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Receied September 3, 2001  Figure 1. The building units of ASU-16 composed of seven germanate
groups with coordination varying from four to six: tetrahedra green,
Oxide materials with open structures have been the subject oftrigonal bipyramids yellow, and octahedra red.

intense research for decades, because of their economically
important applications including catalysis, separations, waste pipyramids, and one Geyoctahedron (X= O or F) was found.
removal, and water softening. The now classical materials are This material, which contains pores outlined by 16-membered
the aluminosilicate zeolites whose structures are based onrings, is one of the least dense germanates prepared to date with
frameworks of corner-sharing metedxygen tetrahedr.The 12,0 Ge atoms nnf (comparable to the least dense aluminosilicate
pores in such materials are characterized by the size of the ringszeolites). ASU-12 was genuinely porous as shown by exchange
defining them, which in turn are measured by the number of metal st dies.
atoms in the ring. Traditionally, rings of 8, 10, or 12 metal atoms  \ye have now found that by using a different base, diamino-
have been denoted as small, medium, and large. The dis€overy tane (DAB), but otherwise similar synthesis conditions, that a
of an aluminophosphate with 18-membered rings (‘extra-large”) material (ASU-16) with the same building units, but with a
has directed attentidito oxide materials with even larger pores, ifferent topology and very much lower framework density (8.6
and examples are now known of materials with 20-memidered Ge atoms nm?), can be prepared. In fact, it has a lovi than
and 24-memberéd rings. Even larger rings are foumside the  any of the other materials referred to in this paper, or indeed of
cavity of a framework with 16-membered-ring windowail of any that we are aware of, although a few others come éfose.
the materials mentioned so far are phosphaiasd contain a ASU-16 was synthesized as a pure germanate under hydro-
metal such as Al, V, Fe, Ni, Zn, or Ga in 5- and/or 6-coordination, thermal conditions for 4 days at 160 from a mixture of
with the exception of a 24-membered-ring germanate reported germanium dioxide, water, 1,4-diaminobutane (99%, Aldrich),
recently> Here we report a new germanate framework, of 5 igine and hydrofluoric acid (48 wt %) with a typical molar
unusually low density, with pores based on 24-membered rings. (atio of GeQ:70 H,0:12 DAB:40 pyridine:2 HF. The resulting

Density in zeolite materials is often measured-as(framework product was washed and filtered before drying at room temper-
density)= the number of metal atoms per Arfihe lowest density  5yre. ASU-16 crystallizes as spherical bundles of tightly packed
zeolite is cloverité with FD = 11.1 nm=, needles. The length of the needles rarely exceedsubONo

Germanate analogues of zeolites with all tetrahedral frameworks ooy phases can be detected in the X-ray powder diffraction
are rare2dput there are also a number of materials with mixed patterns
4-, 5-, and/or 6-coordinatiohln the compound formulated as . :

P The structure of ASU-16 was solved by single-crystal X-ra
G€14029P[(CH3)oNHo]6xH 0 (ASU-12)7 a novel cluster formed iy itfraction at the APS synchrotron sgurceg(Arggnne,lFL). /
by condensation of four GeXtetrahedra, two Gextrigonal It is made up of two crystallographically independent clusters,

T Arizona State University. identical in composition. The clusters are composed of seven
;Univers!ty of Minnesota. germanium atoms with mixed coordination: four tetrahedral
University of Michigan. GeQ, two trigonal bipyramidal GegF, and one octahedral Gg©
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Figure 2. View of the ASU-16 framework along the 24-membered ring
pore direction (view dowm-axis withc-axis horizontal): tetrahedra green,
trigonal bipyramids yellow, and octahedra red.

and links the octahedron to the two Gg#Opolyhedra. The
heptamer show€,, symmetry and is similar to the building unit
of ASU-12? In both phases, the clusters are linked to each other
through five bonds by sharing the corner oxygen of the four
tetrahedra and one GgPunit. The new structure generated is a

3-D framework characterized by 1-D 24-membered-ring channels.
The structure can be described as the stacking of sheets alon

the a-axis where a layer in théc plane is formed from the

assembly of units made of four clusters (Figure 2). Each cluster

has one link up and one link down allowing the connection of
the sheets along treeaxis, which generates new windows of 8-,

10-, and 12-membered rings perpendicular to the channel direc-

tion. The resulting 5-connected net of clusters is formed from a
prismatic stacking of planar £8ets. In contrast in ASU-12, the

corresponding 5-connected net is formed from a prismatic stacking

of 62 nets.

The channels are elliptical in shape; the smallest and the larges
free diameters of the pore aperture are approximately 8.5 and 15

A, respectively.

We assume that the singly coordinated anions in the cluster
are F atoms (although they may be partly OH). This gives a charge

of —6 per two-cluster unit with composition G&,4F,. Elemental

analysis is consistent with the negative charge of the framework
being fully compensated by the presence in the structure of three

molecules of the organic base DAB.However, only two
molecules were clearly located by X-ray analysis, which were
found in the 10- and 12-membered-ring windows. Remaining
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Figure 3. Correlation between the unit-cell volume and the unit-cell
parameteb for a series of ASU-16 samples presenting different degrees
of weight loss; the circle corresponds to single-crystal data.

data acquisition. Despite solvent loss, X-ray powder diffraction
shows that the framework is stable to at least 160

The bond distances G® of tetrahedral germanium vary from
1.706 to 1.784 A, with an average valiBe—OO= 1.740 A
typical of germanium oxides. The distances—& of the five-
coordinated germanium bonded to bicoordinated framework
oxygen are in the range 1.756.865 A, the distances G to
the tricoordinated oxygen located in the core of the clusters being
in a different range 1.9862.182 A.

The bond angles GeEO—Ge show two separated distributions.
The angles GeO—Ge between germanium atoms within the
same cluster are distributed in a narrow range around 148tR
a standard deviation of 3.50n the opposite side, the five angles

Ee-0-Ge connecting the clusters are in the range 1:3346.5.

This distinction suggests that the structure can be described as
an assembly of rigid clusters connected by flexible-Ge-Ge
bonds.

The structure is characterized by a truly remarkable flexibility.
The volume of the unit-cell determined from full-profile fitting
refinement of X-ray powder diffraction patterns shows a dramatic
variation as a function of the weight loss of the samples at room
temperature. For our set of samples, the volume decreases from
13010 to 12240 A which corresponds to a variation of ca. 6%,

{vithout jeopardizing the integrity of the framework. The volume

change of the unit-cell originates from the contraction of the
b-axis, the productc remaining constanic = 509 A2 (Figure

3). This variation is remarkable and reveals the flexibility of the
Ge—0—Ge bridging bonds between the clusters and explains why
the connection between the building units is not limited to form
only one topology. Indeed a framework of even lower density
and with larger rings can be envisaged that is based on prismatic
stacking of 4.6.12 layers. This is a target of future synthesis.
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