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An arsenicniobate-based 3D framework with selective adsorption
and anion-exchange properties

Ning Li, Yiwei Liu, Ying Lu,* Danfeng He, Shumei Liu, Xingquan Wang, Yangguang Li and Shuxia Liu*

An arsenicniobate-based 3D porous framework, [Cu(dap).]a[AsNb1,040(VO)4]-(OH)-7H,0 (1) (dap = 1,2-diaminopropane),
was hydrothermally prepared and characterized by IR spectrum, elemental analysis, powder X-ray diffraction,
thermogravimetric analysis and X-ray single-crystal diffraction. Structural analysis shows the framework is constructed by
the tetra-vanadyl capped Keggin arsenicniobate [AsNb1,04(V0)s]”” and four [Cu(dap)z]2+ linkers. The framework contains
the 1D quadrangular channels of 5.7 x 5.7 A along the crystallographic c axis. The overall framework is cationic and OH”
anions reside in the channels of framework for charge balance. Considering such a structural feature, we concentrated on
the probability of the framework for selective adsorption and anion-exchange. The adsorption properties show 1 can
selectively adsorb water molecules over ethanol to make them separate. Besides, anion-exchange studies for 1 suggest

that the OH anions in the

Introduction

Polyoxometalates (POMs) are an outstanding class of inorganic
metal oxide clusters with structural diversity and versatile
physical and properties, they have potential
applications in catalysis, magnetism, adsorption and
biomedicine.” Polyoxoniobates (PONs) as a prominent branch
of POMs are relatively less investigated due to the difficulty in
synthesis controlling and the narrow working pH range
compared with other traditional POMs.>* Currently, increasing
attention has been paid to PONs, and a number of
isopolyoxoniobates (IPONs) clusters {Nbg}, {Nbio}, {Nbyg},
{Nb,}, {Nbys}, {Nbs;}, {Nbs,} and a series of transition-metal
(TM)-containing  IPONs contrast,
heteropolyoxoniobates (HPONs) were much less reported. In
2002, the first classic Keggin-type HPON {[TiZOZ][SianOM]}lz_
was successfully synthesized.'® Subsequently, several Keggin-

chemical

5-9
were reported. In

type HPONs and their derivatives were prepared, namely,
[TNb1,040]" (T = Si, Ge), [Nb,O,][TNb;,040]"" (T = Si, Ge),
[T,(TOH),Nb150s,]* (T = Si, Ge), [TNb150s,]" (T = Si, Ga and
Al), [GeNb1,0,0(NbO)]™", [TNb1,0,40(VO),]"™ (T = Ge, P and V),
[TNbsV4040(VO)]™™ (T = P, V), [PNb;,04(VO)e]” and
[VNb1,045(NbONO3),]* . Till now, most of HPONbs are
based on P-, Si-, Ge- and V-centered polyanions, the
construction of arsenic-centered polyoxoniobates is still very

20,21

rare. As is well known, vanadium and niobium are in the
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channels can be

quantitatively  exchanged by SCN™  anions.

same group and possess chemical similarity, thus, vanadium is
a good candidate for the construction of Nb/V hybrids.
Furthermore, we also expect that the transition-metal
complexes (TMCs) as bridges are further introduced into
HPONs to make the target compound porous, which may
render HPONs-based framework additional functions such as
adsorption and ion-exchange.

On the basis of the above points, we chose
K7HNbgO14-13H,0 to react with NaVO3, NaAsO,, Cu(OAc),-2H,0
and dap (dap = 1,2-diaminopropane) under hydrothermal
conditions, yielding an arsenicniobate-based 3D framework
[Cu(dap),]4lAsNb;,040(VO),]-(OH)-7H,O  (1). Notably, the
construction of arsenicniobates-based 3D frameworks is the
first time in niobate chemistry. 1 shows high adsorption
selectivity of water and ethanol, and effective removal of toxic
SCN™ anions in aqueous solution.

Experimental

Materials and methods

All chemicals were obtained commercially and used without
further purification. The K;HNbgO.9-13H,0 precursor was
synthesized according to the procedure described in the
literature and characterized by IR spectrum.22 Elemental
analyses for C, N and H were performed on a Perkin-Elmer
2400 CHN elemental analyzer, and for As, Nb, V, Cu were
determined with a PLASMASPEC (I) ICP atomic emission
spectrometer and for S was performed on a EuroVector
EA3000 elemental analyzer. Powder X-ray diffraction (PXRD)
measurements were performed on a Rigaku D/MAX-3
instrument with Cu-Ka (A = 1.5418 A) radiation at 293 K. The IR
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spectrum in KBr pellets were recorded in the range of 4000-
400cm™ with an Alpha Centaurt FT-IR spectrophotometer.
Thermogravimetric analyses (TGA) were performed on a
Perkin-Elmer TGA7 instrument, with a heating rate of 10°C
/min under a nitrogen atmosphere. Gas adsorption
measurements were carried out with a Hiden Isochema
Intelligent Gravimetric Analyser (IGA-100B).

Synthesis of compound 1

A mixture of K;HNbgO14-13H,0 (0.10 g, 0.072 mmol), NaVO;
(0.05 g, 0.409 mmol), NaAsO, (0.01g, 0.077 mmol) were added
to 10 mL distilled water with stirring. Solid Cu(OAc),-2H,0
(0.04 g, 0.18 mmol) was added in a single step, followed by the
immediate addition of dap (0.02 mL). Then, the mixture was
adjusted to pH 10.0 using 1 M KOH solution and transferred to
a 23 mL Teflon-lined stainless steel autoclave. The Teflon-lined
stainless steel autoclave was heated at 150 ‘C for 4 days and
then cooled to room temperature at a rate of 10 ‘C/h. Brown
block-like crystals were obtained by filtration, which were
washed with distilled water and air-dried. Yield: 33.2% (based
on Nb). Anal. Calcd (%) for 1: C 9.32, N 7.25, Cu 8.29, V 6.60,
Nb 36.10. Found (%): C9.52, N 7.18, Cu 8.18, V 6.96, Nb 35.72.

X-Ray crystallography

The crystallographic data of 1 was conducted on a Bruker
Smart Apex CCD diffractometer with Mo-Ka monochromated
radiation (A = 0.71073 A) at room temperature. The linear
absorption coefficients, scattering factors for the atoms, and
anomalous dispersion corrections were taken from the
International Tables for X-Ray Crystallography.23 The structure
was solved by the direct method and refined by the Full-matrix
least-squares on F? using SHELXS-97 crystallographic software
package.24 In the process of refinement, all non-H-atoms were
refined with anisotropic displacement parameters. The H-
atoms of the water molecules were not located and just put
into the final molecular formula. H-atoms of the disordered
dap were fixed in the calculated positions. The numbers of
crystallization water molecules and hydroxyl groups were
verified by X-ray structure and thermogravimetry analysis. The
disorderd dap molecule and {VO} groups were explained in the
the Supplementary Information (Fig. S6, S7). The good
accordance between the experimental and simulated powder

Journal Name

Table 1. Crystal data and structural refinement for compounds 1.

Compound 1
Formula C24H95N15052ASCU4Nb12V4
M, g/mol 3087.91
Cryst. syst. Tetragonal
Space group 14/m
a, A 15.295(5)
b, A 15.295(5)
¢, A 19.430(5)
a, deg 90
B, deg 90
y, deg 90
vol, A? 4545(3)
Crystal size, mm’ 0.21x0.18x0.13
z 2
Dcalc, mg/m3 2.245
Abs coeff, mm™ 3.205
Theta range, deg 1.69-25.00
Reflns collected 12950
F(000) 2970
R(int) 0.0316
GOF on F? 1.051
Ri[l > 20(1)]° 0.0544
WR, (all data)’ 0.1956

*R1=3||Fo|-|Fc||/Z|Fol; "WR, = {Z[w(Fo® — F¢?)Tl/2[w(Fo?) 2.

XRD patterns suggests the phase purity (Fig. S2). The crystal
data and structure refinement results are summarized in Table
1. CCDC-1407928 for 1 contains the supplementary
crystallographic data for this paper. This data can be obtained
free of charge from the Cambridge Crystallographic Data
Centre.

Results and discussion

Synthesis and Structure

Compound 1 was synthesized under hydrothermal conditions
using K;HNbgO;4-13H,0 as the precursor to react with NaVOs3,
NaAsO,, Cu(OAc),-2H,0 and dap at pH 10.0 adjusted by 1 M
KOH solution. Notably, the crystallinity of 1 was highly
sensitive to the pH value of the reaction system, which was
controlled in the range of 10.0 to 10.5, and no crystalline solid
of 1 could be obtained outside this pH range. Additionally,

a)

»

{AsNb,}

{AsNb,,V,}

[Cu(dap),]**

1

Fig. 1. Structural schematic diagram of 1 and {AsNb;,V,} cluster (six quadrangles of {AsNb;,} are marked in red arrows and hollow box; color code: NbOg, teal

polyhedron; V(1)Os, green polyhedron; V(2)Os, orange polyhedron; As, dark yellow spheres; Cu, turquiose spheres; O, red spheres; C, grey spheres; N, blue spheres).
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dap plays important roles, not only acting as reducing agent

(VY—=Vv") but also coordinating to cu® ions for building extended

structure. Structure analysis shows that 1 is a 3D porous
framework constructed from [AsNb12040(VO)4]7_ ({AsNb1,V4})

clusters and [Cu(dap)z]2+ linkers (Fig. 1c, 2). The {AsNb,,V,} (Fig.

1b) is a tetra-vanadyl capped Keggin cluster constructed from
one arsenic-centered a-Keggin [AsNb12040]15_ ({AsNb,}) anion
and four terminal VO*' groups. The {AsNb;,V,} cluster was
never reported before. As shown in Fig. 1, there are six
quadrangles on the surface of {AsNbj,}, two {V(1)O} groups
fullly cap on two anteroposterior quadrangles of {AsNb;,},
whereas four V2 sites are found to be half-occupancy
disordered together with terminal O6 sites, which means that
each {V(2)O} group just possesses 50% opportunity over the
remaining four opposite quadrangles. So, a total of four {VO}
groups are given per cluster (containing V1 and V2). The
detailed description of the disordered models can be seen in
Fig. S6. Each v*ion is penta-coordinated by four p,-O atoms
from {AsNbi,} and one terminal O atom from vo* group.
Bond-valence sum (BVS) calculations show all the V atoms are
+4 oxidation state (Table S1), which is common in capped
HPONs,le'18 while the oxidation states of Nb, As and Cu atoms
are +5, 45 and +2, respectively.

Moreover, each tetra-capped Keggin {AsNb,,V,} cluster is
connected by eight [Cu(dap)z]2+ linkers via the terminal O
atoms to form the 3D cationic {{Cu(dap),]4[AsNb1,0,4(VO),]}"
framework (Fig. 2). Alternatively, the {AsNb4,V,} cluster can be
regarded as an eight-connected node to connect with eight
other neighboring units via Nb—O-Cu—-O-Nb bridges,
generating the 3D porous framework. The most fascinating
structural feature of the framework is that there exist 1D
quadrangular channels of 5.7 x 5.7 A along the crystallographic
¢ axis (Fig. S1), in which H,O molecules and OH™ anions are
located. Charge calculation confirms that the overall
framework is cationic and the OH anions residing in the
channels are for charge balance. Furthermore, void-space

Fig. 2. View of the 3D porous framework of 1, the dap ligands are omitted for

clarity.

This journal is © The Royal Society of Chemistry 20xx

New Journal of Chentistry

analysis using the program PLATON®® indicates that the
“solvent-accessible” space occupies 28.3% of the unit-cell
volume (1286.2 A® out of 4545.0 A%). To our knowledge, 1
represents the first arsenoniobates-based 3D framework and
also a rare 3D structure built by capped HPONs.*® Each cu® ion
is hexa-coordinated by four N atoms from two dap molecules
and two terminal O atoms from two {AsNb;,V,} clusters. The
average Cu—0 and Cu—N bond length are 2.624 and 2.005 A,
respectively.

IR Spectrum and TGA analyses

The IR spectrum of 1 was studied between 4000 and 400 em™

with a KBr pellet, which exhibits the characteristic vibration
patterns resulting from the capped Keggin structure in the
region of 1100-400 cm™ (Fig. S3). There are three types of O
atoms in the structure: O; (terminal O atoms), O, (bridging O
atoms) and O (central O atoms). The terminal M = O; (M =
Nb/V) vibrations appear at 936 and 883 cm™’. The
characteristic peaks at 696, 629 and 497cm™ are assigned to
the bridging M—Oy,—M vibrations. Band at 1055 cm™" is
attributed to As—O, vibration.?® The characteristic absorption
bands of organic groups occur at 1588-1169 cm™. The
broadened band centered at 3239 cm ™ is indicative of the O—
H vibrations of the hydroxyl groups and water molecules. The
thermal stability of 1 was investigated under a N, atmosphere
with a heating rate of 10 ‘C/min. The TG curve shows three
continuous weight losses steps in the range of 30-800 °C (Fig.
S4). The first weight loss is 5.18% (calc. 4.73%) from 30 to
240 C, assigned to the release of seven lattice water
molecules and one hydroxyl group. The other two weight
losses of 19.87% (calc. 19.73%) from 240 to 618 ‘C correspond
to the decomposition of eight dap molecules.

Adsorption Properties

As mentioned above, 1 is a microporous framework with open
channels. Therefore, it is expected that pores in 1 are
accessible for small molecules. The sample was placed in a
high vacuum oven at 120°C for 12 h to remove the guest
solvent molecules before the measurements. We measured
the adsorption isotherms of water and ethanol at 298 K. As
shown in Fig. 3, the amount of water sorption increased with
increasing pressure and was almost leveled off (ca. 30.22 mg g
1) around P/P, = 0.8, which is equivalent to the adsorption of
5.2 H,0 molecules per formula unit. In contrast, the amounts
of ethanol sorption (1.25 mg g‘1 at P/P, = 0.8) was close to the
surface adsorption and was negligible. The noninclusion of
ethanol can be correlated to larger size of the ethanol
compared with water. As we all know, water and ethanol are
The
adsorption isotherms indicate that 1 can selectively adsorb
to make them separate.
Therefore, the above adsorption studies suggest 1 will be a
promising material alcohol purification.

easy to form azeotrope and difficult to separate.

water molecules over ethanol

for industrial

J. Name., 2013, 00, 1-3 | 3
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Additionally, the adsorption studies for methanol and
propanol were also carried out at 298 K. The sorption amounts
of methanol and propanol were almost the same with that of
ethanol, which were also negligible compared with that of

water (Fig. S5).
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Fig. 3. Water () and ethanol (A) adsorption isotherms of 1 at 298 K.

Anion-exchange properties

The crystals of 1 have excellent stability for months under air
atmosphere or immersing them in water, and no efflorescence
was observed. The stability of 1 was also confirmed by PXRD
analysis (Fig. S2). Meanwhile, 1 is a rare cationic framework,
where OH™ anions are located. As a result of the compositional
features, we speculated that encapsulated OH™ anions could
be replaced by other small inorganic anions. As we know,
thiocyanate (SCN") is a toxic anionic pollutant, occurring from
electroplating, dyeing and other industries.”” The SCN™ can
adversely affect human health by impairing thyroid and renal
function. Thus, we performed the SCN™ removal via anion
exchange under ambient conditions. The crystals sample of 1
(100.12 mg) were weighed accurately and then immersed into
a aqueous solutions (0.20 M, 30 mL) of KSCN for 48 h, the
exchanged sample was filtered and further washed several
times with deionized water and dried in air. The final anion-
exchanged products were identified by IR spectrum, PXRD and
element analysis. In the IR spectrum of the exchanged sample,
a new strong band at 2082 em™® appears compared with the
as-synthesized sample (Fig. S3), which corresponds to the
characteristic adsorption band of SCN™.”® Meanwhile, the slight
shifts of the other bands in the exchanged sample are owing to
the exchange process. These changes also suggest that the
OH™ anions in 1 were exchanged by SCN™ anions. Furthermore,
the PXRD pattern of the exchanged sample exhibited the
crystalline state of 1 was retained (Fig. S2). The final mass of
exchanged products was 101.38 mg (increased by 1.26 wt%,
elemental analysis: S, 1.02 wt%). Based on the mass change
and element analysis, around 90% OH™ of 1 was replaced by
SCN™ during the exchange process.

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

Conclusions

In summary, an arsenicniobate-based porous framework has
been synthesized under hydrothermal conditions. And, a tetra
-vanadyl capped arsenicniobate {AsNbi,V,} cluster is firstly
constructed here. The successful synthesis of compound 1
prove again the effectivity of hydrothermal techniques in
designing Nb/V hybrid heteropolyoxoniobates. Adsorption
properties show that 1 can selectively adsorb water molecules
over ethanol to make azeotrope separate. Besides, anion-
exchange studies suggest that 1 can efficiently remove toxic
SCN™ anions in aqueous solution.
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