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Abstract

A series of germanates [Ni(DETA);],-Cl-[Ge;0.3(OH),F;)] (DETA =
diethylenetriamine, JL.G-3), [Ni(1,2-PDA);]-[Ge;014F2(OC,NH5)]-0.5H,0 (1,2-PDA
= 1,2-propanediamine, JLG-6), [Nio(TETA)3]o5-[Ge7014F2(OC,NH7)]-H,O (TETA =
triethylenetetramine, JLG-7), and | (NH;CH,CH,OH), | [Niy(TEPA),(en)][Ge;0,4F3],*H,0
(en = ethylenediamine, TEPA = tetraecthylenepentamine, JLG-8) have been
synthesized. All these compounds are co-templated by metal complexes and
organic/inorganic species in solvothermal system. Their structures are built up from
Ges X9 (Gey, X = -0, -OH, -F or - OC,;NH7) clusters connected in two different
manners: T* linkage mode to form 1-D chain-like structure JLG-3, and T* linkage
mode to form 2-D layered structures JLG-n (n = 6, 7, 8). It is interesting that all the
layers of JLG-n (n = 6, 7, 8) are comprised of a pair of chains, which can be found
separately in the structure of JLG-3. Considering such chains or layers as SBUs, we
can design numerous hypothetical 2-D layered and 3-D open-framework germanates,

based on the concept of “Scale Chemistry”.
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Introduction

Open-framework materials represented by zeolites or molecular sieves have
shown widespread applications in catalysis, ion exchange, and separation.' Recently,
there has been considerable interest in the design and synthesis of open-framework
oxide materials based on specific structure building units (SBUs). Germanates have
attracted great attentions since the first discovery of organically templated germanates
by Xu et al. in 1991.2 Compared to tetrahedrally coordinated silicon, germanium atom
represents rich coordination modes, such as four (tetrahedron), five (trigonal
bipyramid or square pyramid), and six (octahedron) coordinations, and favors to form
large and complicated clusters. Typical clusters in the germanates are found as Ge7 X9
(Ge7),3 GeoXo6m (Geg),4 and Ge X7 (Geyg) clusters’ (X=0, OH, F; m = 0-1). These
clusters can be further linked with each other to build various open-framework
structures with large pores and low-framework densities, as predicted by G. Férey on
the basis of the concept of “Scale Chemistry”.® Notable examples are ASU-12
(16-rings),™ ASU-16 (24-rings)*® and SU-12 (24-rings)™ constructed from Ge;
clusters; ASU-14 (10-rings),” (HsNC3H7)s(H3;0)[Ge3036(OH)e]-3H,0 (16-rings)*
and FDU-4 (24-rings)4C built from Gey clusters; and SU-M (30-rings)Sa and SU-61
(26—rings)5b built from Ge;o clusters. Moreover, Ge; clusters can also connect with
other larger clusters such as Geg and Ge clusters to construct extra-large germanates.
Such examples include SU-8 (16-rings) and SU-44 (18-rings)7 built from Ge; and Gey
clusters, and chiral germanate SU-MB (30-rings)*® built from Ge; and Geyy clusters.
Recently, we synthesized a novel germanate JLG-12® built from Ge; and Gey clusters
with pores extending to the mesoporous range (21.4A), and a silicogermanate
SU-JU-14° built from [(Ge,Si);] clusters and silica double chains [(Ge,Si)4Os] with
extended 24-ring channels. This suggests that many more open-framework germanate

structures can be built from Ge, (n =7, 9, 10) clusters.
Open-framework oxide materials are usually synthesized by using various
organic amines as the templates or structure-directing agents (SDAs) under the

hydrothermal or solvothermal conditions. It is of vital importance to choose suitable
3
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templates to direct the formation of desired framework structures. In contrast to
alkali-metal cations or organic amines, metal complexes have shown some advantages
in the synthesis of novel open-framework compounds, due to various charges, rigid
spatial configurations and abundant hydrogen-bonds with the host framework. Our
previous works have shown that a chiral metal complex can transfer its chirality to the
inorganic framework through the H-bonding of the host framework and guest
molecules.'’ The compounds synthesized by using metal complexes as SDAs are
usually found in metalphosphates,'""'* however, the successful examples in the
open-framework germanates are limited. Only few reported compounds are known as
Ge;0,4F5:0.5[In(DETA),]-0.5H;DETA-2H,0,” ICMM-2,"* FJ-1,”° FJ-6,'° and
JLG-4*". Recently, two gallogermanate zeolites induced by chiral metal complexes,
[Ni(en);][Ga,GesO17] 17 with 10-ring channels and
|(Ni(C35H;0N>)3)36Nis 7[[Gasy 4Gea06.60s76]"" with 11-ring channels have been reported.

Furthermore, the co-templating synthesis has also been proven to be an effective
route to prepare open-framework compounds. In this way, zeolites SSZ-25 (MWW),"”
SSZ-32X (MTT),*® SSZ-47B,*' ferrierite (FER),”> aluminophosphate AFI* and
JIS-1*, silicoaluminophosphates SAV and KFL* and germanate ICMM-5%° have
been successfully discovered. Recently, our efforts on the co-templating synthesis
have yielded three germanates: 2-D layered JLG-2>" cotemplated by diprotonated
piperazine cation and ammonium ion, 1-D tubular JLG-4* cotemplated by
[Ni(1,2-PDA);]*" cation and 3-amino-I-propanol, and 1-D tubular JLG-5
cotemplated by (H,0O);6 cluster and 1-methylpiperazine.

Herein, we present a family of germanates based on Ge; clustersco-templated by
metal complexes and organic/inorganic species. These compounds are
[Ni(DETA),]>-Cl-[Ge;013(OH),F3)] (DETA = diethylenetriamine, JLG-3),
[Ni(1,2-PDA);3]- [Ge;014F2(OC,NH7)]-0.5H,0 (1,2-PDA = 1,2-propanediamine,
JLG-6), [Ni(TETA)s3]o5 [Ge7014F2(OC,NH7)]-H,O (TETA = triethylenetetramine,
JLG-7), |(NH;CH,CH,OH), | [NiyTEPA),(en)][Ge;014F5],*H,0 (en = ethylenediamine,
TEPA = tetracthylenepentamine, JLG-8). In this paper, we will describe the

syntheses, structures, and structural correlations of these germanate compounds.

Experimental section
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Synthesis: All the materials GeO,;, NiCl,6H,0, ethanolamine,
diethylenetriamine (DETA), 1,2-propanediamine (1,2-PDA), triethylenetetramine
(TETA), tetraecthylene-pentamine (TEPA), HF and other reagents were purchased
and used without from commercial sources without any purification.

Compounds JLG-n (n = 3, 6, 7, 8) have been synthesized in the system of
GeO,-NiCl,-6H,0—organic amine—ethanolamine—H,O—-HF at 180°C for 4 days. The
detailed molar ratios of compositions are listed in Table 1. The synthesis method is
similar, and JLG-6 is taken as an example to describe their synthesis. Typically,
GeO; (0.156g) and NiCl,-6H,0 (0.15g) were dissolved in the mixture solution of
ethanolamine (5.0mL) and water (1.0mL) at Teflon beaker, and then 1, 2-PDA (2.0
mL) was added to the mixture drop wise. Finally, HF acid (40 wt%, 0.12mL) was
added. The reaction mixture was stirred continuously at room temperature until it was
homogeneous, subsequently transferred to 15 mL Teflon-lined stainless-steel
autoclave and heated at 180°C for 4 days under autogenous pressure. After the
reaction time, the autoclave was cooled to room temperature, and then the product
was filtered, washed with water for several times, and dried at 80°C. All the products
are pure phases, except JLG-7 mixed with an unknown phase. Hence, only single

crystal X-ray diffraction analysis had been done for JLG-7 due to the impurity.
Please insert Table 1 here

Characterization: X-ray powder diffraction (XRD) data was collected on a
Siemens D5005 diffractometer with CuKa radiation (1 = 1.5418 A). For JLG-n (n =
3, 6, 8), the experimental XRD patterns agree well with the simulated ones generated
on the basis of single-crystal structural analysis (Fig.S1-S3, Supporting Information).

Inductively coupled plasma (ICP) analysis was performed on a Perkin-Elmer
Optima 3300DV spectrometer. The elemental analysis was conducted on a
Perkin-Elmer 2400 elemental analyser. The content of fluorine ions was measured on
a fluoride ion selective electrode. A Perkin-Elmer TGA 7 unit was used to carry out
the thermogravimetric analysis (TGA) in air with a heating rate of 10 °C/min (Fig. S4,

Supporting Information).
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JLG-3: ICP analysis calcd (wt%): Ge 37.03, Ni 8.55; found: Ge 37.48, Ni 8.90.
Elemental analysis calcd (wt%): C 14.00, N 12.24, H 3.97; found: C 13.55, N 12.47,
H 3.53. Fluorine content calcd (wt%): 4.16, found: 4.02.

JLG-6: ICP analysis calcd (Wt%): Ge 45.32, Ni 5.24; found: Ge 45.70, Ni 4.79.
Elemental analysis calcd (wt%): C 11.78, N 8.75, H 3.42; found: C 11.34, N 8.60, H
3.75. Fluorine content calcd (wt%): 3.36, found: 3.30.

JLG-8: ICP analysis calcd (Wt%): Ge44.64, Ni 5.16; found: Ge 45.30, Ni 4.60.
Elemental analysis calcd (wt%): C 11.61, N 8.862, H 3.19; found: C 11.45, N 8.86, H
3.25. Fluorine content calcd (wt%): 5.01, found: 5.16.

X-ray Crystallography: Suitable single crystals with JLG-n (n = 3, 6, 7, 8)
were selected for single-crystal X-ray diffraction analysis. Structural analysis was
performed on a Siemens SMART CCD diffractometer using graphite-monochromated
MoKa radiation (4 = 0.71073A). The structures were solved by the direct methods
and refined on F* by full-matrix least squares using SHELXTL97. The Ge and Ni
atoms were determined directly, and F, O, C and N atoms were found in the
difference Fourier map. In JLG-3, H atoms attached to the metal complexes and O7
atom were placed geometrically and refined using a riding model. In JL.G-6, H atoms
attached to the organic species and the metal complexes were placed geometrically
and refined using a riding model, and H atoms attached to the water were not added.
In JLG-7, residual electron density peaks were found with a largest Fourier peak of
5.539 e/A (0.9182 0.3234 0.4123), which is near to Ni atom (0.86996 0.306987
0.460646) with the distance of 1.219 A. H atoms attached to the organic species and
the metal complexes were placed geometrically and refined using a riding model, and
H atoms attached to the water were not added. In JLG-8, it gave an formula of
{[Nio(TEPA),(en)][Ge;014F3],°H,0},>. However, the remaining charge balancing
organic species cations were disordered and assigned as eight protonated
ethanolamine cations per unit cell, which were determined by TGA and elemental
analysis, which could not be located properly in the void region. The contributions of

these disordered protonated ethanolamine cations to the scattering values have been
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removed by using the PLATON SQUEEZE program. H atoms attached to the metal
complexes were placed geometrically and refined using a riding model, and H atoms
attached to the water were not added. All non-hydrogen atoms of all structures were
refined anisotropically. Experimental details for the structure determination were

presented in Table 2.

Please insert Table 2 here

Results and Discussion

Germanates JLG-n (n = 3, 6, 7, 8) have been synthesized in the system of
GeO,—NiCl,-6H,0O—-organic amine—ethanolamine-H,O-HF. Many synthetic factors
influenced the formations of JLG-n (n = 3, 6, 7, 8). First, the organic amines used
were crucial for the resulting products. JLG-n (n =3, 6, 7, 8) were all prepared in the
presence of ethanolamine and H,O as the mixed solvents, but using different organic
amines including DETA, 1,2-PDA, TETA, and TEPA, respectively. In the synthesis
process, these organic amines and the Ni-complexes are formed in-situ acting as
structure-directing agents to direct the formation of JLG-n. If 3-amino-1-propanol
was used as the solvent in the presence of 1,2-PDA as template, JLG-4° ® would be
obtained. Second, the nickel source played an important role in the synthesis of
JLG-3. If using Ni(NO;),6H,O or Ni(CH3;COO),-4H,O as the Ni source, a
chain-like germanate |[Ni(DETA)2]3(H20)3|[G€7013F5]228 was obtained. However,
little effect of the Ni source on the formation of other germanates JLG-n (n= 6, 7, 8)
has been found. Finally, the use of HF was essential for the formation of these

germanates. Only amorphous phases were obtained in the absence of HF.

Structures: The structures of germanates JLG-n (n = 3, 6, 7, 8) are all built up
from the Ge; X9 cluster (Ge;, X = -O, -OH, -F or - OC;NH5) (Fig.1),. The idealized
Ge7 cluster has 2mm symmetry, which consists of seven Ge atoms with mixed
coordinations: one GeXg octahedron, two GeXs trigonal bipyramids and four GeXy
tetrahedra. In the center of Ge; cluster, there is a tri-coordinated oxygen atom, which
links one GeXs octahedron and two GeXs trigonal bipyramids. The other Ge atoms
are tetrahedrally coordinated to four bridging oxygen atoms. The different connection

of Ge; clusters through O atoms results in various open-framework structures of
7
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JLG-n (n = 3, 6, 7, 8). Their detailed structures will be discussed in the following

text.
Please insert Figure 1 here

Structure of JL.G-3: The asymmetric unit contains one half [Ge7013(OH)2F3]3 i
moiety, two half [Ni(DETA),]*" moieties, and one crystallographically distinct Clsite.
The Ni(1) lie on a twofold axis and Ni(2) locate on an inversion centre, and that
O(1)-Ge(1)-F(1) atoms of the [Ge;O13(OH),F3]> moiety also lie on a twofold axis.
The [Ge7013(OH)2F3]3' anion with the symmetry of C2, and consists of seven
germanium atoms: one octahedral Ge(1)OsF [Ge-O :1.875(4)-1.999(6)A; Ge(1)-F(1) :
1.807(5)A], two trigonal bipyramidal Ge(2)O4F [Ge-O : 1.772(4)-1.984(4) A;
Ge(2)-F(2) : 1.817(4) A], and four tetrahedra Ge(4)O; and Ge(3)O4 [Ge-O :
1.719(4)-1.754(5) A]. The Ge; cluster has two terminal hydroxy groups and three
terminal fluorine atoms (Fig. S5a), which prevent the Ge; clusters further connections
to 3-D framework. Therefore, Ge; cluster can only be connected by u,-O atoms to
form a chain-like structure with the symmetry of C2 (Fig. 2). It is noted that the
structure of JLG-3 is composed of a pair of enantiomorphic chains (named R- and

L-chains), due to the connection of Ge; clusters in different orientations.
Please insert Figure 2 here

In JLG-3, there is two half independent [Ni(DETA),]*" cations in one
asymmetric unit. Each Ni atoms are coordinated by six N atoms of two DETA ligands
to form a distorted octahedral environment (Fig. 3a). It is known that Ni(DETA),*"
possesses s-fac, u-fac, mer-configurations, while the latter two are chiral. Intersetingly,
there are two isomers found in JLG-3: s—fac-Ni(DETA)z2+ and mer-Ni(DETA),*",
which are seperated alternatively in the voids of adjacent chains. The JLG-3 has the
same structure with that of FJ-6, but they have been synthesized under different
conditions. '® The metal complexes [Ni(DETA),]*" of JLG-3 are formed in-situ with
ethanolamine as the solvent, while the metal complexes Ni(DETA),Cl, of FJ-6 are

directly used as the templates with ethylene glycol as the solvent.
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Apart from Ni(DETA),*" cations, the CI” ions resided between the chains, also
play an important role in the formation of JLG-3 because it cannot be obtained
without CI” anion. When Ni(NO3),-6H,O or Ni(CH3COO),-4H,0 is used as the Ni
source without CI° ions involved, germanate |[[Ni(DETA),]3(H20);|[Ge;013F5],
(denoted as JU-85)%* is obtained. The structures of JLG-3 and JU-85 are analogous,
but having different Ge7/[Ni(DETA)2]2+ ratio. Moreover, the interactions among the
Ge; chains and [Ni(DETA)z]2+ cations are different in JLG-3 and JU-85, as shown in
Fig. S6, causing different assembly of such chains. It is believed that the complicated
cooperative effect of metal complex cations and inorganic ions is the reason causing

the formation of JLG-3.
Please insert Figure 3 here

Structure of JLG-6: The structure of JLG-6 consists of a new macro-anionic
sheet [Ge7014F2(OC2NH7)]n2“', and the charge neutrality is achieved by
[Ni(1,2-PDA);]*"  cations. The inorganic sheet is constructed by
[Ge7014F2(OC2NH7)]2' anions with an ethylammonium group connected to
conventional Ge; cluster to form a derivate of Gey cluster, shown in Fig. 1b. The Ge;
cluster anion contains seven crystallographically distinct Ge atoms (Fig. S5b): one
Ge(1)OsF octahedron, two trigonalbipyramids Ge(2)O4F and Ge(3)Os, and four GeO4
tetrahedra. The Ge-O bond lengths are in the range of 1.715(6) to 2.041(5) A, and the
bond lengths of Ge(1)-F and Ge(2)-F are 1.819(5) A and 1.808(5) A, respectively.
Germanates with organic amines covalently-bonded to germanium atoms are rarely
reported. Such examples are only known as SU-21*" and ICMM-9*', where the Ge
atoms are connected to the nitrogen atoms of 1,2-diaminopropane and
1,6-diaminocyclehexane, respectively. However, to our best knowledge, this Ge;
derivate is first observed in germanate compounds.

Except two terminal fluorine atoms and one terminal ethylammonium group, the
remaining oxygen atoms of the GeOy tetrahedra link to four neighbouring Ge; clusters,
thus forming the inorganic sheet [Ge;014F2(OC,NH5)]," with 10-rings window, and

the hanging ethylammonium groups pointing into the 10-rings windows (Fig.4a). In
9
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addition, the layers of JLG-6 are built from the chains of JLG-3 with the same
chirality. Adjacent chains are related by a rotation of 180° with the axes parallel a
direction through O(6) atoms, and then connected each other alternatively through the
oxygen atoms to form the layer of JLG-6 parallel to the ab plane, with the symmetry
of C2.

Fig. 4b shows the stacking of inorganic layers along the @ axis in an ABAB
sequences, resulting in the framework structure of JLG-6. The
[Ni(1,2-PDA),]* cations (Fig.3b) are located between two adjacent layers, and
interact with the inorganic layers through H-bonds to form the supramolecular
structure. The nickel complexes, together with the coordinated ethanolamine
molecules, act as SDAs to direct the formation of JLG-6.

Structure of JLG-7: The structure of JLG-7 contains a macro-anionic sheet
[Ge7014F2(OC,NH5)],", metal complex [Niz(TETA)3]4+ cation, and H,O molecule.
The macro-anionic sheet is same with that of JLG-6, so it isn’t discussed in detail.
The Ge-O bond lengths are in the range of 1.712(7) to 2.088(7) A, and the bond
lengths of Ge(1)-F and Ge(2)-F are 1.804(6) A and 1.800(8) A, respectively, which
are all in reasonable scopes.

Fig. 4c shows the packing of the inorganic sheets along a axis. The metal cations
[Niz(TETA)3]4+ reside between the layers and balance the negative charge of the
sheets. Notably, the metal complex is dual-core and possesses a peculiar
dumbbell-like configuration (Fig.3c). It contains three TETA molecules with two
different coordination modes. One binds to one Ni atom though four N atoms; the
other connects two Ni atoms together. The metal complexes interact with the

inorganic layers through H-bonds to form a supramolecular structure.
Please insert Figure 4 here

Structure of JLG-8: Single-crystal X-ray diffraction analysis showed that the
stoichiometry of an formula {[Niz(TEPA)z(en)][Ge7014F3]2°H20}n2n'. However, the

remaining charge balancing organic species cations were disordered and assigned as

10
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eight protonated ethanolamine cations per unit cell, which were determined by TGA
and elemental analysis, which could not be located properly in the void region.

The inorganic sheet is constructed by [Ge;014F5]* clusters composed by one
Ge(1)OsF octahedron, two trigonal bipyramids Ge(2)O4F and Ge(3)O4F, and four
GeOgtetrahedra. The range of Ge-O bond lengths is 1.725(2) to 2.091(2) A, and the
bond lengths of Ge(1)-F(1), Ge(2)-F(2), and Ge(3)-F(3) are 1.796(2) A, 1.791(2) A,
and 1.804(2)A, respectively (Fig. S5c). The connection of Ge; clusters through
oxygen atoms results in a novel 2-D layered structure with 10-ring window parallel to
the ab plane, as shown in Fig.5a. In other words, the layer of JLG-8 can be
considered as being constructed from both enantiomorphic chains found in JLG-3.
The neighbouring a pair of enantiomorphic chains mirrored the plane through O11
atoms to form a double chain, and then adjacent double chains are related by a
rotation of 180° with the axes parallel a direction through O(15) atoms. Such a
connection gives rise to a novel 2-D layered structure different from those observed in

JLG-6 and JLG-7.
Please insert Figure 5 here

Fig. 5b shows the packing of the inorganic layers along the [100] direction. The
[Nio(TEPA)(en)]*" cations lie in the void spaces of the framework. The metal
complex contains two Ni atoms, two TEPA molecules and one en molecule, with a
twofold axis along the centre of the en C-C bond, which possesses a special
dumbbell-like configuration (Fig. 3d). The TEPA molecules located between the
adjacent layers bind to Ni atoms through five N atoms. The en molecules, which are
the decomposition product of TEPA, connect the two Ni atoms in an end-to-end
manner (Ni-N-C-C-N-Ni) and pass through the 10-ring window. Disorder protonated
ethanolamine cations are dispersed in the void region to balance the negative charge of
the inorganic sheets together with metal complex. Protonated ethanolamine cations
and metal complexes [Niy(TEPA)s(en)]*" act as co-templates in the crystallization of

JLG-8.

11
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Discussion: Several structural features are commonly observed in the structures
of JLG-n (n =3, 6, 7, 8). First, in all compounds, metal complexes are found along
with organic/inorganic cations in all structures as co-template. Second, all the
structures are constructed from Ge; clusters. It appears that the synthetic system
involving ethanolamine and metal complexes may be favourable for the formations of
Ge; clusters, although the crystallization mechanism is unclear. Third, these
germanate compounds all possess low-dimensional framework, i.e.1-D chain and 2-D
layer structures, likely owing to the abundant terminal hydroxyl groups and fluorine
atoms of the host framework. Fourth, these compounds are structurally related with
each other. Such correlation will be discussed in the following text. Furthermore, new
3-D open-framework germanates have been designed based on the 2-D layers of
JLG-6 and JLG-8.

The connection of Ge; clusters in JLG-n (n = 3, 6, 7, 8): According to our
previous work,™® Ge; cluster may exhibit many different ways of linkage with
adjacent clusters to form various open frameworks. Seven known types of linkage
modes of Gey cluster are proposed and denoted as T2, T2P2, T4, T4P, T4O, T4P2, T4PO,
and T*P?O (T = tetrahedron, P = trigonal bipyramid, O = octahedron; the superscript
means the coordination number of polyhedra and 1 is omitted). The various ways of
connection of Ge; clusters in germanates may give rise to different structures. The
linkage of Ge; clusters in JLG-3 is T? mode which results in 1-D chain-like
germanate. While the Ge; clusters in other three compounds adopt T* linkage modes
which result in 2-D layered germanates JLG-n (n = 6, 7, 8). The reported examples of
2-D layered germanates constructed by Ge; clusters in T* linkage mode are also found
as ASU-20,*? SU-22, SU-23,* and Ge;014F5-0.5[In(DETA),]-0.5H;DETA -2H,0."

The structural relationship among JLG-n (n = 3, 6, 7, 8): Previously
mentioned, there is a pair of chains in JLG-3. It is interesting that such chains can
also be found in the structures of other compounds JLG-n (n = 6, 7, 8). In other to
better illustrate the structural relationship among them, we assume such R- and L-

chains as A and A, respectively. And named as V and V configuration to the chains

12
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rotated 180° of A and A configuration around the axes along the chains direction., .
By using these configurations of chains as SBUs and considering four chains as a
cycle, we can design numerous possible 2-D sheets, such as AAAA, AAVV, AAVV,
AAAA, AVAV, AAVV, AVVA.

Fig. 6 shows four designed layered structures, named H-1, H-2, H-3, and H-4.
H-1 with AVAV arrangement corresponds to the structure of JLG-6 and JLG-7. H-2
with AAVV arrangement and H-3 with AAAA arrangement are consistent with JLG-8
and  Ge;014F30.5[In(DETA),]-0.5H;DETA-2H,0,"  respectively. H-4 is a

hypothetical structure, which has not been synthesized so far.
Please insert Figure 6 here

Furthermore, it is noted that the 3-D framework structure of ASU-12 also
consists of such chains.*® Compared to JLG-n, the connection mode of Gey clusters in
ASU-12 is TP, and the fifth connection node (P) is a penta-coordinational
germanium atom, which connects 2-D sheet into a 3-D open framework. Based on
this idea, if the fifth connection could hypothetically be introduced into the structure
of JLG-n, they would extend into 3-D framework structures. Fig. 7 shows two
hypothetical structures generated by changing the connection mode of the Ge; clusters
in JLG-6 and JLG-8 to T'P. By using energy optimization of Material Studio
software,* the hypothetical framework H-F1 crystallized in space group P2,/c with a
=8.829 A, b =16.632 A, ¢ = 19.470 A, p = 109.99° has 16-ring channels running
along the [100] direction, and 10-ring channels along the [010] direction (Fig.7a). The
16-ring channel has free diameter of 4.3 x 5.5 A%, The hypothetical framework H-F2
is found in space group Pmna with a = 31.246 A, b = 8.814 A, ¢ = 23.446 A. It has
24- and 8-ring channels running along the [100] direction, and 10-ring channels along
the [010] and [001] directions (Fig.7b). The 24-ring channel has free diameter of 7.3 x
14.2 A% Based on the powerful concept of “Scale Chemistry”,® various 3-D novel
germanate frameworks could be designed resulting from different arrangement of the
Ge; clusters. These hypothetical structures would be synthesized under suitable

conditions.
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Please insert Figure 6 here

Conclusion

Four novel germanates JLG-n (n = 3, 6, 7, 8) have been prepared using metal
complexes and organic amines cations/inorganic anions as co-templates under
solvothermal conditions. Four different metal complexes are self-assembled by
NiCl,-6H,0 and organic amines in the solvothermal system. Although germanates
synthesized by metal complexes as SDAs is limit, it provides a new synthetic strategy
to obtain novel open-framework germanates. These compounds are all built up from
Gey clusters and classified into two structural types according to the dimensionality:
JLG-3 is 1-D chain-like structure with T?> connection manner of Ge; cluster, which
consists of one pair of chains; JLG-n (n = 6, 7, 8) are 2-D layered structures with T
connection manner of Ge; clusters. Additionally, the structure of JLG-7 is similar to
that of JLG-6, but using different metal complexes as SDA. The structures of JLG-6
and JLG-8 shows several features: 1) The configurations of metal complexes are
different; 2) Though Ge; clusters possess same configurations, the rotation and
arrangement of Ge; clusters are different, which is possibly relative to the different
configurations of metal complexes; 3) The packing way of layer is different; 4) The
structures of JLG-6 and JLG-8 can be viewed as being constructed by chain-1 and
chain-2, respectively, which are found in JLG-3. Using chain-1 and chain-2 as SBUs,
we can design numerous 2-D layered structures by different arrangements of these
chains. In addition, we also design two 3-D frameworks of H-F1 (16-rings), H-F2
(24-rings) on the basis of sheets of JLG-6 and JLG-8, respectively, with the
connection of Ges clusters as T*P mode. The Gey clusters display various connection
ways, it is destined to be effective to construct novel open-framework germanates. A
series of 2-D, even 3-D structures of germanates can be designed using Ge; clusters as
SBUs, based on the concept of “Scale Chemistry”. Further developing of synthetic
strategies to obtain the hypothetical compounds is of great interest, and researches in

this area are underway.
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Table 1 The synthetic conditions of JLG-n (n =3, 6, 7, 8).

GeO, NiCl,-6H,0 H,0 Ethanolamine Amine HF Products
1.0 0.5 37.04 55.46 18.42 DETA 1.86 JLG-3
1.0 0.5 37.04 55.46 15.47 1,2-PDA  1.86 JLG-6
1.0 0.5 37.04 55.46 13.46 TETA 3.71 JLG-7°
1.0 0.5 37.04 55.46 7.0TEPA 1.86 JLG-8

“the obtained products were impure, including JLG-7 and an unknown phase.
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Table 2 Crystal data and structure refinements for JLG-n (n =3, 6, 7, 8).

Page 20 of 28

Name JLG-3 JLG-6 JLG-7 JLG-8
.. C16H54C1F3GC7N12 C11H38F2G67N7Ni C11H36F2G€7N7Ni C22H72F6G€14N14N
Empirical formula Ni, 015, Opss Oue 1205,
Formula weight 686.36 1121.32 1127.31 2276.62
Temperature 293(2) K 293(2) K 293(2) K 293(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A 0.71073 A
Crystal system, Momoclinic Monoclinic Monoclinic Orthorhombic
Space group P2/n P2(1)/n P2(1)/c Pbcm
a=8.8785(1) A, a=8.8293)A, a=38.8029(18) A, a=8.8089(18) A,
a=90°, a=90°, a=90°, a=90°,
Unit cell b=174501(1H)A, b»=16.632(5)A, b=16.6713)A,  b=22.436(5) A,
dimensions £=101.292(2)°,  =96.992(6) °, p=101.21(3)°, B =90°,
c=13.1922(1DA, ¢=20.933(6) A, c=21.293(4) A, c=31.193(6) A,
y=90° y=90° y=90° y=90°
Volume 2004.3(3) A’ 3051.0(16) A* 3065.2(10) A* 6165(2) A°
A 2 4 4 4
Calculated 2.275 Mg/m’ 2.441 Mg/m’ 2.443Mg/ m’ 2.453 Mg/m’
Density ’ ' ’ ’
Absorption 6.244 mm™ 7.489 mm™ 7.457 mm’ 7.419 mm™
coefficient
F(000) 1356 2188 2196 4432
. 0.08 x 0.08 x0.04  0.40 x0.30x0.25 0.20 x0.20 x0.10 ~ 0.25 x 0.25 x0.15
Crystal size
mm mm mm mm
Theta range for 1.17 t0 26.35 ° 1.57 to 26.35° 1.56 t0 26.35 ° 1.31 t0 26.35°
data collection
-11<h<9, -10<h<l11, -10<h<10, -11<h<I11,
Limiting indices -21<k=<21, -16<k=20, -20<k<I8, -28<k<24,
-13<1<16 -25<1<25 -26<I<13 -36<1<38
Reflectionscollect  11746/4088 17507/6206 17842/6232 34855/6400
ed/unique [R(int) = 0.0782]  [R(int) = 0.0921]  [R(int) = 0.0533]  [R(int) = 0.0351]
Absorption Semi-empirical Semi-empirical Semi-empirical Semi-empirical
correction from equivalents ~ from equivalents  from equivalents  from equivalents
Refinement Full-matrix Full-matrix Full-matrix Full-matrix
method least-squares on F* least-squares on F> least-squares on F* least-squares on F
gr?lg/erfssuam“/ Par 4088/0/258 6206/36/427 6232/230/418 6400/0/369
GOF 1.032 0899 1.173 1.064
Ri/wWR, [I>20()]  0.0410/0.0687 0.0474/ 0.1006 0.0688/0.1765 0.0296/ 0.0774
Ri/wR; (all data) 0.0806/0.0894 0.0947/0.1141 0.0955/0.1974 0.0355/0.0796

*R\=X(AF/S(Fo));wRy=(E[W(F - FOE[W(E,D) T2 w=1/6*(F)
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Fig. 1 Schematic diagram of (a) Ge; cluster; (b) the derivation of Ge; cluster in
JLG-6 and JLG-7. Color code: GeOsX octahedron, red; GeO4X trigonal bipyramid,
yellow; GeOy tetrahedron, green; C, grey; N, blue; O, purple.
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Fig. 2 The framework of JLG-3 viewed along the [100] direction. Color code: Ni,

cyan; Cl, purple
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Fig. 3 The configurations of metal complexes used in the syntheses of germanates (a)
JLG-3; (b) JLG-6; (c) JLG-7; (d) JLG-8, respectively.
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Fig. 4 (a) The layer structure of JLG-6 and JLG-7 projected down the [001] direction.
(b) The stacking of the inorganic layers in JLG-6 along a axis. (c) The packing of the

inorganic sheets in JLG-7 along a axis.
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Fig. 5 (a) The layered structure of JLG-8 projected down the [001] direction. (b) The

stacking of inorganic layers in JLG-8 along a axis.
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Fig. 6 Four designed layer structures of (a) H-1; (b) H-2; (c) H-3 and (d) H-4.
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Graphical Abstract

By using metal complexes and organic amines cations/inorganic anions as co-
templates, Four novel germanates JLG-n (n = 3, 6, 7, 8) have been prepared under
solvothermal conditions. These compounds are all built up from Ge; clusters and
classified into two structural types according to T connection manner of Ge- cluster for
JLG-3 with chain-like structure and T* connection manner for JLG-n (n=26, 7, 8) with
2-D layered structures. Then numerous 2-D layered structures were designed by different
arrangements of R- and L- chains of JLG-3. In addition, two 3-D frameworks of H-F1
(16-rings), H-F2 (24-rings) were designed on the basis of sheets of JLG-6 and JLG-8,
respectively, with the connection of Ge; clusters as T*P mode. The Gey clusters display
various connection ways, it is destined to be effective to construct novel open-framework
germanates. A series of 2-D, even 3-D structures of germanates can be designed using

Gey clusters as SBUs, based on the concept of “Scale Chemistry”.
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