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Syntheses, Characterization and Catalytic Properties of
Two New Wells-Dawson Molybdosulfates
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Abstract: Two new wells-Dawson compounds [CsN,H ,[,[S;Mo Y404 - 8H,0 (1) and [CsN,H 14]s(H;0),[S;Mo ¥, Mo Y605 *
(CsHsN), (2) have been synthesized and characterized by single crystal X-ray analysis, IR spectra and elemental
analysis. Single crystal X-ray diffraction confirms that compound 1 crystallizes in orthorhombic, a=1.799 29(17)
nm, b=1.358 04(13) nm, ¢=1.419 26(13) nm, V=3.468 0(6) nm’, Z=2. Compound 2, monoclinic, a=2.266 5(3) nm,
b=1.3749(2) nm, ¢=3.2912(5) nm, B=104.31(0)°, V=9.938(2) nm?, Z=4. Both compound 1 and 2 are built up of
the Dawson-type molybdosulfate anions, full protonated N-methylpiperazine cations. The catalytic result in the

oxidation of styrene indicates that the mixed Mo Y/Mo"' compound 2 has higher catalytic activity than 1. CCDC:
783378, 1; 783379, 2.

Key words: molybdosulfate; crystal structure; hydrothermal synthesis; catalysis

Many researchers are endeavoring to study the paid a great deal of attention to heteropolyanions
structural  chemistry of vanadium  phosphates, containing organic-inorganic cationic ligands in recent
polyoxomolybdenum and silicomolybdenum, and have years!"? which is not only because of diverse structures,
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but also the potential applications, such as medicine, as
well as electrochemistry, magnetism, and catalysis in
particular®"". Compared with lots of reported molybdoa-
rsenates and molybdophosphates™*?, molybdosulfates
are much less developed. Among these polyoxoanions,
Dawson polyoxoanions of the molybdenum-sulfate
chemistry has not been reported extensively, which may
be caused because it has the large size to decrease the
electronic density and the oxygen coordination on its

surface®?.

problem, it has potential for fixing and absorbing Sulfur

However, in view of the environmental

dioxides™., and exploring the possibility of the frame-
works with pyramidal sulfate anions, which could result
in novel structural features and unprecedented
properties for these frameworks”*. Here, we report the
synthesis, structure, and catalytic property of two new
molybosulfates [CsN,H ], [S;Mo M 1506] - 8H,0 (1) and
[CsN,H 14]s (H30),[S;Mo ¥ ;Mo Y 1¢Ogls + (CsHSN), (2). Both
compounds contain Dawson Mo-S anions, but with

different oxidation states of Mo.
1 Experimental section

1.1 Materials and methods

All chemicals purchased were of reagent grade
and used without further purification. Element analyses
(C, H and N) were performed on a Perkin-Elemer 2400
elemental analyzer. IR spectra were recorded on a
Nicolet Impact 410 FTIR spectrometer using KBr
pellets in the 4 000~400 ¢m™ region.
1.2.1 Synthesis and characterization of compound 1
A mixture of MoO; (0.288 0 g), Fe,O5 (0.159 9 g),
NaHSO; (0.107 2 g), N-methylpiperazine (0.102 0 g),
H,S0, (50%) (0.632 5 g) was dissolved in distilled water
(10 mL), and was stirred for 5 h. The resulting solution
was sealed into Teflon-lined steel autoclave and heated

at 160 °C for 7 d. After cooling to room temperature in

air, brown crystals were washed and filtered by distilled
water and dried in air, yield: 35% based on Mo. The
elemental analysis caled. for C,HyuMoigN,O0S, (%):C,
3.83; H, 1.41; N, 1.79. Found (%): C, 3.80; H, 1.34; N,
1.72.
1.2.2  Synthesis and characterization compound 2

A mixture of MoO; (0.289 2 g), NaHS0O; (0.107 8 g),
N-methylpiperazine (0.106 6 g), H,S0, (50%) (0.584 9
g) and pyridine (0.201 2 g) was dissolved in distilled
water (10 mL), and was stirred for 5 h. The resulting
solution was sealed into Teflon-lined steel autoclave
and heated at 160 °C for 7 d. After cooling to room
temperature in air, black-rod crystals were washed and
filtered by distilled water and dried in air, yield: 42%
based on Mo. The elemental analysis caled. for CsH
MosN 50 155856(%): C, 6.41; H, 1.37; N, 2.63. Found(%):
C, 6.45; H, 1.40; N, 2.67.
1.3 Determination of crystal structure

The crystals of both compound 1 and 2 were
carefully singled out under a microscope and glued at
the tip of a thin glass fiber with cyanoacrylate adhesive.
Single-crystal structure determination was performed
on a Bruker Smart Apex II CCD diffractometer at
293(2) K, with a sealed tube X-ray source Mo Ko (A=
0.071 073 nm) operating at 50 kV and 30 mA. The
crystal structure was solved by the direct method and
refined on F? by full-matrix least-squares using the
SHELX97 program package®. All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms for
organic molecules were placed in the calculation
position. While the H atoms of water (or H;0*) were
located from the different Fourier maps. Further details
of the X-ray structural analyses for compound 1 and 2
are given in Table 1.

CCDC: 783378, 1; 783379, 2.

Table 1 Crystallographic data for 1 and 2

Compound 1 2

Empirical formula CioHuMoisNO07S, CsoH2sM 054N 15015556
Formula weight 3131.53 9 362.82

T/K 293(2) 293(2)

A/ nm 0.071 073 0.071 073

Crystal system Orthorhombic Monoclinic
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Continued Table 1

Space group Pmmn
a/nm 1.799 29(17)
b/ nm 1.358 04(13)
¢/ nm 1.419 26(13)
B/ ()

V[ nm?® 3.468 0(6)
A 2

D,/ (Mg-m?) 2.999
Absorption coefficient / mm™ 3.32

F(000) 2 960

Crystal size / mm 0.14x0.13x0.12
Limiting indices
18 283
Independent reflections (Ry) 3671 (0.031 1)
Data 3671
Goodness-of-fit on F? 1.195

Final R indices (I>20(1))

R indices (all data)

Reflections collected

20=<h<22, -l6<k<12, -17<I<12

R=0.048 4, wR,=0.183 0
R=0.058 6, wR,=0.193 7

C2Im
2.266 5(3)

1.374 9(2)

3.291 2(5)

104.314(2)

9.938(2)

2

3.129

3.468

8 844

0.13x0.12x0.10

~24<h<27, -16<k<16, -37<I<39
25 331

9 442 (0.083 2)

9 442

0.993

R:=0.061 2, wR=0.137 6

R=0.118 2, wR=0.161 9

R=ZNFJ-IEN ZIF); wRo= X [w(F, = F2Y Z [w(F 2",
2 Description of structures

The IR spectrum of compound 1 shows intense
absorption at 945, 793, 668 and 559 cm™ are attributed
to ¥(Mo-0,) or ¥(Mo-0,), the band at 1 149 ¢cm™ can be
attributed to »(S-0,). The wild band at 3432 cm™ is
featured of » (O-H) in water, 3083, 1601, 1450, 1383,
450 cm™ are characteristic bands for N-methylpipera-

zine. As shown in Fig.1, the polyanion of compound 1 is

Fig.1 Molecular structure of 1

the well-known Dawson-type structure [X;Mog0q]""*,
consisting of eighteen octahedral MoOg and two SO,
pyramid. The Mo-O distances range from 0.168 1(3) to
0.2507(3) nm, and the central SO, is a pyramid with S-
O bond distances of 0.145 5(3)~0.150 3(4) nm and O-S-
O angles ranging from 108.1(2)° to 110.62(15)°. All the
bond angles and lengths above are consistent with the
reported Dawson-type polyanions. The SO, pyramid and
nine MoOg octahedra from three capped molybdenum
atoms and six equatorial belt molybdenum atoms are
linked together by p,-O atom and ;-0 atom, and further
joint the other hemisphere. The most interesting aspect
of compound 1 is that there is complex hydrogen
bonding between protonated  N-methylpiperazine
cations and the Dawson structural molybdosulfate
anions. As shown in Fig.2, each N-methylpiperazine
links two polyanions by using N-H---O hydrogen
bonding interactions to generate a 1D chain (Table 2).
The distance of N--- 0 is 0.294 4(10)~0.308 3(15) nm,
while the angle of N-H--- O is from 131° to 134°. The
water molecules are located between the chains, and
making the chains are more stable. Although Fe,O; was

not included in the final product, it is necessary as the

oxidant of Sh—S8V,
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Table 2 Hydrogen bonds lengths and bonds angles

D-H---A D-H / nm H--A/ nm D---A/ nm £D-H--A/(°)
Compound 1
N1-H1E---012! 0.900 0 0.239 00 0.308 3(15) 134.00
N1-HI1E---012* 0.900 0 0.239 00 0.308 3(15) 134.00
N2-H2C---014 0.910 0 0.227 00 0.294 4(10) 131.00
N2-H2C---014" 0.910 0 0.227 00 0.294 4(10) 131.00
CI-HI1A---013" 0.960 0 0.245 00 0.317 2(15) 132.00
C3-H3A---020 0.970 0 0.257 00 0.325 2(10) 138.00
Compound 2
N2-H2C:---056 0.900 0 0.211 00 0.290 9(17) 148.00
N3-H3A---041 0.900 0 0.199 00 0.286 0(14) 162.00
N6-H6B---017 0.900 0 0.229 00 0.294 4(12) 129.00

Symmetry transformations used to generate equivalent atoms: 1:' 1-x, =1/2+y, —z; * 1-x, =y, —z; " x, =1/2-y, z; * 1-x, —=1/2+y, 1-z.

Symmetry code: " x, —=1/2-y, z

Fig.2  N-methylpiperazine molecules link polyanions by
using N—H---O hydrogen bonding interactions to

generate a 1D chain in 1

When we replaced Fe,O; with pyridine, the mixed
Mo Y/Mo ™ molobdosulfate 2 was obtained. The IR
spectra of compound 2 shows intense absorption at 952,
801 and 685 cm™ are attributed to ¥(Mo-0,) or »(Mo-
0,), the band at 1 146 cm™ can be attributed to »(S-0,).
The wild band at 3427 cm™ is featured of v(0O-H) in
water, 3083, 1619, 1451, 1382, 450 ¢cm™ are charact-
eristic bands for N-methylpiperazine and bipy. As

shown in Fig.3, the asymmetric unit of 2 contains 103

non-hydrogen atoms. 15 Mo, 3 S and 56 O atoms belong

to the two crystallographic independent Dawson
structural  molybdosulfate polyanions. The most
significant aspect of compound 2 is that the polyanions
are linked by protonated water H;0* and N-methylpi-

perazine cations by using hydrogen bonding interac-

tions to form a soft 3D framework along the ¢ axis

Table 2), h in Fig4. Th t idi
(Table 2), as shown in Fig ¢ guest pytiaine Fig.4 Polyanions are linked by protonated water H;0*

molecules are located in the channels. The assignment . . . .
and N-methylpiperazine cations by using

of the oxidation state of Mo atoms is based on the bond hydrogen bonding interactions to form a soft 3D

valence sum calculations™, which gives the average framework along the ¢ axis
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value 5.895 for oxidation state of Mo (expected value for
2 is 5.889), and the calculation result is consistent with

the formula of 2.
3 Catalytic properties

According to our previous work, compounds 1, 2
(100 mg) and styrene (0.75 mL, 6.4 mmol) were stirred
respectively and reacted in the 50 mL two-neck
reaction flask with 7.5 mL acetonitrile as the solvent.
The oxidation was performed in water constant reflux,
and heated at 60 “C by adding 2.1 mL hydrogen
peroxide (30%) under the conditions of constant temp-
erature in water bath. After 3 h, we sampled and used
(GC-6890, FID; 30 mx0.32 mm

capillary column) to analyze products distribution, and

gas chromatography

the yields of epoxides were determined by GC analysis
using internal standards, based on the Nitrobenzene.
Under the same conditions, we did the blank compared
test. The results showed the main products are
benzaldehyde, and a small amount of benzoic acid. The
conversions of styrene oxidation were represented in
Table 3. The catalytic result indicates that the mixed
Mo Y/Mo " compound 2 has higher catalytic activity

than 1.
Table 3 Catalytic activity of compound 1 and 2 in

the oxidation of styrene

Selectivity / %

Compound Comversion / %
Benzaldehyde  Benzoic acid
1 7.78 74.55 25.45
2 9.29 87.66 12.34
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