
DOI: 10.1002/asia.200700135

Germanates of 1D Chains, 2D Layers, and 3D Frameworks Built from Ge–O
Clusters by Using Metal-Complex Templates: Host–Guest Symmetry and

Chirality Transfer

Guang-Zhen Liu,[a] Hong-Xia Zhang,[a] Zhi-En Lin,[a] Shou-Tian Zheng,[a] Jie Zhang,[a]

Jing-Tai Zhao,[b] Guo-Ming Wang,[c] and Guo-Yu Yang*[a]

1230 � 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 1230 – 1239

FULL PAPERS

www.interscience.wiley.com


Introduction

The advent of new crystalline porous oxides is of continued
interest in solid-state chemistry because of their great
impact in catalysis, separation, and ion exchange.[1–3] This
class of solids was initially composed of aluminosilicate zeo-
lites constructed from corner-sharing metal–oxygen tetrahe-
dra. However, the discovery of microporous AlPO4 by Fla-
nigen and co-workers[4] in the early 1980s spurred wide-
spread enthusiasm in the synthesis of non-aluminosilicate-
based microporous materials with unknown framework top-

ologies, novel framework polyhedral geometries and connec-
tivities, and “record-breaking” pore sizes, such as the micro-
porous compounds VPI-5 (18-membered ring; 18-MR),[5]

VSB-1 (24-MR),[6a] ND-1 (24-MR),[6b] and SU-M (30-MR).[7]

Lately, interest in microporous germanates has been
steadily growing[8] after the discovery of the first germanate
with an open framework by Xu and co-workers[9] at the be-
ginning of the 1990s. Interest in using germanium as a
framework-forming element is not only because it is the ele-
ment chemically closest to silicon but also because of its
flexible coordination behavior (tetrahedron, square pyramid
or trigonal bipyramid, and octahedron), significantly greater
T�O bond distances (�1.76 F for Ge�O and �1.61 F for
Si�O), and associated smaller T�O�T angles (120–1358 for
Ge�O�Ge and 140–1458 for Si�O�Si) than those in most
silicates.[10] The geometrical parameters make germanates
particularly favorable candidates for the formation of frame-
works with 3-MR channels in a strain-free manner, which is
thought to be the key to very open frameworks.[11] Further-
more, germanium is capable of forming cluster aggregates
that offer great opportunities for the design of open frame-
works with large channels, as predicted by FGrey in terms of
scale chemistry and defined as the “cluster-condensation”
mechanism.[12] The Ge7O16X3 (X=OH, F) (Ge7) and
Ge9O22X4 (Ge9) secondary building units (SBUs) were
noted as robust cluster building units and can be used to
build extra-large pore systems as shown in ASU-12[8i] with
3D interconnected eight-, 10-, and 16-ring channels and in
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ASU-16[8c] (also SU-12[88]) with 24-ring channels, whose
structures are based on the different arrangements of the
Ge7 clusters. Another example of a 24-ring germanate is
FDU-4,[8j] which is built by the connection of corner-sharing
Ge9O18(OH)4 clusters. More recently, Zou and co-workers

[8q]

demonstrated that the different building units of Ge7 and
Ge9 clusters can also be combined into the same framework
structure, for example, SU-8 and SU-44 with 3D intercon-
nected eight-, 10-, and 16-MR channels and eight-, 10-, 16-,
and 18-MR channels, respectively. Notably, they reported in
a previous work[7] a crystalline mesoporous germanate (SU-
M) with 30-MR extra-large channels (>20 F), which is built
from a unique Ge10 cluster and has the lowest framework
density of any inorganic material.
Although a complete and detailed understanding of the

mechanisms of formation of microporous compounds is cur-
rently difficult, several models account for the final frame-
work structures by postulating various building blocks from
the viewpoint of host infrastructure, such as the SBU
model[13,14] and the chain-self-assembly model.[15] Inasmuch
as such solids are usually made by hydrothermal routes in
the presence of various templates, in some cases by encapsu-
lating them with a very close fit between the templates and
the pore walls, it is necessary to investigate the assembly
process of framework polyhedra by the templates from the
viewpoint of host–guest interactions.[16–17] It has been shown
that host–guest charge and symmetry matching are impor-
tant synthetic parameters for the self-assembly process of
porous materials wherein the shape, size, and charge of
guest templates can determine the host framework,[8a, f, 18–23]

whereas the origin of this phenomenon is less clear. Thus,
the selection of proper templates to direct to “particular”
framework structures is a useful approach for a better un-
derstanding of the origin of the host–guest matching. In con-
trast to alkali-metal ions and organic amines, rigid metal
complexes used as templates, which exhibit various charges,
unique spatial configurations, and rich hydrogen-bonding
sites, have shown great advantages in the synthesis of novel
open-framework materials such as phosphates,[24] phos-
phites,[25] and borophosphates.[26] Remarkably, it was shown
that a chiral metal complex as a guest can imprint its chiral
characteristics onto the inorganic host framework of phos-
phates through the noncovalent interactions between host

and guest.[24a–d] Unfortunately, versatile metal complexes as
templates are absent from the literature with regard to mi-
croporous germanates, except for ICMM-2, which contains
an extra-framework linear complex [M ACHTUNGTRENNUNG(NH3)2] (M=Ag+ or
Cu+),[27] and several examples in which the transition-metal
(Zn, Co, Cd, In) complexes were incorporated with the
framework.[28]

We are focusing on the synthesis of open-framework ma-
terials constructed from Ge–O clusters[28d,29] and are dedicat-
ed to investigating the effect of the introduction of hetero-
ACHTUNGTRENNUNGatoms, such as boron (+3 oxidation state),[30–33] on their
framework topologies. As a part of our ongoing research,
we are currently interested in extending the unique perfor-
mance of versatile metal complexes to the germanate
system and further understanding its role in determining the
host framework structures of germanates. In this work, by
structure elucidation of initial examples of germanates con-
structed from the linkage of cluster units by using metal-
complex templates, we attempt to give new insight into the
self-assembly process of porous solids from the viewpoint of
host–guest interactions. These materials span a range of di-
mensionalities from the 1D chain of Ge7O13(OH)2F3·Cl·2[Ni-
ACHTUNGTRENNUNG(dien)2] (FJ-6)[34] to the 2D layer of Ge7O14F3·0.5[In-
ACHTUNGTRENNUNG(dien)2]·0.5H3dien·2H2O (1) and the 3D frameworks of
Ni@Ge14O24(OH)3·2 ACHTUNGTRENNUNG[NiL3] (FJ-1a/FJ-1b)

[35] (dien=diethyl-
ACHTUNGTRENNUNGenetriamine, L=ethylenediamine(en) for FJ-1a, 1,2-diami-
nopropane (enMe) for FJ-1b). It is shown that the occur-
rence of shape-controlled synthesis for such materials by
using metal-complex templates coincides with the host–
guest symmetry and configuration correspondence that
result from the hydrogen-bonding interactions between the
framework and template, which also provide a useful model
system for a better understanding of the self-assembly of
host framework polyhedra by guest templates, and may fur-
ther facilitate the rational design and development of cer-
tain predicted porous materials.

Results and Discussion

Synthesis

The germanates in question were synthesized by using sol-
vothermal technology. FJ-6 and 1 were prepared with pyri-
dine as solvent in the presence of HF. Notably, the existence
of HF in the synthetic process was necessary for the forma-
tion of the two compounds. FJ-6 was initially obtained from
a mixture containing H3BO3 designed for the synthesis of a
borogermanate;[34] H3BO3 was later removed from the reac-
tion system, and it was found that the synthesis could still be
carried out. Furthermore, powder X-ray diffraction showed
that a phase-pure sample with FJ-6 framework topology
could also be obtained as polycrystallites by using [Co-
ACHTUNGTRENNUNG(dien)2]

2+ as template cations. For 1, the unknown [In-
ACHTUNGTRENNUNG(dien)2]

3+ complex cations are self-organized in the reaction
medium and play the role of a cooperative template with
the organic amine in the formation of the inorganic net-
works. When In2O3 was removed from the reaction system,
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a new layered germanate, Ge7O14F3 ACHTUNGTRENNUNG(H2dien)1.5·H2O,
[36] with

the ASU-20[8l] framework structure was isolated. FJ-1a/FJ-
1b was initially obtained by using ethylene glycol as solvent
in the presence of [NiL3]Cl2·2H2O (L=en, enMe) as tem-
plate.[35] The synthesis conditions of FJ-1a/FJ-1b were not
very critical: a phase-pure sample with high crystallinity was
isolated either by using pyridine instead of ethylene glycol
as solvent or by the replacement of [NiL3]Cl2·2H2O with a
mixture of NiCl2·2H2O and en or enMe in the original reac-
tion system. However, when other transition metals and
amines, such as Mn2+ , Fe2+ , Cu2+ , Zn2+ , or Cd2+ and en
were used instead of Ni2+or In3+ and enMe or dien, no
structures similar to 1, FJ-1, or FJ-6 were formed. Crystallo-
graphic and refinement details for 1 are summarized in
Table 1. The morphology of 1 is shown in Figure 1.

Crystal Structures of the 1D and 2D Phases

The structures of FJ-6[34] and 1 are constructed from a
Ge7X19 (X=O, OH, or F) cluster unit (Figure 2), in which
seven Ge atoms exhibit mixed coordination of four to six
with O or F anions. The center of gravity of the cluster
nearly coincides with a tricoordinated oxygen atom, which is

bound to an octahedral and two trigonal-bipyramidal Ge
centers. Two pairs of corner-sharing tetrahedral Ge atoms
are linked to the octahedral and trigonal-bipyramidal Ge
sites by doubly bridging oxygen atoms in their equatorial
planes. Whereas all the Ge polyhedra are connected to each
other by their vertices, the two trigonal bipyramids are
linked by a common edge. The Ge7X19 cluster unit can also
be described as a D4R unit, which is present in zeolites,
AlPOs,[37–40] and some germanates,[8c,29,41, 42] with two neigh-
boring tetrahedral atoms replaced by one capping octahe-
dral Ge atom. The location of the central tricoordinated
oxygen atom within the cluster unit is similar to that of a
fluorine or an oxygen atom that is typically observed within
the D4R cage.
Similar Ge7X19 cluster units were observed in ASU-12,

[8i]

ASU-16,[8c] ASU-19,[8l] ASU-20,[8l] and Ge10O21(OH)·
N4C6H21

[8k] by using different bases as templates. Seven of
the anions in this cluster are singly coordinated and avail-
able for linkage when the clusters condense into a frame-
work, but the presence of partly terminal anions can prevent
the Ge7X19 clusters from completely connecting, thus gener-
ating interrupted structures. For example, in ASU-12[8i] and
ASU-16,[8c] the clusters are linked by the sharing of five ver-
tices into five-connected nets that result from prismatic
stacking of planar 63 and 4.82 nets, respectively. Further-
more, the layers of ASU-20[8l] are four-connected 44 nets,
which are further connected in pairs by additional isolated
GeO4 linkages to produce the slab structure of ASU-19.[8l]

However, in Ge10O21(OH)·N4C6H21,
[8k] the Ge7X19 clusters

are linked to each other by additional isolated GeO4 tetra-
hedra to produce a 3D framework with a relatively dense
noninterrupted structure in which no terminal anion is pres-
ent.
The structure of FJ-6 consists of 1D anionic chains of

Ge7O14(OH)2F3 clusters linked by m2-O1 atoms from two tet-
rahedral Ge centers (Figure 3a). Of the five singly coordi-
nated anions in each cluster, two on the remaining tetrahe-
dral Ge centers are hydroxy groups and three related to the

Table 1. Crystal data and structure-refinement parameters for 1.

Parameters 1

Empirical formula C6N4.5H25Ge7In0.5O16F3
Mr [gmol

�1] 1038.84
Crystal system monoclinic
Space group C2/c
a [F] 35.875(4)
b [F] 14.1723(14)
c [F] 10.4110(9)
a [8] 90
b [8] 101.832(4)
g [8] 90
V [F3] 5180.8(9)
Z 8
1calcd [g cm

�3] 2.664
l [F] 0.71073 (MoKa)
m [mm�1] 8.543
Reflections collected 19658
Independent reflections 5924 (R ACHTUNGTRENNUNG(int)=0.0703)
Refined parameters 323
GOF on F2 1.107
R1, wR2 (I>2s(I)) 0.0622, 0.1265
Largest diff. peak, hole [eF�3] 1.327, �0.971

Figure 1. Scanning electron microscopy image of 1.

Figure 2. Polyhedral view of the Ge7X19 (X=O, OH, or F) cluster unit of
FJ-6 and 1. Tetrahedra are shown in white, trigonal bipyramids are
ACHTUNGTRENNUNGstriped, and the octahedron is in gray.
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octahedral and two trigonal-bipyramidal Ge centers are
ACHTUNGTRENNUNGfluorine atoms. In the 2D phase 1, each Ge7O16F3 cluster
unit is connected to four adjacent clusters by sharing m2-O5
and -O12 atoms of tetrahedral Ge centers to give rise to the
same layer topology as ASU-20[8l] (four-connected 44 square
lattice; Figure 3b). The singly coordinated anions associated
with the octahedral and two trigonal-bipyramidal Ge centers
are terminal fluorine atoms. However, the sheets in 1 con-
tain uniform 10-MR apertures instead of the alternate eight-
and 12-MR openings in ASU-20,[8l] which is attributed to
the highly flexible intercluster Ge�O�Ge bond angles and
different cluster orientations in the inorganic layers. The
Ge�O�Ge bond angles between the clusters are in the
range 142.8(4)–151.3(4)8 for 1 and 131.9(3)–141.8(5)8 for
ASU-20,[8l] whereas the intracluster Ge�O�Ge angles
remain confined around an average value of 1198 (�118.98
for 1 and 119.18 for ASU-20[8l]) that is independent of the
framework structure. Similar values were also found for
ASU-12[8i] and ASU-16.[8c]

The geometrical parameters for FJ-6 and 1 remain within
a range typical for germanates. In 1, the Ge�O bond length
for the tetrahedral Ge atoms is between 1.713(6) and
1.769(6) F, and the O�Ge�O angle is in the range 104.7(3)–
115.9(3)8. The Ge�O bond length for trigonal-bipyramidally
coordinated atoms varies from 1.773(6) to 2.051(5) F, and
the average Ge�F bond length is 1.814(5) F. The octahe-
drally coordinated Ge atom has an expected longer Ge�X
distance in the range 1.811(5)–2.016(5) F.
Hexacoordinated dien complexes of transition metals

have been known for a long time[43] and usually have s-fac,
u-fac, and mer configurations; the latter two are chiral. In
FJ-6, there exist two unique Ni sites that correspond to the
two isomers s-fac-[Ni1ACHTUNGTRENNUNG(dien)2]

2+ and mer-[Ni2 ACHTUNGTRENNUNG(dien)2]
2+ , re-

spectively; no u-fac-[Ni1ACHTUNGTRENNUNG(dien)2]
2+ isomer is incorporated.

The alternate arrangement of [NiACHTUNGTRENNUNG(dien)2]
2+ and the inorgan-

ic chain gives rise to a 3D super-molecule network (Fig-
ure 4a). In the [100] projection, each inorganic chain is sur-

rounded by five [Ni ACHTUNGTRENNUNG(dien)2]
2+ stacks that interact with the

chains electrostatically and through hydrogen bonds, with
N···O and N···F distances of 2.888(6)–3.299(7) and 3.023(6)–
3.153(7) F, respectively. There is also hydrogen bonding be-
tween isolated Cl� anions and the N atoms of [NiACHTUNGTRENNUNG(dien)2]

2+ ,
with N···Cl distances in the range 3.396(6)–3.589(6) F.
However, in 1, the crystallographically distinct In3+

cation, which exists in an octahedral environment of two
chelating dien ligands, has an s-fac configuration; no u-fac-
[InACHTUNGTRENNUNG(dien)2]

3+ and mer-[In ACHTUNGTRENNUNG(dien)2]
3+ isomers are incorporat-

ed. The indium complex [InACHTUNGTRENNUNG(dien)2]
3+ has not been reported

until now. In�N bond lengths are between 2.244(8) and
2.261(8) F and are comparable with those of transition-
metal complexes;[43] the N�In�N angle varies between
79.2(3) and 180.0(1)8. The Ge�O inorganic layers in 1 are
stacked in an ABCD sequence along the [100] direction,
with the indium complexes and triprotonated dien molecules
inserted alternately in the interlamellar space (Figure 4b).
The 10-MR channels within the two adjacent layers that en-
capsulate the indium complexes are relatively well-aligned,
whereas the adjacent layers that encapsulate the triprotonat-
ed dien molecules are staggered: a 10-MR channel in one

Figure 3. a) The inorganic chain running along the a direction in FJ-6.
b) The inorganic sheet parallel to the bc plane in 1. Tetrahedra are
shown in white, trigonal bipyramids are striped, and octahedra are in
gray.

Figure 4. a) Polyhedral view along the [101] direction of FJ-6 showing the
packing of the metal complexes between the inorganic chains. b) Poly-
hedral view along the [001] direction of 1 showing the alternate array of
the indium complex and the H2dien cations between the inorganic layers.
Guest water molecules are omitted for clarity. Tetrahedra are shown in
white, trigonal bipyramids are striped, and octahedra are in gray.
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layer faces a Ge7O16F3 cluster unit in the next layer. Such a
layered arrangement generates a 1D system of zigzagged
pseudo-10-MR channels along the [100] direction with
indium complexes located within the channels. In fact, the
indium complexes and the triprotonated dien molecules are
located at the unit-cell inversion center, which results in two
possible orientations of the dien molecules due to the statis-
tical disorder of the N5 and C6 atoms. Close examination of
the guests reveals that the amine groups of the complex cat-
ions and the dien molecules interact with the lattice oxygen
atom, the terminal fluorine atom in the framework, and the
water guests through extensive hydrogen bonding, with
N···O and N···F distances in the range 2.800(2)–3.293(10)
and 2.765(15)–3.125(9) F, respectively.

Crystal Structure of the 3D Phase

FJ-1a and FJ-1b are composed of two isostructural frame-
works[35] built by a novel Ni@Ge14O24(OH)3 cluster unit
(Figure 5a). The Ni@Ge14O24(OH)3 cluster is composed of
one Ni center, 14 Ge centers, 24 O centers, and three OH
units. The Ni+ ion is located at the center of the Ni@
Ge14O24(OH)3 unit and is bound to five Ge

2+ ions by Ge2+�
Ni+ bonds to yield a trigonal-bipyramidal core {Ni@Ge5}
(three Ge4 atoms in the equatorial plane and two Ge3
atoms at apical positions). Nine peripheral tetrahedral GeIV

sites (six Ge1 and three Ge2 atoms) form three trimers
(Ge3O10) through corner sharing, and each trimer is further
linked to four GeII centers of the cluster core by m2-O
atoms. However, each Ge2 center connects a terminal
oxygen atom that belongs to hydroxide ligands.
Each Ni@Ge14O24(OH)3 cluster is linked to six other clus-

ters by Ge�O2�Ge bonds to form a 3D framework (Fig-
ure 5b) that contains large 24-MR channels along the [001]
direction, which intersect with three 12-ring channels along
the [100], [010], and [110] directions. The overall network is
a decorated version of the acs net (SchlTfli symbol
49.66),[44,45] which has a rarely observed underlying topology
(a hexagonal ABA array) in which each six-coordinate
vertex is replaced by an Ni@Ge14O24(OH)3 cluster unit (Fig-
ure 5c). Interestingly, two types of [Ni(en)3]

2+ complexes
are encapsulated in the channels of FJ-1a (Figure 5d): one
is a regular octahedral [Ni2(en)3]

2+ cation, the other is a
rare trigonal-prismatic [Ni3(en)3]

2+ cation that resulted
from the statistical disorder of N2 atoms chelating en li-
gands. The enantiomers of the [Ni2(en)3]

2+ complexes locat-
ed in the centers of the 24-MR channels are alternately ar-
ranged as L and D configurations along the [001] direction,
whereas the [Ni3(en)3]

2+ cations that reside in the 12-ring
channels are separated by Ni@Ge14O24(OH)3 motifs along
the [001] direction. There is extensive hydrogen bonding be-
tween the N atoms of the two types of complexes and the
framework O atoms, with N···O distances in the range
3.072(16)–3.167(20) F. Notably, the existence of Ni+ and
Ge2+ is considered to be an important factor for the blue lu-
minescence of FJ-1.[35]

Framework–Template Interactions

An understanding of framework–template interactions and
the role of the template in microporosity generation is of
importance not only for new insight into the mechanisms of
formation of the microporous frameworks; it could also lead
to a rational design of such materials. Upon examining the
symmetries of the host framework and guest template on
the basis of the structures described here, we surprisingly
found that the condensation of framework polyhedra
around template molecules is dictated by the molecular
symmetries of the latter.
In FJ-6, each unit cell contains a pair of racemic anionic

cluster chains denoted the left- and right-handed configura-
tions (Figure 6a). Notably, each left-/right-handed chain has
the same C2 symmetry as the chiral [Ni2 ACHTUNGTRENNUNG(dien)2]

2+ cations
and is related to the chiral [Ni2 ACHTUNGTRENNUNG(dien)2]

2+ cation stack by
sharing twofold axes in such a way that the metal complex
with the L configuration is associated with the left-handed
chain, and the metal complex with the D configuration is as-
sociated with the right-handed chain. In other words, there
exists a symmetry and configuration correspondence be-
tween the chiral complexes and the inorganic chains. A de-
tailed examination of hydrogen bonding reveals that each
chiral [Ni2 ACHTUNGTRENNUNG(dien)2]

2+ cation forms two hydrogen bonds with
the corresponding chiral inorganic chain (Figure 6b), and

Figure 5. a) Polyhedral and ball-and-stick view of the Ni@Ge14O24(OH)3
cluster unit of FJ-1a built from 14 germanium sites and a central nickel
site. GeO4 tetrahedra are shown in white. b) Topological framework of
FJ-1a showing the 24-ring channels and the Ni@Ge14O24(OH)3 motifs.
c) The six-connected nodes are reticulated into a decorated version of
the six-connected acs net (SchlTfli symbol 49.66), a hexagonal ABA array.
d) View of the orderly separation of the chiral [Ni2(en)3]

2+ complexes at
the center of the 24-ring channel and the achiral trigonal-prismatic
[Ni3(en)3]

2+ complexes occluded between the Ni@Ge14O24(OH)3 clusters
along the [001] direction.
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that these hydrogen bonds are also related by a twofold
symmetry axis. This implies that hydrogen bonding imposes
a C2 symmetry operation of the chiral complex templates
onto the inorganic chains, thus imbibing them with chiral
characteristics in the assembly process of the Ge–O poly-
hedra. There exists a pair of enantiomers of mer-[Ni2-
ACHTUNGTRENNUNG(dien)2]

2+ related by an n glide plane in FJ-6, which leads to
the chirality and racemization of the inorganic chains. Fur-
thermore, an achiral complex with the s-fac-[Ni1 ACHTUNGTRENNUNG(dien)2]

2+

configuration also exists; it is located at the unit-cell inver-
sion center, which produces a central symmetry microenvir-
onment related to a pair of adjacent racemic chains and two
chlorine anions through hydrogen bonding (Figure 6c). The
combination of central and plane symmetry operations leads
to the achiral crystal structure of FJ-6.
In contrast to FJ-6, only s-fac-[In ACHTUNGTRENNUNG(dien)2]

3+ complex cat-
ions with 1̄ symmetry are encapsulated between the inorgan-
ic layers in 1. The stacking fashion of the inorganic layers is
completely determined by the s-fac-[In ACHTUNGTRENNUNG(dien)2]

3+ cations, all
of which are located at an inversion center that coincides

with the 1̄ symmetry element of each individual s-fac-[In-
ACHTUNGTRENNUNG(dien)2]

3+ cation. In other words, the condensation of the in-
organic layers around the guest metal complexes is dictated
by the symmetry of the latter. At the same time, the hydro-
gen bonds between the indium complex cation and two clus-
ter units from adjacent layers as well as two guest water
molecules are related by an inversion center (Figure 7). It

was shown that a rigid metal complex exerts its symmetry-
templating effect through hydrogen bonding.[46–48] By com-
parison, the flexible dien cation has a relatively weak tem-
plating effect and adjusts its molecular conformation with a
disordered model to conform to the higher symmetry of the
inorganic framework.
The assembly of the inorganic framework of FJ-1[35] by

metal complexes can be understood as a shape-controlled
process. Its 3D framework structure is characteristic of a
pair of enantiomers of a propellane-like chiral structural
motif denoted the D and L configurations (Figure 8a and b,
respectively). The significance of giving prominence to a
structure with such chiral inorganic motifs becomes appar-
ent once it is recognized that the propellane-like structural
motif and the chiral complex cation ([Ni2(en)3]

2+) both
have the same D3 symmetry, and that each chiral structural
motif is assembled by a chiral metal-complex cation
([Ni2(en)3]

2+) in such a way that the metal complex with the
D configuration is closely related to the chiral motif with the
L configuration and vice versa (Figure 8a and b). This re-
markable stereospecific correspondence between the metal-
complex template and the structure of the inorganic host
clearly indicates that there exists molecular recognition be-
tween the guest and the host, which allows the configuration
and symmetry information of the guest template to be im-
printed onto the inorganic framework through hydrogen-
bonding interactions. The alternate stacking of the pair of
enantiomers of [Ni2(en)3]

2+ along the [001] direction related
by a mirror plane (Figure 8c) leads to the chirality and iso-
merization of the propellane-like structural motif and pro-
duces the achirality of the overall structure of FJ-1a, with
the achiral [Ni3(en)3]

2+ cation situated on the plane exhibit-
ing a trigonal-prismatic configuration. Similarly, only sym-

Figure 6. Representations of the host–guest symmetry and configuration
correspondence in FJ-6. a) Stacking of the racemic anionic cluster chains
and metal complexes in one unit cell viewed along the a axis. b) Hydro-
gen bonding between the racemic anionic cluster chains and correspond-
ing chiral complex templates viewed along the c axis. c) View of the cen-
trosymmetric H-bonding between the achiral [Ni1 ACHTUNGTRENNUNG(dien)2]

2+ complex and
the racemic anionic cluster chains as well as two guest Cl� anions. Tetra-
hedra are shown in white, trigonal bipyramids are striped, and octahedra
are in gray. L and R refer to the left and right chiral chain, respectively.

Figure 7. View of the centrosymmetric H-bonding between the achiral
[In ACHTUNGTRENNUNG(dien)2]

3+ complex and two cluster units from adjacent layers as well
as two interlayer water molecules in 1. Tetrahedra are shown in white,
trigonal bipyramids are striped, and octahedra are in gray.
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metry correspondence between the achiral [Ni3(en)3]
2+

complex and the building bocks of the Ni@Ge14O24(OH)3
cluster exists in FJ-1.
The preceding discussion shows that the remarkable cor-

respondence between the symmetry/configuration of the
metal-complex template and the structure of the inorganic
host is a general feature for the materials described herein,
and hydrogen bonding between the host and guest allows
the information of the guest template to be imprinted onto
the inorganic framework. In situ Raman spectroscopy
showed[23] that the template configuration is considered to
be intimately related to the framework-forming species and
determines the final structure of the porous aluminophos-
phate material. Moreover, it was expected that a mixed-con-
figuration template could favor the formation of different
microporous structures. Interestingly, only the s-fac-[In-
ACHTUNGTRENNUNG(dien)2]

3+ isomer was incorporated into the structure of 1,
and an orderly separation of chiral and achiral complexes in
FJ-1 and FJ-6 was also found. This indicates the molecular-
recognition capability and stereospecificity of the host
framework for guest template configuration, which is more
than the general understanding that the equilibrium distri-
bution of the various isomeric forms of a metal complex as
depending considerably on environmental parameters such
as ion association, solvation, temperature, intramolecular
nonbonding interactions, and statistical weighting factors.[49]

Nevertheless, as discussed above, the use of an achiral metal
complex or a pair of racemic isomers of a metal complex as
a template is prone to the introduction of additional central
or plane symmetry elements in the solids. Given that a crys-
tal structure formed from enantiomerically pure chiral mole-
cules is always chiral,[50, 51] it is conceivable that the synthesis
of a chiral or even an optically pure porous solid may be re-

alized by using an enantiomerically pure metal-complex
template and/or a judicious choice of framework-forming
species to influence the template configuration.

Thermal Analysis

Compared with FJ-6 and FJ-1a, which is stable up to 350
and 300 8C, respectively, 1 is stable up to about 200 8C. Sub-
sequently, decomposition occurs in three steps with a total
weight loss of 21.8%. An initial gradual weight loss of 3.7%
between 200 and 250 8C corresponds to the loss of two inter-
layer guest water molecules per formula unit (calcd: 3.5%).
The latter two steps cover a wide temperature range of 240–
920 8C and is accompanied by a weight loss of 18.1%, which
corresponds to the departure of organic amines and 1.5 HF
molecules per formula unit (calcd: 17.8%). The relatively
high thermal stabilities of the materials are due to the exten-
sive hydrogen-bonding and electrostatic interactions be-
tween the inorganic frameworks and metal-complex tem-
plates.

Conclusions

Mild solvothermal methods resulted in initial examples of
novel open germanate materials by using metal complexes
as templates, whose structures are constructed from the
direct linkage of cluster units and range from 1D chains to
2D layers and 3D frameworks. The successful syntheses of
such materials suggest further opportunities for isolating
new microporous germanates formed from metal-complex
templates in a systematic way. The structure elucidation re-
veals that there is a good correspondence of symmetry and
configuration between the guest metal complex and the host
inorganic framework. The origin of this phenomenon is at-
tributed to hydrogen bonding between host and guest. It is
highly likely that the host–guest symmetry and configuration
correspondence leads to the shape-controlled synthesis for
such materials in the presence of metal-complex templates
and plays a more general role in the formation of many
other microporous materials. Therefore, this study provides
new insight into their mechanisms of formation. Given that
such host–guest correspondence can determine the charac-
teristics of the inorganic framework, and that an achiral or a
pair of racemic isomers of the metal-complex template is
prone to the introduction of additional central or plane sym-
metry elements in the solids, the synthesis of a chiral or
even optically pure crystalline porous germanate material
may ultimately be realized by using an enantiomerically
pure metal-complex template and/or a judicious choice of
framework-forming species to influence the template config-
uration. Investigations in this direction are underway.

Figure 8. Representations of the host–guest symmetry/configuration cor-
respondence in FJ-1a, showing the hydrogen bonds between a pair of en-
antiomers of the propellane-like chiral motif with a) D and b) L configu-
ration and the corresponding enantiomers of chiral L- and D-[Ni2(en)3]

2+

complexes. c) A pair of enantiomers of chiral L- and D-[Ni2(en)3]
2+ com-

plexes that alternately reside in the 24-MR channels interacts with six
O6H groups from the chiral structure motifs through six hydrogen bonds.
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Experimental Section

Materials and Instrumentation

All syntheses were performed in a 23-mL teflon-lined stainless-steel au-
toclave under autogenous pressure. Reagents were obtained from com-
mercial sources and used without further purification. Elemental analysis
of C, H, and N was performed on an Elemental Vario EL III analyzer.
Infrared (IR) spectra were obtained from powder samples as KBr pellets
on an ABB Bomen MB 102 series IR spectrophotometer over a frequen-
cy range of 400–4000 cm�1. Qualitative energy-dispersive spectroscopy
(EDS) was performed on a JEOL JSM6700F field-emission scanning
electron microscope equipped with an Oxford INCA system. Thermogra-
vimetric analysis (TGA) was performed on a Mettler Toledo TGA/
SDTA 851e analyzer under N2 atmosphere with a heating rate of
10 8Cmin�1.

Syntheses

1: Typically, germanium dioxide (0.152 g, 1.46 mmol) and indium dioxide
(0.141 g, 0.51 mmol) were dispersed in a mixed solvent of pyridine
(4.5 mL) and water (1 mL), and then dien (2.5 mL) followed by HF
(40 wt%, 0.15 mL) was added with constant stirring. The resulting mix-
ture was sealed in a 23-mL teflon-lined autoclave, heated at 180 8C for
7 days, and then cooled to room temperature. The product containing a
white polycrystalline powder and colorless prism-shaped single crystals
was separated by sonication, further washed by distilled water, and then
air-dried (45.2% yield based on GeO2). IR (KBr): ñ=3450, 3256, 1603,
1539, 1458, 1347, 1146, 1082, 992, 878, 798, 592, 533, 474, 414 cm�1; ele-
mental analysis: calcd (%) for C12N9H50Ge14InO32F6: C 6.94, H 2.41, N
6.06; found: C 6.98, H 2.51, N 6.12; EDS: Ge/In/F calcd: 7:0.5:3; found:
6.8:0.5:2.7.

X-ray Crystallography

Suitable single crystals with dimensions 0.10W0.10W0.02 mm3 for 1 were
selected for single-crystal X-ray diffraction analysis. Data were collected
on a Siemens SMART CCD diffractometer with graphite-monochromat-
ed MoKa radiation (l=0.71073 F) at 293 K. All absorption corrections
were performed with the SADABS program.[52] The structure was solved
by direct methods and refined by full-matrix least-squares methods on F2

with the SHELXTL97 program package.[53] The N5 and C6 atoms of the
dien molecule were refined with a model of splintering due to the special
position of the molecule, and soft constraints were also applied on the
C�C and C�N bond lengths of the disordered dien molecule; the C1
atom of the [In ACHTUNGTRENNUNG(dien)2]

3+ cation was also disordered over two sites. All
hydrogen atoms, except those on the disordered C and N atoms and
guest water molecules, were positioned geometrically and refined with a
riding model. All non-hydrogen atoms except those disordered atoms
were refined anisotropically. The position of the highest peak
(1.327 eF�3) in the final Fourier map was near that of the disordered
dien molecule. In 1, the inorganic Ge–O layers are connected to two dif-
ferent templates, H3dien and [InACHTUNGTRENNUNG(dien)2], through hydrogen-bonding in-
teractions to form an open-framework structure, which gave rise to voids
of 216 A3. Such voids in the crystal structure are common in microporous
materials. For example, the 24-MR-channel zinc phosphate ND-1[6b] con-
tains voids of 285 A3, which resulted from the exceptionally porous struc-
ture.

CCDC-205575, -628446, -277021, and -280327 (FJ-6, 1, FJ-1a, and FJ-1b,
respectively) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_request/cif.
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