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The heptamolybdate [NH4]s[Mo0;0,4], as a common polyoxometalate (POM) precursor with dynamic configuration
transformation in aqueous solution by changing pH, has been introduced into the hydrothermal reaction system containing

copper ions and bichelate-bridging ligands, leading to the isolation of seven new organic—inorganic hybrid compounds
[Cu,Lo)][MogO1s] (1), [Cu',Loo][A-MogOs)- 2H,0  (2),  [Cu'yLos(pypz)sl[6-MogOs6]-3H,0  (3).  [Cu'yLpy(Hy0)s][0-
MogO2][8-M05Oy6]-4H,0 (4), [CUI4LP3] [8-Mo3Ox]-H,O (5), [CUI4L174][05'M03026] (6), and [Culszz(Emim)z] [8-MogOx] (7)
(bis(3-(2-pyridyl)pyrazole-1-ylmethyl)benzene = bppmb, Lo = 1,2-bppmb, Lp = 1,4-bppmb, pypz = 3-(2-pyridyl)pyrazole,
Emim = 1-ethyl-3-methylimidazolium). All compounds were characterized by elemental analyses, IR spectra, TG analyses,
is powder X-ray diffraction and single-crystal X-ray diffraction analyses. The structural analyses show that the
isopolymolybdate clusters act as a type of “molecular adapter”, which modulate the coordination mode of metal-organic
subunits, leading to a series of new metal-organic secondary building units, such as the “Mdobius-Ring”-type binuclear unit,
“S”-type binuclear unit, butterfly-type unit, helical chain and mesomeric helical chain. As a result, the POM anions and the
metal-organic subunits have the suitable matching mode to form new hybrid self-assemblies. The photocatalytic properties of

20 compounds 1-7 for the degradation of Rhodamine-B (RhB) under UV irradiation were investigated. All compounds showed

good catalytic activity. Furthermore, the luminescent properties of compounds 1-7 have also been explored, indicating an

organic ligand-based emission mode for all compounds.

Introduction

Polyoxometalates (POMs) have been on the stage reflecting the
diverse nature of this family of inorganic clusters, which exhibit a
variety of compositions, architectures as well as potential
applications in catalysis, photochemistry, molecular electronics,
medicine, efc.' During the process of constructing POM-based
inorganic-organic hybrid materials, not only how POMs
influence the function of the hybrid materials but also the
relationship between the structures and properties are worthy
investigating, which will provide reliable strategies to design and
synthesize special POM-based hybrid materials.> According to
the literature, even different charge of POM anions can cause
transformation of a metal-organic unit, benefiting the assembly of
new hybrid complexes.’ We proposed that a dynamic
configuration of POM anions, acting as a “molecular adapter”,
might adjust the coordination mode of metal-organic subunits,
leading to more novel assembly products of POM-based metal-
organic frameworks. The octamolybdate can be a good candidate
due to the versatile isomers such as a, f, 7, d, & { # and 6
evidenced in 1970.*° More importantly, these isomers are easily
transformed to each other under mild changes of the system.*?
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In the synthesis of inorganic-organic hybrid materials, the type
of organic N-donor bridging ligands is one of the important
factors because the neutral organic N-donor ligands have strong
coordination interactions with TM ions, which can been
extensively used for constructing the POM-based metal-organic
hybrid compounds. In the literature, N-donor ligands are
generally classified into two types, namely the chelate and
bridging ligands.**® The former ones possess the following
advantages: (i) stronger coordination ability to transition metal
(TM) ions than the bridging ligands with mono-dentate N-donor
groups (for example the pyridine group); (ii) infinite coordination
ss modes with TM ions, such as a {ML,} tetra-coordinated distorted
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tetrahedral geometry and a {ML;} hexa-coordinated octahedral
geometry (L represents the bi-dentate chelate ligand), which is
suitable for the synthesis of desirable complexes.7 If a —(CH,),~
spacer and/or rigid phenyl center is introduced between two

e chelate groups, a kind of organic chelate-bridging N-donor
ligands can be produced and may show potential advantages to
build new POM-based hybrid compounds with cage-like, helical,
or even porous structural features.

6s Scheme 1 The structural feature of the bichelate-bridging Lo and Lp
ligands

Based on the aforementioned considerations, we chose a type
of ligands combining both chelate and bridging functions, bis(3-
(2-pyridyl)pyrazole-1-ylmethyl)benzene (abbr. bppmb) (as shown

7 in Scheme 1), to explore new POM-based hybrid compounds.®
We employed the Cu-bppmb coordination complexes and
heptamolybdate as the POM precursor to in-situ synthesize seven
new POM-based inorganic-organic hybrid compounds,
[CuhbLo)][MogOys] (1), [Cu'Lo,][3-MogOx]-2H,0  (2),

s [Cu'4Lox(pypz)s]  [a-MogOnel-3H,0 (3),  [Cu'sLpy(H,0)u][a-
MogOx][-MogOx]-4H,0  (4), [CUI4LP3] [8-Mo0gOy6]-H,O  (5)
[CUI4LP4][05'M03026] (6), and [Culszz(EHﬂm)z][ﬂ'Moxozé] 7
(Lo = 1,2-bppmb, Lp = 1,4-bppmb, pypz = 3-(2-pyridyl)pyrazole,
Emim = 1-ethyl-3-methylimidazolium). It is noteworthy that as

so the heptamolybdate in-situ transformed into hexamolybdate or
different isomers of octamolybdates, the coordination modes of
Cu-bppmb complex varied, leading to a series of new
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coordination units such as the “Mobius ring”-type binuclear unit, and mesomeric helical chain. The photocatalytic properties of

“S”-type binuclear unit, butterfly-type unit, chiral helical chain compounds 1-7 have also been investigated.
Table 1. Crystal data and structure refinement for 1-7.

Compounds 1 2 3 4

Formula CygHyoN,0,0M0ogCu, CygHysN,0,3M05Cu, CgoH79N24020M05Cuy CoHosN24060M016Cuy

Mr 1791.64 2131.55 2853.28 4335.17

T/K 150(2) 150(2) 150(2) 150(2)

Cryst. Syst. Orthorhombic Monoclinic Monoclinic Triclinic

Space group Pbcn P2,c P2,/n P-1

alA 17.3590(6) 10.4332(2) 15.307(3) 14.8527(6)

bIA 12.5591(4) 15.1148(3) 21.194(4) 15.7723(5)

c/A 25.1230(7) 20.2219(5) 15.805(3) 17.4004(6)

al® 90 90 90 72.343(3)

pre 90 109.501(2) 10.53(3) 66.337(4)

yl° 90 90 90 63.668(3)

VIA® 5477.2(3) 3005.98(11) 4801.5(17) 3306.9(2)

z 4 2 2 1

4/ mm’ 2.176 2.401 1.962 2.186

F(000) 3496 2068 2804 2108

Refls 19408 11421 36588 21482

Rine 0.0753 0.0255 0.0637 0.0710

GOF 0.987 1.022 1.020 1.008

R, [I>24(D]* 0.0438 0.0259 0.0417 0.0721

WR, (all data)” 0.0861 0.0658 0.0910 0.1706

Ap,mx,mm/e,&{‘3 0.614 and -0.629 0.487 and -0.434 1.476 and -1.364 1.932 and -1.108

Compounds 5 6 7

Formula C7,HgyN;30,7MogCuy CosHggN240,sMo0gCuy CsoHgoN60,6Mo0gCu,

Mr 2633.08 3007.52 2317.86

T/K 150(2) 150(2) 150(2)

Cryst. Syst. Monoclinic Triclinic Monoclinic

Space group C2/c P-1 P2,/c

alA 22.820(5) 13.7656(6) 14.4906(4)

b/A 14.239(3) 14.8306(6) 13.7504(5)

c/A 25.933(5) 16.0531(5) 18.9091(7)

al® 90 117.470(3) 90

pre 91.55(3) 109.431(3) 95.280(3)

yl° 90 91.167(3) 90

VIA® 8424(3) 2682.32(18) 3751.7(2)

Z 4 1 2

4/ mm’! 2.223 1.759 1.932

F(000) 5152 1484 2272

Refls 28518 16486 14215

Rin 0.1156 0.0503 0.0523

GOF 1.017 0.957 0.959

R, [I>24(D]* 0.0608 0.0586 0.0422

WR, (all data)” 0.1326 0.1471 0.6335

Ap,mx,mm/e,&{‘3 0.537 and -0.568 1.037 and -0.665 1.076 and -0.693

Note: °R; = ZIIF,| — IF/ZIF,|; "wR, = [w(F,* — F.HM/Z[w(F,H"

Experimental

Materials and physical measurements

10 All reagents and solvents for the synthesis were purchased
without further purification. The bichelate-bridging ligands Lo
and Lp were prepared according to literature methods.” Elemental
analyses (C, H and N) were carried out on a Perkin-Elmer 2400
CHN elemental analyzer. The FT-IR spectra were performed on a
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Mattson Alpha-Centauri slpectrometer with KBr pellets in the
range of 4000 — 400 cm™. TG analyses were performed on a
Pyris Diamond TG instrument in flowing N, with a heating rate
of 10 °C-min™'. The powder X-ray diffraction (PXRD) patterns
were obtained with a Rigaku D/max-IIB X-ray diffractometer at a
scanning rate of 1° per minute with 20 ranging from 5° to 50°
using Cu Ko radiation (A 1.5418 A). Photocatalytic
experiments in aqueous solutions were accomplished in a 500 mL
water-cooled quartz cylindrical container. Usually, the reaction
mixture in the container was kept at room temperature by a
continuous flow of water through an external cooling coil.
Moreover, a 125 W high-pressure mercury lamp was employed as
the UV light source. A suspension of powdered catalyst (50 mg)
in fresh aqueous solutions of Rhodamine-B (RhB) (400 mL, 20.0
mg-L™") was magnetically stirred in the container in the dark for
30 min before irradiation in order to establish an
adsorption/desorption equilibrium of RhB on the sample surface.
At given 15-min irradiation intervals, 3 mL of samples were
taken out from the beaker and subsequently analyzed by an SP-
1900 UV-vis spectrophotometer. The organic dye concentration
was estimated by the absorbance at 550 nm.

Synthesis
[Cu',Lo,][MosO;] (1)

A reaction mixture of (NH,)¢Mo0,0,4-4H,0 (0.16 g, 0.13 mmol),
CuCl,-2H,0 (0.15 g, 0.87 mmol), Lo (0.1 g, 0.25 mmol) and
distilled water (10 mL) was stirred for 0.5 h at room temperature
and adjusted to pH 2.0 with HC1 (2 M). Then, the suspension was
sealed into a Teflon-lined autoclave and kept under autogenous
pressure at 180 °C for 5 days. After the autoclave was slowly
cooled to room temperature at a rate of 10 °C-h”', yellow block
crystals were filtered and washed with distilled water (70% yield
based on Mo). Anal. Caled for CygHyN;,O;0Mo¢Cu,: C 32.15, H
2.23, N 9.38. Found: C 32.47, H 2.15, N 9.65. Selected IR (KBr
pellet, cm™): 3442(s), 3149(w), 3108(w), 1645(w), 1604(m),
1560(w), 1502(s), 1436(s), 1363(s), 1232(s), 1095(w), 1063(m),
955(s), 870(w), 800(s).

[Cu",Lo,][3-MogOs]-2H,0 (2)

A reaction mixture of (NH,)¢Mo0,0,4-4H,0 (0.16 g, 0.13 mmol),
Cu(NOs),-3H,0 (0.21 g, 0.87 mmol), Lo (0.1 g, 0.25 mmol) and
distilled water (10 mL) was stirred for 0.5 h at room temperature
and adjusted to pH 4.5 with HC1 (2 M). Then, the suspension was
sealed into a Teflon-lined autoclave and kept under autogenous
pressure at 180 °C for 5 days. After the autoclave was slowly
cooled to room temperature at a rate of 10 °C-h™!, green block
crystals were filtered and washed with distilled water (60% yield
based on Mo). Anal. Calcd for C4;gH4uN{,0,3MogCu,: C 27.02, H
2.06, N 7.88. Found: C 27.32, H 2.15, N 7.58. Selected IR (KBr
pellet, cm™'): 3439(s), 3106(w), 1639(s), 1504(w), 1443(s),
1381(w), 1344(w), 1230(m), 1074(w), 953s), 891(s), 822(s),
773(w), 715(m), 660(w).

[Cu'sLoa(pypz)s][a-MogOs]-3H,0 (3)

A reaction mixture of (NH4)¢Mo0;0,4:4H,0 (0.16 g, 0.13 mmol),
CuCl,-2H,0 (0.15 g, 0.87 mmol), Lo (0.1 g, 0.25 mmol), pypz
(0.036 g, 0.25 mmol) and distilled water (10 mL) was stirred for

0.5 h at room temperature and adjusted to pH 3.0 with HCI (2 M).

Then, the suspension was sealed into a Teflon-lined autoclave
and kept under autogenous pressure at 180 °C for 5 days. After
the autoclave was slowly cooled to room temperature at a rate of
10 °C-h”', green block crystals were filtered and washed with
distilled water (40% yield based on Mo). Anal. Calcd for
C30H70N24029M08CU4: C 33.65,H 2.45, N 11.78. Found: C 33.97,
H 2.53, N 11.55. Selected IR (KBr pellet, cm'l): 3109(m),
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1604(m), 1566(w), 1437(s), 1365(m), 1232(m),
1090(m), 939(s), 908(s), 850(s), 777(m), 715(s), 673(W).

[Cu"yLpy(H,0),][a-M0gOs][f-MogOs6]- 4H,0 (4)

A mixture of (NHy)sM0;0.4-4H,0O (0.16 g, 0.13 mmol),
CuCl,-2H,0 (0.15 g, 0.87 mmol) and Lp (0.1 g, 0.25 mmol), was
dissolved in 10 mL of distilled water and adjusted to pH 3.7 with
HCI1 (2 M) and NaOH (1 M). The mixture was stirred for 0.5h at
room temperature. Then, the suspension was sealed into a Teflon-
lined autoclave and kept under autogenous pressure at 180 °C for
5 days. After the autoclave was slowly cooled to room
temperature at a rate of 10 °C-h”', green block crystals were
filtered and washed with distilled water (40% yield based on Mo).
Anal. Calcd for C96H96N24060M016CU4I C 26.57,H2.21, N 7.75.
Found: C 26.85, H 2.15, N 7.90. Selected IR (KBr pellet, cm'l):
3437(s), 3118(w), 1614(s), 1566(w), 1504(w), 1490(w), 1439(s),
1363(m), 1230(m), 1165(w), 1101(w), 945(s), 912(s), 839(w),
779(s), 657(m).

[Cu'4Lps][-MogOs]-H,O (5)

A mixture of (NHy)sM0;0.4-4H,0O (0.16 g, 0.13 mmol),
CuCl,-2H,0 (0.15 g, 0.87 mmol) and Lp (0.1 g, 0.25 mmol), was
dissolved in 10 mL of distilled water and adjusted to ca. pH 4.5
with HCI1 (2 M) and NaOH (1 M). The mixture was stirred for 0.5
h at room temperature. Then the suspension was sealed into a
Teflon-lined autoclave and kept under autogenous pressure at
180 °C for 5 days. After the autoclave was slowly cooled to room
temperature at a rate of 10 °C-h”', black block crystals were
filtered and washed with distilled water (40% yield based on Mo).
Anal. Calcd for C72H62N18027M08CU4: C 3281, H 235, N 9.57.
Found: C 32.61, H 2.46, N 9.78. Selected IR (KBr pellet, cm'l):
3448(s), 3118(w), 1635(s), 1496(w), 1436(s), 1348(w), 1230(m),
1153(w), 1064(w), 944(w), 919(s), 887(w), 852(s), 765(m),
690(m), 642(w).

[Cu',Lp4][o-MogOy] (6)

A mixture of (NHy)sMo0;0.4-4H,0O (0.16 g, 0.13 mmol),
CuCl,-2H,0 (0.15 g, 0.87 mmol), Lp (0.1 g, 0.25 mmol),was
dissolved in 10 mL of distilled water and adjusted to ca. pH 3.0
with HCI1 (2 M) and NaOH (1 M). The mixture was stirred for 0.5
h at room temperature. Then, the suspension was sealed into a
Teflon-lined autoclave and kept under autogenous pressure at
180 °C for 5 days. After the autoclave was slowly cooled to room
temperature at a rate of 10 °C-h”', yellow block crystals were
filtered and washed with distilled water (45% yield based on Mo).
Anal. Calcd for C96H30N24026M08CU4: C 38.30, H 266, N 11.17.
Found: C 38.62, H 2.74, N 11.36. Selected IR (KBr pellet, cm'l):
3363(w), 3109(m), 1601(s), 1562(w), 1497(m), 1435(s), 1348(m),
1234(s), 1155(w), 1066(m), 916(s), 862(m), 810(s), 769(m),
736(w), 659(s).

[Cu',Lp>(Emim),][#-MogOs] (7)

A mixture of (NHy)sM0;0.4-4H,0O (0.16 g, 0.13 mmol),
Cu(Cl,-2H,0 (0.15 g, 0.87 mmol), Lp (0.1 g, 0.25 mmol) and
[Emim]Br (2 g, 4.6 mmol),was adjusted to pH 4.5 with HCI (2 M)
and NaOH (1 M). The mixture was stirred for 0.5 h at room
temperature. Then, the suspension was sealed into a Teflon-lined
autoclave and kept under autogenous pressure at 180 °C for 5
days. After the autoclave was slowly cooled to room temperature
at a rate of 10 °C-h”', brown block crystals were filtered and
washed with distilled water (55% yield based on Mo). Anal.
Calcd for C60H62N16026M08CU2: C 3106, H 2.67, N 9.66. Found:
C 31.37, H 2.59, N 9.43. Selected IR (KBr pellet, cm'l): 3440(s),
3113(w), 3082(m), 1637(w), 1600(m), 1560(w), 1494(w),
1434(s), 1350(m), 1234(s), 1163(s), 1095(w), 947(s), 912(s),
838(s), 784(m), 714(s), 714(s), 659(m).

1153(m),
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X-ray crystallography

The crystallographic data of compounds 1-7 were collected at
150 K on the Rigaku R-axis Rapid IP diffractometer using
graphite monochromatic Mo Ka radiation (1 = 0.71073 A) and IP
techniques. A multi-scan absorption correction was applied. The
crystal data of 1-7 were solved by the direct method and refined
by a full-matrix least-squares method on F* using the SHELXTL-
97 crystallographic software package.'” All non-H atoms were
refined anisotropically except the disordered solvent water
molecules. H atoms on the C atoms were fixed in calculated
positions. H atoms on the coordinated water molecules were
found from the difference Fourier maps and fixed in reasonable
positions. However, the H atoms on the lattice water molecules
cannot be found from the residual peaks but were directly
included in the final molecular formula. Furthermore, compound
2 exhibits solvent accessible voids in the final refinement but the

residual peaks are too weak to be confirmed as solvent molecules.

Based on the elemental analysis and TG analysis, the extra two
solvent water molecules were directly included in the final
molecular formula of 2. The detailed crystal data and structure
refinement for 1-7 are given in Table 1. Selected bond lengths
and angles of 1-7 are listed in Table S1- S7, respectively.

Results and Discussion
Crystal Structures

The POM anions existing in compound 1 are the classical
Lindqvist-type polyoxoanions [MogOo]>, which are formed by
six MoOg octahedra connected with each other through edge-
sharing oxygen atoms and thus exhibit approximate O}, symmetry
(Fig. Sla and d). The inorganic building blocks in compounds 2—
7 are [0-MogO,6]* (a-Moyg), [B-MogO,6]* (B-Mog), or both ([o/B-
MogOa]*, o/B-Mog) anions. These polyoxoanions lie in the
inversion centers. The a-Mog anion consists of six distorted
{MoQg} octahedra and two distorted {MoQ,} tetrahedra with
three kinds of O atoms, namely six p;3-O, six p-O, and fourteen
terminal oxygen atoms (O,) (Fig. S1b and e). The B-Mog anion is
composed of eight distorted {MoQOg} octahedra with four kinds of
O atoms, including six p-O, four p3-O, two ps-O, and twelve O,
(Fig. S1c and f).

Structure description of 1

Single-crystal X-ray diffraction analysis shows that compound
1 crystallizes in the orthorhombic space group Pbcn and the basic
structural unit consists of one cationic [Cu'y(Lo),]** unit and one
Lindqvist polyoxoanion [MogO;s]* (Fig. 1 and Fig S2). The
[MogO1]> moiety has crystallographically-imposed inversion
symmetry, with O6 atom on an inversion centre. In the
[Cu's(Lo),]*" unit (Fig. 1a), each Cu' center is four-coordinated
with four N atoms derived from two different Lo ligands and
exhibits a distorted tetragonal coordination geometry. The bond
lengths of Cu-N vary from 2.020(5) - 2.122(5) A and the bond
angles of N-Cu-N are in the range of 80.7(2) to 146.5(2)°. In this
metal-organic unit, the Lo ligand adopts an “anti’-style
configuration and acts as a four-dentate chelate ligand to
coordinate with two Cu centers to form the binuclear Cu-cluster
(Fig. 1a). Such a moiety lies about a twofold axis. Furthermore,
these cationic units are extended into 2D supramolecular sheets
through =...w interactions with distances of 3.689(1) to 4.030(1)
A between the pyridyl rings and the pyrazole rings in the ab
plane (Fig. lc and Fig. S3). It is noteworthy that such 2D
supramolecular sheets possesses honeycomb-like cavities, which
are occupied by the [MogO19]> POM units (Fig. 1c). Based on
extensive weak m...m interactions in the structure, these
[Cu(D)»(Lo),]* units form 2-D supramolecular sheets, which are
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well separated by the Lindqvist-type POM clusters, as shown in
Fig. S4.

Figure 1 (a) Ball-and-stick view of binuclear [Cu’,L0,]** unit in 1; (b)
Polyhedral view of [MoeO1s]* cluster in 1; (¢) View of 2-D cationic
supramolecular layer constructed by m...m interactions of adjacent
binuclear [Culgl_m]2+ units viewed along c axis in 1. The cavities of the 2-
D supramolecular layer are occupied by the POM anions

Structure description of 2

Single-crystal X-ray diffraction analysis indicates that
compound 2 crystallizes in the monoclinic space group P2,/c and
consists of two [Cu"Lo]** moieties and one [A-MogOal*
polyoxoanion (Fig. 2 and Fig. S5). In the crystal structure of 2,
the [,B—M03026]4‘ moiety lies about an inversion centre. Each Lo
ligand in 2 adopts a “syn”-style configuration, coordinating with
one Cu"' center to form the mononuclear {CuLo} moiety (Fig. 2a).
The two chelate bppmb groups in the [CuLo] unit are not in the
same plane, but distort each other with a dihedral angel of
42.727(9)° (Fig. S6a). The Cu" center is five-coordinated with
four N atoms derived from the same Lo ligand and one terminal
O (O7) atom originating from the polyoxoanion, exhibiting a
distorted tetragonal pyramid coordination geometry. The bond
distances of Cu-N are in the range of 1.957(3)-2.140(3) A and
that of Cu-O is 2.063(2) A. The bond angles of N-Cu-N range
from 80.17(1) to 176.37(2)° and those of N—Cu-O from 88.51(1)
to 135.07(1)°. Moreover, two mononuclear {Culo} units are
connected with the [$-MogOy]* to form a {CuLo}-decorated
POM cluster (Fig. 2c). Interestingly, the adjacent [CuLo] units
are further connected into a 2-D supramolecular network in bc
plane via weak intermolecular C-H...n interactions between the
pyrazole/pyridine rings (Fig. S6b and Fig. S7). The typical C-
H...n distances are 2.724(2) to 3.194(4) A. In the packing
arrangement, the 2-D supramolecular networks are well separated
without obvious H-bonding or =...w interactions (Fig. S8).
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Figure 2 (a) Ball-and-stick view of [CuLo] fragment in 2; (b) Polyhedral
view of [/?-MOgOz(,]4’ unit in 2; (c) The [CuLo]-decorated POM hybrid
cluster of 2

Structure description of 3

Single-crystal X-ray diffraction analysis reveals that compound
3 crystallizes in the monoclinic space group P2,/n, whose basic
structural unit contains one polyoxoanion [0-MogOx]*™ and two
binuclear [Cuz(pypz)z(Lo)]2+ units (Fig. 3 and Fig. S9). The [a-
MogOy6]* moiety lies about an inversion centre in the crystal
structure of 3. In the binuclear [Cuz(pypz)z(Lo)]2+ unit, there are
two different Cu™ centers (Fig. 3a). The Cu(2) ion shows a five-
coordinated environment with two nitrogen atoms derived from
the Lo ligand and three nitrogen atoms from two different pzpy
ligands. Nevertheless, the Cu(1) ion possesses a six-coordinated
environment, where it coordinates not only with five N atoms
from the organic ligands ( similar to the case of Cu(2)) but also
with one terminal O atom from the polyoxoanion. The bond
distances of Cu-N range from 1.955(5) to 2.312(5) A and that of
Cu-O is 2.594(0) A. The bond angles of N-Cu-N range from
75.87(2) to 177.1(2)° and those of N-Cu-O from 81.7(8) to
169.0(5)°. Moreover, the two Cu centers are connected with each
other via one Lo ligand with “syn”-style configuration and two
the pzpy ligands to form the binuclear Cu-cluste. It is noteworthy
that the “syn”-style configuration of Lo ligand in compound 3 is
different with those in compound 1 and 2, indicating that the
introduction of flexible —(CH,)— spacers in Lo ligand can provide
various changes for the bridging ligand. The interesting structural
feature of compound 3 is that two binuclear [Cuz(pypz)z(Lo)]2+
units are connected with one [0-MogO,]*" moiety, forming a
dumbbell-like hybrid cluster (Fig. 3c). In the packing
arrangement, these hybrid clusters possess two kinds of
orientations, but no obvious intermolecular interactions among
the adjacent molecules in the packing arrangement of 3 (Fig.
S10).

Figure 3 (a) Ball-and-stick view of binuclear [Cux(pypz).Lo] moiety in 3;
(b) Polyhedral view of [a-MogOy]* unit in 3; (¢) The [Cux(pypz).Lo]-
decorated POM hybrid cluster of 3

40 Structure description of 4

Single-crystal X-ray diffraction analysis displays that
compound 4 crystallizes in the triclinic space group P-1. The
basic structural unit of 4 consists of one [a—M08026]4' anion, one
[B—M08026]4' anion, and two cationic binuclear

ss [Cu,Lp,(H,0),]* moieties (Fig. 4 and Fig. S11). It is

noteworthy that the [0-MogOq4]* and [B—M08026]4' moieties each
lies about an inversion centre in the crystal structure of 4. In 4, all
Cu" ions adopt the six-coordinated environment with four
nitrogen atoms derived from two different Lp ligands, one

s0 oxygen atom from the polyoxoanion, and one coordinated water

molecule (Fig. 4a). The bond distances of Cu-N are in the range
of 1.956(9) - 2.355(1) A and those of Cu-O vary from 2.029(8) to
2.479(7) A. The bond angles of N-Cu-N range from 76.7(4) to
179.9(5)° and the N-Cu-O angles are in the range of 80.3(3)-

55 167.3(1)°. Moreover, each Cu(1) ion is connected with one Cu(2)

ion by two Lp ligands with the cis-configuration to form a chiral
“Mobius-Ring (MR)”-type binuclear moiety.

Figure 4 (a) Ball-and-stick view of binuclear [Cu,Lp>(H,0),]*" unit in 4,

60 showing the “Mobius-Ring (MR)”-type structural feature; (b) Polyhedral

view of both [0-MosOy]*™ and [B-MogO,6]*" anionic clusters in 4; (c) The
1-D chainlike hybrid compound of 4 composed of binuclear
[Cu,Lp,(H,0),]* unit, (a-MogOa)*™ anions and (B-MogOy)* anions.
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More interestingly, such a chiral binuclear metal-organic unit is
connect with a centrosymmetric [0-MogOa]* anion via the Cu(1)
center on one side and linked with a centrosymmetric [pB-
MogO,6]*™ anion via the Cu(2) center on the other side, forming a
1-D chainlike hybrid compound. (Fig. 4c¢). It is worth noting that
the left-handed and right-handed “MR”-type moieties are
alternatively arranged in the chain, leading to a mesomeric chain
(Fig. 4c). To our knowledge, such a hybrid chain composed of
both [a-MogOq4]* and [B—M08026]4' units is observed for the first
10 time. In the packing arrangement, all the 1-D chains are parallel

with each other and well separated in three dimensions without

obvious intermolecular interactions (Fig. S12).

w

Structure description of 5

Single-crystal X-ray diffraction analysis reveals that compound
15 § crystallizes in the monoclinic space group C2/c. The structure
contains two types of chainlike building units. One is composed
of [-MogOx]*" polyoxoanion and a binuclear [Cu,Lp]** metal-
organic bridging fragment (labeled with Chain I), in which [f-
MogO,6] moiety lies about an inversion centre in the crystal
structure of 5, while the Lp ligand lies about another independent
inversion centre. The other is a [Cu2L172]2+ metal-organic
chainlike moiety (labeled with Chain II) (Fig. 5). In §, each Cu(1)
center is four-coordinated with two N atoms derived from the Lp
ligand and two oxygen atoms from the polyoxoanion (Fig. 5a).
»s The bond distances of Cu-N are 2.004(1) and 2.106(9) A and
those of Cu-O are 1.929(6) and 2.063(7) A, respectively. The
bond angle of N-Cu-N is 81.4(4)° and N-Cu-O are in the range of
92.7(3)-136.8(3)°. Two of such Cu(l) ions are connected with
each other by one Lp ligand with the “anti”’-configuration to form
s a {Cuplp} binuclear fragment. Interestingly, these {Cu,Lp}
fragments are further linked by the [#-MogO,e]*~ polyoxoanions
into a “zig-zag’-type chain (Chain I) (Fig. 5c). Each Cu(2)
center also exhibits the tetra-coordinated environment, whereas it
is coordinated with four N atoms from two different Lp ligands
(Fig. 5¢). The Cu-N bond distances are in the range of 1.976(8) -
2.107(1) A and the N-Cu-N bond angles vary from 80.4(3) to
132.5(4)°. Interestingly, the neighboring Cu(2) centers are
connected by the Lp ligands with the “anti”’-configuration into a
1-D {Cu,Lp,} chain (Chain II) (Fig. 5d).

2
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Figure 5 (a) Ball-and-stick view of binuclear [Cu',Lp] bridging unit in §;
(b) The polyhedral view of [B-MogO]*" anionic cluster in 5; (¢) The
structure of 1-D hybrid Chain I composed of the [CuIZLp] and [B-MogOys]
*~ units; (d) The other [Cu,Lp,] metal-organic Chain IT in 5.

45 Although both Lp ligands in 5 exhibit the “anti”’-configuration,
the distances between two Cu' centers are 9.523(9) and 7.639(4)

A, respectively(Fig. S14), indicating that the Lp ligands in two
types of chains possess different ‘“anti”-configurations.
Furthermore, the [Cu2Lp2]2+ metal-organic Chain II displays a

so chiral helical feature. Both left-handed and right-handed helical
chains can be observed along a axis (Fig. 6b). In the packing
arrangement, all the chains are parallel with each other on ab
plane (Fig. 6 and Fig. S13). It is noteworthy that Chain I shows
two kinds of orientation in the crystal structure, and such two

ss different Chain Is are separated by the supramolecular layer
composed of Chains II (Fig. 6 and Fig. S15). Furthermore, all
left-handed helical chains are parallel with each other on one
layer of ab plane, while all right-handed helical chains are
parallel with each other on the other layer of ab plane (Fig. 6¢).

e The two types of layers are alternately arranged along ¢ axis,
leading to a racemic compound 5. In the packing arrangement,
all these chains are stacked together by weak C-H...m
intermolecular interactions between the benzene rings of two
neighboring chains (Fig. S15d).

o<
D-Chainll

D-Chain I
L-Chain Il
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Figure 6 (a) Packing arrangement of compound 5 viewed along ¢ axis;
The chains in different layers are shown with blue, yellow and red colors;
(b) The left-handed and right-handed helical Chain IIs (labeled with L-
Chain II and D-Chain II) in §5; (¢) Schematic view of the packing mode of
various chains in 5.

Structure description of 6

Single-crystal X-ray diffraction analysis displays that
compound 6 crystallizes in the triclinic space group P-1. The
basic structural unit contains one [a-MogOq4]*" polyoxoanion and
two types of 1-D [Cu',Lp,]** metal-organic chains (Fig. 7 and Fig
S16). It is worth mentioning that all three components lie about
independent inversion centres. In 6, one type of [Cu',Lp,]** chain
is formed via alternate linking of the “anti”-style Lp ligands by
Cu(1) centers along ¢ axis (Fig. 7a), where the Cu(1l) centers
exhibit the tetra-coordinated environment with four N atoms
derived from two different Lp ligands. The bond distances of Cu-
N vary from 2.023(7) to 2.086(7) A and the bond angles of N-Cu-
N from 77.4(3) to 145.8(3)°. Moreover, the Lp ligands show two
types of configuration, namely Lp' and Lg2, and the distances
between two Cu(1) centers in Lp1 and Lp~ are 8.444(2) A and
9.660(5) A, respectively (Fig. S17a-b). In contrast, the alternate
connection of the “anti”-style Lp ligands with Cu(2) centers
results in the other type of [Cu,Lp,]** chain along a axis (Fig.
7b). The Lp ligands also display two types of configuration, that
is, Lp3 and Lp* (Fig. S17c-d). The distances between two Cu(2)
centers in Lp® and Lp* are 8.152(8) and 11.008(1) A, respectively
(Fig. S4c and S4d). It is worth mentioning that both chains in
compound 6 are not chiral helical chains, but show a mesomeric
helical topology. In such mesomeric chain, the left-handed helical
unit and the right-handed helical unit are alternately connected
together, leading to a mesomeric feature.”'”> In the packing
arrangement, The chains along ¢ axis and the those along a axis
are stacked together, forming a 3-D supramolecular open
framework (Fig. 8). The adjacent chains are stabilized by the
m...m intermolecular interactions between benzene rings from
different chains. The typical distance between two adjacent
benzene planes is ca. 3.487(1) A (Fig. S18). The [0-MogOa]*
polyoxoanions reside in the cavities as the guest templates (Fig.
8a).

(b)

(c)

45
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Figure 7 (a) The structure of the [Cu(1).Lp,]** chain in 6; (b) The
structure of the [Cu(2),Lp,]** chain in 6; (c) Schematic view of the
mesomeric helical structural feature of both chain in 6 (The green balls
represent Cu center).

S/ S7=

(b)

Figure 8 (a) Packing arrangement of compound 6 viewed along a axis;
Two types of 1-D chains are shown with green and red color, respectively;
(b) Schematic view of the 3-D supramolecular framework of 6 view
along a axis; The 1-D chains are simplified with the zig-zag lines. The
POMs in the cavities are omitted for clarity.

Structure description of 7

Single-crystal X-ray diffraction analysis displays that
compound 7 crystallizes in the monoclinic space group P2,/c,
whose basic structural unit consists of one cationic [Cu',Lp,]*
metal-organic chain, one [B-MogOa]* polyoxoanion and two
[Emim]* cations (Fig. 9 and Fig. S20). In the crystal structure of
7, [f-MogOy] moiety lies about an inversion centre. In the
[Cu 2Lp2]2+ chain of 7, each Cu(l) cation adopts a four-
coordinated mode with four nitrogen atoms derived from two
different Lp ligands (Fig. 9¢). The bond distances of Cu-N vary
from 2.006(7)-2.113(7)A, and the bond angles of N-Cu-N are in
the range of 79.4(3)° to 136.7(3)°. Interestingly, each Lp ligand
in 7 adopts the similar trans-configuration, which is linked by
two Cu(I) centers to form the 1-D helical chain. Furthermore,
there are extensive C-H...7m intermolecular interactions between
the adjacent left-handed and right-handed helical chains in bc
plane, forming 2-D supramolecular layer (Fig. 10 and Fig. S16).
In the packing arrangement, all these 2-D supramolecular layers
are parallel with each other and are well separated by the
[Emim]* cations and the [B—M08026]4‘ polyoxoanions (Fig. 11
and Fig. S21).

During the synthesis in Cu(I)/BBTZ/POM reaction system, it
is worth emphasizing the design and use of two initial reaction
materials. The first important precursor is the Cu(I) ion. As the
linking nodes in the final structural frameworks, Cu(l) ions are
originated from the reduction of Cu(Il) ions by the organic N-
donor ligands in the hydrothermal environment.>® Interestingly,
such in situ obtained Cu(I) ions seem to be more active than the
Cu(I)CI precursors to coordinate with organic N-donor ligands,

This journal is © The Royal Society of Chemistry [year]
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since no crystalline compounds were obtained when Cu(Il) ions
were substituted by CuCl in the initial reaction materials. Another
important precursor is the Keggin-type POMs with different
negative charges. Usually, the charge can be modulated by the
change of the central hetero-atoms of the POMs. With this
strategy, we selected a series of Keggin-type polyoxoanions with
different negative charges, such as [PMo0,,0401>, [SiMo0,0401*
and [BW,04]°". Another way is to introduce different numbers
of low-valent metal centers into the POM clusters, exemplified
10 by the [PMo,0V,040]> and [PMogV30,]%". The third route is to
reduce the POMs into heteropoly-blue with relatively strong
reductants. In our work, the hexameth%;lenetetramine was
employed to reduce [SiW,04]* into [SIW',WYL,i04]% in the
hydrothermal conditions. By the use of all above Keggin-type
15 polyoxoanions, three new POM-based inorganic-organic hybrid
compounds of good single-crystal quality were obtained. No
crystalline compounds with [BW,04]”, [PMo;oV,04]> and
[PMoyV;0,0]® POMs have been isolated yet.

w

(c)

20 Figure 9 (a) The structure of [Emim]* cation in 7; (b) The structure of [S-
Moz0,6]*" polyoxoanion cluster in 7; (c) The helical [Cu',Lp,]** chain in
7.

boo

L-Chain

D-Chain

Figure 10 The 2-D supramolecular layer in 7 formed by left-handed and
25 right-handed helical chains (labeled with L- and D-Chain) via the C-
H...m intermolecular interactions in bc plane.

Synthetic and structural discussion

In the system containing chelating-bridging ligands, copper ions
and heptamolybdate, the heptamolybdate [M0;0,4]% can in situ
50 transform to hexamolybdate or octamolybdate by changing pH of

the system. By comparing these seven compounds, at distinct pH
value range, heptamolybdate preferred to form different form of
isopolyoxomolybdate: in the range of pH< 2, the [MogOo]*
anion was predominant; at pH 3.0, the [a—M03026]4’ anion was the
3s main form; pH= 3.5-4.0, [a-MogO,6]* and [8-MogO,]* coexist at
the same time; pH> 4.0, heptamolybdate transformed to [f-
MogO,6]* isomer. The slight change of pH led to different forms
of isopolyoxomolybdate and different forms of isopolyoxoanions
influenced the assembly of the metal-organic subunits.
40 Additionally, The different coordination ability of surface oxygen
atoms on different POMs induced distinct interaction modes
between POMs and metal-organic subunits so as to obtain
multiple self-assembled POM-based inorganic-organic hybrid
materials. In this investigation, different forms of
45 isopolyoxomolybdates can be viewed as a “molecular adaptor” to
tune the appropriate form of metal-organic subunits so that the
POM anions and the metal-organic subunits have the best
matching mode in the self-assembly process (Scheme 2). This
may offer a new approach to construct a series of POM directed
so metal-organic hybrid materials.

e S

pH=3.5-4.0 E 4 in5 and 7/
{a-Mog + g-Mo;}

N } ¥
man )y ORodo ooy

v
=05
Scheme 2 Schematic view of the in situ structural transformation of
55 heptamolybdate at different pH and the POMs act as “molecular adaptor”
to modulate the metal-organic secondary building units in the
hydrothermal envrionment.
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Photocatalytic properties

The use of photocatalysts to decompose waste organic
molecules so as to purify the water resources are of great interest
for scientific research and the important concerned issue for our

s society. In this research field, Rhodamine-B (RhB) is generally
employed as a typical model dye contaminant to evaluate the
photocatalytic effectiveness in the purification of waste water."
POMs have been proved as one type of potential photocatalysts
in the degradations of organic dyes.'"* However, the typical POM

10 salts are usually water-soluble and may induce the secondary
pollution if they are directly used as photocatalysts for the above
purpose. Therefore, exploring heterogeneous POM-based
photocatalysts are one of key issues in this research field. POM-
based inorganic-organic hybrid compounds prepared in the

15 hydrothermal or solvothermal environments usually show a very
low solubility or even insolubility in water, which reveals an
ideal route to develop new photocatalysts for the degradations of
organic dyes in aqueous media.'> Herein, all seven compounds
are insoluble in water, and therefore their heterogeneous

20 photocatalytic  performances were investigated via the
experimental model of RhB photodegradation under UV
irradiation. Moreover, the photocatalytic property of the blank
RhB aqueous solution without any catalyst was also checked as

——— Omin
15min
30min
45min
60min
T5min
90min

Absorbance
Absorbance

the control experiments. The RhB solutions were monitored by
s UV-vis spectra and the decolorization speeds under different
conditions are displayed in Fig. 12. The absorption peaks of RhB
solution decreased obviously under UV irradiation for
compounds 1-7 and the photodegradation process of RhB without
any photocatalyst have also been studied for comparison.
30 Changes in C/Cy plot of RhB solutions versus reaction time were
shown in Fig. 12h. It is observed that the photocatalytic activities
increase from 35.8% (without catalysts) to 83.9% for 1, 82.3%
for 2, 84.0% for 3, 84.5% for 4, 81.5% for 5, 80.0% for 6 and
79.0% for 7 after 90 min of irradiation. Compared with RhB
without any photocatalyst, the absorption peak of compounds 1-7
decreased obviously upon irradiation, indicating that these
compounds have good photocatalysis properties degradation of
RhB. Moreover, since compound 4 exhibits the highest catalytic
activity, it is further chosen as the representive catalyst to
investigate the catalyst lifetime. In our initial experiment, the
catalytic activity of compound 4 can be well sustained when it
was recycled for five times (Fig. S22). Furthermore, PXRD
pattern of compound 4 after five-cycle photocatalytic tests is still
correspondence with the one before catalytic test, indicating that
s such heterogeneous catalysts are stable during the catalytic
process (Fig. 13).
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Figure 12 (a—-g) UV-vis absorption spectra of the RhB solution during the decomposition reaction under UV light irradiation in the presence of
compound 1-7, respectively; (h) Plot of irradiation time versus concentration for RhB under UV light in the presence of the compound 1-7, and the black

s0 curve is the control experiment without any catalyst.
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Figure 13 Simulated (black), experimental (red) and recovered after
catalytic test (purple) XRD patterns of compound 4.

Luminescent properties

ss The luminescent properties of compounds 1-7 have also been

explored, considering that the organic ligands may induce the
luminescent behaviors. Actually, upon excitation at 260 nm,
intense emission peak of compounds 1-3 are located at 373 nm,
376 nm and 375 nm, respectively (Fig. 14a) and can be assigned

6 to organic ligand-based emission (A.,,=363nm) according to the
luminescence spectrum of the free Lo ligand (Fig. 14a).
Meanwhile, the emission peak positions at ca. 384 nm, 378 nm,
380 nm and 392 nm for compounds 4-7 are similar to that of 1-3
(Fig. 14b), which are attributed to organic ligand-based emission

65 (Aem=365nm) according to the luminescence spectrum of the free
Lp ligand (Fig. 14b). This emission band can be ascribed to a z-
7* or 7-n ligand-centered electronic transition within the aromatic
systems of the L ligand."®

Conclusions

70  In summary, seven new organic—inorganic hybrid compounds
based on the TM ions, bichelate-bridging ligands and
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polyoxomolybdate units have been prepared. In such a reaction
system, the heptamolybdate [Mo;0,4]% can in sifu transform to
hexamolybdate or octamolybdate by changing pH. These POM
clusters can be viewed as a “molecular adaptor” to tune the
appropriate form of metal-organic subunits, such as the “Mdobius
ring”-type binuclear unit, “S”-type binuclear unit, butterfly-type
unit, helical chain and mesomeric helical chain. As a result, these
POM anions and various metal-organic subunits have the best
matching mode in the self-assembly process, leading to new
10 hybrid compound system. These POM-based hybrid materials
display good photocatalytic activities towards the model
degradation experiment of RhB under UV irradiation. Based on
the present work, it can be predicted that the use of a dynamic
configuration of POM anions to modulate the metal-organic
15 coordination complex moieties may be developed as a new
strategy to design and synthesis of hybrid compound systems
with desirable structures and functionalities in the future. This
work is ongoing in our group.

w
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20 Figure 14 (a) Emission spectra of free Lo (black) excited at 325 nm and
emission spectra of compound 1 (red), 2 (green) and 3 (blue) excited at
260 nm; (b) Emission spectra of free Lp (black) excited at 325 nm and
emission spectra of compound 4 (red), 5 (green), 6 (blue) and 7 (magenta)
excited at 260 nm.
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The heptamolybdate shows various structural transformation in different pH, which is used as a “molecular adaptor” to modulate the
5 metal-organic coordination building units in the hydrothermal environment, leading to the isolation of new polyoxometalate-induced
hybrid assemblies with good photocatalytic activity.




