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Two zinc germanates incorporating bidentate-bridging organic
amine ligands have been synthesized under solvothermal condi-
tions by using the amines as solvents. Their structural features are
infinite chains formed of edge-sharing ZnO4N trigonal bipyramids
and unbranched vierer single layers with the composition [Ge4010]
and discrete ZnO,N, tetrahedra and unbranched zweier double
chains with the composition [Ge,Os], respectively.

Since the discovery of microporous aluninophosphates
and silicoaluminophosphates, the synthesis of porous mate-
rials to explore their interesting structural chemistry and
useful properties, such as molecular separation and hetero-
geneous catalysis, has been a subject of intensive research.' A
large number of microporous materials containing other
polyhedral elements have been synthesized under solvo/
hydrothermal conditions. Recently, there were a good num-
ber of reports on the synthesis of metal germanates in the pre-
sence of organic amines as structure-directing agents.” Most of
these germanates contain trivalent and quadrivalent metals,
and a few of them contain divalent metals, namely, [GeyOg-
M,(OH),]- 3NH,CH,CH,NH, (M = Zn, Co, and Cd).>**"
These compounds are isostructural and were synthesized by
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employing a solvo/hydrothermal route using water/ethylene
glycol (or ethylenediamine) mixtures as solvents.

Recently, we reported several uranium germanates, such as
a thermally stable uranyl germanate with 12-ring channels,
Csg[(UO,)3(Ge,07),] - 4H50, a uranium(V) germanate, Rbs-
(U306)(Ge»07), and mixed-valence uranium(V,VI) germa-
nates, A3(U,04)(Ge>07) (A = Rb and Cs).* All of these ura-
nium germanates were synthesized under high-temperature,
high-pressure hydrothermal conditions at about 600 °C and
170 MPa. Following the successful synthesis of pure inor-
ganic germanates, we have extended our research to the
synthesis of metal germanates incorporating organic amines
instead of alkali metals under mild solvothermal conditions
below 200 °C. Herein, we report two divalent metal germa-
nates, ZHQGC4010(NH2CH2CH2CH2NH2) (denoted as 1) and
ZnGe,O5(NH,CH,CH,NH,) (denoted as 2), which were syn-
thesized by using organic amines not only as solvents but also
as ligands in their 3D framework structures.

Colorless block crystals of 1 were obtained by heating a
mixture of GeO, (0.209 g, 2 mmol), Zn(NOs),-6H,0 (0.149 g,
0.5 mmol), HF(aq) (0.125 g, 3 mmol, 48% solution), and 1,3-
diaminopropane (6.219 g, 83.9 mmol) in a Teflon-lined steel
autoclave at 170 °C for 10 days, followed by slow cooling to
room temperature at 3 °C/h. A crystal was selected for struc-
ture determination by single-crystal X-ray diffraction. The
bulk product was monophasic, as judged by the total con-
sistency of its powder X-ray pattern with that simulated from
the atomic coordinates derived from the single-crystal X-ray
study (Figure S1 in the Supporting Information). The yield
was 72% based on zinc. A solvothermal reaction using ethyl-
enediamine instead of 1,3-diaminopropane as the solvent was
also performed under the same reaction conditions as those
for 1. The product was a colorless microcrystalline powder,
and its powder X-ray pattern was considerably different from
those of 1 and 2 (see below). We were unable to characterize
its structure by single-crystal X-ray diffraction because of the
very small crystal size. Colorless block crystals of 2 were
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prepared by heating a mixture of GeO, (0.105 g, I mmol),
Zn(NO3),-6H,0 (0.149 g, 0.5 mmol), and ethylenediamine
(4.495 g, 74.8 mmol) under similar reaction conditions. The
product contained large colorless block crystals of 2 as a
major product and an unidentified white powder. Compound
2 could be manually separated from the side product, giving a
pure sample, as indicated by powder X-ray diffraction (Figure
S2 in the Supporting Information). The yield was 48% based
on zinc. Energy-dispersive X-ray fluorescence spectroscopy
analysis confirmed the presence of zinc and germanium in
both compounds. Elemental analysis results were consistent
with their formulas. Anal. Found (caled) for 1: C, 5.61 (5.50);
H, 1.60 (1.54); N, 4.31 (4.28). Anal. Found (calcd) for 2: C,
6.77 (6.85); H, 2.37 (2.30); N, 7.74 (7.99). Their IR spectra
were recorded by using the KBr pellet method and revealed
the bands characteristic of the organic amine (for 1, 3313 and
3265cm”™ ' for 2, 3310 and 3105 cm ™) and GeO, groups (for
1,896 and 798 cm ™ '; for 2, 899 and 806 cm ™ ') (Figures S3 and
S4 in the Supporting Information). The TGA curves of 1 and
2, which were measured in flowing dinitrogen at 10 °C/min,
showed several steps of weight loss in the range from 40 to
1000 °C (Figures S5 and S6 in the Supporting Information).
The first step of weight loss corresponds to the loss of organic
amines (for 1, an observed weight loss of 11.59% from 300 to
700 °C and a calculated value of 11.31%; for 2, an observed
weight loss of 16.57% from 340 to 740 °C and a calcula-
ted value of 17.14%). Subsequent large weight losses can
be attributed to the removal of volatile germanium oxide
phases.*’ Powder X-ray diffraction of the final decomposition
products showed the presence of ZnGeO; (JCPDS-34-0763).

Suitable crystals of 1 and 2 were selected for single-crystal
X-ray diffraction analysis, from which the chemical formulas
were determined.* The structure of 1 is constructed from the
following structural elements: two ZnO4N polyhedra, four
GeO, tetrahedra, and one 1,3-diaminopropane molecule.
All atoms are in general positions. Each Zn atom is connected
to four germanate O atoms and one N atom from a 1,3-
diaminopropane molecule in the geometry of a distorted
trigonal bipyramid. A five-coordinate MXs polyhedron may
exhibit three kinds of environments, namely, square pyramid
(SP), trigonal bipyramid (TB), and half SP—half TB. The
parameter 7 defined by Addison et al.” as 7 = (8 — a)/60 was
calculated (S and o are the largest X—M—X angles of the
MX s polyhedron) to distinguish different environments. The
value is equal to 0 for an ideal SP and to 1 for a TB. The t
values are 0.73 and 0.60 for Zn(1) and Zn(2), respectively. As
shown in Figure 1a, each ZnO4N trigonal bipyramid shares
two edges to form zigzag infinite chains parallel to the ¢ axis,
which are linked by 1,3-diaminopropane molecules so that
hybrid organic—inorganic sheets in the hc plane with the
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Figure 1. (a) Hybrid organic—inorganic sheet in 1 with the composition
[Zn,04(NH,CH,CH,CH,NH,)] formed of infinite zigzag chains of edge-
sharing ZnO4N trigonal bipyramids and bidentate-bridging 1,3-amino-
propane ligands. (b) Unbranched vierer single layer in 1 with the com-
position [Ge4Oj]. (c) Structure of 1 viewed along the ¢ axis. The yellow
and green polyhedra are ZnO4N trigonal bipyramids and GeO, tetra-
hedra, respectively. Black and orange circles are C and N atoms,
respectively. H atoms are not shown for clarity.

composition [Zn,O4NH,CH,CH,CH,NH,)] are generated.
The GeO, tetrahedra are connected together by sharing three
corners to form layers with the composition [Ge;O1¢] con-
taining four- and eight-membered rings (Figure 1b). Accord-
ing to the definition of the layer types based on the periodi-
city of the fundamental chain from which the layer can
be generated by successive linking of these chains, the
[Ge4O0] layer is an unbranched vierer single layer.® Similar
layers were found in the minerals apophyllite (K Cay[SizO1¢)»-
(F,OH)-8H,0)’ and paracelsian (BaAl,Si,Og).* They differ,
however, in the distribution of tetrahedra pointing up and
down, i.e., in the direction of the tetrahedra. The [Ge4O1]
layers in 1 are connected by the [Zn,O4NH,CH,CH,CH,-
NH,)] layers via four u3-O atoms to form a 3D neutral
framework with the composition Zn,Ge4O;o(NH,CH,CH>-
CH,NH,;) (Figure Ic).

The structure of 2 is constructed from the following
structural elements: one ZnO,N, tetrahedron, two GeOy
tetrahedra, and one ethylenediamine molecule. Each Zn
atom is connected to two germanate O atoms and two N
atoms from two ethylenediamine molecules in the geome-
try of a distorted tetrahedron. As shown in Figure 2a, the
amine molecule acts as a bidentate-bridging ligand be-
tween two Zn atoms such that infinite chains parallel to
the ¢ axis with the composition [ZnO,(NH,CH,CH,NH,)]
are generated. The GeO, tetrahedra are connected to-
gether by sharing three corners to form unbranched zweier
double chains parallel to the a axis with the composition
[Ge,0Os] (Figure 2b). The two O atoms of each ZnO,-
(NH,CH,CH,NH,) moiety are joined to GeO, tetrahedra
of the [Ge,0Os] chains such that a 3D framework with the
composition ZnGe,Os(NH,CH,CH,NH,) is formed
(Figure 2c¢).

(6) Liebau, F. Structural Chemistry of Silicates: Structure, Bonding and
Classification; Springer-Verlag: Berlin, 1985. The terms einer, zweier, dreier, ...,
etc., have been widely accepted for denoting the chain periodicity. These terms are
derived from the German numerals by suffixing “er” to the numeral.

(7) (a) Colville, A. A.; Anderson, C. P.; Black, P. M. Am. Mineral. 1971,
56, 1222. (b) Bartl, H.; Pfeifer, G. Neues Jahrb. Mineral., Monatsh. 1976, 58.

(8) Tripathi, A.; Parise, J. B. Microporous Mesoporous Mater. 2002,
52, 65.



Communication

(@) Wﬁj

(b)

Figure 2. (a) Infinite chain in 2 formed of ZnO,N, tetrahedra and
bidentate-bridging ethylenediamine ligands. (b) Unbranched zweier dou-
ble chain in 2 with the composition [Ge,Os]. (¢) Structure of 2 viewed
along the « axis. The yellow and green polyhedra are ZnO,N, and GeOy4
tetrahedra, respectively. Black and orange circles are C and N atoms,
respectively. H atoms are not shown for clarity.

In the literature, organic amines are usually used as
structure-directing agents to direct the formation of inor-
ganic frameworks, with the organic ammonium cations being
located in the voids of the structure. A large number of
organically templated germanate-based zeolite-type materials,
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including the pure germanates and those containing tri- or
tetravalent metal ions such as AI*", Ga>", and Zr*" in their
frameworks, have been reported. This work presents two
novel zinc germanates incorporating neutral bidentate or-
ganic amines as bridging ligands, which were synthesized
under solvothermal conditions by using the organic amines
as solvents. The 3D frameworks of 1 and 2 are characterized
by infinite chains formed of edge-sharing ZnO4N trigonal
bipyramds and unbranched vierer single layers with the
composition [GesO;g] and discrete ZnO,N, tetrahedra
and unbranched zweier double chains with the composi-
tion [Ge,Os], respectively. These two structures are con-
siderably different from those of previously reported
isostructural metal germanates, [GegO;3sM»(OH),4]- 3NH>-
CH,CH,NH, (M = Co, Zn, and Cd). Given the large
variety of organic amines that could be used in the syn-
thetic regime, one can envisage the synthesis of many more
transition-metal germanium oxide frameworks incorpo-
rating neutral organic amine ligands by using the amines as
solvents in the hope of devising functional materials with
interesting structures and properties.
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