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The new framework germanate{MCsH-)s(Hz0)[Ges036(OH)s] -3H,0 (tetragonalldcm a = 24.9728-
(6) A, c = 9.8957(2) A,Z = 4) has been synthesized by solvothermal methods and the crystal structure
determined using single-crystal X-ray diffraction data. The framework of this novel material contains a
three-dimensional intersecting channel system, the two largest channels of which are encompassed by
large circular 16-rings and elliptical 14-rings, respectively. The material is synthesized in the presence of
the relatively small structure-directing agent isopropylamingNEtH7)s(Hz0)[Ge1g036(OH)g] :3H20 is
only the second material to be constructed from the secondary building ug{tJ@&g)s] cluster, and
the frameworks of these two materials are shown to differ only by the number of chains #O[Ge
OH),g] clusters that are used to construct the respective frameworks. Thermal stability studies indicate
that the framework of the material is stable with respect to loss of the extraframework water molecules
but is unstable with respect to the removal of the extraframework charge-compensating cations.

1. Introduction and 18MRs occurring in ECRand ITQ-33% A greater
number of large-pore systems are found among metallo-
Crystalline microporous inorganic oxides form an ex- phosphate frameworks, for example, AIPO-8 (14MR),
tremely important family of material with applications VPI-5 (18MR) JDF-20 (20MR)\cloverite (20MR)}3
ranging from the traditional uses, such as ion exchange,NTHU-1 (24MR)!* ND-1 (24MR)}®> and VSB-1 and -5
separation, and catalysis, to numerous emerging applications(24MR) 1617 More recently, work on germanate or silicon-
for example, use in membrane separation devices, as MRIsubstituted germanate framework materials has produced a
contrast agents, and in fabrication of novel optoelectronic wide range of structures including a variety of large-pore
Componentév_z One of the targets in this area is to prepare framework materials. The latter include the silicon-substituted
materials with large pores, typically with more than 12 germanate material SU-12 (24MRnd the germanate
polyhedra forming the pore opening to the internal volume Materials ASU-12 (16MRJASU-16 (24MR):? FDU-4
of the material. The successful synthesis of such large-pore(24MR)?* and SU-M (30MRY: The latter is a remarkable
material§ will enaple a host of new_shape-selective processes(a) Strohmaler, K. G.; Vaughan, D. E. . Am. Chem. So@003 125
for the fine chemical, petrochemical, pharmaceutical, and 16035.

other industries to be realized. The number of large-pore (9) Corma, A; Diaz-Cabanas, M. J.; Jorda, J. L.; Martinez, C.; Moliner,
o . . o M. Nature 2006,443 842.
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crystalline nanoporous germanate material that has a poreASU-19 and ASU-20 materiaf8the small-pore framework
structure similar to that of the mesoporous material MCM- material [GeoO»1(OH)][N4CeH21],% and the large-pore frame-
48 and pores of free diameter 2022.4 A. work materials ASU-12, ASU-16, and SU#22° and fills

The two most common methods to prepare framework some of the VOid V0|ume of SU-M to form the Chiral
materials involve the use of organic cations that can either, derivative SU-MB materiai?
through their shape, size, and charge, influence the structure We present here the synthesis, structural characterization,
of the framework directly in a space-filling or structure- and properties of (ENCsH7)s(Hz0)[Ge1gO03¢(OH)e] -3H20, a
directing capacity or aid the formation of frameworks from novel germanate framework with a three-dimensional inter-
polynuclear anionic clusters. The latter are formed during Secting channel system, the largest channel of which is
the synthesis process and then interact via a “clusterencompassed by a 16MR. The material is synthesised in the
condensation” mechanism to form the resulting s&liche presence of the relatively small structure-directing agent
former method has found great success in synthesizing largeisopropylamine. The title compound is the second framework
pore silicate materialsThe latter method has been found structure to be constructed from the large §@OH)s]
to be particularly useful in preparing novel metallophosphate cluster and exemplifies the potential for this SBU to form
frameworks in which a mixture of different coordination open-framework materials.
polyhedra may form the polynuclear anionic clusters. The
“cluster condensation” mechanism has been shown to occur 2. Materials and Methods
in the solvothgrmal synthesi.s of s_evgral me.tal phosphate 2.1. Synthesis.The reagents used to synthesizeNisH,)s-
systems by using a combination of in situ/ex situ diffraction (H:0)[Ge1s0:(OH)¢] -3H,0 were Ge@ (Aldrich), isopropylamine

and NMR technique%“.The. mechanism through which ger-  (aidrich), and deionized water. Al the reagents were used without
manate framework materials are formed remains uncertain,further purification. (HNCsH7)s(HsO)[Ge1gOs6(OH)e]-3H,0 was

although it has been shown that two germanate frameworks,synthesized by mixing together Gg.956 mmol), deionized water

a GeQ-BEC analogue and STAG?? poth of which contain
cubic double four-ring [G#£0O,0H,F}1] clusters, can be

(56 mmol), and isopropylamine (93 mmol) to form a synthesis gel
of molar ratio 1:58.6:97.3. The reagent mixture was loaded in a 23

SyntheS|Zed US|ng a Startlng reagent Contalnlng |Solateg [Ge mL Teflon-lined steel autoclave and heated for 7 dayS at°ts0

The resultant crystalline product was washed with distilled water,

(O,0H,F)] clusters?>26 P . : o
. . . . . separated by suction filtration, and dried under ambient conditions
Unlike aluminosilicate zeolite framework materials that to reveal colorless crystals. The powder X-ray diffraction pattern

contain tetrahedral primary building units only, germanate- o this product is provided in the Supporting Information and was
based frameworks are found to contain a variety of Ge- judged to be monophasic from the excellent agreement between
centered coordination polyhedra within the framework that the experimental powder X-ray diffraction pattern and that calcu-
include Ge-centered tetrahedra, trigonal bipyramids, square-lated using the crystal structure obtained from the single-crystal
based pyramids, and octaheédta? This rich variety of Ge-  analysis of the compound.
centered polyhedra has the potential to connect to form a 2.2. Characterization. Thermogravimetric analysis (TGA) data
plethora of structures. Within these structures certain second-Were collected using a Universal V4.2E TA Instrument Thermal
ary building units (SBUs) are being found that, through direct Analysis Q5000 system. The sample was contained in a platinum
linkage or via other primary building units, for instance, crucible and hea}ed underaflovv_ of air from room temperature to
. 700°C at a heating rate of 5C min-1.
GeQ, tetrahedra or other SBUs, form a variety of framework

. . . Thermodiffraction patterns were collected using a Phillips X'Pert
structures. A relatively simple SBU that has been found in Pro diffractometer, employing Cud., radiation and an RTMS

numerous microporous m_aterigls and a variety o_f germanat_e'X’Celerator detector, fitted with an Anton Paar XRK 900 high-
based framework materials is the aforementioned cubiC emperature furnace stage. The sample was heated, under vacuum,

double four-ring [(Ge,SiO,0H,F)oq unit. This unitis one
of the constituent SBUs in the framework ASU-7-type
material$’2° ASU-9727 FOS-53° a GeQ-BEC analogue, and
STAG-12> A more complicated SBU that has been found

from room temperature to 70C at a heating rate of 1 min?,
with patterns being collected at intervals of 40, 30, orr@0 The
X-ray diffraction patterns were all collected in th@ 2= 3—50°
range with a scan time of 15 min per scan.

in several germanate-based materials is the [(G£CBH

OH,F)4 cluster that forms the basis of the chain-containing

[Ni(dien),])[Ge;013(OH),F3][Cl] FJ-6 materiaF! the layered

(23) Ferey, GJ. Solid State Chen200Q 152 37

(24) Taulelle, F.Curr.Opin. Solid State Mater. Sc2001, 5, 397.

(25) Villaescusa, L. A.; Wheatley, P. S.; Morris, R. E.; LightfootPRlton
Trans.2004 820.

(26) Villaescusa, L. A.; Lightfoot, P.; Morris, R. Ehem. Commur2002
2220

(27) Li, H.; Yaghi, O. M.J. Am. Chem. Soc1998 120, 10569.

(28) Tang, L. Q.; Dadachov, M. S.; Zou, X. Btud. Surf. Sci. Cata004
154, 739.

(29) Lin, Z. E.; Zheng, S. T.; Yang, G. YZ. Anorg. Allg. Chem2006
632 354.

(30) Conradsson, T.; Dadachov, M. S.; Zou, X.Ndicroporous Mesopo-
rous Mater.200Q 41, 183.

(31) Zhang, H. X.; Zhang, J.; Zheng, S. T.; Yang, G. IMorg. Chem.
2003 42, 6595.

2.3. Single-Crystal Structure Determination.A suitable crystal
of (H3NC3H7)5(H30)[GegOs36(OH)g]-3H,O was mounted on a
Nonius Kappa CCD area detector diffractometer, and data were
collected from it. The intensity data analysis was performed using
the Nonius software packages, and the absorption correction was
applied to the data using the SORTAV progréta® The structure
was solved by direct methods and refined by full-matrix least-
sguares o2 using the SHELXS-97 and SHELXL-97 programs,
as incorporated into the WINGX suite of prograffg’ Atomic

(32) Plevert, J.; Gentz, T. M.; Groy, T. L.; O'Keeffe, M.; Yaghi, O. M.
Chem. Mater2003 15, 714.

(33) Beitone, L.; Loiseau, T.; Ferey, Giorg. Chem.2002 41, 3962.

(34) Blessing, R. HActa Crystallogr., A1995 51, 33.

(35) Blessing, R. HJ. Appl. Crystallogr.1997, 30, 421.

(36) Sheldrick, G. MSHELX-97, Programs for Crystal Structure Analysis
University of Gdtingen: Gitingen, Germany, 1998.

(37) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837.
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Table 1. Crystallographic Data and Structure Refinement Parameters for (HNC3H7)s(H30)[Ge1g036(OH)6¢]-3H20

chemical formula

(FINC3H7)5(H30)[GergO36(OH)e]-3H0

cryst syst tetragonal

space group l4cm

a(A) 24.9728(6)

c(A) 9.8957(2)

V (A3) 6171.4(2)

z 4

crystal dimens (mm) 0.25 0.05x 0.05
calcd density (g crmd) 2.528

20max (deg) 55

radiation, wavelength (A) Mo K, 0.71073
u (mm™1) 8.727

Tmin/Tmax 0.215/0.648

scan mode ¢ andw scans
temp (K) 200

no. of measured reflns/no. of independent refXist) 3425/1804/0.0289
no. of independent refing & 20(1)) 1578

no. of params/restraints 21716

R1, wR2 ( > 20(1))
R1, wR2 (all data)

0.0269, 0.0577
0.0347,0.0598

residual electron density, max/min (e & 1.026/-0.807

scattering factors for neutral atoms were used throughout the Ge(1)Q(OH) moieties. Two of the Ge(2/3/4/5)-centered
refinement. The Ge and framework O atoms were found from the polyhedra and one Ge(1)-centered polyhedron combine to
direct methods solution, and the remaining extraframework atoms form the single type of secondary building unit (&g,
were located from difference Fourier maps. One of the extraframe- (OH)g] found in this framework and shown in Figure 1. The
work oxygen atoms [O(15)] and the nitrogen atom [N(2)] of one o heqra within one SBU are connected to each other
of the isopropylammonium cations were found to partially occupy through corner-sharing of two coordinated oxygen atoms

the same crystallographic site. The occupancy of the two species i . . .
was then refined under the constraint that the total occupancy of except for the connection of the trigonal bipyramidal Ge-

the site should be unity. The refined value of the occupancy of the
O(15)/N(2) site was close to 1/2, so the occupancies of the
extraframework O(15) atom and the isopropylammonium cation
[N(2)C(4)C(5)] were fixed at half the crystallographic site oc-
cupancy for the remainder of the refinement. The atomic coordinates
and atomic displacement parameters of O(15) and N(2) were also
fixed to have the same values during the refinement. The occupancy
of the two extraframework species O(13) and O(14) were fixed at
half the crystallographic occupancy of the sites they occupy to avoid
unreasonably close contacts with other extraframework atoms being
made. The atomic displacement parameters of all the non-hydrogen
atoms were refined anisotropically, with the anisotropic displace-
ment components of the atoms in the isopropylammonium cation
[N(2)C(4)C(5)] restrained to be equal along the lines joining them
together. The N C and C-C distances in the isopropylammonium
cation [N(2)C(4)C(5)] were also restrained at chemically reasonable
values during the refinement. All the hydrogen atoms in the structure
were geometrically placed and refined in riding mode with their
isotropic atomic displacement factors fixed at values of 1.2 and (b)
1.5 x Ugqof the carbon or nitrogen/oxygen atoms, respectively, to
which they were directly connected. The hydrogen atoms attached
to the oxygen atoms of water molecules were not located or placed
in the structure. The crystallographic data and structure refinement
parameters are summarized in Table 1, and the asymmetric unit of
(H3NC;3H7)s(H30)[Ge g03¢(OH)g] -3H,0 is shown in the Supporting
Information. Elemental analysis (wt %) of single crystals of the
titte compound gave values of 8.5 (calculated 7.6), 2.7 (calculated
2.8), and 3.3 (calculated 3.0) for C, H, and N, respectively, which
is in reasonable agreement with the chemical formula obtained by
crystallography.

(a) 05a

09_a 08 b

3. Results and Discussion

3.1. Structure Description. The primary building units
of the framework of (HNCzH7)s(H30)[Ges03¢(OH)e] -3H0
are tetrahedral Ge(5)Cand Ge(3)QOH) units, trigonal

Figure 1. GeOa(OH)s cluster found in (HNC3H7)s(H30)[GergOs6(OH)g]*

3H,O shown as (a) a displacement ellipsoid plot and (b) a polyhedral
representation. Displacement ellipsoids are shown at the 50% probability
’ - ) ) level. The colors of the polyhedra are green, red, and blue for the tetrahedra,
bipyramidal Ge(2/4)® units, and square-based pyramidal trigonal bipyramids, and square-based pyramid, respectively.
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(b)

Figure 3. A polyhedral representation of the 16MR circular channel of
(H3NC3H7)s(H30)[Ge1s036(OH)g) -3H20 viewed along (a) and perpendicular
to (b) thec axis. The colors of the polyhedra are green and red for the
tetrahedra and trigonal bipyramids, respectively. The isopropylammonium
cations in (a) are shown in ball and stick mode, with the gray, green, and
blue balls representing the H, C, and N atoms, respectively.

of 8.81(2) x 5.31(2) A (O:-0) and form the openings of
Figure 2. A polyhedral/ball and stick representation of the crystal structure  8MR channels that run in four directions perpendicular to
of (HsNC3H7)s(Hs0)[GergOs6(OH)e]-3H,O viewed along the axis. The the ¢ axis and cross at an angle of *46etween 8MR
colors of the polyhedra are green, red, and blue for the tetrahedra, trigonal
bipyramids, and square-based pyramids, respectively. The colors of the baIIsChannels' The second |arge5t channel that runs paraIIeI to
are gray, green, blue, and red for the H,C, N, and O atoms, respectively. the ¢ axis appears to be square in shape as seen in Figure 2.
This channel is actually delimited by elliptical 14MRs as
(2)0s and square-based pyramidal Ge(4(0@H) units that  shown in Figure 4a and has a pore dimension of 6.49(2)
share an edge in which one oxygen atom, O(2), is bicoor- 13.09(3) A (O--0). The elliptical 14MRs are aligned in two
dinated and one oxygen atom, O(3), is tricoordinated. The different orthogonal orientations, with alternating rings
SBU found in (BNC;3H7)s5(H30)[GegOs6(OH)e]-3H20 is arranged orthogonally with respect to each other along the
similar to that found in the 24MR germanate material FDU- channel. Between adjacent elliptical 14MRs that are oriented
4,[GeO1AOH)|[N(CH-CHNH3)3] ,dHCON(CH)] ve(H-Oh12 parallel to each other are pockets leading off from the core
The SBU in both materials possesses the same arrangemenif the channel as shown in Figure 4b.The entrance to these
of the Ge-centered polyhedra and chemical connectivity. All pockets from the core of the channel is delimited by a 12MR.
the Ge-O bonds in the Ge-centered tetrahedra (mean 1.748The walls of the square channel contain 8MRs, as shown in
A) and five coordinated Ge-centered polyhedra (range 1.751-Figure 3b, which allow passage into the circular 16MR
(6)—2.212(5) A) are in agreement with those observed in channels and make this a three-dimensional channel system.

other germanate materigfs3233 The internal surface of the square channel is lined with-Ge
The SBUs are linked together through bridging oxygen OH groups, as seen in Figures 2 and 4a. This channel
atoms to form the framework of @NCsH7)s(H30)[Ges0s6 contains the second crystallographically independent structure-

(OH)s]-3H,0 shown in Figure 2 that contains an intersecting directing isopropylammonium cation, hydronium cations, and
three-dimensional channel system. All the linkages betweenwater molecules. The isolated regions of electron density in
the SBUs are made through corner-sharing connection ofthis channel were assigned as oxygen-containing species and
Ge-centered tetrahedra and Ge-centered trigonal bipyramidsnot nitrogen-containing species as the C:N molar ratio of
The connections in thab plane are through the Ge(330 3.0 obtained from the CHN analysis indicates no additional
(OH) and Ge(2)@units, with the connections between SBUs N-containing species are present in the material.

in the [001] direction being made through Ge(2@d Ge- The N(2) atom of the isopropylammonium cation is most
(4)0s units. The two largest channels of fiC3H7)s(H30)- strongly hydrogen-bonded to two of the framework oxygen
[Ge1g036(OH)g]-3H,0O are directed along the axis. The atoms (2x N(2)---O(2), 2.88(2) A). This isopropylammo-
largest channel is circular in shape, has a pore diameter ofnium has a 50% crystallographic occupancy and is replaced
12.64(3) A (0--0), and is circumscribed by a 16MR, as by a H0O(14) molecule and a #(15)" hydronium cation
shown in Figures 2 and 3a. The inner surface of this channelwhen it is not present. O(15) was assigned to be a hydronium
is lined by oxygen atoms, and the channel contains one ofcation as it occupies exactly the same position as the N(2)
the crystallographically independent structure-directing iso- atom, so as this is the site of positive charge on the
propylammonium cations. The N(1) atom of the isopropy- organocation, the hydrogen-bonding interactions will be as
lammonium cation is most strongly hydrogen-bonded to two favorable when the hydronium cation is on this site. The
of the framework oxygen atoms (N¢1JO(9), 2.775(8) A; O(14) atom of the KO(14) molecule has its strongest
N(1):++O(6), 2.845(8) A). The wall of the circular 16MR  hydrogen-bonding interaction with the framework O(8) atom
channel consists of alternating pairs of 3MRs and elliptical (O(14)+-O(8), 2.89(2) A). Within the center of the square
8MRs as shown in Figure 3b. The 8MRs have dimensions channel are locatedJ(13) molecules. This crystallographic
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® ®
0(15) 0(14)

: : Figure 5. A polyhedral representation of several chains of @gOH )s)
G NGO O ST, 2 o viow o the- consttpan " CUSers hat frm e Siucure O (HCaH)H:0){GaO(OH)] 2H:O
elliptical 14MR; (b) a view into a side pocket of the square channel through (&) and FDU-4 (b). The colors of the polyhedra are green, red, and blue for
the 12MR entrance to the pocket. The colors of the polyhedra are green,th.e tetrahedre_l, trigonal bipyramids, and squz_are—based pyram|ds, regpectlvely,
red, and blue for the tetrahedra, trigonal bipyramids, and square-based"ith 0ne chain of [GO,OH) clusters being colored bright red in (a)
pyramids, respectively. Certain features within each view are shown in ball and (b) for explanatory purposes. All extraframework species are omitted

and stick mode, and the colors of the balls are gray, green, blue, red, palefor clarity.
green, and pale red for the H, C, N, O, 4-coordinated Ge, and 5-coordinated
Ge atoms, respectively. Hydrogen atoms are omitted from extraframework to be derived from the connection of four of these chains to

species in (a) for clarity. make up both the circular and square channels, as shown in
site is again only half-occupied to prevent two@{13) Figure 5a. However, in FDU-4 six of these chains connect
molecules from being too close together to be physically to form the walls of the larger 24MR channels, which, due
reasonable when this site becomes more than 50% occupiedto the size constraints of the chains, only permits three chains
The HO(13) molecule can form hydrogen bonds with other to connect to form the smaller 12 MR channels, as shown
H,O(13)molecules (O(13)0(13), 2.77(2) A) and frame-  in Figure 5b. The adoption of both structure types implies
work oxygen atoms (O(13y0(1), 2.77(2) A; O(13}-0(5), that there is a high degree of flexibility in the 6&—Ge
2.82(2) A). The locations of the extraframework species in bond angles of the corner-sharing connections of Ge-centered
the square channel are shown in Figure 4a. tetrahedra and Ge-centered trigonal bipyramids that link the
As mentioned previously, the structures ofsRHC3H7)s- SBUs together and that this angle should be substantially
(H30)[Geg036(OH)g]-3H,0 and FDU-4 are constructed from  greater in FDU-4 (Ge(4)O(3)—Ge(3), 140.9) to accom-
the same SBU that is connected to other SBUs through modate the number of chains in the 12MR and 24MR
identical atom coordination sequences. If the structures of channels compared to the angle in theNKEsH;)s(HsO)-
both materials are considered as being constructed from[Ge;gOs6(OH)g]+3H-0 structure (Ge(3yO(6)—Ge(2), 131.1-
chains of SBUs directed along tloeaxis, then the channel  (3)°). It is also evident that the differing number of chains
structure of (HNCzH7)s(H30)[Geg036(OH)s] :3H.0 is seen forming the walls of the channels in each structure results
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100 ~ framework germanate materials, although, as yet, there are
~ 95 - no reports of in situ experimental measurements to clarify
s the mechanistic aspects of the synthesis of these materials.
g 91 3.2. Stability Studies.Mass losses were observed in three
é 85 main sections in the TGA trace of {NC3H7)s(H30)[Ges0s6
§ 80 - (OH)g]-3H20, as shown in Figure 6. The first mass loss of

2.7% between 20 and 18C is attributed to the loss of the
75 T T T T T T extraframework water molecules (calculated 2.3%). The

20 120 220 320 420 520 620 second rapid mass loss of 13.9% between 180 and®G30
Temperature (°C) is attributed to the loss of the isopropylammonium and
Figure 6. Thermogravimetric trace of @ CsHz)s(H30)[Ge1gOas(OH)e]- hydronium cations (calculated 13.5%). The third mass loss

3HO. of 3.3% observed between 330 and 6&Dis assigned to

in two similarly sized channels (16MR and a 14MR) ins(H  the loss of the terminal OH groups from the framework
NC3H7)s(H30)[Ge1gOs6(OH)s]-3H.0 and two dissimilarly  (calculated 4.3%).
sized channels in FDU-4 (12MR and a 24MR). The  The in situ thermodiffraction data are shown in Figure 7.
framework density of (KNCsH-)s(H30)[GergOz6(OH)s]* From room temperature up to 18C there are only minor
3H,0 is 11.7 Ge atoms nmd, which is slightly higher than ~ changes in the X-ray powder diffraction patterns of the
that found in FDU-4 (11.1 Ge atoms nf) but lower than material. From 180 to 208C the crystallinity of the material
that of the 16MR-containing germanate material ASU-12 is seen to degrade sharply, with the first peak decreasing in
(12.0 Ge atoms nn). intensity and moving to a highef2alue and the remaining
The relatively small size of the structure-directing isopro- peaks all becoming broader and less intense. AZ2@nly
pylammonium cations compared to the channel size anda limited number of the diffraction peaks of the original
shape within (HNCzH7)s(H30)[Geg036(OH)e] :3H.0 implies pattern are still visible. Above 22TC, the intensity of these
that the isopropylammonium cations do not template directly diffraction peaks steadily become smaller until at 520
the structure of the framework of the material in the close- the material becomes X-ray amorphous.
fitting manner observed for microporous silicate materials.  The combination of the thermogravimetric and thermod-
A similar behavior of the organic species is found for the iffraction data suggests that the framework structure of
formation of many other large-pore silicon-substituted ger- (HsNCsH7)s(H30)[GergO36(OH)s] - 3H-O remains stable with
manate and germanate frameworks that are formed in therespect to the loss of the extraframework water molecules
presence of relatively small, simple amines, for instance, as it is heated to 180C. Above 180°C the isopropylam-
dimethylamine (ASU-12)} 1,4-diaminobutane (ASU-16¥, monium and hydronium cations begin to be removed,
propylamine (SU-12)8 and 2-methyl-1,5-pentanediamine resulting in a rapid loss of framework stability and crystal-
(SU-M, SU-MB)?? The role of the isopropylammonium linity of the material. Hence, the framework of {NCzH7)s-
cations may be to stabilize the formation of particular (H30)[GesOs(OH)g]-3H,0 is stable with respect to the
building unit clusters that exist in the reaction gel/solution removal of the extraframework water molecules but not the
and then the direction of these clusters during condensationextraframework cationic species.
with other clusters to form the resultant framework structure  The solvent-accessible volume, calculated using
that is also stabilized by the presence of the isopropylam- SQUEEZE3® of (H3NCzH7)s(Hz0)[GegOsz6(OH)e]*3H0
monium cations through electrostatic and hydrogen-bondingincluding and excluding oxygen-containing extraframe-
interactions. This type of process has been shown to occurwork species is 223 and 4823Arespectively. However,
for metal phosphate systefft$* and would seem to be a nitrogen adsorption experiments performed on a sample
plausible mechanism for the formation of the open- degassed overnight at 393 K showed no significant
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Figure 7. Thermodiffraction patterns of #NCsH7)s(Hz0)[Gerg036(OH)e]-3H20.
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adsorption of nitrogen into the internal volume of the Ge—O—Ge linkages can exhibit, a phenomenon reported for
material. other germanate materi&&3*The combination of being able
Experiments in which crystals of @NCsH;)s(H30)- to form framework materials that contain a variety of Ge-
[Ge1s036(OH)g]-3H,0 were stirred in pure deionized water centered polyhedra, simple structure-directing agents, and
or a 0.1 M aqueous solution of CsCI resulted in complete flexible linkages between GeQolyhedra exemplifies the
dissolution of the solid, indicating the poor hydrolytic great potential for the discovery of a wide array of open-
stability and fragility of this germanate framework material. framework materials from this system, some of which may
provide the microporous materials with the large pore sizes
4. Conclusions and internal surface areas required for future applications.

We have succeeded in synthesizing the novel open-
framework material (ENC3H7)s(H30)[Ge1g0s6(OH)e] :3H.0,
containing a three-dimensional channel system. The frame-
work of the material is stable with respect to loss of the
extraframework water molecules, but is not stable enough Supporting Information Available: Tables of extended crys-
to allow the full potential porous volume to be accessed by tallographic data and structure refinement parameters, atomic
removal of the extraframework charge-compensating cations.coordinates and equivalent isotropic atomic displacement factors,

The formation of this material further demonstrates that bond lengths and angles, and anisotropic atomic displacement
open-framework materials containing large channels may befactors, observed and simulated powder X-ray diffraction patterns,
formed from germania using simple amines as structure- and the asymmetric unit of gNICsHz)s(Hz0)[GergOss(OH)g] -3H0
directing agents and that more than one framework material(PDF) and a crystallographic information file (CIF). This
may be formed from the [GED,0H)g SBU. The construc- material is available free of charge via the Internet at http://pubs.
tion of the titte compound and FDU-4 from this SBU 2¢5-°'9:
illustrates the high degree of bond angle flexibility that the CM062241X
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