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A Borogermanate with Three-Dimensional Open-Framework Layers

Ding-Bang Xiong,[a, b] Jing-Tai Zhao,*[a] Hao-Hong Chen,[a] and Xin-Xin Yang[a]

Introduction

Layered materials are often considered as a subset of
porous materials.[1] Depending on the structure of the layers,
they fall into three classes, namely materials with dense non-
porous layers, with microporous sheet layers, and with
three-dimensional microporous layers.[2] Compounds belong-
ing to the third class are of particular interest because they
open up the possibility of a route towards combined micro-
porous–mesoporous materials. However, although materials
with porous sheet layers of the second group are relatively
common,[3–5] to the best of our knowledge, there have been
only two examples of materials with three-dimensional mi-
croporous layers. One is an aluminosilicate (ITQ-2), which
has large pores running within the layer and smaller six-
membered ring (6MR)1 transport-limiting openings perpen-
dicular to the layer.[6] The first truly three-dimensional mi-
croporous layered material is a strontium silicate (AMH-3),
reported by Tsapatsis and co-workers,[2,7] with 8MR aper-
tures both perpendicular to and within the silicate layers.

Herein, we report the synthesis and structure of a layered
potassium borogermanate, K4 ACHTUNGTRENNUNG[B8Ge2O17(OH)2], with similar
three-dimensional open-framework layers. We studied this
system because: 1) compared to the silicates, the germanates
have smaller Ge-O-Ge angles and b) germanium and boron
are more diverse in their coordinations with oxygen and
have generated many new borogermanates with porous
structures.[8–17]

Initially, we noticed that the structures of K2[Ge-
ACHTUNGTRENNUNG(B4O9)]·2H2O,

[13] reported by Yang et al. and the compound
used for its synthesis, K2ACHTUNGTRENNUNG[B4O5(OH)4]·2H2O,

[18] contain a
similar borate unit made of two nearly perpendicular rings
of polyhedra, [B4O9Hx]. The unit in the latter,
[B4O5(OH)4]

2�, is fully protonated and isolated, while that
in the former is completely deprotonated and condensed
with four GeO4 groups at the formerly protonated oxygen
atoms to form a three-dimensional (3D) open framework
(Figure 1). We were interested in eventual intermediates in
which deprotonation of one, two, or three hydroxyl groups
followed by condensation may lead to chain or layer com-
pounds. Low-temperature synthesis in fluxes has proven to
work well for these systems[8,18] and this approach was used
for the synthesis of K4ACHTUNGTRENNUNG[B8Ge2O17(OH)2].

Results and Discussion

Colorless crystals of the new compound were obtained as a
single-phase product (>98% yield based on GeO2) by heat-
ing a mixture of K2ACHTUNGTRENNUNG[B4O5(OH)]·2H2O and GeO2 in a molar
ratio of 2:1 at 280 8C for seven days, whereby the former
served as both flux and reagent. A platelike crystal of suita-
ble size was selected for single-crystal X-ray diffraction anal-
ysis (Table 1). Electron probe X-ray microanalyzer (EPMA)
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data gave a ratio of 1.9:1 for K:Ge. TG-DTA-MS analysis
carried out in a flow of Ar showed a weight loss of 4.5% in
three steps between 30 and 630 8C. The first step before
200 8C is attributed to the gradual loss of adsorbed water
(1%), and the last two steps (3.5%) are assigned to the loss
of hydroxyl groups (calcd 2.59%) and the removal of the
volatile boron oxide phase. The material is thermally stable

up to 440 8C, but becomes amorphous after heating at 650 8C
for 0.5 h.
The layers in K4 ACHTUNGTRENNUNG[B8Ge2O17(OH)2] (Figure 2) are thick and

each comprise two interconnected porous sheets, A and B.
Both sheets have a honeycomb (3.9) topology, but are mutu-
ally rotated by 1808. They contain GeO4 tetrahedra bonded
to three partially deprotonated B4O8(OH) units. The two
sheets are linked via the fourth oxygen atoms of the GeO4
tetrahedra, which, in turn, form Ge2O7 dimers. The terminal
hydroxyl groups of B4O8(OH) point outward from the layers
and are involved in hydrogen bonding between them (O�
H···O distances between 2.814 and 3.052 C). Selected bond
lengths and angles for this compound are presented in
Table 2. The potassium cations reside both between the
layers as well as between the AB sheets within the layers.

Figure 1. The isolated and fully protonated units [B4O5(OH)4]
2� in K2-

ACHTUNGTRENNUNG[B4O5(OH)4]·2H2O (upper left) can condense into a 3D framework after
complete deprotonation as in K2[Ge ACHTUNGTRENNUNG(B4O9)]·2H2O (lower left). Partial
deprotonation may lead to chain (upper right) and layer (lower right)
structures.

Table 1. Crystallographic data and refinement parameters for K4-
ACHTUNGTRENNUNG[B8Ge2O17(OH)2].

Empirical formula K4 ACHTUNGTRENNUNG[B8Ge2O17(OH)2]

Fw 694.08
radiation, l [C] MoKa, 0.71073
crystal system monoclinic
space group C2/c (no. 15)
unit cell dimensions
a [C] 12.095(2)
b [C] 6.7979(14)
c [C] 19.944(4)
b [8] 93.04(3)
V [C3] 1637.6(6)
Z 4
crystal size [mm3] 0.05M0.05M0.04
1calcd [gcm

�3] 2.815
m ACHTUNGTRENNUNG(MoKa) [mm

�1] 4.795
q range for data collection [8] 2.05 to 27.16
Rint/Rs 0.0332/0.0454
no. of refined parameters 155
measured data 3968
unique data 1807
data [I>2s(I)] 1576
GooF 0.989
final R indices [I>2s(I)]
R1

[a] 0.0295
wR2

[b] 0.0645
R indices (all data)
R1 0.0357
wR2 0.0663
largest diff. peak and hole [eC�3] �0.582, 0.589

[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= {�[w ACHTUNGTRENNUNG(Fo2�Fc2)2]/�[wACHTUNGTRENNUNG(Fo2)2]}1/2.

Figure 2. Top: A view of K4 ACHTUNGTRENNUNG[B8Ge2O17(OH)2] along the layers and its
eight-membered ring channels parallel to the b axis. Bottom: The connec-
tivity between borate and germanate groups in the single A or B boro-
germanate sheets.
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This specific connectivity between the B4O8(OH) and
Ge2O7 groups gives rise to the three-dimensional porosity of
the layers. Thus, each layer has intersecting channels along
three directions: 8MR channels along [010] (Figure 2, top)
and [110] (Figure 3, top), and 9MR channels along [101]
(Figure 3, bottom). Both the [010] and [110] apertures pos-
sess interweaving right- and left-handed helical channels.
The 9MR channels along [101] are formed from three GeO4
tetrahedra and three pairs of BO3 triangles and BO4 tetrahe-
dra with the following sequence: -(GeO4)-(BO4)-(BO3)-
(GeO4)-(BO4)-(BO3)-(GeO4)-(BO4)-(BO4).
Comparison of the structure of K4ACHTUNGTRENNUNG[B8Ge2O17(OH)2] with

that of AMH-3 reveals some differences. Firstly, within the
layer, both K4ACHTUNGTRENNUNG[B8Ge2O17(OH)2] and AMH-3 have two 8MR
channels parallel to the layer, but AMH-3 has an additional
10MR channel along the [011] direction. Secondly, the trans-
port paths perpendicular to the layers are different. For K4-
ACHTUNGTRENNUNG[B8Ge2O17(OH)2], both the transport path in a single layer
and the one created by two sheets from adjacent layers are
9MR channels with the same axis, whereas the axes of the
two sets of 8MR channels in AMH-3 are mutually offset. Fi-
nally, AMH-3 is built of pure silicon, whereas K4-
ACHTUNGTRENNUNG[B8Ge2O17(OH)2] contains two kinds of cluster units with
different compositions, which is important for adjusting the
acid strength of zeolite-based catalysts. Although the cluster
unit is normal in borogermanates, to the best of our knowl-
edge, there has hitherto been only one example containing
more than one type of cluster.[10,12] It is anticipated that the

pore size and shape in borogermanate three-dimensional mi-
croporous layers may be further adjusted by introducing dif-
ferent Ge–O clusters, within reasonable limits, as molecular
building units.[22–24]

Both layered K4ACHTUNGTRENNUNG[B8Ge2O17(OH)2] and 3D K2[Ge-
ACHTUNGTRENNUNG(B4O9)]·2H2O were prepared by using K2ACHTUNGTRENNUNG[B4O5(OH)]·2H2O
as a boron source, but different synthetic conditions resulted
in different products. K2[Ge ACHTUNGTRENNUNG(B4O9)]·2H2O was synthesized
in a mixture of water and organic solvent, in which nuclea-
tion and growth are so fast that the detection of the boro-
germanate precursors is difficult, whereas in a low-tempera-
ture synthesis in flux, the kinetics of the hydrolysis and con-
densation reactions is sufficiently decreased such that inter-
mediates K4ACHTUNGTRENNUNG[B8Ge2O17(OH)2] are obtained. Successful syn-
thesis of K4 ACHTUNGTRENNUNG[B8Ge2O17(OH)2] is of fundamental interest in
understanding the relationship between 0D isolated building
units, 1D chain, 2D layered, and 3D framework structures,
and also sheds some light on the construction of similar lay-
ered structures in other systems, such as aluminophosphates
and aluminosilicates.

Table 2. Selected bond lengths [C] and angles [8] in K4-
ACHTUNGTRENNUNG[B8Ge2O17(OH)2].

[a]

Ge�O7 1.724(2) O7-Ge-O2 120.71(11)
Ge�O2 1.728(2) O7-Ge-O3 106.28(11)
Ge�O3 1.755(14) O2-Ge-O3 107.60(9)
Ge�O4 1.762(2) O7-Ge-O4 105.23(10)

O2-Ge-O4 107.08(10)
O3-Ge-O4 109.67(8)

B1�O5 1.350(4) O5-B1-O9 124.5(3)
B1�O9 1.352(4) O5-B1-O4 114.8(3)
B1�O4 1.399(4) O9-B1-O4 120.7(3)
B2�O5 1.484(4) O1-B2-O7 115.0(3)
B2�O10 1.516(4) O1-B2-O5 109.7(3)
B2�O7 1.462(4) O7-B2-O5 109.9(3)
B2�O1 1.444(4) O1-B2-O10 110.3(3)

O7-B2-O10 103.3(2)
O5-B2-O10 108.3(3)

B3�O1 1.450(4) O1-B3-O2 113.6(3)
B3�O2 1.457(4) O1-B3-O8 110.2(3)
B3�O8 1.491(4) O2-B3-O8 109.2(3)
B3�O9 1.504(4) O1-B3-O9 110.0(3)

O2-B3-O9 107.0(3)
O8-B3-O9 106.6(3)

B4�O10 1.349(4) O10-B4-O8 123.8(3)
B4�O8 1.368(4) O10-B4-O6 122.8(3)
B4�O6 1.376(4) O8-B4-O6 113.3(3)

[a] Bond valence sums (�s): [GeO4] tetrahedron, �s ACHTUNGTRENNUNG[Ge�O]=4.07;
[B1O3] trigonal, �s ACHTUNGTRENNUNG[B1�O]=3.04; [B2O4] tetrahedron, �s ACHTUNGTRENNUNG[B2�O]=3.02;
[B3O4] tetrahedron, �s ACHTUNGTRENNUNG[B3�O]=3.02; [B4O3] trigonal, �s ACHTUNGTRENNUNG[B4�O]=3.06.

Figure 3. Projections of a single layer along [110] (top) and [101]
(bottom) showing 8MR and 9MR channels, respectively.
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Conclusions

The new layered borogermanate, K4ACHTUNGTRENNUNG[B8Ge2O17(OH)2], with
three-dimensional open-framework layers, may open the
way to the synthesis of similar and other layered micropo-
rous solids. Its structure exhibits a unique linkage mode of
two types of cluster units, B4O8(OH) and Ge2O7, that form
channels along three different directions. The layered nature
of the material suggests that exfoliation of the layers may be
possible. This, in turn, may lead to the preparation of poly-
mer–borogermanate nanocomposites[25,26] or precursors of
thin microporous films.[27]

Experimental Section

Crystals of K4 ACHTUNGTRENNUNG[B8Ge2O17(OH)2] were prepared from a flux of
K2B4O5(OH)4·2H2O in a Teflon-lined stainless steel autoclave (V=

20 mL). The autoclave was charged with a mixture of
K2B4O5(OH)4·2H2O (3.06 g, 10 mmol) and GeO2 (hexagonal phase)
(0.53 g, 5 mmol). The reaction was carried out at 280 8C for six days. The
autoclave was allowed to cool to room temperature in the furnace. The
excess K2B4O5(OH)4·2H2O was removed by thoroughly washing the
product with warm (50 8C) distilled water, and the product was finally
dried at 60 8C in air (>98% yield based on GeO2) for further characteri-
zation. Crystals used for single-crystal structure determination were ob-
tained in a similar fashion. The X-ray powder diffraction pattern was
consistent with that calculated from the structure determined by single-
crystal X-ray diffraction analysis. To investigate the thermal stability of
this compound, samples were heated at different temperatures for 0.5 h,
and then cooled to room temperature for further X-ray diffraction analy-
sis.

The crystal shape and elemental composition were studied by means of
an electron probe X-ray microanalyzer (EPMA) and an accessory
energy-dispersive spectrometer (EDS) on a JXA-8100 microscope. Ther-
mogravimetric analyses (TGA) and differential scanning calorimetry
(DSC) combined with mass spectrometry (MS) were performed on a
NETZSCH STA-449C/Balzers MID apparatus at a heating rate of
10 Kmin�1 in a flow of Ar over the temperature range 20–700 8C. IR
spectra were collected on a Digilab FTS-80 spectrophotometer by using
samples pressed in KBr pellets.

Crystal structure determination: Nonius Kappa CCD diffractometer
(MoKa radiation, l =0.71073 C) at room temperature. The data were cor-
rected for absorption by using the SADABS program.[20] The structure
was solved by direct methods and refined against jF2 j with the aid of the
SHELXTL-97 software package.[21] After anisotropic refinement of the
heavier atoms, the hydrogen atoms were located from the difference
Fourier maps and refined without applying any restraints. Further details
of the crystal structure investigation can be obtained from the Fachinfor-
mationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Germany;
fax: (+49)7247-808-666; e-mail : crysdata@fiz-karlsruhe.de) on quoting
the depository number CSD-417983.
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