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Two Inorganic-Organic Hybrid Crystals Based on [SMo,,04]* Polyoxometallates
and Supramolecular Cation: Syntheses and Crystal Structures

XIONG Jun' TAN Mao-Kun' LU Shao-Fang' LI Ming*! YANG Shui-Bin*?
(‘Hubei Key Laboratory of Biomass Fibers and Eco-dyeing & Finishing,
College of Chemistry and Chemical Engineering, Wuhan Textile University, Wuhan 430200, China)
(Hubei Key Laboratory for Processing and Application of Catalytic Materials,
College of Chemical Engineering, Huanggang Normal University, Huanggang, Hubei 438000, China)

Abstract: Two inorganic-organic hybrids, [(4-I-Anis) ([18]crown-6)],[SMo;,04] + CH;CN (1) and [(3-F-4-Cl-Anis),
(DB[30]crown-10)][SMo,0,] -2CH;CN (2) (4-1-Anis =4-iodoanilinium; 3-F-4-Cl-Anis =3-fluoro-4-chloroanilinium;
DBJ[30]crown-10=dibenzo[30]crown-10) have been synthesized and characterized by infrared spectrum (IR),
elemental analysis (EA), powder XRD, thermogravimetric (TG), solid state diffuse reflectance spectra (DRS) and
X-ray diffraction. Crystals 1 and 2 are constructed through noncovalent bonding interaction, and the polyoxo-
metalates and supramolecular cation arrange alternately. Supramolecular cation forms through the N-H --- O
hydrogen bonding interaction between the nitrogen atom of anilinium and oxygen atoms of crown ether
derivatives. In crystal 1, each polyoxoanion is surrounded by six monovalent supramolecular cations (4-I-Anis)

([18]crown-6) and forms hexagonal arrangement in be¢ plane. In crystal 2, each polyoxoanion is surrounded by four
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large supramolecular cations (3-F-4-Cl-Anis),(DB[30]crown-10) and forms tetragonal arrangement in b¢ plane. TG

measurement indicated that hydrogen bonding interaction plays an important role in maintaining the structural

stability of crystals 1 and 2. DRS indicated that there exists charge-transfer interaction between

[SM01204()]2 -

polyoxoanions and crown ether based supramolecular cations in crystals 1 and 2. CCDC: 1540103, 1; 1899810, 2.

Keywords: inorganic—organic hybrids; supramolecular self-assembled; polyoxometallates; crown ether; supramolecular cation

Over the past several decades, inorganic-organic
hybrid materials have intrigued people’ s interest
because of their fantastic architecture and interesting
chemical properties!™. Crystalline structures designed
via noncovalent bonding interaction are one of the
indispensable part in the inorganic-organic hybrid
field™9. Polyoxometalates (POMs) have attracted much
attention in photochemistry, magnetic and catalytic
fields due to their versatile architecture and
unexpected properties™!. POMs are discrete early
transition metal-oxide cluster anions and comprise a
class of inorganic complexes, which are composed of
several assembled [MO,] (M belongs to the d-block
element in high oxidation state). As the inorganic

building block, POMs have

constructing supramolecular structures due to their

many merits for

structural characteristics, such as giant structure and
multiple potential hydrogen bonding sites!". For
example, ferrocenyl derivatives with carbon atom
hydrogen bonding sites as the organic building unit
could form inorganic-organic hybrids with the POMs
through C-H--- O hydrogen bonding interaction, and
ferrocenyl derivatives are embedded into the large
space formed by giant POMs!",

Crown ethers as a kind of macrocyclic

NH,*
4-I-Anis

Cl
B
L
3-F-4-Cl-Anis

Scheme 1

| [
SR
o)

(\o/\o/\o/\

compounds are composed of hetero donor atoms such
as O, N, S or Se. Because of the structural characteri-
stics, like large ring structures and multiple hydrogen
bonding sites, crown ethers can be treated as a kind

1316 For example, crown

of organic building blocks!
ether with large cave can capture cations to form
supramolecular cation with anilinium derivatives. In
addition, the exposure C, N, and O atom of crown
ether are the potential hydrogen bonding sites to form
inorganic-organic  hybrids with inorganic building
blocks.
Recently, hybrids

based on POMs and crown ethers have been reported

many of inorganic-organic

by Nakamura group. They have systemically resear-
ched the relationship between the size of crown ether
based supramolecular cation and crystalline packing
pattern”. They also studied the effect of Keggin POMs
on the (3-flouoranilinium) rotor™. Herein, we have
synthesized two mnovel inorganic-organic hybrid, [(4-
[-Anis)([ 18]crown-6)],[SMo,,04)] - CH;CN (1) and [(3-F-
4-Cl-Anis), (DB [30]crown-10)][SMo,,04] - 2CH;CN (2)
(4-1-Anis =4-iodoanilinium; 3-F-4-Cl-Anis =3-fluoro-4-
DB[30]crown-10=dibenzo[30]crown-

10, Scheme 1), and analyzed their crystalline structure

chloroanilinium;

through X-ray diffraction.

A0

OK/ \j S
NH,* OO0

DB[30]crown-10

Structures of 4-1-Anis, 3-F-4-Cl-Anis, [18]crown-6, DB[30]crown-10 and [SMo,04]*
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1 Experimental

1.1 Materials and measurements

[18]crown-6 and DB[30]crown-10, 4-iodoaniline
and 4-chloro-3-fluoroaniline were purchased from
Shanghai Aladdin Bio-Chem Technology Co., LTD,
which were used without further purification. (4-1-
Anis)(BFy), (3-F-4-Cl-Anis)(BF,) and [TBAL[SMo1,04]
were prepared according to similar procedures reported

BB TR spectra were recorded using a

previously!
Thermo Scientific Nicolet 6700 FT-IR spectrometer
(400~7 800 cm™). Elemental analysis (C, H, N) was
carried out on a CARLO ERBA 1106 analyzer.
Powder XRD data of microcrystals were collected by
using a Rigaku XtaLAB P200 diffractometer with
graphite monochromated employing Cu K« radiation
(A=0.154 187 nm). The working voltage and current is
40 kV and 40 mA respectively, and the scanning
range is from 3° to 40°. Solid state diffuse reflectance
spectra of the samples were obtained for the dry pressed
disk samples using a Shimazu UV-2550 spectrophoto-
meter, equipped with an integrating sphere coated
with polytetrafluoroethylene between 300 and 800 nm.
TG curves were obtained on a Rigaku Thermoplus
TG8120 thermal analysis station with Al,O; reference.
The temperature range was from 30 to 500 C with a
heating rate of 10 “C+-min™ under flowing nitrogen gas.
1.2 Syntheses of [(4-I-Anis)([18]crown-6)];
[SMo,,04]- CH;CN (1) and [(3-F-4-Cl-Anis),
(DB[30]crown-10)][SMo,,04] - 2CH;CN (2)
Crystal 1 was synthesized using the standard
diffusion method in an H-shape cell. Saturated CH;CN
solution (10 mL) of [TBA],[SMo,,04] was added into

the one side of H-shape cell. The acetonitrile solution

(10 mL) containing (4-1-Anis)(BF4) (20 mg, 0.10 mmol)
and [18]crown-6 (26 mg, 0.10 mmol) were introduced
into opposite sides of the H-shape cell. Then the cell
was filled with acetonitrile slowly. After two week, the
solution turned to black from green, which indicated
that there existed charge transfer interaction. Black
block crystals of 1 were obtained. Anal. Caled. for
C3HeslaM01oN3055(%): C16.11, H 2.31, N 1.48; Found
(%): C 16.13, H 2.27, N 1.50. IR (KBr pellet, cm™):
1 160(m), 1 060(m), 980(s), 870(m), 790(s).

Crystal 2 was synthesized using the evaporation
method. (3-F-4-Cl-Anis)(BF,) (0.40 mmol) and DB[30]
crown-6  (0.20 mmol) dissolved in 10 mL acetonitrile
was slowly added into saturated CH;CN solution (10
mL) of [TBA],[SMo,04] with stirring. After one week,
the solution turned to brown from green, which indi-
cated that charge transfer interaction occurred, and
black block crystals of 2 were obtained. Anal. Calcd.
for C4HsClLEFsMoN,O5S (%): C 19.32, H 2.12, N 2.05;
Found (%): C 19.36, H 2.13, N 2.08. IR (KBr pellet,
cm™): 1 170(m), 1 060(m), 970(s), 870(m), 780(s).

1.3 Crystal data and structure determination

Crystallographic data was collected using R-
AXIS RAPID diffractometer with Mo Ko radiation (A=
0.071 073 nm) from a graphite monochromator at 173
K. The structures were solved by the direct method
(SIR 2004) and expanded using Fourier transfer and
refined on F? by the full-matrix least-squares method
(SHELXL-97) All non-hydrogen atoms were refined
using anisotropic temperature factors, and the hydrogen
atoms were refined with theoretical calculated method
using appropriate riding model. The crystallographic
data of crystals 1 and 2 are summarized in Table 1.

CCDC: 1540103, 1; 1899810, 2.

Table 1 Crystallographic parameters for 1 and 2

Compound 1 2
Formula CisHesloMopN;05,S CyHssCLEF:Mo;,N,O5S
Formula weight 2 833.07 2 735.18
Size / mm 0.30x0.20x0.15 0.40x0.20x0.10
Crystal system Triclinic Triclinic
Space group Pl Pl
a/ nm 1.184 5(2) 1.071 3(2)
b/ nm 1.413 2(3) 1.209 2(2)
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Continued Table 1

¢/ nm 2,562 4(5)
«l ) 101.2003)
B () 96.04(3)
Y1) 111.7203)
VI nm? 3.834 4(17)
A 2

D,/ (g-cn) 2454

w/ mm™ 2.828
GOF on F? 1.048

Ry [1520(1)] 0.046 8
W [1520(D)] 0.125 3

1.550 0(3)
101.05(3)
97.53(3)
96.12(3)
1.935 7(7)
1

2.346
2.079
1.124
0.034 1
0.095 0

R=X(FIENZIF); "wR =] S w(F-F S w(F"”

2 Results and disscussion

2.1 Structure description of crystal 1

Single crystal X-ray diffraction analysis reveals
that the crystal 1 crystallizes in triclinic space group
P1. Crystal 1 contains two [18]crown-6 molecules, two
4-TAnis cations, one [SMo;,04]* polyoxoanion and one
CH;CN molecule in the asymmetric unit as shown in
Fig.1.

There are two kinds of supramolecular cations
with  different crystal 1. The

arrangements  in

supramolecular cations are constructed through the N-
C19
C20 @

Hydrogen atoms are omitted, and only the atoms involved in the

weak interaction are labeled for clarity
Fig. ORTEP diagram of asymmetric unit of crystal 1
with atomic numbering scheme and 30% thermal

ellipsoids

H:--- O hydrogen bonding interaction between the N
atoms of 4-IAnis cations and the O atoms of [18]
crown-0, and the N atoms are nearly located at the
center of [18]crown-6 molecule. The average N-H---O
hydrogen bonding lengths of N1-O (from 041 to 046)
and N2-O (from 047 to 052) are 0.290 1 and 0.287 0
nm, respectively, which are similar to the standard N-
H---O hydrogen bonding length™! indicating there
exist strong hydrogen bonding interactions between 4-
[Anis cations and [18]crown-6 molecule. In the
supramolecular cations, the 4-IAnis cationic plane
containing N1 (or N2) is almost perpendicular to the
[18]crown-6 molecular plane with the dihedral angle
being 87.39° (or 89.56°).

[SMo,04]*~ polyoxoanion has an approximate O,
sharing  MoOg
octahedrons. In crystal 1, through X-ray crystalline

symmetry and consists of twelve

structural analysis, short O --- O distances between
adjacent  [SMo ;040"
(0(5)--0(39) 0.328 9 nm; O(17)---0(28) 0.422 4 nm
and 0(22)---0(22) 0.316 8 nm), which indicates there

exist intermolecular O--- O interactions to construct a

polyoxoanions were observed

three-dimensional polyoxoanion structure. The clear
polyoxoanion packing diagram is in ac plane as shown
in Fig.2a. Weak hydrogen bonding interactions are
found between [SMo;,04]" polyoxoanions and [18]
crown-6 molecule, which play an important role in
constructing three-dimensional structure of 1. The
details of hydrogen bonding interactions are shown in

Table 2. The divalent [SMo,O4]*" polyoxoanions and
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Symmetry codes: ' —2+x, y, z; ' —x, 2y, —z; " —1+x, y, z;

iv

"=, 2y, 1-z

Fig.2 (a) Packing diagram of [SMo,O,]* polyoxoanions in crystal 1; (b) Packing diagram of crystal 1 in bc plane

Table 2 Hydrogen bonding interaction parameters of crystal 1

D-H-A d(D-H) / nm d(H-A) / nm d(D-+A) / nm ZDHA /()
C(6)-H(6B)-+-0(13) 0.097(1) 0.256(1) 0.333 2(1) 137(3)
C(8)-H(8A)--0(31)" 0.097(1) 0.255(1) 0.344 8(1) 155(3)
C(9)-H(9B)-+-O(39)" 0.097(1) 0.249(1) 0.327 1(1) 138(3)
C(10)=H(10B)---O(5)" 0.097(1) 0.249(1) 0.341 5(1) 159(3)
C(11)=H(11B)---0(26) 0.097(1) 0.256(1) 0.352 9(2) 175(3)
C(13)-H(19A)---0(16) 0.097(1) 0.260(1) 0.353 6(1) 163(3)
C(22)-H(28A)-+-0(20)" 0.097(1) 0.254(1) 0.345 3(1) 156(3)
C(35)=H(33)---0(5)" 0.093(1) 0.258(1) 0.320 2(1) 125(3)

Symmetry codes: ' —1+x, v, z; " x, —1+y, z; " 1-x, 1-y, —z;

monovalent [(4-1Anis)([18]crown-6)] assembly with the
molar ratio of 1:2. The supramolecular cations are
filled into the space formed by [SMo,0.[*~ polyoxoan-
ions. Each [SMo ;04> polyoxoanions is surrounded by
six  [(4-1Anis)([18]crown-6)] supramolecular cations,
and construct a hexagonal arrangement in bc¢ plane as
shown in Fig.2h.
2.2 Structure description of crystal 2

Single crystal X-ray diffraction analysis indicates
that crystal 2 crystallizes in triclinic space group P1.
The asymmetric unit of crystal 2 contains half of a
[SMo,04]*~ polyoxoanion, half of a DB[30]crown-10
molecule, one (3-F-4-Cl-Anis) cation and one CH;CN
molecule as shown in Fig.3. DB[30]crown-10 molecule
has more larger cavity, which has the ability to
incorporate two NH," cations. Therefore, in crystal 2,
supramolecular cations consisted of one DB[30]crown-
(3-F-4-Cl-Anis) cations. Each

nitrogen atom in (3-F-4-Cl-Anis) cation is connected

10 molecule and two

M l=x, 2-y, 1—z

to five oxygen atoms in DB[30]crown-10 through N-H
=+ O hydrogen bonding interaction with the same
average N—H---O distance of 0.289 7 nm. Two aromatic
planes of the (3-F-4-Cl-Anis) cations in the supra-

molecular cation are parallel to each other.

023

Hydrogen atoms are omitted for clarity
Fig.3 ORTEP diagram of asymmetric unit of crystal 2
with the atomic numbering scheme and 30%

thermal ellipsoids
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In crystal 2, short O --- O distances between
adjacent [SMo;,04]*" polyoxoanions were found (O (9)
--0(21) 0.310 0 nm and O(7)---0(14) 0.322 2 nm),
which indicates there exist intermolecular O --- O
interactions in ab plane as shown in Fig.d4a. Weak
hydrogen bonding interactions are observed between
[SMo1,04]* polyoxoanions and DB[30]crown-10 mole-
cule, which play an important role in constructing

three-dimensional structure of 2. The details of

hydrogen bonding interactions are shown in Table 3.
The divalent [SMo,04]*" polyoxoanions and divalent
[(3-F-4-Cl-Anis)(DB [30]crown-10)] assembly with the
molar ratio of 1:1, and supramolecular cations are filled
into the space formed by [SMo,,04]*" polyoxoanions.
Each [SMo,04]* polyoxoanions is surrounded by four
large size supramolecular cations [(3-F-4-Cl-Anis)(DB
[30]crown-10)], and construct a rectangular arran-

gement in be plane as shown in Fig.4b.

Symmetry codes: ' —x, 1=y, 3—z; " =I+x, y, 14z; " =14x, =14y, 14z; ¥ 1-x, 1-y, 3—2

Fig.4 (a) Packing diagram of [SMo,O,* polyoxoanions in crystal 2; (b) Packing diagram of crystal 2 in be plane

Table 3 Hydrogen bonding interaction parameters of crystal 2

D-H--A d(D-H) / nm d(H--A) / nm d(D-++A) / nm £ DHA / (%)
C(2)-H(Q)---0(7) 0.093(1) 0.253(1) 0.320 0(5) 129(2)
C(5)-H(5)--0(21)" 0.093(1) 0.244(1) 0.320 6(7) 13903)
C(7)=H(7A)--O(1 )" 0.097(1) 0.254(1) 0.343 4(7) 153(3)
C(20)-H(20)---0(27)" 0.093(1) 0.256(1) 0.328 7(5) 136(3)
C(21)-H(21B) - 0(6)" 0.096(1) 0.259(1) 0.352 3(9) 164(3)

Symmetry codes: ' —x, 1-y, 1=z; " x, =14y, z; " 1-x, 1=y, 1-z; ¥ 1-x, 2y, 1—z

2.3 XRD patterns of crystals 1 and 2

The powder X-ray patterns of crystals 1 and 2
were measured. As shown in Fig.5, the diffraction
patterns of crystals 1 and 2 were very similar to the
corresponding simulated PXRD pattern calculated
from the crystalline structure. The results indicate that
the phases of crystals 1 and 2 are pure.
2.4 Thermogravimetric analysis

The thermal behavior of crystals 1 and 2 was
investigated through the TG-DTA measurements from
30 to 500 °C as shown in Fig.6. Crystal 1 started to

decompose from 130 °C. The weight loss of crystal 1
is mainly dominated by losing CH;CN molecules
during heating process. Crystal 1 lost one CH;CN
(Obsd. 1.49% , Caled. 1.45% ) when the
temperature is up to 152 °C. Crystal 2 started to
decompose from 160 C , and lost two CH;CN
(Obsd. 3.00% , Caled. 3.05%) when the
temperature is up to 190 “C. TG-DTA results are in

molecule

molecules

accordance with the crystalline structure analysis, and
indicate that the hydrogen bonding interaction plays

an important role in maintaining the stability of
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Fig.5 PXRD patterns of crystals 1 (a) and 2 (b)
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Fig.6 TG-DTA plots of crystals 1 (a) and 2 (b)

crystals 1 and 2.

2.5 Diffuse reflectance spectra for crystals 1 and 2
UV-Vis spectra of the crystalline salts dispersed

the diffuse

reflectance technique®. Crystals 1 and 2 in the solid

in barium sulfate was obtained by
state showed a broad, upper-energy absorptions that
extended from 300 nm to well beyond 800 nm. It can

be observed that the absorption intensities from 420 to

100 -
—
80 |
3
E:
§ 60 | — SMo,,0,,
< —— Crystal 1
—— Crystal 2
40
1 1 1 1 J
300 400 500 600 700 800
Wavelength / nm

Fig.7 Diffuse reflectance spectra of SMo,04, crystals 1
and 2

800 nm of crystals 1 and 2 are much stronger than
starting materials [SMo;,O4]* as shown in Fig.7. Accor-
ding to the Mulliken theory®, these results can be
attributed to charge-transfer transitions between the

[SMo,,0.0]* acceptor and supramolecular cationic donor.
3 Conclusions

Supramolecular  structural  inorganic-organic
hybrids [(4-1-Anis)([ 18]crown-6) ]| SMo,,04] - CH;CN (1)
[(3-F-4-Cl-Anis), (DB[30]crown-10)][SMo;,0y)
2CH;CN (2) have been synthesized based on the

structural advantages of POMs and crown ethers.

and

Crystals 1 and 2 are constructed through noncovalent
bonding interaction. Supramolecular cation are formed
through the N-H--- O hydrogen bonding interaction
between the nitrogen atom of anilinium and oxygen
atoms of crown ether derivatives. In crystal 1, small
size monovalent supramolecular cations (4-1-Anis)([18]
crown-6) was designed, and each polyoxoanion is
surrounded by six monovalent supramolecular cations

to form hexagonal arrangement in bc plane. In crystal
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2, a larger size divalent supramolecular cations (3-F-
4-Cl-Anis), (DB[30]crown-10) was chosen, and each
polyoxoanion is surrounded by four divalent supra-
molecular cations to form tetragonal arrangement in
the be plane. TG results indicate that hydrogen bonding
interaction plays an important role in maintaining the
structural stability of crystals 1 and 2. UV-Vis DRS
spectra indicate that there exists charge-transfer
interaction between [SMo,04[* and crown ether based

supramolecular cations in crystals 1 and 2.
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