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Abstract

A new vanadium(III) phosphite, (C4HgN,H4)o s(C4sHsN>H3)[V4(HPO3)7(H,0)3]1.5H,0, has been synthesized hydrothermally by
using V,0s, H3PO; as reactants, piperazine as the structure-directing agent. The as-synthesized product was characterized by
powder X-ray diffraction, IR spectroscopy, inductively coupled plasma analysis, thermogravimetric analysis, and SQUID
magnetometer. Single-crystal X-ray diffraction analysis shows that the title compound crystallized in the trigonal space group P3cl
(No. 165) with the parameters: a = 13.4678(4) A, ¢ = 18.3171(8) A, V' =2877.27(17)A and Z = 4. Its structure is built up by
alternation of octahedral VO4 or VO5(H,0) and pseudo-pyramidal HPOj; units to form infinite 2D layers, and these layers are
interconnected by sharing vertex-oxygen with octahedral VOg units to generate a 3D open-framework structure with 12-membered
ring channels in @ and b directions, respectively, where there exist entrapped diprotonated and mono-protonated piperazine cations,

and water molecules. Magnetic measurement indicates that paramagnetic behavior is observed down to 4 K.

© 2004 Published by Elsevier Inc.
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1. Introduction

After the discovery of microporous aluminopho-
sphates, considerable efforts have been directed toward
the synthesis of new open-framework transition-metal
phosphates, due to their potential applications in
catalysis, adsorption, ionic conduction, ion exchange,
separation and electronics. Vanadium phosphates not
only exhibit a rich structural and compositional
diversity, but also display interesting magnetic proper-
ties. Hydrothermal synthesis has been successful for the
preparation of microporous materials and other im-
portant solids. A variety of 1D chain [1-4], 2D layer
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[1,5-9], and 3D open-framework structure [10-23]
vanadium phosphates were prepared in the presence of
organic amine, and alkali metal cation or metal complex
as structure-directing agents. It is interesting that
[HN(CH,CH»);NH]K | 35[V509(PO4),]JH,O  [23] con-
tains largest voids and lowest framework atom densities,
and  [(CH3)>NH>]K4[(VO),0(H>0)>(OH)4(PO4);]H,0O
[10] shows chiral intertwined double helices structure.
More recently, a few organo-templated vanadium
phosphites such as 1D (C,H;oN,)[V(HPOs)F;] [24], 2D
[HN(Me)(C,H4)o.N(Me)HJ[(VO)4(OH)-(HPO3)4]  and
3D [HoN(CH,CH,),NH,][(VO)5(HPO3)4(H>0)s]  [25]
and (CN3Hg)»(VO)3(HPO3)4H,0 [26] have been synthe-
sized and characterized. Vanadium phosphites contain-
ing organic templates mentioned above are of special
interests, because the pseudo-pyramidal geometry of the
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phosphite [HPO]*~ unit may lead to novel connectivity
patterns compared to those observed in vanadium
phosphates containing tetrahedral PO, units. Most
vanadium phosphates and phosphites involve mixed
oxidation states of vanadium. Only a few 1D chain and
2D layer phosphates containing pure V(III) were
reported up to date, and a 3D phosphite containing
pure V(II) is reported in the literature [27]. In this
paper, we report the synthesis, X-ray crystal structure,
and magnetic property of a novel 3D vanadium(III)
phosphite containing 2D intersecting 12-membered ring
channels.

2. Experimental
2.1. Synthesis and characterization

To a solution of 0.070g V,0Os in §mL H,O, was
added 1.000g H;PO; with stirring, followed by the
addtion of 0.777 g piperazine. The molar composition of
the initial mixture was V,0s5:H3POjs:piperazine:
H,O=1:30:10:1110. The mixture was further stirred
for 30 min and heated at 170 °C for 4d in a Teflon-lined
stainless steel autoclave (filled up to ~75% volume
capacity) under autogenous pressure, followed by slow
cooling down to the ambient temperature. Light-green
crystals of the title compound were collected by
filtration, washed with distilled water, and air-dried.
The yield of product was 40% in weight based on
vanadium.

Powder X-ray diffraction (XRD) data were obtained
using SHIMADAZU XRD-6000 diffractometer with
CuKo radiation (4 = 1.5418 A), with the step size and
the count time of 0.02° and 4s, respectively. The
elemental analysis was conducted on a Perkin—Elmer
2400 elemental analyzer. Inductively coupled plasma
(ICP) analysis was performed on a Perkin—Elmer
Optima 3300DV ICP instrument. FT-IR spectrum was
recorded on a Nicolet Impact 410 spectrometer between
400 and 4000cm~' using the KBr pellet method.
Thermogravimetric analysis (TGA) were conducted
on-a Perkin—Elmer TGA 7 thermogravimetric analyzer
with a heating rate of 10°Cmin~' under flowing
nitrogen gas up to 800 °C.

Magnetic measurement was carried out with a super-
conducting quantum interfenrence device magnetometer
in a field of 5000 Oe. Magnetic susceptibility dependence
of temperature range of 4-300 K.

2.2. Crystal structure determination

A single crystal of the title compound (size:
0.25 x 0.25 x 0.19mm?) was mounted on a thin glass
fiber with cyanoacrylate adhesive. The intensity data
were collected on a Siemens Smart CCD diffractometer

equipped with a normal-focus, 2.4 kW sealed-tube X-ray
source (graphite-monochromatic MoKa radiation
(4 =0.71073 A)) operating at 50kV and 40mA. No
significant decay was observed during the data collec-
tion. Data were processed on a Pentium PC using
Bruker AXS Windows NT SHELXTL software package
(version 5.10) [28,29]. Neutral atom scattering factors
were taken from Cromer and Waber [30]. Empirical
absorption correction was applied. The structure was
solved by direct method. All the nonhydrogen atoms
were refined anisotropically. Hydrogen atoms were
placed geometrically and located in the difference
Fourier map.

3. Results and discussion
3.1. Characterization

ICP analysis for the product gave the vanadium:
phosphorus ratio of the title compound was ca. 0.6,
which is in good agreement with the value of 4:7
obtained from the single-crystal X-ray diffraction
analysis. Elemental analysis showed that C, H, and N
are 7.47%, 3.97%, and 4.51%, respectively, in agree-
ment with the expected values of 7.38, 3.38, and
4.30wt% of C, H and N on the basis of the empirical
formula given by the single-crystal structure analysis.
Thermogravimetic analysis show one major weight loss
followed by a tail. The weight loss (exp. 9.3%) was
observed in the temperature range of 100-420°C and
could be attributed to the loss of extra-framework water
molecule (calc. 2.8%) and the partal mono-protonated
piperazine, and the weight loss (exp. 5.8%) in the
420-800 °C range correspounds to the loss of partal
mono-protonate and diprotonated aminium (calc.
4.5%). It is difficult to assign the weight loss of the
mono-protonated piperazine cations (calc. 8.9%) to
individual reaction steps unambiguously. A power XRD
study shows that the compoud became noncrystalline
after the decomposition of the occluded template. IR
spectrum of the sample showed that the large band at
3430cm ™' arises from O-H and N-H stretching
vibrations, and the intense bands at 1115 and
996 cm ™! were associated with the stretching vibrations
of V=0 and P-O bonds, respectively. There appeared
the absorptions at 2388cm™' as well due to the
stretching vibrations of the P-H groups in phosphite
anions.

3.2. Description of structure

As shown in Fig. 1, there are three crystallographi-
cally distinct V and P atoms, respectively, in the
asymmetric unit of the title compound. All of vanadium
atoms are in octahedral environment formed by six O
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atoms with an average V-O bond length of 2.008 A,
typical for vanadium(III) [31], which is consistent with
the bond valence sum calculation (BVS) [BVS(V1)=3.4,
BVS(V2)=3.2, BVS(V3)=3.3] [32]. V(1) bonds to five
bridging oxygen atoms [d(V-0)=1.962-2.004 A] and
one terminal oxygen atom of a water molecule. Each of
V(2) and V(3) shares six oxygen atoms with adjacent P
atoms and is octahedrally coordinated (V(2)-O bond
length: 2.012A, and V(3)-0: 2.008 A). The value of the
O-V-0 bond angle lies within a narrow range, indicat-
ing that V(2) and V(3) atoms lie at the center of
relatively regular octahedron formed by six oxygen
atoms. The P atoms are all psuedo-pyramidally co-
ordinated by oxygen atoms with average bond lengths of
1.527 A for P1-0, 1.525(4) A for P2-O and 1.518(3)A
for P3-0, respectively. The terminal P-H bond lengths
are 1.41, 1.45, and 1.32 A, respectively, which are similar
to the P-H bond lengths reported in H;POj3; previously

orw)  onw

Flg 1. Asymmetric unit  of (C4N2H12)045(C4N2H]1)[V4(HPO3)7
(H,0)3]1.5(H,0) (50% thermal ellipsoids: H atoms represented by
spheres of arbitrary radius).

VOO, o weao,

/ , /HP(Z)OA

N HPR)O,

[33]. The existence of P-H bonds is also proved by IR
spectrum, which exhibits strong absorption at
2388cm~' [34]. There are one crystallographically
distinct piperazine molecule and two water molecules
in asymmetric unit. The piperazine molecules exist in
either mono-protonated or diprotonated form in the
structure.

The structure of the title compound consists of 3D
open-framework with intersecting 12-member ring
channels and protonated piperazine cations and water
molecules residing in the channels. The 2D sheets with
4,6-member rings of V centered VOg4, VO5(H,O) and P-
centered HPOj; units are first formed (shown in Fig. 2),
and then linked together by sharing vertex-oxygen
atoms of VOg units to generate a 3D open-framework
structure with 12-membered ring channels along a and b
directions, respectively (shown in Fig. 3). Its inorganic
framework 1is similar to those of [C3N,Hs]s[Ing
(HPO4)14(H20)6])(H30)(H20)s [35] and [HN(CH>CHy);
NH]3[F€8(HPO4)14(PO4)2(H20)6] [36] One of the differ-
ences between them is terminal P-H group in the title
compound versus P-OH group in both compounds
mentioned above. The piperazine has been used as the
organic template in the synthesis of vanadium phos-
phates [6-7,9,19], most of which have 2D layered
structures. To our best knowledge, only two examples
of 3D piperazine templated vanadium phosphates have
been described previously [17,37]. The negative charge
of network is compensated by protonated piperazines in
the ctystal lattice. A few examples of zeolites, micro-
porous aluminophosphates, and transition metal phos-
phate and phosphite with multidimensional 12-ring
channnels have been reported previously. The title
compound demonstrates the first example of 3D open-
framework possessing 2D intersecting 12-ring channels
in the V/P/O system.

In addition, the mixed-valence vanadium seems to be
a common feature in 3D open-framework vanadium
phosphates. Up to date only Al In, Ga, and Fe
are known to exhibit pure +3 oxidation state in 3D

Fig. 2. (Left) Polyhedral view down [001] of [V4(HPO3),(H,0);]*~ structure showing the connectivity of V(2)Os octahedra, V(1)Os(H»,O) octahedra
and HPO; tetrahedra (hydrogen atoms are not shown for clarity). (Right) View of unit cell along the ¢ axis showing stacking of layers. The V sites are
represented by the octahedra and the P sites are solid black spheres. Oxygen sites are gray spheres.
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V/P/O layers

Fig. 3. Perspective view of the structure of (C4N,H|5)g 5(C4NoH | ()[V4(HPO3),(H,0);]1.5(H,0) showing 2D- channels in which the piperazinium
dications reside respectively along [100] (left) and [010] (right). Nonframework water molecules have been omitted for clarity.
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Fig. 4. Magnetic susceptibility and reciprocal susceptibility as a

function of temperature for the vanadium phosphite.

open-frameworks. The compounds containing pure
V(II) are scarce for both vanadium phosphate and
vanadium phosphite, and were only observed in 1D
(H;NCH,CH,NH3)[V(OH)(HPO,),] H>O [4] and 2D
[H3NCH2CH2NH3][V(H2PO4)(P207)] [38] It is note-
worthy that the title compound is a new example of a
3D open-framework vanadium phosphite, in which the
vanadium atoms are at the +3 oxidation state
exclusively.

3.3. Physical data

The magnetic measurements of the title compound
were performed on powdered samples ranging from 300
to 4K. The plots of 7, and y,! vs. T curves for present
compound are shown in Fig. 4. The results indicate
that the compound obeys the Curie-Weiss law:
Im = Cm /(T — 0), where y,, is the measured magnetic
susceptibility, 7" the temperature (K), C, the Curie
constant and 6 the Weiss constant, with Cp =
2.598emuKmol™!, 0 = —15.7K. They show the exis-
tence of antiferromagnetic interactions in the title
compound. The effective magnetic moment at 300K is

2.65up per V atom, in good agreement with the
theoretical spin-only value for trivalent vanadium.

4. Conclusions

In summary, the title compound represents a new
member of trivalent-metal phosphite 3D open-frame-
works, and this study has demonstrated that the use of
piperazine molecules as the template under mild
hydrothermal conditions can result in the formation of
a novel vanadium(III) phosphite with new structural
and oxidation state features. The title compound
containing 2D intersecting 12-membered ring channels
can be regarded as being constructed from the inorganic
V/P/O layers pillared by VOg octahedral. The com-
pound behaved antiferromagnetic over the temperature
range of 4-300K. Our investigation shows that it is
possible to form novel trivalent vanadium phosphites
3D open-framework materials containing removable
organic templates which might have many potential
applications. And because the u;-coordination for the
phosphites is different from the p,-coordination for
the phosphates, so it presents futher challenges in the
hydrothermal synthesis of organically templated open-
framework phosphites.
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