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Graphical Abstract

Two novel entangled POM-based coordination polymers have been successfully
hydrothermal synthesized. Compound 1 represents an unprecedented 2D+2D—3D
polypseudorotaxane motif, while compound 2 exhibits a self-catenated framework
with multi-form helical chains. Photocatalysis experiments reveal that both compound

1 and 2 can prohibit the photodegradation of Methylene Blue (MB).
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Abstract: Two novel entangled POM-based coordination polymers (CPs), namely,
[Coa(L)s(H20)2(SiW12040)] (1), [Cux(L)3(H20)2(SiW12040)]'H O  (2) (L =
4,4'-bis((1H-1,2,4-triazol-1-yl)methyl)biphenyl), = have  been  hydrothermally
synthesized. @ Compound 1 represents an unprecedented 2D+2D—3D
polypseudorotaxane motif. The fascinating self-catenated framework of compound 2
contains three types of helical chains. In addition, photocatalysis properties of

compounds 1 and 2 have also been investigated.
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Introduction

Polyoxometalates (POMs), a class of nanosized transition-metal oxide clusters,
are attracting more and more interests for their virtually unmatched range of
properties. It is this unique range of properties that qualifies POMs as desirable
building blocks for the designed construction of functional materials with applications
in, for instance, magnetism, electrochemistry and catalysis.” The construction of
functional POM-based coordination polymers (CPs) is usually achieved by using
one-pot synthetic method in the presence of organic linkers or ligand-supported metal
moieties. Although scores of POM-based CPs have been reported, the rational
syntheses of those with special structural features, such as entangled POM-based CPs,
remain as challenges.

Entanglements, including interpenetration, interdigitation, polycatenation,
polythreading, and other species, have attracted considerable attention due to their
aesthetic structures and potential applications arising from the intertwining structure.’
As defined by Ciani and his coworkers," the main feature of polycatenation is that its
dimensionality increase with the presence of interlocked loops. While polythreaded
systems can be considered as extended periodic analogues of the molecular rotaxanes
or pseudo-rotaxanes. Although numerous of entangled frameworks with complicated
structure have been reported in recent years, only six types of POM-based
polypseudorotaxanes have been reported (Scheme 1).” Consequently, the construction
of new kinds of POM-supported polypseudorotaxanes is still a difficult task in POM
chemistry. It has been noticed that CPs are more likely to produce polythreaded
framework in the presence of rigid and flexible ligands. In this respect, Keggin-type
silicotungstic acid (H4SiW,049-xH,O = H4SiW),) can be considered as the rigid
ligand. Firstly, the rigid atomic cluster contains as many as 36 surface oxygen atoms,
which can display multiple bridging modes to coordinate to metal ions. Secondly, the
surface oxygen atoms of H4SiWj, can also act as hydrogen bonding acceptors to
stable the final structure. On the other hand, flexible N-donor ligands with excellent

coordination ability, such as 1,3-di(pyridin-4-yl)propane,
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1,4-di(1H-imidazol-1-yl)butane and 1,4-bis((1H-imidazol-1-yl)methyl)benzene, have

also been proven to be suitable to the construction of entangled networks.’

>—
S—
S—

"
99

ID+1D—-2D

n
4

§.

Ay
U/

)
| A% I A

ID+1D—3D 2D+1D—3D self-threading

3

Scheme 1 Schematic representations of the reported POM-based polypseudorotaxanes.

In this work, we try to utilize the long flexible N-donor ligand,
4,4'-bis((1H-1,2,4-triazol-1-yl)methyl)biphenyl (L), and Keggin-type H4SiW;, to
assemble entangled CPs under hydrothermal conditions. Two novel entangled
POM-based CPs, namely, [Co2(L)s(H20)2(S1W12040)] (D),
[Cua(L)3(H20)2(SiW12040)]-H,O (2), have been successfully synthesized. Structural
analyses indicate that the two-dimensional (2D) layers of 1 are interdigitated giving
rise to an unprecedented 2D+2D—3D polypseudorotaxane motif, while compound 2
shows three-dimensional (3D) self-catenated framework with the presence of
multi-form helical chains. In addition, photocatalysis properties of 1 and 2 have also

been studied.
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Scheme 2 Structure of the ligand used in this work.

Experimental section

Materials and general methods. All reagents and solvents were purchased from
commercial sources and used without further purification. The FI-IR spectra were
measured in KBr pellets in the range 4000-400 cm ' on a Mattson Alpha-Centauri
spectrometer. Elemental analysis (EA) for C, H and N was performed on a

Perkin-Elmer 2400 Elemental Analyzer. Thermogravimetric analysis (TGA) was
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performed on a Perkin-Elmer Thermal Analyzer under nitrogen atmosphere at a
heating rate of 10 °C min . The UV absorption was measured with a Cary 500
UV-Vis-NIR Spectrophotometer. Powder X-ray diffraction (PXRD) patterns were
collected on a Rigaku D 2000 X-ray diffractometer with graphite
monochromatized Cu-Ka radiation (4 = 0.15418 nm) and 26 ranging from 5 to 50 °
with an increment of 0.02 °.

Preparation of [Co,(L)s(H20)2(SiW12040)] (1). A mixture of CoCl,-6H,0 (0.1
mmol, 24.0 mg), H4SiW;; (0.02 mmol, 60 mg), L (0.05 mmol, 15 mg) and H,O (10
mL) was stirred at room temperature for about 4 hours. And the pH of the mixture
was adjusted to about 3.5 by adding one drop of hydrochloric acid (1 mol/L). Then
the mixture was transferred into a 23 mL Teflon-lined stainless steel autoclave reactor
and heated at 160 °C for 72 hours. After cooled to room temperature at a rate of
10 °C-h™", orange block crystals suitable for X-ray structural analysis were isolated by
ultrasonically cleaned, washed with water several times, dried in air, and handpicked.
Yield: ca. 25 % (based on HsSiW ;). Anal. calcd for CooHgsCo0,N3004S1W 12 (%): C,
23.45; H, 1.84; N, 9.12. Found: C, 23.41; H, 1.82; N, 9.09. IR (KBr, cm_l): v=13471
(m), 3112 (m), 1614 (s), 1539 (m), 1432 (m), 1387 (m), 1339 (m), 1278 (m), 1221 (s),
1168 (s), 1078 (s), 965 (s), 910 (s), 782 (s), 685 (s), 480 (m).

Preparation of [Cu,(L)3(H20)2(SiW12040)]-H20 (2). The preparation of 2 is
similar to that of 1 except that CuCl,-2H,0O (0.1 mmol, 17.0 mg) was used instead of
CoCl,-6H,0. Green block crystals were collected in a yield of 42 % (based on
H4SiW13). Anal. caled for Cs4HssCuoNigO43SiWi2 (%): C, 16.20; H, 1.36; N, 6.30.
Found: C, 16.23; H, 1.32; N, 6.35. IR (KBr, cm '): v = 3462 (m), 3126 (m), 1618 (s),
1528 (s), 1438 (m), 1385 (m), 1336 (m), 1275 (m), 1227 (s), 1171 (s), 1075 (s), 968
(s), 911 (s), 786 (s), 678 (s), 520 (m).

Photocatalysis experiments. The experiment with a typical process, 15 mg of 1
or 2 was added in 350 mL Methylene Blue (MB) solutions (5 x 10~ mol L") and
then the solutions were magnetically stirred in the dark for 30 min. The mixture was
then exposed to UV irradiation under stirring continuously, and 2.0 mL of solution

was taken out every 7 min for analysis.
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X-ray crystallography. Crystallographic diffraction date for 1 and 2 were
performed on an Oxford Diffraction Gemini R Ultra diffractometer at 293 K, using a
graphite monochromated Mo-Ka radiation (1 = 0.71073 A). Both of the structures
were refined by full-matrix least-squares techniques using the SHELXL-97 program.®
All non-hydrogen atoms were refined with anisotropic temperature parameters and all
hydrogen atoms on organic ligands were placed in geometrically idealized position as
a riding mode. The water hydrogen atoms (except for O2W in 2) cannot be located
from difference Fourier maps. The disordered atoms were splited over two sites with a
total occupancy of 1. And all these disordered atoms were restricted by SIMU and
ISOR. Some bond lengths (N3A-N2 and N3B-N2 in 1) were restricted by DFIX. In
addition, the atoms (Sil and O4 in 1; C3, C8, C9, C10, C13, C18, C19, C21, C23,
C24, C26, C27, N9, O1, 02, 03, 04, 07, 014, O18 and Sil in 2) with ADP were also

restricted by ISOR. The crystallographic data for 1 and 2 are shown in Table 1.

Table 1 Crystal data and structure refinements for 1 and 2.

Compounds 1 2

Formula CooHs4C0oN3004S1W 12 CssHs4CuaN3043S1W 2
M, 4610.02 4004.52
Temp (K) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073
Crystal system Monoclinic Orthorhombic
Space group P2,/c Pccn

a(A) 16.3042(11) 12.6869(7)
b(A) 22.6007(8) 22.7919(14)
c(A) 17.1913(9) 28.5112(19)
o (deg) 90 90

p (deg) 115.290(7) 90

y (deg) 90 90

V(A% 5727.6(5) 8244.3(9)

Z 2 4

F(000) 4252 7232

Rint 0.0530 0.0572

GOF 1.078 1.060
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Ry [I>2a(1)]” 0.0682 0.0834
WR; (all data)” 0.1111 0.1566
“Ry = Y||Fo| — |Fll/SIFol; wRy = S[w(Fy” — FEY VL IwWE) 1.

Results and discussion

Crystal structure of 1. Structural analysis indicates that 1 exhibits an
unprecedented 2D+2D—3D polypseudorotaxane framework. The asymmetric unit of
1 contains one Co(II) ion, two and a half L ligands, half {SiW,}* anion and one
coordination water molecule. The Si atom of the {Sing}‘F anion lies on an inversion
centre, with concomitant disorder of the four oxygen atoms (O1, 02, O3, O4) which
are directly bonded to it. As shown in Fig. 1a, Col is six-coordinated in a distorted
octahedral coordination geometry, defined by four nitrogen atoms from four L
molecules, one oxygen atom from one {SiW;,}* anion and one coordination water
molecular (Co—N 2.07(2)-2.13(2) A, Co—O 2.097(14)-2.157(13) A). Co(1l) ions are
linked into a one-dimensional (1D) chain by wu,-L ligands along the a axis (Fig. 1b).
Then, the 1D chains are further connected by bi-supported {SiW,}* clusters to
generate a 2D 4*-sql layer with projecting mono-coordinated L ligands on both sides
(Fig. 1d and Sla). It is easy to find that the 2D layer in 1 contains two types of
windows (Fig. 1c). The first type of windows (type I) are formed by four L ligands
connecting four Co ions, while the second type of windows (type II) are integrated by
four Co ions, two uo-L ligands and two {SiW,}* anions. Layers of 1 are alternately
arranged in an ABA fashion with windows I face to windows II of the adjacent layers
(Fig. SIb and Slc). Interestingly, windows II, with suitable size, can be
simultaneously threaded by two mono-coordinated lateral arms from two adjacent
layers (Fig. Sle). Thus, an unusual 2D+2D—3D polypseudorotaxane network is
formed (Fig. 2). As shown in Scheme S1, compared with the reported 2D+2D—3D
polythreaded framework,” compound 1 represents a different type of 2D+2D—3D
polypseudorotaxane motif. As far as we know, 1 is also the first POM-based

compound with 2D+2D—3D polypseudorotaxane framework.
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Fig. 1 (a) Coordination environment of Col ion in 1. Symmetry codes: #1, 1+x, y, z. (b) View of
1D chain constructed by z,-L ligands connecting Co ions. (c) The 2D 4*-sql layer of 1 contains
two kinds of windows. (d) View of the projecting mono-coordinated L ligands on both sides of the
layer. {SiW2}* anions in (a), (c) and (d) are depicted as polyhedral representative. All

hydrogens are omitted for clarity.

Fig. 2 Schematic illustration of the 2D+2D—3D polypseudorotaxane motif of 1.

A further study on the structure shows that non-bonding interactions, such as
hydrogen bonds, 7 -7 interactions and C—H- -z interactions, play important roles in
the formation of the 3D supramolecular architecture of 1. The 2D layers are connected

by OIW--:N5 hydrogen bonds (O1W---N5 2.735(6) A) to generate a 3D
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interpenetrating framework with 2-fold peu topology (Fig. 3a and Fig. S2).'°
Otherwise, as shown in Fig. 3b, face-to-face z---x interactions (face-to-face distance
of 3.71 A and centroid-to-centroid distance of 3.89 A) and C16-HI16A:-x
interactions (C16---Cg(2): 3.42(3) A; Cg(2): C4, C5, C6, C7 ,C8, C9) between the
two mono-coordinated lateral arms, which are fixed in the same windows, also help to
stable the 3D supramolecular architecture. The detail parameter of these non-bonding

interactions are listed in Table S1-S3.

Fig. 3 (a) Representation of O1W---N5 hydrogen-bonding interaction. The {SiW,}* anion is
depicted as polyhedral representative. (b) Illustration of z---7 and C—H-- -7 interactions (shown in
red dashed line) between the mono-coordinated L ligands. The big purple balls in (b) represent

{SiW,}* anions. All hydrogens are omitted for clarity.

Crystal structure of 2. It is well known that metal ions can significantly affect
the final structures due to their different size and coordination geometry.!' Herein,
when we replaced the CoCl,-6H,0 with CuCl,-2H,0, compound 2 was prepared with
a different framework. Single-crystal X-ray diffraction analysis reveals that 2 shows a
3D self-catenated network with the presence of three types of helical chains. The
asymmetric unit of 2 contains one Cu(Il) ion, one and a half L ligands, half {SiW12}4_
anion, one coordination water molecule and half solvent water molecule. The Si atom
of the {SiW12}4f anion lies on a two-fold axis, with concomitant disorder of the four
oxygen atoms (O1, 02, O3, O4) which are directly bonded to it. The L ligand with
C22 lies on an inversion centre (at the midpoint of the biphenyl moiety). In addition,
water oxygen atom O2W lies on a two-fold axis. As shown in Fig. 4a, Cul is
six-coordinated by three nitrogen atoms from three L molecules, two oxygen atoms
from two different {SiW,}* clusters and one oxygen atom from one coordination
water molecular, showing a distorted octahedral coordination geometry (Cu-N

1.95(2)-2.299(19) A, Cu-O 2.01(2)-2.652(2) A). Cu ions are connected by u-L
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ligands to generate a 1D inter-connected double-meso-helical chain along the b axis
(Fig. 4b, 4d and 4e). Afterward, the chains are catenated into a 2D layered structure
(Fig. 4c). The 2D layers are further linked into a 3D structure by tetra-supported
{SiW,}* clusters (Fig. S2b). Interestingly, another two types of helical chains,
running along the a axis, can also been found in the 3D structure of 2. The second
type helical chains are double-standard meso-helical chains integrated by Cu ions,
{SiW,}* anions and L ligands (Fig. 4f and 4g). The third type helical chains contain
racemic left- and right-handed single-helical chains, which is constructed from Cu
ions and {SiW,}* anions (Fig. 4h and 4i). From the topological view, each Cu ion
connected two {SiW,}* clusters and three other Cu ions can be considered as a
5-connected node. Each {SiW12}4f anions connected four Cu ions can be considered
as a 4-connected node. Thus the 3D framework of 2 can be reduced to a binodal
(4,5)-connected net with (4-6:8%)(4"6%8%, topology (Fig. S2c-e).'"” More
fascinatingly, the framework of 2 displays a self-penetrating phenomenon, that is, the
shortest four-membered rings catenate to adjacent ones giving rise to a self-catenated
motif (Fig. 5). As far as we know, compound 2 is the first self-catenated POM-based

CPs with multi-form helical chains.
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@ @@ @O @ (11:) (]f)
Fig. 4 (a) Coordination environment of Cul ion in 2. The {Sinz}Aﬁ anion is depicted as
polyhedral representative. Symmetry codes: #1, 1/2+x, 1-y, 1/2—z; #2, 1/2+x, 1/2+y, —z. (b) View
of 1D ladder-shape chain constructed by wu,-L ligands connecting Cu ions. (¢) Space-filling
representation of the 2D layered structure knitted by 1D chain. (d) and (e) View of the 1D
inter-connected double-meso-helical chain. (f) and (g) View of the double-standard meso-helical
chains. The big red balls in (g) represent {SiW,}* anions. (h) and (i) View of the racemic left-

and right-handed single-helical chains. All hydrogens are omitted for clarity.
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Fig. 5 Topological view of 2. The shortest interlocked 4-membered rings are highlighted in black

and red.

Photocatalysis experiments. The photocatalysis properties of 1 and 2 have been
investigated with photodegradation reactions of MB under UV light irradiation. As
shown in Fig. S6a and S6b, the absorption peak of MB decreases as the irradiation
time increases, which indicates that MB gradually decomposition. The peak positions
of the tested PXRD patterns of 1 and 2 after photocatalysis experiments are
respectively in good agreement with those of the as-synthesized samples, indicating
their high structural stability during the UV irradiation (Fig. S7). The degradation of
MB in the presence of 1, 2 and no catalyst upon irradiation for 49 min is 70.3 %,
62.2 % and 80.6 %, respectively. This result reveals that the degradation rate of the
MB in the presence of 1 or 2 is slower than that in the absence of photocatalysts (Fig.
6). In other words, both 1 and 2 can prohibit the photodegradation of MB. In order to
explain these phenomena, the decomposition process of MB in the presence of
CoCl,y-6H,0 (2.0 mg/350ml), CuCl,-2H,0 (1.8 mg/350 mL) or H4SiW;, (10 mg/350
mL) has also been investigated. It's easy to find that the degradation rate of the MB
reduced with the presence of CuCl,-2H,0 (Fig. 6). This indicated that the presence of
CuCl,-2H,0 in the solution can effectively prohibit the photoinduced degradation of
MB. Otherwise, when H4SiW ), was added as catalyst, the absorption spectra of the
solution changed and only a little decreases of the absorption peak can be found as the
irradiation time increases (Fig. S6f). This suggests the association of MB molecules
and {SiW,}* anions. The association may be arisen from the hydrogen-bonding
interactions between MB molecules and {Sinz}Aﬁ clusters.'? Otherwise, MB
performs as bulk organic cations can also associate with {SiW,}* anions through
electrostatic attraction. These interactions may enhance the chemical stability of MB
molecules in the solution. Furthermore, according to the reported work, HsSiW, can
be reduced by radical."® In this work, the radical MB-" may be oxidized by H4SiW12.14
Then, the number of the radical was decreased and the degradation rate of MB was
reduced. Thus, the inhibition of the photodegradation of MB in the presence of 1 or 2

may be attributed to: i) the oxidation of radical in the presence of {SiW12}4_; i1) the
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association of MB molecules and photocatalysts; iii) the presence of Cu(Il) in the

structure of 2.'> 12
1.0+ ) —n— No catalyst
v—1
0.8 \‘ B, _*_zomz
O e \ AR
T ., E
- :
O g =y
0.2+
0‘0 L L T 1 T
0 10 20 30 40 50
Time / min
Fig. 6 Concentrations of MB under UV light irradiation.
Conclusion

Two unusual entangled POM-based coordination polymers (CPs) have been
successfully synthesized via the hydrothermal method. Structural analyses reveal that
compound 1 represents a new type of 2D+2D—3D polypseudorotaxane motif. In
comparison, compound 2 exhibits a 3D self-catenated framework with the presence of
three types of helical chains. The successful preparation of 1 and 2 provides valuable

clues on the systematically assembly of entangled frameworks based on POM.
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