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STRUCTURE
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Abstract—An inorganic-organic hybrid material formulated as (C¢N3H 5),[P,Mo050,3] - 6H,0, has been
hydrothermally synthesized and characterized by single crystal X-ray diffraction technique, IR spectrum,
thermogravimetric analysis and UV-visible spectroscopy. The structure consists of diphosphopentamolyb-
date Strandberg type polyoxoanions [P2M05023]6*, protonated 1-(2-aminoethyl)piperazine cations and six
crystallization water molecules. These anions are connected with the organic amine through hydrogen bond-
ing interactions between the hydrogen atoms of the organic molecules and the oxygen atoms of the poly-
oxoanion and water molecules which generate a three-dimensional network.
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INTRODUCTION

Polyoxometalates (POMs) constitute an immense
class of polynuclear oxide clusters of transition metal
usually obtained by Mo, W, V, or Nb and mixture of
these elements. They have been found to be extremely
versatile inorganic building blocks for the construc-
tion of supramolecular compounds, having a large
variety of properties in numerous disciplines such as in
homogenous and heterogeneous catalysis, in medi-
cine as antiviral and anti-tumoral agents and in multi-
functional materials and chemical analysis [1—8].

In the last decades, several research strategies have
been developed to obtain hybrid organic-inorganic
compounds based on polyoxometalates. These POMs
can be used as elementary building blocks connected
with the organic molecules via van der Waals and/or
hydrogen bonding interactions of conventional O—
H--0O, C—H--0O, and N—H--O motifs [9, 10]. They
also can be covalently linked through secondary metal
coordination groups forming extended structure
under hydrothermal condition [11, 12], the self-
assembly yields one-, two-, or three-dimensional
frameworks.

The molybdenum phosphate clusters, including
Strandberg-type structure anion [P,Mo050,;]°~ have
been attracting much attention due to their particular
applications. Few of these compounds have been
reported in which the inorganic counter ions is Na* or
NH," such as in Nag[P,Mo0s;0,] - 13H,0 [13],

! The article is published in the original.

(NH,)s[HP,Mo050,;] - 3H,0 [14], Nag[P,M050,;] -
14H,0 [15], and Na,[H,P,Mo050,5] - 10H,O [15]. Other
researchers are interested in the synthesis of organic-
inorganic hybrid materials in which the counter ions
are organoamines such as in the compounds:
(C4N,H );[P,M050,3] - H,O (CN,H,, = piperazine)
[16], (C3N,H ,)5[P,M050,5] - 4H,0 (C;N,H,, = 1,2-
aminopropane) [16], (CsN,H;)s[HP,Mo050,5]
(CsN,H; =2-aminopyridine) [17], (bipyH,),[H,P,M050,3] -
H,O (bipy = bipyridine) [18], (dienH;),[P,M050,;]
(dien = diethylenetriamine) [19], and (C,H,N,0);[P,M0s0y] -
3H,0 (C,H4,N,0O = N-(2-hydroxyethyl)-1,2-ethane-
diaminium) [20]. In addition, a large number of
diphosphopentamolybdate Strandberg-type struc-
tures containing transition metal complexes (Cu, Co,
Ni...) with organic ligands have also been prepared
and characterized. The most remarkable structure fea-
ture of these compounds is that Strandberg structural
unit [P,Mo50,;]°" acts as ligand towards the transition
metal atom, such as {[Cu(en)(Hen)|,[P,M050,:]} -
3H,0 (em = ethylenediamine) [21], {[Cu(2,2'-
bpy)(H,0),]5[Cu(2,2'-bpy) (H,0) [} [P,M050,;],
10H,0 (bpy = 2,2'-bipyridine) [22],
{Cu(mpyprz)(H,0)},{Mo050,5(0O;PCH,  CH,PO;)}
(tpyprz = tetra-2-pyridylpyrazine) [23],
{Cos(1pyprz),(H,0)34{Mos0,5(OsP(CH,);PO5)}, [23],
and {Niy(tpyprz)s} {Mos0,5(0;P(CH,);POs}, [23].
We have synthesized hydrothermally a new

diphosphopentamolybdate compound with a Strand-
berg-type structure (C¢N;H),[P,M050,5] - 6H,0,
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Table 1. Crystallographic characteristics and the X-ray-
data collection and structure-refinement parameters for
(C¢N3H g),[P,M050,3] - 6H,0

System, sp. gr., Z Tetragonal, P45, 4

a,b,c, A 10.671(1), 10.671(1), 31.113(1)
v, A3 3542.8(2)

D, gcm™? 2.404

Radiation, A, A MoKy, 0.71073

u, mm~! 1.925

T, K 293(2)

0.05 x 0.06 x 0.15
Enraf-Nonius CAD4
/20

Empirical, 0.521, 0.981

Sample size, mm
Diffractometer
Scan mode

Absorption correction,

Tmim Tmax

0, .., deg 25.389

h, k, [ ranges —12<h<12,—-125k<9,
—37<1<33

Number of reflections:
measured/unique (N1),
Ry./with > 206(1) (N2)

Refinement method

6222/6195, 0.029/6160

Full-matrix least-squares on F2

Number of refined 561

parameters

R1/wR2 relative to N1 | 0.062/0.1650

R1/wR2 relative to N2 | 0.0425/0.1405

S 1.0142

AP mas/ AP min» €/A3 2.937/-3.396

Programs Psi-scans [24], SHELX-97 [25]

where the Strandberg anions and the protonated
organic molecules held together into a three-dimen-
sional supramolecular network through hydrogen
bonding interactions. To our best knowledge, there is
no reports on synthesis of hybrid materials based on
diphosphopentamolybdate with the protonated 1-(2-
aminoethyl)piperazine as organic cation. In this
paper, the hydrothermal synthesis, crystal structure
and properties of the titled compound are reported.

EXPERIMENTAL

Synthesis. The compound (C¢N;H 5),[P,M050,5] -
6H,0 was obtained by combining ammonium molyb-
date hydrate (NH,)¢Mo,0,; - 4H,0 (1.2 g), 1-(2-ami-
noethyl)piperazine C4N;H;s (0.4 mL) and H,O
(20 mL), the pH value was adjusted to pH = 4 by the
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Table 2. Selected bond lengths d (A) and angle o (deg) lim-
its for (C¢N3H 5),[P,M050,3] - 6H,O

Bond d Bond d
Mol1-01 1.66(3) Mo4—013 1.90(2)
Mo1-02 1.96(2) Mo4—-014 1.92(3)
Mol1-03 2.41(2) Mo4—-015 1.63(2)
Mol-04 2.20(4) Mo4—-016 1.77(2)
Mol1-05 1.79(2) Mo4-017 2.39(2)
Mo1-06 1.61(3) Mo4—-018 2.40(2)
Mo2-02 1.93(2) Mo5-05 1.99(2)
Mo2—-04 2.12(3) Mo5-016 2.12(3)
Mo2-07 1.68(3) Mo5-018 2.35(2)
Mo2-08 1.67(3) Mo5-019 2.33(2)
Mo2—-09 1.86(2) Mo5-020 1.63(2)
Mo2-010 2.28(3) Mo5-021 1.58(2)
Mo3-09 1.89(2) P1-04 1.59(4)
Mo3-010 2.31(2) P1-017 1.53(2)
Mo3-011 1.62(3) P1-019 1.48(2)
Mo3-012 1.61(3) P1-023 1.40(4)
Mo3-013 1.94(2) P2-03 1.58(3)
Mo3-017 2.29(2) P2-010 1.56(3)

P2-018 1.39(2)
P2—-022 1.53(2)
Polyhedron o limits Polyhedron o limits
Mo10Ogq 66.8(1)— || M0204 68.9(1)—
149.5(1) 162.0(1)
Mo30g 69.0(1)— || Mo40Oq 70.5(9)—
158.0(1) 160.3(1)
Mo50g 68.2(8)— || P10, 102.4(1)—
168.1(1) 124.4(2)
P20, 103.1(1)—
117.9(2)

2017

addition of 0.4 mL of phosphoric acid H;PO, (85%).
The resulting mixture was homogenized at room tem-
perature for about 2 h, then transferred and sealed in a
25 mL Teflon-lined autoclave, which was heated to
120°C for 60 h. After slow cooling to room tempera-
ture, the crystalline product was filtered, washed with
distilled water and dried at ambient temperature.

Single-crystal X-ray diffraction. A summary of the
crystal data and structure refinement for title com-
pound is given in Table 1. The structure was solved by
direct methods and refined by full-matrix least-
squares. All non-hydrogen atoms were located from
difference Fourier maps and refined with anisotropic
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Fig. 1. Ball-and-stick representation of the diphosphopen-
tamolybdate [P2M05023]6_ cluster anion.

displacement parameter. Hydrogen atoms were
located from difference Fourier maps calculated from
successive least-squares refinements. These atoms
were added in idealized positions and refined in subse-
quent refinement cycles with an isotropic displace-
ment parameters fixed at 1.2 U, (A2) of the parent
atoms.

The crystallographic data were deposited with the
Cambridge Crystallographic Data centre: No. CCDC
1441376. These data can be obtained via
http//www.ccdc.cam.ac.uk.

RESULTS AND DISCUSSION

Crystal structure. The asymmetric unit of
(C¢N;3H 5),[P,M050,5] - 6H,O contains two proton-
ated 1-(2-aminoethyl)piperazine cations, diphospho-
pentamolybdate [P,M050,5]% cluster anion and six
lattice water molecules. The cluster [P,M050,5]% is of
a Strandberg-type polyxometalate anion, which was
first crystallographically characterized by Strandberg
[13]. It can be described as a pentagonal ring formed
by five distorted edge and corner sharing MoOg octa-
hedra with two PO, tetrahedra capped on each side via
sharing three oxygen atoms (Fig. 1). Two of the
molybdenum octahedra Mo10O4 and Mo50¢ share a
common oxygen atom OS5, while each of the other
three MoQOg octahedra shares an edge with adjacent
octahedron. In the title compound, each MoOg octa-

hedron is bonded to two terminal oxygen atoms with
Mo—O distances in the range of 1.58(2)—1.92(3) A.
The bridging oxygen atoms can be divided into three
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Fig. 2. A polyhedral representation of two-dimensional
layer structure of (C¢N3Hg),[P,M05053] - 6H,0 visual-
izing H-bonds between the organic molecules and the
[P;Mo50,3] cluster.

types: the first class contains five doubly bridging oxy-
gen atom 02, 05, 09, O13, and O16 bonded to two
Mo atoms, bond length vary from 1.77(2) to 2.12(3) A;
the second class is made up by two doubly bridging
oxygen atoms O3 and O19 bonded to one Mo atom
and one P atom with Mo—O bond lengths range from
2.33(2) to 2.41(2) A and the third kind formed by four
triply bridging oxygen atoms O4, 010, O17, O18 each
shared between two Mo atoms and one P atom with
bond lengths from 2.12(4) to 2.40(2) A. Each P atom is
bonded to one terminal oxygen atom, with P—O dis-
tances of 1.40(4) and 1.53(2) A, and three bridging
oxygen atoms with P—O distances varied from 1.49(2)
to 1.59(4) A.

The crystal packing demonstrates an extensive
hydrogen bonding interactions between N—H and C—
H groups of the amine cation with oxygen atoms of the
cluster (Table 3, Figs. 2, 3). There are also hydrogen
Vol. 62
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Table 3. Hydrogen bonds and short intermolecular con-
tacts in (C4N3H g);[P;M050,3] - 6H,O crystal

D—H-A D—H.A|H-A A|D-a, A P~HA
deg

029—H42--09 [ 0.819(2) | 2.343(2) |2.99(4) | 137(3)
027—H48--010 | 0.818(1) | 2.439(2) | 3.21(5) | 148(8)
026—H46--011  |0.823(2) | 2.534(3) | 3.39(5)| 158(8)
NI—H25-014  [0.888(1) | 2.396(2) |3.06(5)| 130(5)
C9—H18--015 0.913(3) | 2.485(3) [3.28(5) | 142(3)
C11—H23--015 |0.884(2) | 2.481(3) |3.23(5)| 147(3)
025—H43--016  |0.822(2) | 2.484(3) | 3.19(5) | 141(6)
N6—H35--017  |0.890(3) [ 2.329(2) | 3.10(5) | 143(3)
C9—H1--021 0.974(3) | 2.410(2) | 3.11(5) | 128(2)
CI2—H21--023 [0.937(1) | 2.351(2) | 3.19(5) | 149(4)
C6—H9--019! 0.978(3) | 2.275(2) | 3.14(5) | 142(3)
N1-H27--023" |0.890(2) [2.090(2) | 2.87(5)| 142(5)
N2—H28:-023" |0.885(2) | 1.870(2) |2.72(4)| 168(3)
Cl1—H2--024 0.952(3) | 2.467(3) [3.28(5)| 140(3)
026—H45--024" |0.820(2) | 2.589(3) |3.09(5)| 121(6)
C6—H9--025 0.979(1) | 2.447(2) | 3.15(5) | 130(2)
025—H43--07"  [0.822(2) | 2.224(2) |2.92(4) | 137(6)
C2—H3--0l1i 1.027(3) | 1.951(2) [2.83(4)| 137(3)
C7—H14--0281 10.970(3) | 2.486(3) | 3.19(5) | 132(2)
C3—H5--01f 0.932(1) | 2.488(3) | 3.29(5) | 147(2)
C5—H8--01l 0.951(3) | 2.519(3) |3.37(5) | 152(3)
N3—H30--021  {0.890(1) [ 2.067(2) |2.89(4) | 156(4)
C5—H8--03il 0.947(3) | 2.171(2) |3.01(5) | 140(2)
N3—H30--03"  [0.891(2) | 2.391(3) |3.09(5)| 133(3)
N4—H31--06%  [0.891(1) | 2.119(2) |3.01(5)| 157(6)
C10—H19--05Y | 1.123(3) | 2.576(3) | 3.72(5)| 176(2)
028—H37--06" |0.822(2) | 2.492(3) |3.29(5)| 167(2)
C11—H24--014" [0.953(3) | 2.401(3) | 3.35(5)| 165(5)
CI2—H22--020" |0.898(3) | 2.220(2) | 2.81(5)| 127(3)
N4—H32--022" [0.891(1) | 1.891(2) |2.76(4)| 161(5)
N5—H34--022" |0.892(3) | 1.802(2) |2.62(4)| 159(4)
024—H40--013" |0.822(2) | 2.342(3) | 3.10(5) | 152(8)
024—H39--024%" |0.822(2) | 2.343(3) | 3.12(5) | 157(8)
028—H38--021" | 0.821(1) | 2.149(2) |2.98(5)| 167(8)

Symmetry codes: (i) —y + 1, x, z — 1/4; (ii)) x, y — 1, z; (iii)) x + 1,
y—Lz(Wx+1Lyz(My —x,z+t /4 F)y, —x+ 1,2+ 1/4;
(vipx+ Ly+ 1,z
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bonds between N—H and C—H groups of the amine
with oxygen atoms of the water molecules and between
O(water)—H groups and oxygen atoms of cluster
anion.

In this structure, there are two crystallographically
independent protonated 1-(2-aminoethyl)piperazine
molecules (named as M1 and M2), the first one (M1)
is interlinked with three neighboring clusters forming
hydrogen bonds with terminal O atoms of POM: C2—
H3--O11 with the first POM, N1—-H25---O14 with the
second cluster, and C3—H5--O1 and C5—HS8--0O1
with the third POM. In hydrogen bonds N3—
H30--:02 and N3—H30--O3, bridging O atoms take
part.

The second protonated amine molecule (M2) con-
nect three clusters anions. C10—H19 group forms
hydrogen bond with bridging O5 atom of the first
POM and N4—H31 group interacts with terminal O6
atom of the second POM. The third POM is con-
nected to the M2 molecule by three oxygen atoms: the
terminal oxygen atom O15 is hydrogen bonded with
C11—H23 and C9—H 18 groups; terminal oxygen atom
023 of the PO4 tetrahedron is bonded to the C12—
H21 group; and the threefold coordinated oxygen
atom O17 is bonded to the N6—H35 group. This
hydrogen bond system leads to the formation of two-
dimensional layer structure in the form of layer (Fig. 2).

In addition, hydrogen bonds also exist between the
layers forming three dimensional structure (Fig. 3).
The amine molecule M1 forms hydrogen bonds N1—
H27---023 and N2—H28:--:O23 with the terminal oxy-
gen atom 023 of PO, group and hydrogen bond C6—
H9---0O19 with POM. The M2 molecule forms hydro-
gen bonds N4—H32---022 and N5—H34---022 with
the terminal oxygen atom O22 of the PO, tetrahedron
as well as C11—H24--O14 and C12—H22---020 with
two terminal oxygen atoms of the cluster anions.

IR and thermal analysis. The IR spectrum of the
title compound shows the characteristic vibrational
peaks similar to those in the known diphosphopenta-
molybdate structure [P,Mo0s0]%~. The series of
bands in range of 559—420 cm™! are attributed to the
(Mo—0O—Mo) vibrations. Those at 984, 932, 810, and
757 cm™! are assigned to the terminal Mo=0 stretching.
There are some characteristic bands for the organic
molecules at 1667 cm~! which can be ascribed to
8,((N—H) vibration, 1492 cm~! to 3,(C—H), 1448 cm™!
to 8,(C—H), 1421 cm™! to v(C—C), 1240 cm™! to
v,(C—N), and 1202 cm~! to v{(C—N). In addition, the
presence of lattice water molecules is confirmed by the
broad band at 3000 cm~!. The characteristic absorp-
tion bands of P—O stretching appear at 1029 cm~".

The TG and DTA analysis was studied under
dynamic N, atmosphere from ambient temperature to
500°C at a heating rate of 10°C min~'. The TG curve
can be divided into two stages (Fig. 4). The DTA curve
shows that the two stages are endothermic. The first
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Fig. 3. A view of hydrogen bonding interactions between
the two two-dimensional layers in the structure of
(CeN3H g):[P;Mos0,3] - 6H,0.

display a weight loss of 8.7% (calculated value: 8.4%)
occurring from 90 to 230°C corresponding to the loss
of six crystallization water molecules. From about 230
to 500°C, the second weight loss is 21.0%, in good
accordance with the calculated value (20.6%), is
ascribed to the degradation of the two organic mole-
cules. The whole weight losses of 29.7% were in agree-
ment with the calculated value of 29%.

UV-visible absorption spectrum. The UV-visible
absorption behavior of the title compound was ana-
lyzed in aqueous solution (4 X 10~3 M). The UV spec-
trum exhibits two absorption bands centered at 215
and 265 nm (Fig. 5). The strong higher energy band
can be attributed to the ligand-to-metal charge trans-
fer from terminal oxygen atom to the molybdenum
center (O, — Mo), where the nonbonding electrons
localized over the oxygen atoms in the highest
occupied molecular orbital (HOMO) are transferred
to the lowest unoccupied molecular orbital (LUMO)
of the molybdenum atoms. The broad lower energy
band is attributed to the electron charge transfer from
the bridging oxygen atoms to the molybdenum center
(0O, — Mo), where the electrons of oxygen atoms in 2p
orbital (HOMO) are promoted to the unoccupied d
orbitals of molybdenum atoms (LUMO) [26—28].
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Fig. 4. TGA and DTA curves of (C¢N3H 5),[P,M05053] -
6H,0.
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Fig. 5. UV-visible  absorption  spectrum  of

(CeN3H8),[P;Mos0,3] - 6H,0.

CONCLUSIONS

The hydrothermal syntheses of a new hybrid
organic-inorganic compound based on diphospho-
pentamolybdate cluster anion with the Strandberg-
type structure and organic cations have been pre-
sented. The organic amine has been used in its tripro-
tonated form to counter balance the negative charge of
the POM. The three-dimensional structure of the
compound consists of diphosphopentamolybdate
anions [P,M050,,]¢" linked by protonated 1-(2-ami-
noethyl)piperazine (C¢N;H g)>" cation via extensive
hydrogen-bonding interactions. The successful syn-
theses of the title compound show that hydrothermal
method can be effective to synthesize some novel
hybrid materials.

Vol. 62 No.7 2017



10.

11.

12.

13.
14.

HYDROTHERMAL SYNTHESIS

REFERENCES

. M. T. Pope, Heteropoly and Isopoly Oxometalates

(Springer, Berlin, 1983).

. M. T. Pope and A. Muler, Angew. Chem., Int. Ed.

Engl. 30, 34 (1991).

R. Neumann, Prog. Inorg. Chem. 47, 317 (1998).

N. Mizuno and M. Misono, Chem. Rev. 98, 199
(1998).

J. T. Rhule, C. L. Hill, D. A. Jude, and R. F. Schinazi,
Chem. Rev. 98, 327 (1998).

D. E. Katsoulis, Chem. Rev. 98, 359 (1998).

M. H. Alizadeh, H. Razavi, and F. F. Bamoharram,
Kinet. Catal. 44, 524 (2003).

R. Khoshnanavazi, H. Eshtiagh-Hosseini, M. H. Aliza-
deh and M. T. Pope, Inorg. Chim. Acta 360, 686
(2007).

Liu Hai-Xing, Jian Fang-Fang, and Wang Jing, J.
Chem. Cryst. 40, 306 (2010).

Z. Han, Y. Zhao, J. Peng, et al., J. Solid. Stat. Chem.
177, 4325 (2004).

Li Ming-Xye, Du Juan, Wang Jing-Ping, and Niu Jing-
Yang, Inorg. Chem. Comm. 10, 1391 (2007).

Cui Ji-Wen, Cui Xiao-Bing, Yu Hai-Hui, et al., Inorg.
Chim. Acta. 361, 2641 (2008).

R. Strandberg, Acta Chem. Scand. 27, 1004 (1973).

J. Fischer, L. Ricard, and P. Toledano, Dalton Trans.
941 (1974).

CRYSTALLOGRAPHY REPORTS Vol. 62 No.7

2017

15
16

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.
27.

28.

1143

B. Hedman, Acta Chem. Scand. 27, 3335 (1973).

S. V. Ganesan and S. Natarajan, J. Chem. Sci. 117, 219
(2005).

G. Yun, H. Changwen, L. Hui, and T. Wang, J. Mol.
Struct. 784, 228 (2006).

S. L. Zhao, H. H. Zhang, and C. L. Huang, Chem. J.
Chin. Univ. 23, 521 (2002).

S. R. Jin, L. M. Zhang, S. Z. Liu, and L. F. Yao, Chin.
J. Chem. 23, 1123 (2005).

H.Y. Liu, H. H. Wang, and D. Q. Shi, J. Coor. Chem.
59, 1703 (2006).

S. Jin, L. Zhang, S. Liu, B. Luo, and X. Meng,
J. Wuhan Univ. Technol. Mater. Sci. Ed. 23, 407
(2008).

C. Ruige, L. Shuxial, C. Jianfang, W. Liang, and
T. Qun, J. Mol. Struct. 888, 307 (2008).

A. N. Gabiriel, E. Burkholder, and J. Zubieta, J. Solid.
Stat. Chem. 178, 2430 (2005).

A. C.T. North, D. C. Philips, and F. S. Mathews, Acta
Crystallogr. A. 24, 351 (1968).

G. M. Sheldrick, Acta Crystallogr. A 64, 112 (2008).
T. Yamase, Chem. Rev. 98, 307 (1998).

X. M. Zhang, B. Z. Shen, X. Z. You, and H. K. Func-
tion, Polyhedron 16, 95 (1997).

Y. Gong, C. Hu, H. Li, W. Tang, K. Huang, and
W. Hou, J. Mol. Struct. 784, 228 (2006).



