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Six new zirconogermanates have been prepared under hydrothermal conditions using amines as bases. There are
four new structure types (ASU-n) with a common motif of ZrGes. ASU-23 is a layered structure: ZrGe;Og(OH)F-
[C10H26N4]*H20, space group P2:/n, a = 6.7957(8) A, b = 12.700(1) A, ¢ = 24.293(3) A, 8 = 97.936(2)°, V =
2076.4(4) R3. ASU-24 is a pillared layered structure: Zr;GesO1g(OHz,F)sF2+[CeH1sN]*[CeHi7N,]o+2H,0, space group
P2i/n, a = 7.4249(3) A, b = 25.198(1) A, ¢ = 11.3483(5) A, B = 90.995(1)°, V = 2122.9(2) A3, This material
has the lowest framework density (FD) of any oxide material that we are aware of (FD = 8.48 metal atoms/nmq).
Two other materials form three-dimensional open-frameworks, ASU-25; ZrGe3;Og+[CsH12N2], space group P112,/a,
a=13.1994(4) A, b = 7.6828(2) A, c = 11.2373(3) A, y = 91.233(3)°, V = 1139.29(5) A%. The other is ASU-26:
ZrGe30q°[C,H10N,), space group Pn, a = 13.7611(3) A, b = 7.7294(2) A, ¢ = 11.2331(3) A, 8 = 104.793(1)°, V
= 1155.21(4) A%. ASU-25 is related to the mineral umbite K,ZrSizOq°H;0. The germanium equivalent has been
prepared through the inorganic route: K,ZrGe;Og-H,0, space group P2:2:2;, a = 13.6432(6) A, b = 7.4256(3) A,
¢ = 10.3973(4) A, V = 1053.33(8) A, The structural relationships between ASU-25 and its inorganic counterpart
are described. The thermal decomposition of the germanium umbite generated the cyclic trigermanate K,ZrGe;Os,
analogue of the mineral wadeite, crystallizing in the orthorhombic system, a = 7.076 A, b = 12.123 A, ¢ = 10.451
A v =9045 A3

Introduction compounds are around 130vell below the strain-free value
of 145 found in polymorphs of silica or alumino-silicates.

Silica-based microporous solids with mixed octahedral G ) doot a tetrahedral dination i d
tetrahedral frameworks containing transition metals in oc- . ermanium can adopt a tetrahedral coordination in oxides

. . ~eO-_Ge | 3 .
tahedral coordination are well-knownThey form three- n which the typlce}l angle GeO—Ge 'S about .130 making
dimensional frameworks of interconnected octahedra and it a favorable candidate for the formation of mixed octahedral

tetrahedra with large pore openings, as found in the case Oftetrahtedral frarlreworks. HoweI\I/er, only a dfehw glrctﬁnogezl-
the titaniumsilicate ETS-10where the pore rings are made tmhana Esthare_ nown, ge?erz_i ythprepatre ci;rrzo Oe_rma y
of 12 metal atoms (12-membered rings, 12MRs). The roug € inorganic route, in the systems r

— i 5 7
zirconosilicates exist as minerals or synthetic materials andg;eQ Hzo,dwhgre Mis N‘.a obr K Zlfco?ogdern;aTkat(Ia_s C‘?n
crystallize in a large variety of structures. One of the € prépared using organic bases, instead ot alkall cations,

i 6 15i -
characteristics of this family of compounds is the presence ?S demonkstr?ted 'T thef case of ﬁiu 1é_atSUF195$slan Or? en
in the structures of many three-membered rings (3MRS), ramework of very low framework density ( -1), where

essentially as triangles ZrSindeed, some frameworks are the zirconium atom is 4-coordinated to germanate groups in

built from 3MRs only. The bridging angles-SD—Si in these a square plane with two singly coordinated fluoride ligands
completing a ZrGQF, octahedron.
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Synthesis and Characterization of Zirconogermanates

Here we describe the synthesis and characterization of fourdimensions 0.04x 0.07 x 0.30 mn¥) were selected for single-
new zirconogermanates prepared hydrothermally using aminegrystal analysis at 159 K and room temperature, respectively. The
as bases. The four structures, which consist of one layereddata were collected using a SMART CCD area detector with Mo
structure (ASU-23), one pillared layered structure (ASU- Ka radiation. Absorption corrections were performed using the

24), and two three-dimensional frameworks (ASU-25 and
ASU-26), are constructed from the same motif but linked
differently. ASU-25 possesses the framework topology of
the mineral umbite, KZrSi;Oy'H,O.” We prepared the
germanium equivalent rGeOq-H,0. We report its struc-

SADABS progran® The structures were solved by direct methods
using the DIRDIF94 prografn (ASU-23) and the SHELXS
program® (ASU-24). The refinements were performed against all
F2 with anisotropic thermal parameters for all non-hydrogen atoms.
The structures of ASU-25 and ASU-26 were determined from
X-ray powder diffraction data. Data acquisitions were performed

ture and describe the structural relationships between the twopn a Siemens D5000 diffractometer using Cu Kadiation and

germanate polymorphs.

Experimental Section

Synthesis ASU-23 is obtained as a single-phase from a mixture
of germanium dioxide, zirconium ethoxide, water, 1,4-bis(3-
aminopropyl) piperazine (BAPP, 99%, Aldrich), pyridine, and
hydrofluoric acid (48 wt %) with composition Ge.32 ZrG/50
H,0/4 BAPP/30 pyridine/1 HF. The 3 mL solution was heated at
165°C for 4 days in 23 mL Teflon-lined autoclaves. On the basis
of crystal structure and elemental analysis, the material was
formulated as ZrG#g(OH)FH,BAPP-H,O. Anal. Calcd: C 17.55,

H 4.12, N 8.19, F 2.78, Zr 13.33, Ge 31.82. Found: C 16.75, H
3.84, N 7.95, F 2.61, Zr 12.55, Ge 29.39.

ASU-24 is prepared using hexamethylenediamine (DAH, 98%,
Aldrich) as a base. The mixture has a composition g2@,/50
H,0/12 DAH/40 pyridine/1 HF and was maintained under hydro-
thermal conditions at 160C for 6 days. ASU-24 is obtained as a

equipped with a graphite monochromator. ASU-25 crystallizes in
the monoclinic space groupll2/a: a = 13.1994(4) Ab =
7.6828(2) A,c = 11.2373(3) Ay = 91.233(3j. Its structure was
determined by direct methods using the program EXPComple-
tion of the structures by Fourier difference and Rietveld refinements
were performed using the GSAS software pack&gsoft con-
straints were applied on distances between atoms throughout all
the refinements. The powder pattern of ASU-26 can be indexed in
the monoclinic crystal system with= 13.7611(3) Ab = 7.7294-
(2) A, c=11.2331(3) A, angh = 104.793(19. A structural model
has been built on the basis of the similitude of cell parameters
between ASU-25 and ASU-26. The structure can be described in
the space groupén (standard settingCc) or Im (Cm), but the
refinement was performed in the space gréup(Pc) due to the
presence in the powder pattern of very weak reflections with
intensitiesl/l . about 1% or below.

Table 1 reports the crystal data for all compounds. Crystal-

single phase. On the basis of the crystal structure, the solid WasIographic details and final Rietveld refinement plots are given in

formulated as ZGes01g(OHa,F)sF2 [H2DAH] - [HDAH] 2:2H,0.
ASU-25 is prepared in a similar way using 1,3-diaminopropane
(DAP, 99%, Aldrich) as a base. A typical mixture contains
germanium dioxide, zirconium ethoxide, water, DAP, ethylene
glycol (EG), and hydrofluoric acid (48 wt %) in molar ratio GgO
0.32 ZrQ/75 H,0/15 DAP/50 EG/3 HF. The solution was heated
at 160°C for 5 days in Teflon-lined autoclaves. On the basis of

the crystal structure and elemental analysis, the material was

formulated as ZrG#qy-H,DAP. Anal. Calcd: C 6.81, H 2.29, N

the Supporting Information.

Results

In all the new structures, there is a recurrent motif Z5;Ge
which consists of one zirconium atom in octahedral coor-
dination connected by corner sharing to five tetrahedral
germanates forming three 3MRs (Figure 1). The octahedron

is connected to four tetrahedra, roughly located within the

520 7r 17.24. Ge 41.17. Found: C 7.08. H 2.33. N 5.22. 7r 18.23. Same plane, and to a fifth tetrahedron protruding from the
Ge 41.48. A solid closely related to ASU-25 can be obtained under €nsemble. The motif can form extended layered structures

the same synthesis conditions using 1,2-diaminocyclohexane (DACH) by sharing the four coplanar tetrahedra. Both the octahedron

as a base and substituting ethylene glycol by pyridine (#0g&l.-
DACH, space groupP112/a, a = 13.188 A,b = 7.686 A,c =
11.235 A,y = 91.17).

ASU-26 is a mixture of germanium dioxide, zirconium ethoxide,
water, ethylenediamine (DAE, 99% Aldrich), ethylene glycol (EG),
and hydrofluoric acid (48 wt %) in molar ratio Gef0.32 ZrGQ/90
H,0/30 DAE/50 EG/3 HF, heated for 5 days at 18D. On the
basis of the crystal structure, the material was formulated as
ZrGe;Og-H,DAE.

A solid KyZrGe;Og-H,0 is prepared by direct dissolution of
stoichiometric amounts of germanium dioxide and zirconium

ethoxide in an aqueous solution of potassium hydroxide, maintained ®)

under hydrothermal treatment at 20Q for 4 days (Ge@0.32
ZrO,/2 K;0/300 HO).

lon exchanges were performed by treatment of the solids with
an excessfo2 M NaCl aqueous solution, at room temperature for
48 h.

Structure Determination. Crystals of ASU-23 (fragment,
dimensions 0.03x 0.12 x 0.10 mn¥) and ASU-24 (needle,

(7) llyushin, G. D.; Pudovkina, Z. V.; Voronkov, A. A.; Khomyakov, A.
P.; llyukhin, V. V.; Pyatenko, Yu. ADokl. Akad. Nauk SSSF981
257, 608.

and the protruding tetrahedron possess dangling bonds
pointing in two opposite directions, one above the layer and
one below the layer.

ASU-23, ZrGgOg(OH)FH,BAPP-H,0, is a layered struc-
ture made of the motif ZrGgFigures 2 (left), and 3 (left)).
The layer is formed of rows of motifs aligned in the same
direction. The motifs in two contiguous rows are rotated by
60°. The protruding tetrahedron points alternatively above
and below the layer plane. The layer is constructed exclu-

Sheldrick, G. MSADABS Bruker/Siemens Area Detector Absorption
Correction Program University of Gdtingen: Gidtingen, Germany,
1994,

(9) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de
Gelder, R.; Israel, R.; Smits, J. M. MThe DIRDIF-94 program system
Crystallography Laboratory, University of Nijmegen: Nijmegen, The
Netherlands, 1994.

(10) Sheldrick, G. M.SHELXS-90 University of Gdtingen: Gitingen,
Germany, 1997.

(11) Altomare, A.; Burla, M. C.; Camalli, M.; Carrozzini, B.; Cascarano,
G. L.; Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori,
G.; Rizzi, R.J. Appl. Crystallogr.1999 32, 339.

(12) Larson, A. C.; Von Dreele, Reneralized Structure Analysis System

Report LAUR 86-748; Los Alamos National Laboratory: Los Alamos,

NM, 1990.
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Table 1. Crystallographic Data for ASW-(n = 23—26) and the Germanium Equivalent of UmBite

compd ASU-23 ASU-24 ASU-25 ASU-26 Ge-umbite
chemical formula  ZrGgDg(OH)F Zr3Ges018(OHa, F)aF2* ZrGesOyH,DAP ZrGe0q°H,DAE K2ZrGe;0g°H,0
H,BAPP-H20 [H2DAH] [HDAH] 2:2H,0
cryst syst, monoclinic,P2:/n  monoclinic,P2;/n monoclinic,P112/a monoclinic,Pn orthorhombicP212,2;
space group
cell'garams a=6.7957(8) a=7.4249(3) a=13.1994(4) a=13.7611(3) a=13.6432(6)
(A, deg)
b=12.700(1), b=25.198(1), b= 7.6828(2) b=7.7294(2), b= 7.4256(3)
B =97.936(2) £ =90.995(1) S =104.793(1)
c=24.293(3) c=11.3483(5) ¢=11.2373(3)y = 91.233(3) ¢=11.2331(3) ¢ =10.3973(4)
cellvolume (B) Vv =2076.4(4) V=2122.9(2) V =1139.29(5) V =1155.21(4) V =1053.33(8)
wavelength (A) 1 =0.71073 A=0.71073 A =1.54059 A =1.54056 A =1.54056
indep atomsZ 29,4 31,4 18,4 34,2 16,4
final R indice$®  R1=3.33%, R1=4.54%, Rup = 9.9%, Rup = 11.7%, Rup = 12.6%,
WR2=2.92% wWR2=8.78% Rs = 3.8% Rs = 6.4% Rs = 5.5%

aBAPP stands for 1,4-bis(3-aminopropyl) piperazinggHz4N4, DAH for hexamethylenediamine,sB16N2, DAP for 1,3-diaminopropane,s810N2, and
DAE for ethylenediamine, §4gNo. P R1= Y ||Fo| — |Fc||/S|Fol, WR2 = [IW(Fo2 — FA)2W(Fo)q Y2 for 2112 reflections satisfying > 20(l) (ASU-23) and
for 3577 reflections satisfying > 20(1) (ASU-24).¢ Ryp = [SWi(Yio — Yi)¥SWiYiod Y2 Rs = S lo — Icl/3 1o

bonds. As a result, the structure shows a very low framework
density (FD= 8.48 metal atoms per rin lower than the
density found in ASU-15 (FB= 9.1), and even lower than
any other materials we are aware of; we believe that the
previous record low is held by another germanate, ASU-16
(FD = 8.6)1

The structure of ASU-25, ZrG8y-H,DAP, can be de-
scribed as layers of the motif Zrgelirectly connected,
forming a three-dimensional framework Zr{&g (Figures
2 (middle) and 3 (right-top)). The arrangement of the motifs
within the layer is the same as observed in ASU-24, but the
linkage of the layers is different. The octahedron is connected
to the protruding tetrahedron of the next layer. The layers
) ] are staggered but straight channels with 8MR openings
sively of 3MRs, and forms 7MR openings. The angles-Ge  formed between the layers along the direction. The
O—Ge and Ge-O—Zr are within ranges 122.0(3)126.3(2], diprotonated DAP molecules are located within the channels.
a|_1d_ 126.2(2)138.3(3), respectively. Bo_nd lengths are ZrGes0g'H,DAP possesses the framework topology of
within reasonable ranges; the average distanges, and umbite, a silicate mineral £rSisOs°H,0,” but crystallizes
dz—o are 1.749 and 2.070 A, respectively. The details of in a different crystal system.
the distgnces and gngles between atoms can be found as ASU-26, ZrGeOoH,DAE, is a three-dimensional frame-
Supporting Information. A fully ordered diprotonated BAPP  \yqrk closely related to the three other structures (Figures 2
molecule and one water molecule occupy the interlayer SPaceright) and 3 (right-bottom)). The structure of ASU-26 is

The structure of ASU-24, 26€:015(OHz,F)iF-[H2DAH] - made of connected layers built from Zr&én which the
[HDAH]»-2H;0, forms a layer made of motifs of Zrge  qtifs are all aligned in the layer plane and the protruding
pillared by zirconium atoms in octahedral coordination (etrahedra are all pointing in the same direction. Linking the

(Figures 2 (middie) and 3 (middle)). The layer arrangement qctahedron to the protruding tetrahedron connects the layers.
is different from the one observed in ASU-23 as all motifs ¢ rings of the layers overlap, and 7MR channels are

are aligned in the same direction. The protruding tetrahedrassmeq along the stacking direction.

point alternatively above and below the layer plane and are  he germanium form of K-umbite has been prepared
linked together through the intermediate of zirconium yrough the inorganic route and is found to be isostructural
octahedra. These latter join the layers through two oppositeq the mineral umbite, crystallizing in the same space group
vertlt_:es and are completed by four Ilgands F angDH P2:2:2;. Both ZrGeOgH,DAP and KZrGe,Og-H,0 possess
forming a square Zr(OHF), of dangling bonds. The  the same topology but crystallize in different space groups
octahedral plllars deI|m_|t large channel_s with 14MR rectan- showing no direct groupsubgroup relationships. A similar
gular openings occupied by the amines and one watercage has been observed by Clearfield and co-workers for the
molecule. One DAH molecule is located on a center of gynihetic umbite KTiSizOs'H,O and its H-exchanged form
inversion, the second is found in general position, and both K1.8Ho TiSisOeH,0,14 however, without reporting the space

are ordered. The structure shows two zirconium octahedrag qyp relationships between the two structures. Both space
in two opposite environments. The first is highly coordinated,

embedded in the layer and surrounded by three 3MRs. The(13) ,\ljlfe/grt},(J-:ﬁGerl\l/}thAM.;CLﬁine, é';chéioq'ﬁgufg%S/é G.; Yaghi, O.
. . . .; O’'Keeffe, M. J. Am. em. So , .
second, in the interlayer space, shows an unusual linkage 8$14) Bortun, A. I Bortun, L. N.; Poojary, D. M.. Xiang, O.; Clearfield,

it is connected to the remaining of the structure by only two A. Chem. Mater200Q 12, 294.

Figure 1. Structural motif ZrGe present in the four structures AStn
= 23, 24, 25, 26), Ge tetrahedra green, Zr octahedron red.
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Synthesis and Characterization of Zirconogermanates

ASU-23 ASU-24 ASU-26

NONON:
$ YA

ASU-23

Figure 3. Stacking of layers of (left) ASU-23, (middle) ASU-24, (right-top) ASU-25, and (right-bottom) ASU-26.

groupsP2i/a (ZrGeOq-H,DAP) andP2:2:2; (K2ZrGeOg:
H,0) are subgroups d?Pnma A nonconventional settings(
unigue) has been selected for ASU-25 to emphasize the
group-subgroup relations between the two phases. The main
difference observed between the two structures is the value
of the interlayer Ge O—Zr bond angles, which are about ZrGe;00.H,DAP
177 and 140 for ZrGes0Og-H,.DAP and KZrGeOq-H,0,
respectively. The other bond angles-@2—Ge and Ge
O—Zr vary approximately within the same angular range for
both structures, from 1230 about 140.

The description of umbite in the space grapmashows
that the interlayer GeO—Zr bond is located within a mirror
plane, and no constraint is imposed on the-@e-Zr angle.

KzZI'GB:;Og.HzO
The interlayer GeO—2Zr bond is free to bend by rotation Figure 4. Comparison of the layers of umbite, projected downhifais:

. . . top) ZrGeOgH2DAP and (bottom) KZrGesOg-H20.
of the motifs around the axis. The framework experiences  '°) 2"¢80H2 ¢ ) KZIGROyHy

strong distortions as the G®—Zr bond angle decreases ) ) )

from 180 to 140, as evidenced by the difference of the while the layers of ASU-25 are rel'atlvely plgnar (Figure 4).
cell parametera andc between the two compounds (Table The other structures prepared using organic bases show no
1). The variation of the unit cell parameters as a function of corrugation. A second notable distortion of the umbite type

the interlayer Ge O—Zr angle is well described by distance (15) The DLS refinements were performed with rigid polyhedra and a set

Ieast_—squares .(DLS) refinements of the structbiiehe origin of typical distances GeO and Zr-O, using the DLS-76 prograifi

of this effect is undoubtedly the framework adaptation to fczr tvtvo Ge—O—Zrtaélglestﬁf ﬁ? and 180. Iges gr}it t;:ells 07f ;ge
. . . structures generated are the 1ollowingiso = . ,D180 = /.

the presence of the spherical potassium cations. As a é Cieo= 11.14 A, andaso = 13.75 A by = 7.79 A, cuuc = 10.46

consequence, the layers 0f24Ge;0q-H,0 are corrugated,

Inorganic Chemistry, Vol. 42, No. 19, 2003 5957



of framework is observed, accounting for the crystallization
of the two phases in subgroups®fima Both ZrGeOg-H,-
DAP and KZrGe;0q-H,0 show a tilt of approximately 0

of the motifs around tha axis, perpendicular to the layers.
However, in ASU-25, the tilt is alternatively clockwise and
anticlockwise from one layer to the next, with respect to the
presence of centers of inversionf@;/a. On the other hand,
the direction of the tilt is preserved from one layer to the
next in K:ZrGe;0qH,0, generating the acentric subgroup
P2,2,2;.

Acentric structures are not uncommon in zirconosilicates.

The two zirconogermanate crystalsKGe;0q-H,0, crystal-
lizing in crystal class 222, and ASU-26, crystallizing in class

m, should show second-order nonlinear optical behavior, and

this family of compounds may have potentially important
technological propertie¥.
K2ZrGe0q-H,0 is exchangeable by sodium cations as ob-
served in the case of the synthetic umbit&Z kSizOq*H,0,'8
but ASU-25 and ASU-26 show no exchange properties.
The frameworks of ASU-25 and ASU-26 collapse on
heating before 400C. Thermal treatment at 80C generates
the formation of quartz Geand scheelite ZrGe3°2°0On
the other hand, thermal treatment transformedrise;Oq:
H,0 into wadeite KZrGe;Oo,?! a structure containing cyclic
trimer GOy, in contrast to the precursor made of chains of
GeQ, tetrahedra. The transformation occurs around X00
well below the temperature of transformation of the silica
form, which is reported around 90C."?? However, as the

Plévert et al.

2.1 22 2.3
7] < 7%
31 32 3.3 3 4* 35
41 4.2 4 3 4_4* 4.5
2+ 6_1

51 52 .
Figure 5. Combinations (18) of three-membered rings around a central
octahedron have been generated; among them eight are chiral (marked with

an asterisk). The most constrained arrangements have been discarded. Motif
3_2 is the motif found in the four structures ASUn = 23— 26).

3MRs, have been discarded because of the presence of strong
geometric constraints. The 18 remaining arrangements are
reported in Figure 5; the number of 3MRs varies from zero
to six. As the number of contiguous 3MRs increases, the
geometric constraints build up, and the motif 5_2 is the most
constrained. Only a fraction of the arrangements are found
in zirconosilicates, and no motifs with four 3MRs or more
are knowre* Eight of the motifs are chiral (marked by an

temperature increases, wadeite decomposes into scheelitessterisk in Figure 5). Among them is the well-known

The mineral wadeite crystallizes in the hexagonal system,

propeller motif (3_5) found in the zirconosilicates built on

but the germanate form is indexed in an orthorhombic unit 3MRs only, such as gaidonnay#ehilairite,?® and kostylev-
cell, on the basis of the presence of additional small lines in ite 2” Five different motifs possess three 3MRs; the structures

the powder patterna=7.076 A,b=12.123 A,c = 10.451
A, V = 904.5 B. The orthorhombic cell is related to the
hexagonal cell using the transformatian & + 2b, c). The

of ASU-n reported here are built from the arrangement 3_2.
The motif 3_2 can be assembled into layers, which in turn
can condense into three-dimensional frameworks. The motif

change of space group probably originates from small can adopt different arrangements within the layers, generating
distortions in the wadeite framework. The cyclic germanates different possible topologies. Contiguous motifs can be

Ge;0, with wadeite topology are known to crystallize in two
different space group$6s/m and P3cl, due to slight
structural change®.

It is remarkable that all four ASW- frameworks are
formed from the same motif ZrGeDifferent arrangements

aligned in the same direction or rotated by°6@nd the
protruding tetrahedra can be on the same side of the layer
or alternatively pointing on both sides of the layers. Four
elementary combinations can be formed on the basis of those
two variables. Three of them have been synthesized using

of a central octahedron surrounded by six tetrahedra can beamines as bases. Only the topology of ASU-25 is known as

obtained by varying the number of 3MR Zrgenits and
their relative positions. All possible motifs have been

an inorganic compound, the mineral umbite.

generated by elementary combinatorial analysis. The motifs, Conclusion

where two opposite tetrahedra are part of two contiguous

(16) Baerlocher, C.; Hepp, A.; Meier, W. MDLS-76: A Program for
Simulation of Crystal Structures by Geometric Refinem&tH:
Zurich, Switzerland, 1977.

(17) Halasyamani, P. S.; Poeppelmeier, KORem. Mater1998 10, 2753.

(18) Poojary, D. M.; Bortun, A. I.; Bortun, L. N.; Clearfield, Anorg.
Chem.1997, 36, 3072.

(19) Bertaut, F.; Durif, ACompt. Rend1954 238 2173.

(20) Ennaciri, A.; Michel, D.; Perez y Jorba, M.; Pannetielyiater. Res.
Bull. 1984 19, 793.

(21) Henshaw, D. EMineral. Mag. 1955 30, 585.

(22) Ferreira, P.; Ferreira, A.; Rocha, J.; Soares, MCRem. Mater2001,
13, 355.

(23) Goreaud, M.; Raveau, B\cta Crystallogr.1976 B32, 1536.
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Different arrangements of the motif within the layer are
possible. ASU-24 and ASU-25 showed the same arrangement

(24) llyushin, G. D.; Blatov, V. AActa Crystallogr.2002 B58 198.

(25) Chao, G. YCan. Mineral.1985 23, 11.

(26) llyushin, G. D.; Voronkov, A. A.; Nevskii, N. N.; llyukhin, V. V;
Belov, N. V Dokl. Akad. Nauk SSSF981, 260, 1118.

(27) llyushin, G. D.; Khomyakov, A. P.; Shumyatskaya, N. G.; Voronkov,
A. A.; Nevskii, N. N.; llyukhin, V. V.; Belov, N. V.Dokl. Akad. Nauk
SSSR 256360.



Synthesis and Characterization of Zirconogermanates

as that found in the mineral umbite; ASU-23 and ASU-26  Acknowledgment. This work was supported by National
revealed two new arrangements. The layers can be isolatedScience Foundation Grants DMR 9804817 and DMR 0103036.
as observed in ASU-23, forming a two-dimensional structure,

or condensed as found in ASU-25 and ASU-26, forming Supporting Information Available: Crystallographic data for
three-dimensional open-frameworks. ASU-24 presents anall compo_unds (C_IF)_ and _the Rietveld plots of _three structures
intermediate case where the layers are pillared by zirconium(PDF)' This material is available free of charge via the Internet at
octahedra generating a solid with exceptionally low frame- MtP://pubs.acs.org.

work density (FD= 8.48 metal atoms per rin IC034298G

Inorganic Chemistry, Vol. 42, No. 19, 2003 5959



