charge o8 for the cluster
Fesults. As the packing of the @& anions1 in the ionic
crystal can also be described as a distorted fcc lattice,
containing [Li(THF)] " cations in the tetrahedral sites and 2
[(THF)LIBrLi(THF) 5] ™ cations in the octahedral sites, the
arrangements of the anioftsand?2 are very similar, but the
orientation of the clusters to each other differs. These
different orientations ol and2 in the crystal are illustrated
for a typical layer of cluster species in Figure 3: While there
is only one short intermolecular G&a distance between
the naked top and bottom Ga atoms of thef5aclustersl
(12.9 A) bridged by two toluene molecules, there are two
different and longer GaGa distances of 13.4 and 14.2 A
between the naked top and bottom Ga atoms of thg*Ga
clusters2. Therefore, the Ga clustersl are aligned in a
tube-type arrangement with bridging toluene molecules,
which is different from the orientation of the @& species

and since in most cases, only a few crystals are available,
no further measurements on the physical properties could
be obtained so far. Therefore, the conductivity measurement
of crystals containing the @ecluster [GaJ GaN(SiMe)2} 2+~

(1) gained increasing interest because of their metallic
conductivity*! and superconductivit? However, so far no
hypothesis exists to understand this behavior, which is
singular for a metalloid cluster compound.

During these conductivity investigations, 280 suitable
crystals containind with dimensions between 0.7 and 1.4
mm were needed, and so we had to repeat the synthesis o
1 several times as only few crystals with the necessary size
for the conductivity measurement can be obtained per batch.
During these iterations, we also attempted to optimize the
reaction conditions under which only large crystals can be
isolated.

When we started with a cryochemically prepared meta-
stable solution of GaB¥ which contained a different solvent
mixture of toluene/THF (4:1 instead of 3:1), we reproducibly
obtained, after reaction with LIN(SiM}, different, but still
black and metallic shining, crystals of an insolublegfsa
compound containing what we now refer to as the
[Gags(N(SiMes),)20)° cluster @) (Figure 2)* Obviously the
redox potential of the reaction mixture influences the negative
charge of the Ga cluster species and hence the electronic

(11) Bakharev, O. N.; Zelders, N.; Brom, H. B.; Schnepf, A.; Saied, 2. ) )
12) E delJ%ng?(, II_ JEur.I\sl’h%s. JF20%3 Dzét, 18‘}- B Wosnitza. J Due to the different arrangement 8fin the crystal, the
agel, J.; Kelemen, . |.; FIscher, ., Pllawa, b.; osnitza, J.; . . .
Dormann. E. v. Loneysen, H.: Schnepf, A.: Schriel. H.. Neisel, asymmetric unit only contains one-half of eachg3duster

U.; Beck, J.J. Low Temp. Phy2002 314, 133.
(13) Dohmeier, C.; Loos, D.; Schokel, H. Angew. Chem., Int. Ed. Engl. (15) The EPR spectra were measured on an X-band spectrometer (Bruker

1996 35, 129. Schnepf, A.; Schiciel, H. Angew. Chem., Int. Ed. ESP300E.y = 9.74 GHz). At 6.7 K, an EPR signal at 3414.2 G is
2002 41, 3533. Schnepf, A.; Schickel, H. Adv. Organomet. Chem. found.
2001, 47, 235. (16) X-ray diffraction data were collected from a black plate (8.8.3 x

(14) LiN(SiMe3)2 (1.8 g, 10 mmol) was added to toluene (35 mL) and 0.2 mn?) with monochromated (Si 113 double crystal) synchrotron
cooled to—78 °C. A GaBr solution (27 mL, 8.3 mmol of a 0.3 M radiationA = 0.36465 A on a Mar345 image plate scanner at 100 K.
solution in toluene/THF (4:1)) was added to this solution slowly at The structure was solved with direct method®ihand refined orF?
—78 °C with a steel cannula. The reaction mixture was then slowly with 1902 parameters using SHELXS-97 (Sheldrick, 1990) and
heated to room temperature under stirring, and an almost black solution SHELXL-97 (Sheldrick, 1997). Crystal data = 22.466(2) A,b =
was obtained. The solution was then warmed t6G5or 20 h. After 22.699(2) Ac = 22.964(2) A, = 96.174(17), f = 114.83(23, v
the solution had been cooled to room temperature, black metallic =117.04(3y, V=8797.7(15) R, Z = 1, u = 0.9585 mn1?, dgaca =
shining crystals o (75 mg, 0.007 mmol, 26%) were obtained on the 1.939 g/cm, R1/wR2= 3.66/8.85 for the 113 391 observed reflections
glass wall. (I > 20).
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information have to be handled with care. However, our

precise structural results fdr and 2 allowed for the first

time to establish a first working hypothesis for the mentioned

unexpected electrical conductivity behavior of crystals

containingl: there may be a possible substitutionlofith

2, i.e., with Ga4 entities containing a different charge present

in the same crystdf. Further investigations which are far

from being trivial (e.g., the experimental realization of the

conductivity measurements takes at least two years) because

of the extreme air sensitivity of these metalloid cluster

compounds (some of them are spontaneously igniting when

exposed to air) are on the way. These measurements are
(F)igll;lrthe’-ceLrixrfaelr g; cLljlrftt?sr ;ﬁg\?\;ﬁsfo rgcllé;ri(til) ﬁlﬂa :ggsiag;‘;h(el)b(rfiig;g-g perfomed in order to check whether mixed crystals (contain-

' ing 1 as well as2) can be obtained and, if such “mixed

toluene molecules are also shown. Intermolecular Ga distance between i - . X ;
the naked top and bottom Ga atoms of theGdustersl and2 are given valence” material exists, to evaluate its relation to the

by dashed lines. observed electrical conductivity. Possibly these experiments
o L ) on a structurally precisely characterized phase will give new
entity in contrast to crystals containidgwith two different ideas for the interpretation, e.g., of superconductivity of

Gay entities (for each, only one-half). We were able to get compounds on the borderline between pure solid state and
a very precise structure determination foespecially since  glecular, i.e., supramolecular and nanoscaled materials.
we used synchrotron radiation at the relatively high photon Consequently, this so far hypothetical “cluster doping” in
energy of 35 keV for the diffraction experiment. The long- analogy to atom doping, e.g., by P atoms in solid Si, may
term aim of this synchrotron diffraction experimentis to get pe essential for the presence of any conductivity property

for tr_le first time an experimentally determined electron ¢ many crystalline as well as of noncrystalline cluster
density of a metalloid cluster compound. However, more compounds.

experiments at different temperatures have to be performed
in order to check if there is any disorder. Nevertheless, Acknowledgment. We thank the Deutsche Forschungs-

though? is the largest metalloid cluster with nearly 2000 9emeinschaft and the Fonds der Chemischen Industrie for
parameters used in structure refinement, the structural datdinancial support.
for 2 obtained are the most precise that are known for a  Supporting Information Available: X-ray crystallographic file
metalloid cluster compound at all (reflection/parameter in CIF format. This material is available free of charge via the
value: 72.8). Internet at http://pubs.acs.org.

The most important consequence of the presented results-q35031k
is that, depending on the redox potential of the reaction

So|ution, e|ectronica"y and topo|0gica"y similar but not (17) Inprinciple, X-ray crystal structure determination is the most accurate
method to determine the topology in crystalline compounds. However,

identical Gaa cluster speciesl(and/or2) are formed. This in order to detect the doping concentration of similar but not identical
conclusion can be drawn for the first time for such a large species in the range of a few percent, this diffraction method is too

; ; P rough, especially if clusters of the size discussed here are involved;
metalloid cluster cpmpound, since the CharaCtenza.tlon. has i.e., a principle problem exists for many crystalline substances and
been performed via X-ray crystal structure determination. also for the large metalloid clusters already mentioned. For metalloid
Any other method (e.g., STM or TEM) frequently used for cluster compounds, this problem can be solved, if enough crystalline

. . material is available in order to perform conductivity measurements,
the characterization of such large nanoscaled material would  gjnce they are more sensitive, even if doping concentrations much

have shown no difference, so that one would assume the  lower than a few percent are present. Consequently also for the

: . . . : superconducting fullerides (3s0) with their LizBi structure (analo-
presence of identical cIustgrs. ThIS means phyglcal properties o< 162), such doping cannot be excluded via X-ray structure
of any nanoscaled material without any detailed structural determination.
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