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Figure 6. FT-IR spectrum of an individual resin bead on which 1 is
immobilized.

method can thus provide a valuable contribution to the
development of miniaturized syntheses on individual resin
beads. The combination of IR mapping with MS and HPLC-
MS analysis means that tagging concepts can be abandonned;
technical procedures of automatic sorting of resin beads could
even be developed.

Experimental Section

The FT-IR mapping was carried out with a Bruker IRScope II instrument.
The resin beads modified according to Scheme 1 were embedded in a KBr
window under a slight pressure. An area of 3 x 3 mm? was mapped with an
IR microscope. With a step width of 50 pm 60 data points were measured in
the x as well as the y direction, so that a total of 3600 IR spectra were
registered for the IR mapping. For a resolution of 4 cm~' and a summation
of 4 scans per data point, the measurement time was 5 h.
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Ba;Ge,: Polymerization of Zintl Anions in the
Solid and Bond Stretching Isomerism**

Fabio Ziircher and Reinhard Nesper*

In memory of Jean Rouxel

In the fast-growing family of Zintl phases, an ever-increas-
ing number of completely new bonding patterns of main
group element clusters, Zintl anions, are being discovered.
These oligo anions or polyanions often carry relatively high
formal charges, which can be determined in accordance with
the Zintl-Klemm concept.l! In the solid, stabilization is
achieved through a large number of surrounding cations. The
transfer to solution has only been successful in a few cases
until now, most of which were Zintl anions with low formal
charges.”! It has not yet proved possible to directly dissolve
the smaller, highly charged oligomeric anions of Group 14
elements such as E§~,P E§~ ¥ Elo- 571 E#-18] from the Zintl
phase into solution. Apart from E, in the form of a
tetrahedron! or a butterfly anion, none of these has even
been synthesized as a molecular compound.

We investigated the different effects of cations on the Zintl
anions in a series of experiments and were able to detect a
strong relationship between the polyanion E?~ formed and
the type of cation used. Small, polarizing cations, in particular
Mg?>* and complex cations such as MX!'* (M = Ca, Sr, Ba;
X = 0) thus favor the formation of highly charged end groups
or isolated E* ions. In contrast, large mononuclear cations
preferentially stabilize E—E bonds, whereby the E atoms are
less highly charged.! According to the Zintl—Klemm con-
cept, semiconductor structures can only be formed in which
the polyanions E?~ follow the 8 — N rule or the cluster
counting rules. There are often several structural solutions for
a given composition and valence electron number, however,
and then the factors mentioned above also play a part in
determining the form of the Zintl anion formed. The influence
of cation size in determining the structure of the polyanion
type for a given electron number has been little investigated
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until now. We have now found a borderline case with Ba;Ge,,
which shows very clearly just this effect.

Of the binary Ba/Ge phases,'” only the compounds
Ba,Ge "'l BaGe,l'"”l and BaGe,["¥l have been characterized to
date. Despite several indications for a phase with the
composition Ba;Ge, "] this has not been described in more
detail as yet. In contradiction to the published phase
diagram,['¥ we have now obtained Ba;Ge, from a stoichio-
metric reaction of the elements between 1120 and 1360 K.['3]

There are two modifications of Ba;Ge,:['®l Above 630 K the
B-Ba;Ge, phase, isotypic with Ba;Si,, is stable, whereas the
room-temperature phase a-Ba;Ge, crystallizes in a new
structural type.'*'71 This is admittedly not isotypic with
Ba;Si,, but it is related to it. According to the observed
abrupt changes in volume and enthalpy the phase transition
from the « to the § form cannot be second order and thus must
be discontinuous. However, by careful warming of single
crystals of a-Ba;Ge, on the diffractometer these were
converted into single crystals of 5-Ba;Ge,, which were then
measured. Slow cooling led to the reformation of the a form,
but the single crystals were completely destroyed. Whereas
Ba;Si, contains exclusively isolated Si§~ butterfly anions
(Figure 1a), in addition to the monomer the chainlike cross-
linked polymer made up of butterfly anions of Ge§~ occurs in
a-Ba,Ge, (Figure 1b). We attribute this to the size of the Ba**
ions being insufficient to separate the anions far enough from
one another and thus stabilize the monomers. The anions are
able to approach one another, leading to the polymerization
of half of these groups with a simultaneous and considerable
anisotropic reduction in volume of the unit cell. An ortho-
rhombic distortion of the unit cell occurs, in which only
the Zintl anions in the crystallographic a axis are linked
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Figure 1. Structures of a) Ba;Si, and b) a-Ba;Ge,. The position of the unit
cell in (a) is indicated by green lines in (b). c) Isolated butterfly unit.
d) Polymeric chain of butterfly anions. €) Geometric relationship between
the arrangement of monomeric and polymeric butterfly anions.
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(Figure 1b). The accompanying shortening in length is about
3%, whereas the other two axes remain almost unchanged.

The Zintl-Klemm concept is fulfilled by both modifica-
tions in different ways: (Ba?*){[Ge§~] L [Ge§~] satisfies the
8 — N rule just as does the (Ba>");[Ge§~] modification made
up entirely of monomers. The isolated butterfly anions E§~
contain two-valent and three-valent species (2b)E?~ and
(3b)E~ with two or one free electron pair(s), respectively. In
the polymer, the intermolecular linkage (d(Ge—Ge)ye,=
287.4(2) pm) replaces the central intramolecular bond in the
butterfly anion (d(Ge—Ge);yra = 327.4(3) pm; Figures 1¢ and
1d). Thus, neither the number of bonds, nor the charges are
changed; the two-valent and three-valent germanium species
(2b)Ge?~ and (3b)Ge~ are not swapped during the polymer-
ization (Figures 1e).

According to experimental and theoretical studies on the
neutral bicyclo[1.1.0] systems Si,R¢ and E,C,Rg, this intra-
molecular bond possesses unusual properties even in the
monomer. From structural investigations, both species with
normal single bond lengths (d(Si—Si) =237 pm) and those
with very long central bonds (d(C—C=178 pm) are
known.['3-20] Results are available from quantum-mechanical
calculations on Si,H. Although these are of varying quality,
they all confirm a double minimum potential with d,(Si—Si) =
234 pm and d,(Si—Si) = 273 pm.['8-2% The latter case is given as
being somewhat more stable and corresponds to a singlet
diradical, whereby the corresponding intramolecular interac-
tion has significant m character. Because of the energetic
proximity of the neighboring minima on the potential hyper-
surface, this system has been described as an example for
bond stretching isomerism.* 2!l

All E-E distances in the monomers in a-Ba;Ge, and Ba;Si,
are approximately equal and correspond to single bonds
(d(Si—Si) =242 pm, d(Ge—Ge) ~259 pm). Longer bonds are
found to occur in both modifications of Ba;Ge,, however. In
the § form the central bond in the monomer (d(Ge—Ge) =
271.2(7) pm) and in the « form the linking bond in the
polymer (d(Ge—Ge)=287.4(2) pm). The latter is admittedly
considerably longer than a single bond, but only slightly
different from the long bond in the a form. It is also known
from other studies on the somewhat shorter Si—Si single bonds
that elongations in the distances of up to 280 pm can occur.??l
If the same should be true of the Ge—Ge bonds described
here, as was calculated for the Si—Si bonds in the butterfly
molecule, then these long bonds would lie in the expected
range.

We determined the electronic structures using the extended
Hiickel (EH)? and the LMTO methods,?*! and calculated the
electron localization function ELE.? The results are shown in
Figures 2 and 3. Both methods lead to very similar densities of
states with a small (EH, Figure 2a) or almost nonexistent
band gap (LMTO, Figure 2b). This is in agreement with the
experimental determination by the van der Pauw method
(Figure 2c¢), although we are unable to distinguish between
intrinsic and extrinsic conduction behavior. Comparison of
the overlap populations (COOP?) for the monomers in the a
and S phases as well as for the polymer shows that the bonds
in question have a strong, a weak, and a very weak Ge(4s)
contribution, respectively (Figures 2e—g).
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Figure 2. Electronic structure and physical properties of Ba;Ge,: a, b) calculated densities of states (DOS); EH (a)
and LMTO (b). The DOSs are very similar; as expected, the DOS obtained by the EH calculation has a somewhat
larger band gap. ¢) Temperature dependence of the electrical conductivity according to the four point van der Pauw
method; the “band gap” is calculated to about 0.08 V. The two curves correspond to measurements for two different

under the assumption of spin
polarization, in which in ad-
dition to the singlet diradical
other radical situations were

samples. d) Temperature dependence of the magnetic susceptibility; there is no simple Curie — Weiss dependence.

e—g) Overlap populations (COOP) of the intramolecular (thick lines) and intermolecular bonds (thin lines),
calculated by the EH method: e) For the isolated anions in a-Ba;Ge, with the relatively short intramolecular Ge—Ge
bond (the strong Ge(4s) orbital contribution (population at about —20eV) is typical for normal ¢ bonds, the
intermolecular interaction is nonbonding). f) For the isolated anions in (-Ba;Ge, with the relatively long
intramolecular Ge—Ge bond (here too, the Ge(4s) orbital contribution is in the normal range for o bonds
(population at about —20eV), the intermolecular interaction is also nonbonding). g) For the polymeric anions in a-
Ba;Ge, with the relatively long intermolecular Ge—Ge bond (the Ge(4s) orbital contribution is astonishingly low for
o bonds (population at about — 19¢V), in this case the intramolecular interaction is unequivocally nonbonding). The

states in the shaded regions were used to calculate the PDEN in Figure 3.

Isosurfaces of the electron localization function (ELF =
0.8) for the monomeric Ge§~ ions in a- and $-Ba;Ge, are
shown in Figures 3a and 3b with one short and one long
intramolecular bond, respectively. The extended regions of
the free electron pairs on the (2b)Ge atoms are conspicuous;
their horse-shoe distributions almost give the impression of a
linear part. We know from comparative studies of such highly
charged anions that a clear tendency towards sp? hybrid-
ization occurs, the result of which is a p-type and an sp-type
free electron pair. Situations like this have not been consid-
ered in the Nyholm - Gillespie rules as yet, and could lead to
an extension of the VSEPR theory.?) This is particularly
apparent in the partial electron density (PDEN), which is
calculated from the states highlighted in Figure 2e —g close to
the Fermi level and shown in Figures 3d—f. The ELF sections
through the intermolecular bond in the polymer indicate a
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produced. Surprizingly, all
calculations for 0K con-
verged to a diamagnetic

ground state. As the magnetic
measurements resulted in a
distinct temperature-depend-
ent paramagnetism (Fig-
ure 2d), the question still re-
mains as to whether triplet
states can occur at higher
temperatures, or whether paramagnetic impurities (defects,
Nb metal from the wall of the synthesis ampoule) are present.
We conclude at any rate that the double maxima in the long
bonds indicate an unusual form of the chemical bond and a
transition to the diradical form.
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Figure 3. Depiction of the electron localization function ELF for Ba;Ge,: three-dimensional ELF
isosurfaces (EH; ELF =0.8): a) For the isolated Ge§~ in a-Ba;Ge,; the spatial requirement of the
free electron pairs, with distinct p orbital character on the two-valent Ge atoms, is conspicuous. The
central bond can be described as a bridge between the free electron pairs of the three-valent Ge
atom. b) For the isolated Ge§~ in -Ba;Ge,; the general ELF distribution is similar, but the long
intramolecular bond is divided into two wedge-shaped pieces, which are attached to the free electron
pairs of the three-valent Ge atoms. c) For the polymeric Ge$~ in a-Ba;Ge,; the general ELF
distribution is again similar, but instead of the long intramolecular bond, a localization with two
maxima between the three-valent Ge atoms occurs. d—f) The corresponding partial densities
(PDEN®) for states near to the Fermi level for the structural parts in (a—c) show increasing p orbital
contributions from (d) to (f) on the (3b) Ge atoms. g—i) Comparison of the ELF from EH and LMTO
calculations in two-dimensional sections through the intramolecular (red arrow) and intermolecular
bond (white arrow) in the polymer chain of 3-Ba;Ge,. In all cases, no bonding localization occurs in
the corresponding intramolecular region. Whereas the EH calculation (g) for the intermolecular
bond clearly leads to two bright localization regions, for the LMTO calculation there is still no
separation visible at 278 pm (h). At the extended distance of 300 pm this clearly does occur, however
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The Hydrogen-Bonded Framework of the First
Anti-Zeotype: [{(H,NELt,),},(CuCl) J[AICL]**

James D. Martin* and Brian R. Leafblad

Zeolites are the archetypal class of porous framework
materials whose host—guest interactions have been tailored
to a variety of industrial processes such as catalysis and gas
separation.!l. Zeolites are constructed from silicate and
aluminate building blocks in which the tetrahedral cations
are covalently linked by two-coordinate anions (oxygen) into
a plethora of micro- and mesoporous frameworks.* In these
systems the size and shape of the pore structure is controlled
during synthesis by molecular or cationic templating species.
By use of charge-matching techniques, numerous oxide-based
framework materials analogous to zeolites have been report-
ed, including frameworks rich in transition metals such as the
recently reported cobalt phosphates.”! We recently demon-
strated an extension of such charge-matching techniques to
include substitution of framework anions, as well as cations, in
the preparation of halozeotypes [Cu,Zn,,_,Cl,,]"", which are
direct analogues of aluminosilicates.”! The preparation of
other non-oxide zeotype materials has recently been re-
viewed.["l Here we describe the first example of an “inverse”
charge-matching strategy, by which an anti-zeotype frame-
work structure is constructed from the linkage of tetrahedral
anions by two-coordinate cations.

The synthesis of open-framework materials based on
principles of structural anti-types, in which the positions of
the framework anions and cations are reversed (such as in
fluorite, CaF,, and anti-fluorite structures, Li,O) has to our
knowledge never been reported. Unlike classic zeotype
frameworks, in which an anionic or neutral framework is
templated by extra-framework cations or molecules, our anti-
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zeotype constructions, in which tetrahedral anions are linked
by two-coordinate cations, can be utilized to prepare cationic
frameworks templated by noncoordinating extra-framework
anions. Such anion templating is expected to yield both novel
open-framework structures and unique properties.[’!

Previously, several metal-organic cationic frameworks have
been prepared in which neutral, bidentate ligands link
cationic metal centers into covalent networks. & °l However,
in these metal-organic frameworks, the cationic metal centers
are coordinatively saturated by the two-coordinate linker
ligands such that the internal surface of the framework cavity
which surrounds the anionic template consists of the neutral
ligands. By contrast, in our anti-zeotype constructions, the
internal surface of the open-framework voids will be com-
posed of two-coordinate cationic linking units. This cationic
surface of the framework void may be exploitable to increase
anion-binding affinities.

Because of the utility of hydrogen bonding for the
construction of supramolecular assemblies, dialkylammonium
cations were examined as potential two-coordinate cations to
link [MCL,]" tetrahedral anions. In spite of the importance of
hydrogen bonding between cations and anions for supra-
molecular assembly and molecular recognition in biological
systems, to date only a small number of organic and metal-
organic supramolecular hydrogen-bonded frameworks have
been constructed using exclusively ionic components,’ 10121
compared with the number of hydrogen-bonded assemblies
prepared using neutral molecules as donors and accept-
ors.13-191 Nevertheless the strength of interionic hydrogen
bonds of around 40-190 kJmol~''Yl make such ionic con-
structions attractive for the preparation of more robust
framework structures. In this present work, we exploit the
hydrogen-bonding ability of dialkylammonium cations to link
[CuClL]*~ tetrahedral anions into the novel anti-zeotype
framework [{(H,NEt,),},(CuCl,)]", in which [AICl,]~ anions
fill the framework void. This cationic partial structure is
shown in Figure 1. Such hydrogen-bonded frameworks are not
expected to provide the rigid structures found for covalent
zeolite-type frameworks; however, Yaghi et. al. have recently
demonstrated microporosity in a framework constructed from
hydrogen-bonded metal-organic complexes.!')
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Figure 1. Cationic partial structure of 1. The hydrogen-bonding contacts
are indicated by solid lines. CI: large open spheres, Cu: large black spheres,
N: large gray spheres, C: small gray spheres, H: small black spheres.
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