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SU-79: A Novel Germanate with 3D 10- and 11-Ring
Channels Templated by a Square-Planar Nickel
Complex

Shiliang Huang™®, Jie Su™", Kirsten Christensen®, A. Ken Inge’, Jie Liang®, Xiaodong
Zou® and Junliang Sun™®"

An open-framework germanate denoted as SU-79 with the chemical formula
[Ge12.5026(OH)2][Ni(C3N2H0)2]1.1(NH4)o s(C3N2Hi2)0 5(C3N2Hig) 1 5(H20)s,
synthesized under hydro/solvothermal conditions using [Ni(l,2-pda),]*" (1,2-pda=1,2-
diaminopropane) and 1,2-pda as the templates. Owing to the complicated pseudo-merohedral
twinning in the crystals, rotation electron diffraction (RED) method was used for the unit cell
and space group determination. The structure of SU-79 was solved and refined based on
synchrotron single crystal X-ray diffraction data. SU-79 exhibits a 3D open germanate
framework built with Ge,; clusters, consisting of a 3D channel system with interconnected 10-
and 11-ring channels. Interestingly, helical GeO, tetrahedral chains with left-handed/right-
handed chirality were found in the structure. The [Ni(1,2-pda),]*" complexes, adopting in a
square-planar geometry, show a structure directing role on the SU-79 framework via hydrogen
bonds. Comparing with its related structure, SU-67, the formation of the pseudo-merohedric

has been

twinning in SU-79 was also discussed.

Introduction

Open-framework germanates are a relatively new family of
microporous compounds and are of particular interest in past
couple decades due to their structural diversity.! Germanate
frameworks can be built not only of tetrahedral building units to
form zeolitic structures but more often, more than one type of
polyhedral building units are found in the framework, such as
trigonal bipyramids and octahedra. Through corner- or edge-
shared oxygen atoms, these polyhedral units can be linked into
large clusters. In general, there are four commonly formed
germanium clusters: Ge;(O,0H,F), (Ge),2 Geg(O,0H,F),
(Geg),® Geo(O,0H,F),s5.06 (Geg)* and Ge,o(O,0H),s (Ge,o).° The
tendency to form these clusters opens opportunities to develop
new open-framework materials with wide structural diversity
and large pore sizes.

Various species, from alkaline metal ions, organic amines to
transition metal complexes, have been used as structure
directing agents (SDAs) in the synthesis of a large number of
new frameworks. The use of nickel organic complexes in the
synthesis of germanates was pioneered by Yang’s and Yu’s
group, which led to the discovery of several novel germanates,
such as FJ-1,° FJ-67 and JLG-4.% In these compounds, the nickel
complexes show remarkable structure-directing effects for the
formation of germanate frameworks. More interestingly, in FJ-
1, nickel complexes show a capacity of transferring their
chirality to the framework. This concept of chirality transfer of
metal complex into the inorganic framework has been further

demonstrated in the synthesis of GaGeO-CJ63,° a
gallogermanate zeolite with racemic [Ni(en);]*"
(en=ethylenediamine) cations as an SDA. In the
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aforementioned work, nickel complexes are in an octahedral
geometry and mainly play a structure directing role in the
formation of the germanate framework and as counter ions to
balance negative framework charge. SUT-1 and SUT-2' are
the first examples where nickel complexes are directly linked to
the framework and act as both templates and framework-
forming units. More recently, in a newly reported germanate
Compound, [Ni(HZO)(u-C2H6NO)2Ge7O14(C2H7NO)]-C2H5
OH,'"" a Ni complex moiety, [Ni(H,O)(u-C,H¢NO),], also acts
as framework units and links the 2D layers of Ge; clusters into
a three-dimensional network. Here, we present a new 3D open-
framework germanate SU-79 with a square-planar nickel
complex [Ni(1,2-pda),]** (1,2-pda=1,2-diaminoprapane) acting
as an SDA. The SU-79 framework is built with a double square
layer of Geq clusters. The same building unit was recently
reported in the open-framework germanate SU-67 with
intersecting 10- and 11-ring,'”> The different interactions
between the SDAs and framework resulted in a different
stacking of the double square net layers, as well as the pore
structure in SU-79, compared to those in SU-67.

Experiments

Synthesis

SU-79 was synthesized under mild hydro/solvothermal
conditions from a mixture of GeO,, Ni(NO;),"6H,0, 1,2-
diaminopropane (1,2-pda), pyridine and water with a typical
molar ratio of 1.00:0.12:40:26:78. The mixture was stirred
constantly until a clear pink solution was formed. The solution
was then transferred into a 30mL Teflon-lined stainless steel
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autoclave. After being kept statically at 180 ° C for 7 days,
yellow square plate crystals with a typical size of 50x50%10 um
(Fig. l1a) were obtained by filtration, washed with deionized
water and dried at room temperature.

Single crystal X-ray diffraction

Single crystal X-ray diffraction data of SU-79 were collected at
150(2) K on the Beamline 119, Diamond Light Source, Ltd.,
Didcot, UK, using a Rigaku CrystalLogic Kappa goniometer
with a Saturn 724+ detector using synchrotron radiation (A=
0.6889 A). Data reduction and empirical absorption correction
were applied with CrysAlisPro. The structure was solved by
direct methods using program SHELXS-97."* All heavy atoms
(Ge, Ni) could be located directly from the difference Fourier
maps. Framework hydrogen atoms were placed geometrically
and constrained using the riding model to the parent atoms.
Finally structure refinement was done with program SHELXL-
97" by minimizing the sum of squared deviations of F* using a
full-matrix technique. X-ray crystallographic data in CIF format
for the structure can be found in Supporting Information or
obtained free of charge from the Cambridge Crystallographic
Data Centre with the deposition number CCDC 970381.

Rotation Electron Diffraction

An SU-79 powder sample was dispersed in absolute ethanol
and treated by ultra-sonication for three minutes. One droplet of
the suspension was transferred onto a carbon-coated copper
grid. Three-dimensional rotation electron diffraction (RED)
data of SU-79 was collected at 200 kV using the software RED
—data collection'* on a JEOL JEM2100 TEM. The RED data
were collected in the selected-area electron diffraction (SAED)
mode. During the RED data collection, the electron beam was
fully spread over the whole phosphorus screen. The selected-
area aperture used for RED data collection was about 1.6 um in
diameter. We tracked the crystal in image mode to ensure that
the entire crystal was inside the aperture throughout the data
collection. In total, 275 ED frames were recorded using a
single-tilt tomography sample holder. The crystal tilt range was
from -61.57° to 49.80° with a tilt step of 0.60°. Each ED frame
was recorded at spot size 3 with the exposure time of 1.4 s. The
total data collection time was 16 minutes. The data processing
was conducted using the software RED-data processing,
including peak search, unit cell determination, and indexation
of reflections.

General characterizations

X-ray powder diffraction of SU-79 was collected at room
temperature at Diamond Light Source, Beamline 111,
1=0.82695 A. A powder sample of SU-79 was loaded into a 0.7
mm borosilicate glass capillary tube which was spinning during
data collection. Thermo-gravimetric (TG) analysis was
conducted using a Perkin-Elmer TGA?7 in air from 40 to 900 °C
at a heating rate of 10 °C/min. Elemental analysis of carbon,
nitrogen and hydrogen was carried out with an Elementar Vario
EL III microanalyzer. The elemental ratio (Ge/Ni) was
measured by using the inductively coupled plasma (ICP)
method on an ESCALAB2000 analyzer. FT-IR spectroscopy
was performed on a Varian 670-IR spectrometer in the region
of 4000-400 cm™'. The morphology of SU-79 crystals was
examined under a JSM-7000F scanning electron microscope
(SEM) with an accelerating voltage of 10kV. UV-visible
spectra were acquired from single crystals of SU-79, using a
Cary 500 UV-VIS-NIR Spectrophotometer. Crystals were
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placed on quartz slides under Krytox oil, and the data were
collected from 200 nm to 1000 nm. X-ray photoelectron
spectroscopy (XPS) analysis was measured on a Kratos AXIS
Ultra Imaging X-ray Photoelectron Spectrometer with a
monochromatized Al Ko X-ray source.

Results and discussion

The structure of SU-79 was determined by the combination of
synchrotron single crystal X-ray diffraction and rotation
electron diffraction (RED) techniques. The single crystal
synchrotron diffraction data was collected from one of the
square plate crystals. However, the direct indexing of the data
results in unreliable unit cell parameters and many unindexed
reflections. This indicates the presence of serious twinning in
the crystal, which can be observed as grain boundaries on the
crystal surface (Fig. la). Therefore, RED, a newly developed
method for collecting 3D electron diffraction data on micro- or
nano-sized single crystals in a transmission electron
microscope,'* '> was used for unit cell determination on SU-79.
A series of ED patterns were collected from a selected micro-
domain (about 1x1pum) of the SU-79 crystal (Fig. 1b-e and Fig.
S1). The 3D reciprocal lattice was reconstructed from the RED
data, from which the unit cell parameters were determined as a
=3754 A, b=10.48 A, c =21.00A, a=89.41°, = 106.46° and
y=89.74°. The additional spots observed in the single crystal X-
ray diffraction data are absent in the RED data, as shown in the
Okl plane from RED (Fig. le) and the 0k/ plane from single
crystal diffraction (Fig. 1f). This indicates the RED data came
from a single twin domain of SU-79. Thus the twinning
problem was avoided. The reflection condition could be
deduced from the A0I, hk0O and Okl plane (Fig. lc-e) as hki:
h+k=2n and hOl: [=2n, indicating a monoclinic space group
C2/c. The results were confirmed by the Le Bail fitting of
powder X-ray diffraction data. With this unit cell, the

synchrotron single crystal X-ray diffraction data were
successfully indexed with the following three twinning
matrices: 1 1.04 0.52 R 1 0 1.04 and 1 -1.04 0.52 - The
0 0.5 0 -1 0 0 0 -0.5
0 -2 0 0 0 -1 0 2 0

structure of SU-79 was then successfully solved based on the
single crystal X-ray diffraction data. Combined with the results
from CHN elemental analysis, ICP and TG analysis, the
chemical composition of SU-79 was finally determined as
[Ge12.5026(OH)2][Ni(C3N2H 10)2]1.1(NH4)o.8(C3N2H12)0 s(C3NoHy
0)1.5(Hy0),, and the details are shown in Supporting
Information).

The framework of SU-79 is built from Ge;; clusters, which
consist of a Ge,, cluster,’ one apical GeO, tetrahedron and two
extra GeO3(OH) tetrahedra, as shown in Fig. 2a. The Ge
clusters link to each other by vertex-sharing to form 2D layers
in the bc-plane (Fig. 2b) with 12-ring windows. Three
additional tetrahedra (colored in yellow in Fig. 2b) connect the
vertex-sharing tetrahedra pairs along the c-axis, which converts
the original 12-rings into fan-shaped 11-rings in the bc-plane
(Fig. S3). Two adjacent Ge, layers, related by the 2-fold
rotation along the b-axis, connect to each other by sharing
GeO, tetrahedra, forming a double layer in the bc-plane. The
double layers are stacked along the a-axis with a shift of 1/2b
and connected through the additional tetrahedra to form a 3D
germanate framework, as shown in Fig. 2c. Interestingly,
helical GeO, chains are formed along the c-axis, with left- and
right-handed chirality, respectively (Fig. S4). 2D 10-ring

This journal is © The Royal Society of Chemistry 2012
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channels are found within the double layer, running along the
b- and c-axis, respectively and forming a channel system that
follows a square net. Fig. 2d represents two such channel
systems within two neighboring double layer (shown as red and
green rods, respectively). Those 2D channels are further
connected by 1D zigzag 11-ring channels along the g-axis (blue
rods in Fig. 2d), resulting in a 3D channel system.

FET LT

Fig. 1 (a) SEM image of SU-79 crystals. The twinning grain
boundaries were marked by the red arrows. (b) The 3D
reciprocal lattice reconstructed from the RED data, from which
the unit cell of SU-79 could be determined. (c-¢) 2D slices cut
from the reconstructed 3D reciprocal lattice showing the (c) 40/,
(d) hkO and (e) Okl plane. (f) The Okl slice obtained from the
single crystal XRD data. The additional reflection rows due to
the twinning were indicated by the red arrows in (f).

4
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(c) (d)
Fig. 2 The framework of SU-79. (a) The basic building unit
Ge,; cluster; (b) 2D layer perpendicular to the a-axis, exhibiting
fan-shaped 11-ring windows; (c) 10-ring channels along the c-
axis are formed by the connection of 2D layers; (d) the channel
system in the SU-79 framework. The red and green square nets
represent the 2D intersecting 10-ring channels within
neighboring double layers, and the blue rods represent zigzag
11-ring channels connecting the 10-ring channels into a 3D

This journal is © The Royal Society of Chemistry 2012
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channel system. Colour codes in (a)-(c): octahdedra, red;
tetrahedra inside Gejo clusters, green; additional tetrahedra,
yellow.

Topological analysis revealed that the SU-79 framework can
be described as a vmu net, a uninodal 8-connected net with the
point symbol of {3%.4'%.5%% where each node represents a Ge;s
cluster. The vertex is first linked to four neighboring vertices to
form a 4* square net, which corresponds to the Ge,, layer in Fig.
2b. By connecting the adjacent square net, a double 4* square
net layer is formed. Then, three additional edges from each
vertex connect the adjacent double 4* square net layers together
to generate the 8-connected vmu net. It is worth mentioning
that the recently reported open-framework germanate SU-67 is
also built by 8-coordinated Ge;z clusters. However, in SU-79,
the relationship between the adjacent double layers is the 1/2b
shift, while in SU-67, the neighboring double layers are rotated
to one another by 90° around the c-axis. The different stacking
modes result in different connections between the double layers
in SU-79 and in SU-67 and consequently different framework
topologies. The structural similarity allows these two germanate
frameworks to be derived from a common nce net constructed
from the stacking and connection of double 4* nets. To obtain
the corresponding nets for SU-79 and SU-67, the linkages
between the double 4* net in the nce net are partly removed,
according to the different connections between the double
layers in SU-79 and SU-67. As a result, the framework of SU-
79 adopts the vmu net, while the SU-67 framework has a
topology of an nce-8-I4,/acd net, as shown in Fig. 3a and 3b,
respectively. The alternative connection between the double
layers is proposed to be the origin of the twinning problem in
SU-79. If some of neighboring double layers in SU-79 crystals
are connected by 90° rotation as in SU-67, the twin boundary is
formed with two twin domains connected by a 90° rotation
along the direction normal to the double layers, i.e. the a*-axis.
Thus, in total, four twin domains can be found in the SU-79
crystal, which are related to the original one by a rotation of 90°,
180° and 270°, respectively along the a*-axis and their basic
axes are related by the twin matrices aforementioned.

(a)
@0, 0.9
HDGD

| 96676

OO,
L
QY9
POGD
LAY APLAD
YOG
© e
Fig. 3 Topological relation between the (a) SU-79 (vmu) and (b)

SU-67 (nce-8-I41/acd) nets. Both nets can be deduced from the
nce net by the removal of one of the nine edges (purple) around

%,
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a vertex. The two different connection modes between the
double layers can be illustrated by simplified representations in
(¢)-(d), where the yellow and blue nets represent two double 4*
layers. The red lines show the connections between the double
layers. In SU-79 (c), the blue layer is shifted by 1/2b with the
yellow layer, while in SU-67 (d), the blue layer is rotated by
90° with respective to the yellow layer.

In order to understand the formation of different connections
between the double layers, the interactions between the guest
species and the framework of SU-79 were investigated
carefully. The negatively charged SU-79 framework is balanced
by [Ni(1,2-pda),]*", 1,2-Hpda®>" and NH*" cations. The 2-
H,pda®" andNH, cations and H,O molecules are located in the
10-ring channels within the double layers, while the [Ni(1,2-
pda),]*" cations are found in the 11-rings between the double
layers. Thus, the [Ni(1,2-pda),]*" cations could be the key
which leads to the connection mode of double layers in SU-79.
This nickel complex is 4-coordinated in a square planar mode
as confirmed by the UV-Vis diffuse-reflection spectrum. Two
absorption bands at 314 nm and 441 nm are observed in the
UV-Vis spectrum of SU-79. They can be assigned to d—d
transition bands of [Ni(1,2-pda),]*" complex (Fig. S7), which is
similar to that of nickel metformin, a nickel complex with the
square-planar geometry. The nickel complex is located in the
11-ring window and shows weak hydrogen-bond interactions
with the framework and one water molecule (Ow1). The Owl1
molecule interacts with the framework by strong hydrogen
bonding (Owles=O14 2.738 A and Owl1se=027 2.676 A). The
other 1,2-H,pda®" cation is trapped in the 10-ring channels
along the c-axis with a weak hydrogen bonding to the
framework. The details of these hydrogen bonds are given in
Table S2.

Fig. 4 Representation of the guest species in SU-79. (a)
[Ni(1,2-pda),]*" cation and O1w residing in the 11-ring window
in the bc-plane; (b) 1,2-H,pda®cationlocated in the 10-ring
channels along the c-axis. Hydrogen bonds in SU-67 (c-d) are
shown for comparison. Colour codes: carbon, black,; nitrogen,
blue.

4| J. Name., 2012, 00, 1-3

The hydrogen bonds formed by 2-methypiperazine cations in
the 10-ring channels in SU-67 are similar with those in SU-79.
However, the hydrogen bonds in the 11-ring windows are quite
different, which significantly affect the formation of the
different connections between the double layers. Firstly, the
larger [Ni(1,2-pda),]*" cation is not only hydrogen-bonded
within the 11-ring window, but also interacts with the
neighboring layer (the blue tetrahedron in Fig. 4a), while in SU-
67, the 2-methypiperazine cations only form hydrogen-bonds
within the 11-ring windows. Secondly, if one keeps the Ni
complex and the same hydrogen-bonds in SU-79, but uses the
SU-67 connection mode between the layers, collision of the Ni
complex with the next double layer would be observed. This
means that the [Ni(1,2-pda),]*" cation does not fit into be fitted
into the void between the double layers in SU-67 so that the
connection mode in SU-79 is not present in SU-67 crystals and
no twinning problem is observed in SU-67.

Conclusions

In summary, a novel open-framework germanate templated by
nickel complexes, SU-79, has been synthesized under
hydro/solvothermal conditions. Due to the complicated pseudo-
merohedric twinning problem in SU-79 crystals, the unit cell
parameters and space group were determined by the RED
method. With the information from RED, the structure was then
successfully solved based on the single crystal X-ray diffraction
data. The framework shows intersecting 10- and 11-ring
channels running in three directions. The [Ni(1,2-pda),]*"
complex with square planar geometry plays a structure
directing role via hydrogen-bonding interactions with the
framework. The twinning in the framework of SU-79 is caused
by two possible connection types between the double layers in
the bc-plane.
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