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Abstract

A new mixed Mo/Ni/Ti heteropoly compound [C5H5NH]5 [(NiOH)2Mo10O36(PO4)Ti2] has been hydrothermally synthesized and

structurally determined by the single-crystal X-ray diffraction. Black prismatic crystals crystallize in the monoclinic system, space

group P2ð1Þ=n; a ¼ 11:2075ð2Þ; b ¼ 37:8328ð5Þ c ¼ 13:0888ð1Þ Å, b ¼ 101:4580ð10Þ1; M ¼ 2276:13; V ¼ 5439:19ð13Þ Å3,Z ¼ 4:Data
were collected on a Siemens SMART CCD diffractometer at 293(2)K in the range of 1:68oyo25:091 using the o-scan technique
(l=0.71073 Å RðFÞ ¼ 0:0872 for 9621 reflections). The title compound contains a trimetal heteropolyanion polymer and ‘‘trans-
titanium’’-bridging pseudo-Keggin fragments linked to a chain.

r 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

A class of molecularly defined inorganic metal–
oxygen clusters, polyoxometalates (POMs), possess
intriguing structures and diverse properties and, there-
fore, are attracting increasing attention worldwide [1–4]
Their potential applications in functional materials have
emerged in catalysis, photo-, electro-chromium and
magnetism sciences [5–10]. Recently, there has been
considerable interest in employing polyoxoanions as
building blocks linked by inorganic metal bridges to
form one- (1D), two- (2D) and three-dimensional (3D)
framework materials [11–23]. The examples include
H3Na9[Fe4(H2O)2(P2W15O56)2] � 62H2O [4], Cs0.5[Ni
(en)2]3[V18O42Cl] � 2en � 6H2O [19], [NaNi2Mo12O30(PO4)
(HPO4)4(H2PO4)3]

7� [16], [(b2�SiW11MnO38OH)3]
15�

[12], [(CeSiW11O39)(H2O)3]
5� [13], Eu2(H2O)12[(Mo8

O27)] � 6H2O [12], [{MoVI8V
IV
4 O36(V

VO4)(V
VO)2}n]

7n�

[15], [M3V18O42(H2O)12](XO4)] � nH2O (M ¼ Fe; Co,
Zn, Mn, X ¼ V; S, n ¼ 24; 30) [20–22] and
[(Co(H2O)4)2(H2W12O42)]n

6n� [18], in which the polyox-
ometalates as building blocks, were linked by the main
group [4,16], d-block [15,18,19,20–23] or f-block [5,6]
metal elements. To the best of our knowledge, all these
extended polyoxoanions containing metal bridges are
limited to two kinds of d-block transition metals in one
polyanion system, and the extended polyoxometalates in
which three types of d-block transitional metal ions
coexist have not been found upto now. Here, we
first report a novel polyoxometalate polymer,
[C5H5NH]5n[(NiOH)2Mo10O36(PO4)Ti2]n 1. It contains
a pseudo-Keggin polymolybdophosphate cluster, which
is substituted by two Ni atoms and linked via ‘‘trans-Ti’’
bridges to form a chain. Considering the special
applications of transition metal-containing materials in
catalysts for organic synthesis [24], such a trimetal
heteropolyanion polymer is of particular importance to
fundamental and practical researches.
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2. Experimental

2.1. General procedures

All chemicals were commercially purchased and used
without further purification. Elemental analyses (C, H,
and N) were performed on a Perkin-Elmer 2400 CHN
elemental analyzer. Ni, Mo, P, and Ti were determined
by a Leaman inductively coupled plasma (ICP) spectro-
meter. An IR spectrum was recorded in the range 400–
4000 cm�1 on an Alpha Centaurt FT/IR spectrophot-
ometer using a KBr pellet. XPS analyses was performed
on a VG ESCALAB MK spectrometer with a
MgKa(1253.6 eV) achromatic X-ray source. The va-
cuum inside the analysis chamber was maintained at
6.2� 10�6 Pa during the analysis.

2.2. Hydrothermal synthesis

Compound 1 was hydrothermally prepared from a
mixture of Na2MoO4 � 2H2O (0.242 g), Mo (0.096 g),
NiCl2 � 6H2O (0.237 g), TiCl4 (0.190 g), pyridine (0.079 g)
and H2O in a mole ratio of 2.1:1.5:1.0:1.2:8:520
neutralized to pH ¼ 6:0 with 50% phosphorous acid.
The mixture solution was sealed in a 20 cm3 Teflon-lined
autoclave and heated at 1601C for 6 days. The black
prismatic crystals of compound 1 were obtained (Yield:
43%, based on Mo). The IR spectrum of 1 exhibited
several characteristic bands at 1091, 959, 913, 791, and
705 cm�1

, ascribed to n(P–O), n(M ¼ O) and
n(M2O2M) (M ¼ Ni; Mo, or Ti), respectively. The
elemental analyses (ICP-AES method) for 1 showed the
mole ratio of P:Mo:Ni:Ti to be 1.0:9.8:2.1:1.9.

2.3. X-ray crystallography

The structure of compound 1 was determined by the
single-crystal X-ray diffraction. Crystallographic data
are as follows: monoclinic, space group P2ð1Þ=n;
a ¼ 11:2075ð2Þ Å, b ¼ 37:8328ð5Þ Å, c ¼ 13:0888ð1Þ Å,
a ¼ 90:001; b ¼ 101:4580ð10Þ1: g ¼ 90:001; M ¼
2276:13; V ¼ 5439:19ð13Þ Å3, Z ¼ 4 and calculated
density Dcalc ¼ 2:782 g/cm3. A black prismatic crystal
with the dimension of 0.60� 0.22� 0.20mm was

Table 1

Crystallographic data and Structure Refinement for 1

Empirical formula C25H32Mo10N5Ni2O42PTi2
Formula weight 2278.15

Crystal system Monoclinic

Space group P2ð1Þ=n

a (Å) 11.2075(2)

b (Å) 37.8328(5)

c (Å) 13.08 88(1)

a (1) 90

b (1) 101.4580(10)

g (1) 90

V (Å)3 5439.19(13)

Calculated density (g cm�3) 2.782

Fð000Þ 4352

m (mm�1) 3.312

Reflections collected 19 588

Independent reflections 9621 (Rint ¼ 0:0603)
Goodness-of-fit on F 2 1.046

Final R indices [I42sðIÞ] R1 ¼ 0:0872; wR2 ¼ 0:1754
R indices (all data) R1 ¼ 0:1533; wR2 ¼ 0:1964

Table 2

Atomic coordinates [� 104] and equivalent isotropic displacement
parameters [Å2� 103] for WEB-11.Ueq is defined as one-third of the
trace of the orthogonalized Uij tensor

x y z Ueq

P 8748(3) 1113(1) 7867(3) 18(1)

Mo(1) 6158(1) 759(1) 6187(1) 36(1)

Mo(2) 6785(1) 562(1) 9006(1) 33(1)

Mo(3) 10433(1) 707(1) 6159(1) 31(1)

Mo(4) 11348(1) 1474(1) 9575(1) 38(1)

Mo(5) 11084(1) 514(1) 8994(1) 37(1)

Mo(6) 6440(1) 1712(1) 6748(1) 36(1)

Mo(7) 7088(1) 1522(1) 9573(1) 41(1)

Mo(8) 10693(1) 1660(1) 6735(1) 41(1)

Mo(9) 9384(2) 917(1) 10622(1) 50(1)

Mo(10) 8502(2) 170(1) 7329(1) 43(1)

Ni(1) 9033(2) 2052(1) 8415(2) 49(1)

Ni(2) 8119(2) 1296(1) 5111(2) 46(1)

Ti(1) 5030(3) 1166(1) 7903(3) 51(1)

Ti(2) 12458(3) 1056(1) 7858(3) 49(1)

O(1) 5774(11) 332(3) 9473(11) 54(4)

O(2) 10430(14) 1862(5) 9365(11) 92(6)

O(3) 7104(14) 365(5) 6379(10) 87(6)

O(4) 6891(16) 953(4) 5222(12) 80(5)

O(5) 8364(12) �255(3) 7064(9) 47(3)

O(6) 5798(16) 700(4) 7622(10) 80(5)

O(7) 11676(14) 1519(5) 8116(10) 84(6)

O(8) 7567(14) 231(4) 8382(9) 76(5)

O(9) 7081(18) 1632(4) 5624(14) 100(7)

O(10) 8213(13) 1294(3) 10531(13) 83(6)

O(11) 9969(14) 2004(5) 7337(11) 93(6)

O(12) 11342(13) 538(5) 5424(120 83(5)

O(13) 5610(16) 1231(4) 6581(11) 78(5)

O(14) 10421(14) 590(4) 10122(14) 81(5)

O(15) 6199(13) 1056(3) 9216(12) 74(5)

O(16) 9310(14) 925(4) 5211(13) 86(6)

O(17) 11896(14) 989(3) 9185(11) 68(5)

O(18) 6050(15) 1586(4) 8162(12) 78(5)

O(19) 9477(13) 334(3) 6358(10) 63(4)

O(20) 12269(12) 260(4) 9487(10) 56(4)

O(21) 9942(12) 198(3) 8380(10) 61(4)

O(22) 9133(13) 2459(3) 8654(12) 63(4)

O(23) 9463(15) 1603(4) 5620(13) 92(6)

O(24) 12640(11) 1611(3) 10272(10) 53(4)

O(25) 8027(13) 1887(4) 9371(10) 67(4)

O(26) 11281(15) 1165(3) 6530(10) 75(5)

O(27) 7564(12) 2025(4) 7351(10) 57(4)

O(28) 6166(12) 1695(4) 10317(12) 66(4)

O(29) 10581(15) 1274(4) 10502(12) 76(5)

O(30) 9671(15) 849(4) 11875(10) 68(4)

O(31) 5238(12) 1967(4) 6315(14) 81(5)
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mounted on a glass fiber. Data were collected on a
Siemens SMART CCD diffractometer at 293(2)K in the
range of 3:56o2yo50:181 by means of the o-scan
technique. A total of 19 588 reflections were collected
and 9621 independent reflections (Rint ¼ 0:06) were
used, in which 5629 reflections were greater than 2sðIÞ:
An empirical absorption correction was applied. The
structure was solved by the direct method and refined by
full-matrix least-squares method with the SHELXL-97
programs. Structure solution and refinement based on
9621 independent reflections and 779 parameters gave
RðRwÞ ¼ 0:0872 (0.1754). Crystal data, details of the
intensity measurements and data processing parameters
are listed in Table 1. Atomic coordinates, isotropic
displacement parameters, bond lengths, angles and
anisotropic displacement parameters are deposited in
supplementary information (Table 2).

3. Results and discussion

The X-ray analysis reveals that the crystal structure of
1 consists of a chainlike ‘‘trans-titanium’’-bridging
pseudo-Keggin type of [(NiOH)2Mo10O36(PO4)Ti2]n

5n�

polyanion (Fig. 1) and pyridinium cations. The building
block unit of 1 (Fig. 2) could be described as follows.
The cluster anion contains a central P5+ in an almost
regular tetrahedral environment of oxygen atoms with
P–O distances in the range 1.471(19)–1.61(2) Å and
bond angles in the range 105.0(10)–112.3(10)1. Four
oxygen atoms coordinated to P5+ were disordered (each
position possession ratio: coordinated to P5+ 0.5). The
two Mo atoms in the Keggin type of {Mo12O36(PO4)}
species are replaced by two Ni atoms to result in a three-
layered cluster structure, which are spanned by one
{Mo2Ni2} set and two {Mo4} sets. Within the middle
layer, the distances of Mo–Mo, Ni–Mo and Ni–Ni are
5.08, 5.15, and 5.12 Å, respectively. The distance
between adjacent layers is ca.11.2 Å. The two {Mo4}
layers consist of eight MoO6 octahedra. In the
{Mo2Ni2} layer, there are two adjacent distorted NiO5
square pyramids, accompanying with two distorted

Fig. 1. The structure of the polymeric anion in compound 1. The polyhedral representation of the chainlike structure of

[{(NiOH)2Mo10O36(PO4)Ti2}n]
5n�.

Table 2 (continued)

x y z Ueq

O(32) 8013(11) 620(3) 10125(11) 61(4)

O(33) 11440(13) 636(3) 7609(9) 60(4)

O(34) 4872(11) 610(3) 5466(11) 57(4)

O(35) 11725(11) 1883(3) 6248(11) 54(4)

O(36) 7841(11) 1377(3) 3899(9) 50(3)

O(37) 13840(20) 1428(6) 8093(18) 45(6)

O(38) 13710(20) 797(6) 7773(19) 45(6)

O(37’) 13940(20) 1040(6) 8766(18) 38(6)

O(38’) 3550(20) 1192(6) 6948(17) 37(6)

O(39) 9621(18) 1453(5) 8080(15) 24(5)

O(40) 8220(19) 1071(5) 8860(16) 30(5)

O(41) 7723(19) 1203(5) 6939(16) 30(5)

O(42) 9411(18) 792(5) 7671(15) 23(5)

O(39’) 9332(17) 1154(5) 6868(15) 21(4)

O(40’) 9740(19) 1015(5) 8822(16) 31(5)

O(41’) 8060(20) 1444(6) 8027(17) 38(6)

O(42’) 7906(19) 771(5) 7644(16) 33(5)

C(1) 6601(17) 52(5) 2154(18) 58(6)

C(2) 6216(17) -91(6) 2999(18) 57(6)

C(3) 6787(18) 24(7) 3955(16) 65(7)

C(4) 7735(16) 263(6) 4142(17) 60(6)

C(5) 8100(20) 380(6) 3250(20) 70(7)

C(6) 7540(20) 286(6) 2219(19) 66(7)

C(7) 3680(20) 1652(6) 3950(30) 82(8)

C(8) 3420(20) 1455(8) 4764(17) 84(8)

C(9) 2640(20) 1203(6) 4596(18) 66(7)

C(10) 2080(20) 1119(6) 3630(30) 78(8)

C(11) 2290(30) 1301(9) 2780(20) 85(8)

C(12) 3090(30) 1562(9) 2970(20) 94(9)

C(13) 9810(20) 1930(6) 1646(19) 66(6)

C(14) 10670(30) 2201(7) 1840(20) 84(9)

C(15) 11220(30) 2312(7) 2750(40) 125(16)

C(16) 10910(30) 2149(10) 3630(20) 102(11)

C(17) 10090(20) 1887(7) 3550(20) 73(7)

C(18) 9560(20) 1788(7) 2540(30) 87(8)

C(19) 5200(20) 857(7) 2906(17) 70(7)

C(20) 4280(20) 619(7) 2671(19) 72(7)

C(21) 3760(20) 560(6) 1649(17) 64(6)

C(22) 4090(20) 756(7) 906(17) 76(8)

C(23) 4990(20) 988(7) 1115(19) 85(9)

C(24) 5560(20) 1041(7) 2110(20) 79(7)

C(25) 8230(30) 2740(12) 3230(30) 141(17)

C(26) 8990(40) 2843(8) 4040(40) 121(15)

C(27) 9060(40) 2661(12) 4990(40) 162(18)

C(28) 8230(30) 2424(12) 5090(40) 170(20)

C(29) 7390(30) 2339(8) 4230(40) 118(14)

C(30) 7300(40) 2509(14) 3220(50) 230(30)
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MoO6 octahedra. All the distorted MoO6 octahedra
have the Mo–O bond distances in the range 1.628(13)–
2.517(19) Å. The Ni–O bond distances for all the
NiO5 distorted square pyramids are in the range
1.572(12)–1.945(13) Å.
The coordination environments around two titanium

centers (see Fig. 1) are not easily described with known
geometries, but are very similar to a highly distorted
octahedral coordination environment (each position
possession ratio: coordinated to Ti4+ 0.5). Each of the
two titanium centers, Ti(1) or Ti(2), forms two
additional Ti–O bonds with the bridge oxygen atoms,
O(37) and O(38), with bond distances 1.72(2) Å for
Ti(1)–O(37) and 1.74(2) Å for Ti(2)–O(38). Compared
to the average Ti–O bond length of 1.74 Å, those two
additional bond lengths of 2.02(2) Å for Ti(1)–O(38)
and 2.07(2) Å for Ti(2)–O(37) are slightly larger,
suggesting that the highly geometric distortion of TiO6
octahedron causes a weak Ti–O–Ti linkage between the
Keggin-type clusters. These Keggin fragments are linked
by both Ti(1)–O(37)–Ti(2) and Ti(1)–O(38)–Ti(2)
bridges and form a one-dimensional chain along the
a-axis, in which the two titanium centers between the
Keggin-type clusters are separated by a distance of
2.902(5) Å.
In the unit cell of 1, these chainlike trimetal

heteropoly anions are parallel with each other and
exhibit an interesting alternate arrangement of a normal
chain and roll-over chain along the b-axis as shown in
Fig. 3. The pyridine cations are distributed in the space
formed by the polyanion chains.

The X-ray photoelectron spectra (XPS) for com-
pound 1 were measured in order to identify the
elemental composition and the valence state. The ratio

Fig. 2. Ball-and-stick representation of the pseudo-Keggin trimetal heteropolyanion [(NiOH)2Mo10O36(PO4)Ti2]
5�.

Fig. 3. The packing arrangement of 1 along the crystallographic c-

axis.
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of the elements is determined to be P:Mo:Ni:
Ti:O:C:N=1:9.9:2.0:1.9:42.1:34.8:7.0, which was in
agreement with the result of the elemental analysis. In
addition, the oxidative states of metal atoms for 1 are
also shown by the XPS. The measured Mo 3d5=2 binding
energy (BE) of 228.7 eV suggests the assignation of all
the Mo atoms in the +VI oxidation state. The oxidation
states of Ni (II) and Ti (IV) atoms are reflected by their
BE values of 854.6 eV for Ni 2p3/2 and 462.5 eV for Ti
2p3/2. These results are consistent with the valent sum
calculations [25].
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[18] C. Giménez-Saiz, J.R. Galán-Mascarós, S. Triki, E. Coronado,

L. Ouahab, Inorg. Chem. 34 (1995) 524–526.

[19] J.R.D. DeBord, J. Zubieta, Inorg. Chim. Acta. 256 (1997)

165–168.

[20] M.I. Khan, E. Yohannes, R.J. Doedens, Angew. Chem. Int. Ed.

Engl. 38 (1999) 1292–1294.

[21] M.I. Khan, E. Yohannes, D. Powell, Chem. Commun. 1 (1999)

23–24.

[22] M.I. Khan, E. Yohannes, D. Powell, Inorg. Chem. 38 (1999)

212–213.

[23] U. Kortz, S. Matta, Inorg. Chem. 4 (2001) 815–817.

[24] M. Schneider, A. Baiker, Catal. Rev. Sci. Eng. 37 (1995) 515–556.

[25] I.D. Brown, D. Altermatt, Acta Crystallogr. B 41 (1985) 244–247.

H. Zhang et al. / Journal of Solid State Chemistry 170 (2003) 232–236236


	[{(NiOH)2Mo10O36(PO4)Ti2}n]5n-: a novel chainlike trimetal heteropolyanion based on pseudo-keggin fragments
	Introduction
	Experimental
	General procedures
	Hydrothermal synthesis
	X-ray crystallography

	Results and discussion
	Acknowledgements
	References


