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Two new heteropolyniobate compounds, (C,N,H;p)s[(Ge-
OH),GesNb6H054]-25H,0 (1) and  [Cu(en),(H20)2]5K10-
[K(GeOH),Ge,NbgH3054],°:38H,0O (2, en = ethylenedi-
amine), have been prepared under hydrothermal-conven-
tional combination conditions and structurally characterized
by elemental analysis, IR spectroscopy, powder and single-
crystal XRD, diffuse reflection spectroscopy, and thermo-

gravimetric (TG) analysis. Compounds 1 and 2 are based on
[(GeOH),Ge,NbgH,054]1% and [K(GeOH),Ge,Nb6-
H;3054]'% building blocks, respectively. Compound 1 repre-
sents the initially isolated Nb/Ge lacunary derivative and
compound 2 exhibits 1D ladderlike chains. The photolumi-
nescence properties and electrochemical properties of com-
pounds 1 and 2 have been investigated.

Introduction

Polyoxoniobates (PONs) are an important subclass of
polyoxometalates (POMs), which not only exhibit struc-
tural diversity but also display multiple potential applica-
tions in virology, nuclear waste treatment, the base-cata-
lyzed decomposition of biocontaminants, and photolysis of
water to yield molecular hydrogen and oxygen.!!! Therefore,
polyoxoniobates have attracted considerable attention and
huge advances have been made in the past two decades.
However, PON chemistry studies have focused on isopoly-
niobate chemistry, which is dominated by the Lindquist-
type [NbgOo]® anions.”3! To date, heteropolyanion chem-
istry has been dominated by heteropolymolybdates, -tung-
states, and -vanadates, which are usually prepared by pre-
cipitation from aqueous, acidified solutions at ambient tem-
perature and pressure.l! In contrast, heteropolyniobate
compounds are less common and quite difficult to obtain
in high yields. They are chiefly impeded by a lack of soluble
precursors, the inertness of Nb species, the narrow window
of the working pH range, and limited chemistry with most
addenda metals.5>71 Even so, several groups have been
quite active in this area. The synthesis and structural
characterization of a heteropolyanion-type compound
Na4[H,Si4Nb6056]:45.5H,O was reported in 2002 by
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Nyman!® and was a significant breakthrough in hetero-
polyoxoniobate chemistry. Subsequently, the Nyman and
Cronin groups have reported many heteropolyoxoniobate

compounds, such as K;5[Ti,O,][SiNb;,O4]-16H,0,
Nal5[(P02)3PNb9034]'22H20, Nale[XNb1204o]'4H20,
Nay5[Ti,O0,][XNb;5040]-nH,0, Nao[NbyO,][XNb;504)
nH,O (X = Si or Ge), and [Cu(en),];s[Cu(en),-

(H20){[VNb1,040(VO),][Cu(en)]}-17H,O  (en = ethyl-
enediamine).1>°-171 Qur group has also recently made a
deeper study on the reactivity of polyoxoniobates in acidic
solutions and obtained some mixed-addendum heteropoly-
niobates.'8! Furthermore, Ge!Y-containing polyoxomet-
alates have been known for several decades, and most of
the published work was based on the Keggin-type german-
otungstates [GeW ,040]* and its lacunary derivatives.['”] In
1972, Choisnet et al. reported the Ge/Nb compound
RbNDb(GeO3)s, the first example of germanium introduced
into a niobate.*! In 2004, Nyman et al. reported the first
Keggin germanoniobate Na;s[GeNb;,0,40]-4H,0. In re-
cent years, several germanoniobate clusters have been re-
ported, however, no more members of the {X;Nb;¢Oss}
family (X = Ge, Si) have been discovered.

Inspired by the aforementioned work, herein we
report  the  synthesis, structure characterization,
photoluminescence  properties, and electrochemical
activity of two new heteropolyoxoniobates, (C>,N,Hg)s-
[(GeOH),Ge;Nb;6H,054]25H,0 (1) and [Cu(en),(H,0)s]s-
K o[K(GeOH),Ge,Nb;sH3054],-38H,O (2), in which the
polyoxoanion clusters are the latest members of the
{X4Nb 5056} family (X = Ge, Si). Large single crystals of
these compounds have been successfully synthesized in high
yield and characterized by elemental analysis, powder XRD
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(PXRD), IR spectroscopy, diffuse reflection spectroscopy,
single-crystal XRD, and thermogravimetric analyses. To the
best of our knowledge, compound 1 represents the first ex-
ample of an isolated Ge/Nb lacunary derivative, the struc-
ture type of which has been previously observed only in a
Si/Nb heteropoly compound,® and compound 2 is a new
sandwich-type germanoniobate, in which two [K(GeOH),-
Ge,Nb;H305,4]'% units sandwich eight potassium ions in
the central belt.

Results and Discussion

Synthesis

Compounds 1 and 2 were synthesized by adopting a hy-
drothermal-conventional combination approach. Com-
pound 1 was synthesized by slow evaporation of the
mother liquor after the hydrothermal reaction of
K-HNbO,4:13H,0, GeO,, N,H,-H,SO,, and en in H,O.
Owing to the stability of niobium radical species, the inten-
tion of our experiments was to find a strong reducing agent
to take advantage of the valence variation at high tempera-
ture and pressure. However, the results were not as we ex-
pected. This compound was also obtained without
N,H4H»>SO,4. Compound 1 is insoluble in water and some
organic solvents (CoHsOH, CH,Cl,, CH;CN) at room tem-
perature. Compound 2 was obtained by means of a singular
synthetic strategy, in which CuSO,4-5H,O and KOH were
added to clarify the mother liquor before the formation of
1. In our experiments, we have constantly tried to replace
Cu?* with other transition metal ions, such as Co>*, Zn?*,
and Ni*, but single-crystal samples were not obtained. A
great many tentative experimental results show that the al-
kali metal cations (K*) play a vital role in the formation of
2. This means that 2 cannot form only in the presence of
copper countercations. Unlike sandwich-type heteropoly-
tungstates and -molybdates, it is observed that potassium
cations rather than transition metal cations occupy the la-
cunary sites in the structure of compound 2. This may be
due to the steric effect of the copper/en complex. Moreover,
control of the evaporation temperature plays an important
role in definite crystal formation of compound 2; when the
other conditions remained unchanged, a bluish purple pre-
cipitate formed at room temperature. Therefore, we per-
formed the crystallization at low temperature, and good sin-
gle-crystal products were obtained in high yield. Further-
more, compound 2 is water soluble, unlike compound 1.

Crystal Structures of 1 and 2

Single-crystal X-ray diffraction structural analyses reveal
that the entire structure of compound 1 is constructed from
new polyoxoanions [(GeOH),Ge,Nb,H,0s4]'? and dipro-
tonated ethylenediamine (enH,>") serves as the charge-com-
pensating cations. The structure of [(GeOH),Ge,-
Nb;¢H,0s4]'% is shown in Figure 1. The NbOg octahedra
can be split into two sorts, two Nb3O;3 unit that are triplets
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of edge-sharing NbOg4 octahedra and two NbsO;; units that
are quintets of edge-sharing NbOgy octahedra. These two
sets are then linked together by corner-sharing to give a
“wupeng boat” arrangement. Two trimetal clusters are the
bow and stern, and two pentametal clusters form the bot-
tom and hull of the boat (Figure S1 in the Supporting In-
formation). Each niobium atom has a distorted {NbOg} oc-
tahedral environment, and the Nb—-O bond distances can
be subdivided into three groups: Nb-O. (O., Nb-O.-Ge
bridging O atoms), 2.143(1)-2.414(9) A; Nb-Oy, (Op, Nb—
O,-Nb bridging O atoms), 1.872(7)-2.147(6) A; and Nb-O,
(O,, terminal O atoms), 1.756(0)-1.790(3) A. Two of the
four GeOy tetrahedra are encapsulated in the cabin of the
boat, which gives rise to a heteropolyanion centered about
a Ge,O; (Gel, Ge2) dimer. This structure centered about
P,0O; and Si,O; dimers has been heretofore observed in lit-
erature.*d4¢8l The Ge,O; dimer has Ge-O distances of
1.722(6)-1.769(8) A, and the average Ge—O bond length for
both these interior GeO, tetrahedra is 1.752(7) A. The
Gel-0-Ge2 bond angle (Ge,O dimer) is 119.398(32)°. The
other two GeQ, tetrahedra are located on the cabin (la-
cunary site) of the boat, and the distances of the Ge-O
bonds can be divided into two groups: Ge-O, (O., Ge-O.—
Nb bridging O atoms), 1.710(3)-1.766(1) A and Ge-O, (O,,
terminal O atoms), 1.769(2)-1.784(6) A. Furthermore,
bond valence sums (BVS) for niobium, germanium, and
oxygen atoms were calculated by using the parameters given
by Brown,?!l which showed that all the Nb and Ge atoms
remain in their highest oxidation states, and could also
mean that the Nb species have low activity. The BVS values
0f 0.996 and 1.004 for O55 and O56 (terminal oxygen atoms
of GeQ,) indicate they are actually monoprotonated.

8% 3
QA\I...IA\‘
\'llﬂ.‘ﬂ

Figure 1. Ball-and-stick representation (a) and polyhedral represen-
tation (b) of the [(GeOH),Ge>Nb,;cH,0s,4]'?>" polyanion in 1. Octa-
hedra: NbQOyg, tetrahedra: GeOy,; All H atoms are omitted for clar-

ity.

The asymmetric unit of 1 can also be derived formally
from the archetypal spherical Keggin skeleton {GeNb;,}.
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The geometrical arrangement of the [(GeOH),Ge,-
Nb;H,0s,4]">" cluster may be described as a combination
of two three-vacancy Keggin ions by corner-sharing of their
linear triad of octahedra. These two Keggin ions share two
NbOg octahedra, and the other two GeO, tetrahedra are
added to the [Ge,Nb;¢H,0s4]'® anion by rational self-as-
sembly.

The structure of 2 was determined by single-crystal X-
ray diffraction analysis and consists of two [K(GeOH),-
Ge,Nb,H3054]'% secondary building units linked by eight
potassium atoms to form a dimer that is charge-balanced
by five [Cu(en),(H,0),]** complexes. This dimeric structure
can be seen as a sandwich-type configuration, in which
eight K atoms are combined with two [K(GeOH),-
Ge,Nb,H305,4]'% subunits through eight exposed terminal
O atoms (as shown in Figure 2). It is worth noting that
the [K(GeOH),Ge,Nb;sH305,]'% cluster has idealized D-,
symmetry. Compared to the [(GeOH),Ge,Nb;sH,0s,4]'>"
polyanion, a single potassium atom exists in the “pocket”
(lacunary site) of the polyanionic [K(GeOH),-
Ge,Nb,H3054]'%. The pocket potassium atom (K1) is
connected to six oxygen atoms, four of which are from the
NbOg octahedra and GeO, tetrahedra, and the other two
are from water molecules. The K1-O, (O, Nb-Op-Ge
bridging O atoms) bond lengths are 2.380(6) A and the two
K1-O,, (w = water) bond lengths are 2.462(2) A. These
water molecules bridge the two K1 sites of the dimer and
link the two [K(GeOH),Ge,Nb;cH;054]'" subunits to-
gether. Compared with compound 1, the coordination of
the K1 atom results in the slight distortion of the NbOg
octahedron attached to the K1 atom (see Figure S2 and
Table S1 in the Supporting Information). The center gap of
the dimer also contains eight more potassium atoms includ-
ing four K2 atoms and four K4 atoms. The K2 atoms link
to two [K(GeOH),Ge,Nb;sH;054]'" units through two
Nb-O~K bridges. The K4 atoms also link to two
[K(GeOH),Ge,Nb;¢H3054]'" subunits and also coordinate
to three O,, atoms. A similar anion [Na(SiOH),-
Si,Nb;¢H3 sOs4],'%~ has been previously reported with
[Cu(en)»(H,O),]** and Na* countercations.’? In this
anion, a {Na,Ow,} segment replaces the {K,Ow,} segment
in 2 that associates the two {Na(SiOH),Si,Nb;cH3 5054}
units into a dimer. In the central belt of the two {Na(SiOH),-

Si,NbcH3 sOs4} units, there are another five Na atoms,
which adopt different arrangements to those of K2 and K4
in 2. For this dimer, there are five [Cu(en),(H,O),]** frag-
ments situated freely around the cluster to balance the
charge of the entire structure. Each [Cu(en),(H,0),]**
group has Cu-N bond lengths of 1.995(3) to 2.004(5) A,
and the axial Cu-O,, bond distances range from 2.555(0) to
2.590(4) A. Moreover, the [K(GeOH),Ge,NbsH;0s54]'0 -
polyoxoanion dimers are linked to each other by a p-K
atom to construct 1D ladderlike chains along the b axis
(Figure 3). BVS calculations confirm that the oxidation
state of copper is +2. Similar to those for compound 1,
BVS calculations for 2 also give BVS values of 1.017 for
OS5 (terminal oxygen of GeOy,), which further indicate the
protonation positions [Figure S2(b) in the Supporting In-
formation]. More interestingly, this 1D ladder-type chain of
alternating self-assembled layers forms a 2D network (Fig-
ure S3 in the Supporting Information).

Figure 2. Mixed polyhedral and ball-and-stick representation of the
[K(GeOH),Ge,;Nb,H305,4],>" polyanion in 2. Octahedra: NbOs,
tetrahedra: GeQy, teal spheres: K, red spheres: O. All H atoms are
omitted for clarity.

Charge-balance considerations for 1 and 2 demand that
there must be extra protons in the {(GeOH),Ge,Nb;4} and
{K(GeOH),Ge,Nb;¢} units. As explained by Nyman, the
very high number of crystallographically independent
atoms and variable parameters prevents the determination

Figure 3. View of the 1D ladderlike chain of 2, projected approximately down the b axis. Octahedra: NbOg, tetrahedra: GeQOy, teal spheres:
K, red spheres: O. The [Cu(en),(H,0),]** and part of the coordinated water molecules are omitted for clarity.
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of the exact location of the protons from the Fourier maps,
and even bond-valence calculations do not provide an obvi-
ous position for the protons.>>” Therefore, we hypothesize
that the most reasonable location may be that these charge-
balancing protons are disordered over bridging p,-ONb,
sites of the cluster.’>?3 In 1, the uncoordinated diproton-
ated enH,>" cations serve as the counterions to balance the
negative charges from the [(GeOH),Ge,Nb,sH,Os,]'?" ion.
It is worth noting that the anions in 1 are charge balanced
by protonated organic species, which is quite atypical for
polyoxoniobates. These facts suggest that the organic cat-
ions can provide new avenues towards diversification of
polyoxoniobate cluster geometries.” Moreover, we find that
en also acts as a structure-directing agent in the formation
of the specific polyoxoniobates clusters, because no single
crystal were obtained in the absence of en or if en was re-
placed. In 2, in addition to five [Cu(en),(H,O),]** frag-
ments, additional potassium atoms act as counterbalance
cations for each sandwich-type cluster unit.

Powder XRD and IR Spectra

The experimental PXRD patterns of 1 and 2 are in good
agreement with the simulated patterns, which indicates the
phase purity of the samples (Figure S4 in the Supporting
Information). The intensity difference between the experi-
mental and simulated PXRD patterns is attributed to the
variation in the preferred orientation of the powder sample
during collection of the experimental pattern.

The compositional analyses for 1 and 2 were not only
carried out by elemental analyses, but were also confirmed
by the IR analyses (Figure S5 in the Supporting Infor-
mation). In the IR spectrum of 1, the CH, and NH, stretch-
ing bands are observed at ¥ = 3014 to 3231 and 1156 to
1616 cm™!, respectively, and their bending bands are ob-
served at ¥ = 1507 to 1615 and 1322 to 1456 cm™!, respec-
tively. These signals confirm the presence of amino groups.
The characteristic peaks at ¥ = 1057, 988, 920, 854, 688,
and 518 cm™! are assigned to the v(M-0,), v(Ge-O,), and
v(M-0,-M) stretches (M = NbV or Ge!V). The peak atV =
3405 cm™! is assigned to the water molecules. The IR spec-
trum of 2 additionally has the signals of amino groups, and
the characteristic peaks at v = 1052, 921, 864, 754, 695, and
523 cm ! are assigned to the v(M-0,), v(Ge-O,.), and v(M—
Op—M) stretches. The broad band at ¥ = 3409 cm™! is as-
cribed to the O-H vibrations from the water molecules. All
these results are consistent with the X-ray single-crystal
structural analysis.

UVI/Vis Diffuse Reflectance Spectra and Photoluminescence

The UV/Vis diffuse reflectance spectra of 1 and 2 show
intense absorption bands in the range 200 to 400 nm with
one main band at ca. 248 and 247 nm, respectively. These
are mainly attributed to oxide-to-metal (O—Nb) charge-
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transfer (OMCT) transitions.”"! A wide absorption at ca.
550 nm for 2 can be ascribed to the d-d transition
(°Biz—?By,) and the ligand-to-metal charge-transfer
(LMCT, n,*—d,,) in [Cu(en),(H,0),]** (Figure 4).1*

Absorbance (a.u.)

Compound 2

Compound 1

1 T T T
400 500 600 700

Wavelength (nm)

1
200 300 800

Figure 4. The UV/Vis diffuse reflectance spectra of 1 and 2.

The luminescence of the niobate group has been investi-
gated extensively in crystal materials and is strongly de-
pendent upon the crystal structure.?l Niobate lumines-
cence is affected by the configuration of the NbOg octahe-
dron, the coordination symmetry of the metal atoms, or the
participation of alkali metal atoms.””! Isolated and edge- or
face-shared NbOg octahedral groups show efficient lumi-
nescence owing to delocalization of the excited state.[>63]
The photoluminescence spectra of 1 and 2 were measured
(Figure S6 in the Supporting Information). As we antici-
pated, the optical properties of the polyoxoniobates change
owing to structural changes and the participation of alkali
metal atoms. The broad emission band has its maximum at
441 nm with the corresponding excitation band at 371 nm
for 1, and the emission band has its maximum at 418 nm
with the corresponding excitation band at 347 nm for 2. We
speculate that this difference may be due to alkali-metal co-
ordination, which distorts the NbOy octahedron, and the
difference in symmetry results in slight changes to their
fluorescence emission spectra. The emission bands at 441
and 418 nm may be attributed to the distorted NbOg¢ octa-
hedra.[26°]

Thermogravimetric Analysis

The thermogravimetric analyses (TGA) of 1 and 2 were
conducted with crystalline samples under a nitrogen atmo-
sphere from 25 to 600 °C (Figure S7 in the Supporting In-
formation). We found that the TG curves of 1 and 2 both
exhibit two weight-loss steps. For 1, the first weight-loss
step corresponds to the loss of lattice water molecules
(13.0%, calcd. 12.93%) in the range 25-260 °C. The second
weight loss step was attributed to the loss of diprotonated
organic en molecules (10.5%, calcd. 11.13%) in the range
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270-560 °C. For 2, the first weight-loss step corresponded
to the loss of lattice and coordinated water molecules
(11.5%, calcd. 11.52%) in the range 25-270 °C. The second
weight-loss step was ascribed to the loss of organic en mole-
cules (7.52%, calcd. 8.01%) in the range 260-560 °C. These
observations indicate that the experimental values are ap-
proximately consistent with the theoretical values.

Electrochemistry

The electrochemical activity of 1 was studied in 0.2 M
Na,SO,, and that of 2 (0.5 mm) was studied in an electro-
lyte solution of 0.2 M KNOs;. In the potential range —1000
to 1000 mV (scan rate: 100 mVs™'), no redox wave was ob-
served in the cyclic voltammogram of 1. Similarly, no ni-
obium redox processes were observed for compound 2, and
it only exhibits the electrochemical character of copper—en
complex cations. In the cyclic voltammogram of 2 at a scan
rate of 100 mV's ™! (Figure S8), two reduction peaks appear
at —87.5 and —144.5 mV, and their oxidation counterpart (a
single oxidation process) is located at +71.5mV. These
peaks are attributed to the redox processes of the Cu* cen-
ters, and the pattern features the two-step reduction of Cu?*
to Cu® through Cu'!*.[?®! Taking the oxidation peak as rep-
resentative, when the scan rate varied from 20 to
600 mVs!, the peak currents are proportional to the
square root of the scan rates, which indicates that the pro-
cedure is controlled by diffusion (inset of Figure S9). With
increasing scan rate, the oxidation peak potential shifted
slightly positively, and the reduction peak potential shifted
slightly negatively (Figure S9).

Conclusions

In this work, two new heteropolyniobate clusters based
on  [(GeOH),Ge,Nb;¢H,054]'> and  [K(GeOH),-
Ge,Nb,;H5054]'% polyoxoanions have been synthesized by
a hydrothermal-conventional combination approach. Ele-
mental analysis, IR spectroscopy, powder and single-crystal
XRD, diffuse reflection spectroscopy, and TGA reveal the
structural characteristics of the two clusters. Compound 1
is an isolated cluster and compound 2 is a sandwich-type
germanoniobate in which two [K(GeOH),Ge,Nbe-
H3054]'% units sandwich eight potassium atoms in the cen-
tral belt. The dimeric units bridge each other through a p-K
atom to result in the extended structure. The present study
introduces Ge into the {X4Nb;c0s6} family (X = Ge, Si)
for the first time and provides two new members of the
family, which has been known for ten years. The successful
preparation of these heteropolyniobates provides a syn-
thetic route for the exploration of new high-nuclear poly-
oxoniobate backbones and further guides the rational as-
sembly with addenda metals to produce new multifunc-
tional PON hybrids.

Experimental Section

Materials, Methods, and Instrumentation: All reagents except
K7HNDbgO,9:13H-0 were purchased from commercial sources and
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used without further purification. The K;HNbgO,9:13H-O precur-
sors were synthesized according to procedures described in the lit-
eraturel?®! and were characterized by IR spectroscopy. IR spec-
troscopy was performed in the range 4000-400 cm ™! by using KBr
pellets with an Alpha Centauri FT/IR spectrophotometer. Elemen-
tal analyses for K, Nb, Ge, Cu, C, and N were determined with a
PLASMASPEC (I) inductively coupled plasma (ICP) atomic emis-
sion spectrometer. Powder XRD measurements were recorded from
5 to 50° at room temperature with a Siemens D5005 diffractometer
with Cu-K, (A = 1.5418 A) radiation. TGA of the samples was
performed with a Perkin—-Elmer TG-7 analyzer heated from room
temperature to 600 °C under nitrogen at a heating rate of
10 °Cmin~'. UV/Vis diffuse reflectance spectra (UV/Vis/DRS) were
recorded with a Cary 500 UV/Vis/NIR spectrometer. The photolu-
minescent properties were measured with an FLSP920 Edinburgh
fluorescence spectrometer. Electrochemical measurements were
performed with a CHI660B electrochemical workstation (Chenhua
Instruments Co., Shanghai, China). A three-electrode system was
employed in this study. A carbon paste electrode (CPE) and a
glassy carbon electrode were used as the working electrode, an Ag/
AgCl electrode as the reference electrode, and a Pt coil as a coun-
terelectrode. A 1-modified carbon paste electrode (1-CPE) was used
as the working electrode and was prepared as follows: graphite
powder (100 mg) and compound 1 (10 mg) were mixed and ground
together with an agate mortar and pestle to achieve a homogeneous
mixture, and then atolein (0.15 mL) was added with stirring. The
mixture was packed into a small glass tube, and the tube surface
was wiped with weighing paper. Electrical contact was established
with a copper rod through the back of the electrode.’”) All the
experiments were conducted at ambient temperature (25-30 °C).

(C3N2H;9)el(GeOH),Ge,NbgH,054]25H,0 - (1): K7HNbGO o0
13H,0 (0.20 g, 0.15 mmol) and GeO, (0.09 g, 0.86 mmol) were
combined in deionized water (10 mL), and N,H,H,SO,4 (0.05 g,
0.38 mmol) and en (0.5 mL) were added with continuous stirring.
The mixture was stirred for 10 min and placed in a 23 mL Teflon
liner for a Parr reactor at 200 °C for 24 h, which resulted in a clear
solution after the mixture was cooled to room temperature. Slow
evaporation of the solution in air resulted in the formation of
block-shaped colorless crystals after 5d. The crystals were col-
lected by filtration and air-dried. Yield: 55 mg (69.5% based on
Nb). C,H14GesN|mNb6O0g; (3499.93): caled. C 4.12, H 3.28, Ge
8.30, N 4.80, Nb 42.47; found C 4.13, H 3.24, Ge 8.34, N 4.82, Nb
42.69.

[Cu(en),(H,0),]5K[K(GeOH),Ge;Nb;sH30s4],:38H,0  (2): The
synthetic procedure was similar to that for 1. A clear solution
formed after the hydrothermal reaction was performed without
N,H,4-H,S0,. CuSO,4-5H,0 (0.05 g, 0.2 mmol) and KOH (0.01 g,
0.18 mmol) were added to the clear solution with stirring, and the
mixture was heated to 100 °C. The pH of the precursor mixture
was about 12.5. After 4-5d at 10 °C, slow evaporation of the blue
solution in air led to the formation of blue block-shaped crystals.
These crystals were collected by filtration and air-dried. Yield:
45 mg (81.8% based on 1). The estimated formula of 2 is [Cu(en),-
(H,0),]5K0[K(GeOH),Ge,Nb sH3054],:38H,O  (7501.78): caled.
C 3.23, H 2.25, Cu 4.28, Ge 7.82, N 3.77, Nb 40.02 K 6.32; found
C 3.16, H 2.46, Cu 4.18, Ge 7.64, K 6.17, N 3.68, Nb 39.07.

X-ray Crystallography: Crystal data for compounds 1 and 2 were
collected with Bruker APEX-II CCD detector with graphite mono-
chromatic Mo-K,, radiation (A = 0.71073 A) at 296(2) K. The linear
absorption coefficients, scattering factors for the atoms, and anom-
alous dispersion corrections were taken from the International
Tables for X-ray Crystallography.*!! Empirical absorption correc-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Crystal data and structural refinement for compounds 1 and 2.
1 2
Formula C1oH 14N15GeyNb6Og, C10H96N20K 12CusGesNb3, 060
Formula weight [gmol '] 3499.93 7501.78
T [K] 296 293
Wavelength [A] 0.71073 0.71073
Crystal system anorthic orthorhombic
Space group Pl Immm
a[A] 13.8766(1) 25.8594(8)
b [A] 14.2573(1) 30.3591(10)
c[A] 21.7048(1) 15.1186(5)
a [°] 90.792(1) 90
LI°] 98.758(1) 90
y[° 98.506(1) 90
V [A3] 4194.5(5) 11869.1(7)
V4 2 2
Degicq. [mgm3] 2.646 2.099
4 [mm] 3.625 3.215
F(000) 3192.0 7122.0
Crystal size [mm] 0.20x0.18 x0.18 0.20x0.18 X0.18
Goodness-of-fit on F? 1.042 1.072

Final R indices [/>2a()]®
R indices® (all data)

R; = 0.0469, wR, = 0.1217
R, =0.0701, wR, = 0.1344

R; =0.0533, wR, = 0.1525
R; =0.0720, wR, = 0.1639

[a] Ry = Zl|Fo| = |FVEIFo: wRy = {E[w(Fo* — FAPVEw(F?) 1.

tions were applied. Both structures were solved by direct methods
and refined by full-matrix least-squares on F? by using the
SHELXTL-97 program.*?l Anisotropic thermal parameters were
used to refine all non-hydrogen atoms except for several oxygen
and carbon atoms. Positions of the hydrogen atoms attached to
carbon atoms were fixed at their ideal positions, and those hydro-
gen atoms attached to lattice water molecules were not located.
Crystallization water molecules were estimated by thermogravime-
try and only partial oxygen atoms of the water molecules were lo-
cated with the X-ray structure analysis. A summary of the crystal-
lographic data and structure refinement results of 1 and 2 are pre-
sented in Table 1.

CCDC-899400 (for 1) and -899401 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Additional structural figures and tables, powder XRD pat-
terns, IR spectra, TG curves, and photoluminescence spectra.
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