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Compounds 1 and 2 are enantiomers with a GIS topology, while 3 has a JST topology.
These three zeolites are all constructed by small rings formed by 704 (T'= Ge or Al)
tetrahedra with different inorganic topological frameworks.
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Three 3-D aluminogermanates L-[C,NHg][AlGes;Os] 1, D-[C,NHg][AlGe;Os]) 2 and
[Ni(en)s][Al;Ge;O12(Haen)os] 3, (en = 1, 2-ethanediamine) have been successfully
synthesized through hydrothermal synthesis method (1 and 2 were obtained as a
mixture in one autoclave). Crystal structural analysis reveals that three compounds 1,
2 and 3 are built up of GeO4(AlO4) tetrahedra. Compounds 1 and 2 with typical GIS
topology are composed of 4-rings, while 3 is constructed exclusively by 3-rings with
JST topology. Compounds 1 and 2 are the enantiomers, and crystallize in chiral space
group P43;2,2 and P4,2,2, respectively. In compound 3, rigid chiral transition-metal
complex cations, [Ni(en);]*", and protonated ethylenediamine cations work as
structure directing agents (SDAs) together and induce two different kinds of cages

(13%.10°] and [3*.6.10%]), which further construct the final structure.

Introduction
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New open-framework materials have been widely considered and applied in the area
of materials chemistry because of their great impact in catalysis, separation, and ion
exchange.' > Among these materials, zeolites with their pure inorganic pores and great
thermal stability apparently work better in industry than others in the past decades.’ In
this field, chiral zeolite is particularly important due to its special activity in
asymmetric catalysis, however, only a few zeolite frameworks with chirality have
been reported yet.*> As is known to all, zeolites are constructed with 70,
tetrahedrons through their long-range ordered arrangement. Traditionally, chemists
use Si, P, Al etc. as T atoms to build T—O tetrahedra. With the development of the
technology in chemical synthesis, boron, gallium and transition metals have been also
chosen to use in the synthesis of zeolites. Since the report of the first three
open-framework germanates in the early 1990s by Xu,®”’ a number of germanates
with various frameworks and pore shapes have been obtained.* "

Germanium often adopts flexible coordination mode, such as GeOy tetrahedron, GeOs
square pyramid, trigonal bipyramid and GeOg octahedron. What’s more, Ge-O
distance is longer than Si—O distance, Ge-O—Ge angle is smaller than Si—O-Si angle,
which makes it easier to build small rings (3-rings and 4-rings) and further construct
different kinds of structures with large pores and new topologies (JBW, NAT, CAN,
ABW, MON, ANA, RHO, GIS, FAU and JST)."”* However, most of these
germanates show poor performance in thermal stability.

Nowadays, traditional zeolites such as silicates and aluminum phosphates still work
well in the industry because of their great thermal stability. Si and Al atoms with small
atomic radius can form short bond distances which have better rigidity than
germanium. If Al can be introduced into germinates, the rigidity of skeleton in
zeolites may be more enhanced. On the basis of above mentioned considerations, we
tried to introduce Al element into germanates and adjust the proportion of germanium
and aluminum in order to get new open framework materials with better thermal
stability.

In this paper, we report the synthesis and structural characterizations of three 3-D

framework aluminogermanates by using different SDAs. Structural analysis indicates
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that chiral zeolites 1 and 2 are enantiomers with typical GIS topologies and are both
constructed from [4°.8°] cages and helical [-T-O-]n chains, while zeolite 3
[Ni(en);][Al;Ge;O12(Hzen)gs] is  directed by two kinds of SDAs. In 3,
ethylenediamine (en) induces [3%.6.10°] cage while the rigid chiral transition-metal

complex cation [Ni(en);]*" induces [3%.10°] cage.
Experimental

Materials and measurements

All chemicals purchased were of reagent grade and used without further purification.
IR spectrum was recorded on a Nicolet Impact 410 FTIR spectrometer using KBr
pellets in 4000-400 cm™' region. For 1 and 2, thermogravimetric analyses were carried
out in N, atmosphere on a diamond thermogravimetric analyzer from 50 to 600 °C
with a heating rate of 10 °C/min. For 3, thermogravimetric analyses were carried out
in N, atmosphere on a diamond thermogravimetric analyzer from 50 to 800 °C with a
heating rate of 10 °C/min. Single-crystal X-ray diffraction data for these compounds
were collected on a Bruker Smart Apex II CCD diffractometer using
graphite-monochromated Mo Ko radiation (4 = 0.71073 A) at the temperature of
293K. X-ray photoelectron spectroscopy (XPS) uses S-Probe ESCA model 2803

(Fision Instrument, 10 kV, 20 mA) with Al Ka as X-rays source.

Synthesis of mixed L-[C,NH;][AlGe;0s] and D-[C,NHs][AlGe;Os]) (1 and 2)

Compounds 1 and 2 were obtained as a mixture in one autoclave. Due to the same
crystal shape of these two compounds, it is very difficult to separate them. In the
process of characterization, we used the mixture of 1 and 2. A mixture of GeO;
(0.1002 g, 0.9543 mmol), Al,O3 (0.1009 g, 0.9892 mmol), N, N-dimethylformamide
(6.0127 g, 82.37 mmol), deionized water (0.5002 g, 27.79 mmol) and
N-methylpiperazine (1.5090 g, 16.05 mmol) with a molar ratio of 1 : 1 : 86 : 29 : 17
was stirred in open air for 6 hours, and 40% hydrofluoric (0.3 ml, 0.6012 mmol) was
added to the mixture. Then, the suspension was stirred for an additional 20 min and

transferred to a 30 mL Teflon-lined autoclave. After being heated at 170 °C for 7 days,

Page 4 of 17



Page 5 of 17

CrystEngComm

octahedron crystals of mixture of 1 and 2 were obtained in one autoclave. None
further isolation has been done due to the same crystal shape of these two compounds
(Fig.S1a). Yield: 0.0662 g, 47.4% (based on Ge'). Anal (%) Calcd for CoHsNAIGe;Ox:
C5.73, H1.91, N 3.34. Found: C 5.81, H 1.99, N 3.43. IR of mixed compounds 1 and
2 (cm™): 3445 s, 3171 m, 2971 w, 2922 w, 1630 's, 1467 s, 1389 s, 981 m, 893 m, 596
w, 465 w.

Synthesis of [Ni(en);][Al3Ge;O12(Hzen)os] (3)

A mixture of GeO, (0.1020 g, 0.9808 mmol), Al,Os; (0.1023 g, 1.003 mmol),
deionized water (0.4235 g, 23.53 mmol), glycol (1.8155 g, 29.28 mmol),
1,2-ethanediamine (0.8622 g, 14.37 mmol) and Tetraethylenepentamine (0.6848 g,
3.623 mmol) with a molar ratio of 1 : 1 : 24 : 29 : 14 was stirred in open air for 3
hours, and Ni(Ac),4H,0 (0.1320 g, 0.5301 mmol) and 40% hydrofluoric (0.04 ml,
0.0802 mmol) were added into the mixture. Then the suspension was stirred for
another three hours. Finally, the suspension was transferred into a 30 ml Teflon-lined
stainless steel autoclave. After being heated at 170 °C for 7 days, peak octahedron
crystals of 3 were obtained (Fig.S1b). Yield: 0.1041 g, 39.5% (based on Ge"). Since
excessive amounts of en were used, and the suspension (reactants) was stirred in open
air for 3 hours, the [Ni(en)s]™ species was formed from the Ni(ac),.4H,O and excess
en. Then the [Ni(en);]™ and protonated ethylenediamine cations work as SDAs
together. Anal (%) Calcd for CsN7H29Ni1Al3GesO;,: C 11.04, N 12.88, H 3.81. Found:
C 12.14,N 14.17, H 4.17. IR of compound 3 (cm'l): 3442 w, 3288 s, 3193 m, 2958 s,
2896 w, 1596 s, 1037 s, 852 s, 766 m, 604 s, 445 w.

XPS results
The XPS analysis was based on the areas of the peaks Al 2p and Ge 3d using the

following equation
Ci= (1/SHISHI™

with 1 = 1, n, where C; is the atomic percentage of element i, |; is the intensity of the

photoelectron signal obtained by the peak area after subtraction of a linear
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background and S; is the atomic sensitivity calculated using the cross-section of
Scofield®, corrected for the angular asymmetry function L(7), with ¥ = 49.1° for the
instrument used. For the determination of this angular function L(7), the asymmetry
parameter from Reilman et al.*® has been used.

XPS spectra of aluminium (Al 2p) and germanium (Ge 3d) of the mixed compounds 1
and 2 are shown in Fig.1a and Fig.1b, while Fig.1c and Fig.1d present XPS spectra of
3. After fitting and calculation, we found that the atomic percentages of Al and Ge are
4.86% and 13.55% for the mixed compounds 1 and 2, which indicate the atomic ratio
of A1/Ge is 1/3. In compound 3, the atomic percentage of Al is 17.69%, while the

atomic percentage of Ge is 16.04%, which indicate the atomic ratio of A1/Ge is 1/1.

Structure determination

Data processing was accomplished with the SAINT processing program. The
structures of all compounds were solved by direct methods and refined on F* by full
matrix least-squares techniques with SHELXTL-97 software package®’. All
non-hydrogen atoms were refined anisotropically. In compounds 1 and 2, the DMA
cation is found to be disordered in the structure and has two different orientations. In
compound 3, both ethylenediamine and [Ni(en)s]*" cations are found to be disordered
in the structure. Since free ethylenediamine cation is disordered and has three
different orientations, hydrogen atoms in ethylenediamine cation are not added. The
crystallographic data and details of data collection and structure refinement of these
compounds are given in Table 1 and selected bond distances and angles are listed in

supporting information.

Results and discussion

Powder XRD patterns (Cu Ka radiation)
Fig.2a presents the powder X-ray diffraction patterns for the mixture of compounds 1
and 2, while Fig.2d shows the powder X-ray diffraction patterns for 3. Diffraction

peaks of both the simulated and experimental patterns are well-matched in relevant
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positions.

Structure description

Single-crystal X-ray diffraction analysis reveals that 1 and 2 are enantiomers. Zeolite
1 crystallizes in chiral space group of P432,2. Three distinct T sites (T1, T2 and T3)
are tetrahedrally coordinated by four oxygen atoms (Fig.3). Each T site in the
framework of 1 is occupied by AlO4 or GeOy, tetrahedra with the Al/Ge ratio of 0.25:
0.75, which is in agreement with the XPS results. As show in Fig.4a, adjacent four
TO, tetrahedrons are connected to each other by sharing the vertices to generate a
four-membered ring 740, which is worked as a secondary building unit and further
constructs the GIS topological inorganic framework. Along a or b axis, neighbouring
four-membered rings are connected to each other in an up and down arrangement by
sharing the vertices to form a band structure, which is considered as a typical band
structure in zeolites (Fig.4b). Cross-connected bands form two-dimensional (2D)
structure in 0 0 [ direction, and then further linked by sharing vertices of 704
tetrahedrons to form a 3D framework. Eight-membered ring channels can be found
along a and b axis. It is easy to see that, in ac plane, every four-membered ring is
connected to the adjacent four four-membered rings directly by sharing vertices and
surrounded by four eight-membered ring channels, as shown in Fig.4c. The channel
opening size of eight-membered ring is about 6.7 x 9.1 A% Four eight-membered
rings and six four-membered rings are connected to each other by sharing the edges to
form a [46.84] cage (Fig.5a). The protonated dimethylamine cation is located in the
center of cage and directed this Ge(Al)-O [4°.8"] cage through hydrogen bonding
interactions, and fit the symmetry of 43;2,2 by disorder (Fig.5b). The distance of
hydrogen bond is in the range of 2.89(2)-3.40(2) for N—H:--O and 3.28(2)-3.47(2) A for
C—H-O, respectively (Fig.S2). Interestingly, every four 4-membered ring channels
along c axis, is enclosed by a left-handed [-T-O-], chain, as show in Fig.6a. The Flack
parameter for 1 is of 0.03(5), which indicates that the absolute configuration of 1 is
correct. As an enantiomer of 1, the inorganic framework of zeolite 2 keeps the same

topological structure. Correspondingly, 2 crystallizes in another chiral space group
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P4,2,2. We can find a right-handed [-T-O-], chains in 2 (Fig.6b). The Flack parameter
of 2 is 0.00(5). We have tried to solve 2 in the space group P432,2 and 1 in the space
group P4,2,2, the flack parameters are 0.97(6) and 0.91(6) respectively, which
indicates that the absolute configuration of 1 in P4,2,2 and 2 in P452,2 are both
wrong. The T—O distances in 1 and 2 are in the range of 1.707(10)—1.782(9) A, and
all T-O—T angles are in the range of 101.5(7)—117.1(6)°, which are reasonable for
aluminogermanates”™. To the best of our knowledge, chiral zeolites are very rare,
while chiral zeolitic aluminogermanate has not been reported until now. Since no
clear L or D signals were observed in the solid CD spectrum for the mixture of 1 and
2 (Fig.S3), the ratio of compound 1 : 2 in the mixture should be about 50% : 50%.
While the inorganic framework of 1 and 2 will be collapsed after removing organic
amine.

Compound 3 crystallizes in the cubic space group pa3 with a = 16.4699(7) A. The

building units and inorganic framework compound 3 are similar to the GaGeO-CJ63%

and [M(ID)(en)s|[M(II1),Ge4O15] (M(II) = Ni, Co; M(III) = Al; en = ethylenediamine)*’.

The structure of zeolite 3 contains two crystallographically distinct T sites (T = Al,
Ge), both T sites are occupied by Al and Ge atoms that are tetrahedrally coordinated
by four oxygen atoms with the ratio of 1 : 1 (Al : Ge), which is corresponding to the
XPS results. The T-O distances are in the range of 1.739(3)—1.757(3) A, and all
T—O-T angles are in the range of 127.1(2)—131.2(2)°, which are comparable with
reported aluminogermanates with 3-rings” There are two kinds of 3-rings: one of
which has C1 symmetry and the other has C3 symmetry. 3-rings with C1 symmetry
connect to 3-rings with C3 symmetry to form a spiro-5 secondary building unit, and
the spiro-5 units further construct the whole framework®'. The inorganic framework
of 3 has 3D interconnecting 10-ring channels. In the framework of 3, there are two
types of cages including [3®.10°] (Fig.7a) and [3.6.10°] cage (Fig.7b). Each [3*.6.10°]
cage holds one [Ni(en)s]*" cation, while one protonated ethanediamine cation is
located in the [3°.10°] cage. [Ni(en);]* cation and protonated ethanediamine not only
work as SDAs, but also compensate negative charges. Compared with

IM(II)(en)s|[M(I1I),GesO12] M(I) = Ni, Co; M(III) = Al; en = ethylenediamine),
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compound 3 has a higher Al/Ge ratio, nevertheless these zeolites nearly have the same
framework structure, which may lead by the protonated ethanediamine (Fig.7c). It
proves that the cations of SDAs with higher positive charge may lead to higher Al/Ge
ratio. Organic molecules usually adopt the symmetry of inorganic framework by
changing the orientation or disorder, which is often observed in the reported
organic-directed germanates®. In [3®.10°] cage, the protonated ethanediamine cation
is situated at a particular position. The inversion center of C(3) and C(3A) locate on
triple anti-axis, which is also one of the most important symmetries for the inorganic
framework. As show in fig. 7c, the protonated ethanediamine cation adopts the
essential symmetry of inorganic framework (triple axis) by disorder, the occupied
factor N3 is 1/3. The structure of the ethanediamine cations is important for the
formation of the final structure from symmetry considerations. The organic SDAs,
[Ni(en);]*" and Haen cations, are involved weak hydrogen bonding interactions with O
atoms of inorganic framework of 3, as show in Fig.S4a and Fig.S4b. Unfortunately,
although the zeolite 3 has a higher Al/Ge ratio, the inorganic framework of 3 is not
stable after removing organic SDAs. Fig.S9 shows the Powder XRD patterns of

compound 3 which has been heated at 400 [ for about 5 hours.

TG Analysis

TG Analysis of the mixed compounds 1 and 2

As shown in Fig.S5, the weight loss of 11.03% in the range of 50-600 °C corresponds
to the removal of the dimethylamine cations (calc. 10.98%). In order to observe the
thermal stability of the skeleton, the sample of thermal gravimetric analysis was used
for the powder X-ray diffraction test. The final test results showed that the skeleton
has collapsed; the skeleton can not be maintained.

TG Analysis of compound 3

Thermal analysis shows that the total weight loss is 27.67% (calc. 28.79) as shown in
Fig.S6, the weight loss in the range of 50-800 °C corresponds to the removal of the
protonated ethylenediamine cations (calc. 5.13%) and en from [Ni(en);]*" cations

(calc. 23.66%).
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IR Spectra

IR Spectra of the mixed compounds 1 and 2

The IR spectrum of the mixture 1 and 2 (Fig.S7) exhibits two peaks at 981 and 893
cm ' associated with v* (Ge—O—Ge) and two peaks at 596, 510 cm ' are due to
vY(Ge—O—Ge). The absorption peak at 465cm™"' peak is identified as a Ge—O bending
vibration. It also possesses bands in 3445—3171 cm ' region which can be attributed
to v(N—H) and bands between 1400 to 1630 cm ' are assigned to the C—N stretching
vibrations of dimethylamine. C—H stretching vibration and bending vibration

absorption peaks located at 2971, 2922 cm ™' and 1467, 1389 cm ™' respectively.

IR Spectra of compound 3

The IR spectrum of compound 3 (Fig.S8) exhibits two peaks at 852 and 766 cm '
associated with v*(Ge—O—Ge) and two peaks at 596, 510 cm ' are due to
v} (Ge—O—Ge). The peak at 445cm™ ' peak is identified as a Ge—O bending vibration. It
also possesses bands in 3193—3442 cm™' region which are attributed to v(N-H) and
bands between 1400 to 1600 cm ' are assigned to the C—N stretching vibrations of

ethylenediamine.

Conclusion

Three aluminogermanates have been successfully obtained. Compounds 1 and 2 are
enantiomers with a GIS topology by using dimethylamine cations as SDA, while
[Ni(en);]*" and en cations work as SDAs together to induce two different kinds of
cages ([3%.10°] and [3*.6.10°]) in 3. These three zeolites are all constructed by small
rings formed by 704 (T = Ge or Al) tetrahedra with different inorganic topological
frameworks. Unfortunately, the inorganic frameworks of three aluminogermanates are
not stable after removing organic SDAs. The successful synthesis of these three
compounds demonstrates new zeolitic aluminogermanates with different topology or

compositions can be synthesized by using different SDAs.
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Supplementary data

CCDC 977878, 977877 and 977879 contain the supplementary crystallographic data
for compound 1, 2 and 3. These data can be obtained free of charge via
http://www.ccdc.com.ac.uk/conts/retrieving.html,or from Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1E2, UK; fax: (+44) 1223-336-033; or

e-mail: deposit@ccdc.cam.ac.uk.
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formula

fw

T (K)
wavelength (A)
cryst syst

space group

a(A)
b(A)
c(d)

a (deg)
B (deg)
7 (deg)
V(AY

V4

D, (mg/m®)
p (mm™)
F(000)

cryst size (mm®)
limiting indices

0 range (deg)

reflns collected

R(int)

data / restraints / param
Flack param

GOF

R1%, wR2® [I> 26(])]
R1, wR2 (all date)
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L-1
[C:NH;][AlGe;Os]
418.84

293(2)

0.71073
Tetragonal

P42,2

10.3404(3)
10.3404(3)
9.4021(7)

90

90

90

1005.31(9)

4

2.768

9.023

800

0.13 x0.13 x0.12
-12<h<12,-12<k <12,
-11<1<11
2.79—25.50
7403

0.0285
940/7/77
0.03(5)

1.125

0.0253, 0.0756
0.0271, 0.0765

D-1
[CNH;][AlGe;Os]
418.84

296(2)

0.71073

Tetragonal
P42,2

10.3388(7)
10.3388(7)
9.4073(12)

90

90

90
1005.55(16)

4

2.767

9.021

800

0.13 x0.13 x0.12
-10<h<12,-12<k <11,
-11<1<11
2.79—25.01
7149

0.0367
901/24 /74
0.00(5)

1.057

0.0288, 0.1166
0.0306, 0.1179

‘R1 = Z||Fy| = [FJ/Z[F|. "WR2 = Z[w(F,” — F2)*/Z[w(F,’)"]".

Table 1. Crystal Data and Structure Refinements for 1 and 2

2

[Ni(en);][Al;Ge;0;,(Hzen)g 5]

760.79
293(2)

0.71073
Cubic

Pa3

16.4699(7)
16.4699(7)
16.4699(7)
90

90

90
4467.6(3)
8

2.262
5.018
3032

0.12 x 0.12 x 0.12

-18 < h <20, 20 < k < 20,

-13<1<20
2.14-25.94
22677
0.0717

1466 /6 /115

1.136

0.0389, 0.1193
0.0500, 0.1243
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Figure Captions

Fig.1 XPS result for the mixture of compounds 1 and 2. (a) Binding energy for highest peak is
73.400 eV, peak area is 486.149, FWHM is 2.340, GL(%) is 18; (b) Binding energy for highest
peak is 31.780 eV, peak area is 2990.246, FWHM is 1.500, GL(%) is 5; (c) Binding energy for
highest peak is 72.770 eV, peak area is 685.465, FWHM is 1.510, GL(%) is 5; (d) Binding energy
for highest peak is 30.820 eV, peak area is 1227.684, FWHM is 1.430, GL(%) is 5.

Fig.2 Powder XRD patterns of compounds 1-3. (a) The powder XRD patterns of the mixture of
compounds 1 and 2; (b) The simulated XRD pattern of compound 1; (¢) The simulated XRD
pattern of compound 2; (d) The powder XRD patterns of compound 3; (e) The simulated XRD
pattern of 3.

Fig.3 The asymmetric unit of compound 1.

Fig.4 (a) 740, ring in compound 1; (b) The band formed by 4-rings in compound 1; (c) The layer
formed by 4-rings and 8-rings in compound 1.

Fig.5 (a) A [4683] cage in compound 1; (b) The protonated dimethylamine in [4683] cage.
Symmetry codes: (a) 1-y, 1-x, -0.5-z.

Fig.6 (a) L-[-T-O-]n chain in compound 1; (b) D-[-T-O-]n chain in compound 2.

Fig.7 (a) A [38.106] cage in compound 3; (b) A [34.6.103] cage in compound 3, the inversion
center of C(3) and C(3A) locate on triple anti-axis, which is also one of the most important
symmetries for the inorganic framework; (c) Disdrdered ethylenediamine. Symmetry codes: (a) z,
x,y; (b)y, z,X; (¢) 1-x, 1-y, 1-z; (d) 1-z, 1-x, 1-y; (e) 1-y, 1-z, 1-x.
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Fig.1 XPS result for the mixture of compounds 1 and 2. (a) Binding energy for highest peak is
73.400 eV, peak area is 486.149, FWHM is 2.340, GL(%) is 18; (b) Binding energy for highest
peak is 31.780 eV, peak area is 2990.246, FWHM is 1.500, GL(%) is 5; (c) Binding energy for
highest peak is 72.770 eV, peak area is 685.465, FWHM is 1.510, GL(%) is 5; (d) Binding energy
for highest peak is 30.820 eV, peak area is 1227.684, FWHM is 1.430, GL(%) is 5.
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Fig.2 Powder XRD patterns of compounds 1-3. (a) The powder XRD patterns of the mixture of
compounds 1 and 2; (b) The simulated XRD pattern of compound 1; (¢) The simulated XRD
pattern of compound 2; (d) The powder XRD patterns of compound 3; (e) The simulated XRD
pattern of 3.
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Fig.3 The asymmetric unit of compound 1. Symmetry codes: (a) 1-y, 1-x, -0.5-z; (b) 0.5-y, 0.5+x,
-0.25+z.
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(c)

Fig.4 (a) 74O, ring in compound 1; (b) The band formed by 4-rings in compound 1; (c) The layer
formed by 4-rings and 8-rings in compound 1.

Fig.5 (a) A [4683] cage in compound 1; (b) The protonated dimethylamine in [4683] cage.
Symmetry codes: (a) 1-y, 1-x, -0.5-z.
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(@) L-Chain

Fig.6 (a) L-[-T-O-]n chain in compound 1; (b) D-[-T-O-]n chain in compound 2.

(@) (b) (©)

Fig.7 (a) A [38.106] cage in compound 3; (b) A [34.6.103] cage in compound 3, the inversion
center of C(3) and C(3A) locate on triple anti-axis, which is also one of the most important
symmetries for the inorganic framework; (c) Disordered ethylenediamine. Symmetry codes: (a) z,
x,y; (b)y, z,X; (¢) 1-x, 1-y, 1-z; (d) 1-z, 1-x, 1-y; (e) 1-y, 1-z, 1-x.





