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The copper(i) coordination polymers {[Cu4(OH),(bix)»(1,2,4-btc),(H,0),]-3H,0}, (1), [Cux(bix)(ip)al, (2),
[Cuz(bix)(Meip)al, (3), {[Cuz(bix)(pbda)ol-H20}, (4) and {[Cux(bix); s(2,5-pydc)2(H.0)]-2H,03, (5) were
synthesized using the hydrothermal method (bix = 1,4-bis(2-methyl-imidazol-1-ylmethyl)benzene, 1,2,4-
btc = 1,2,4-benzenetricarboxylate, ip = isophthalate, Meip = 5-methyl-isophthalate, pbda = 1,4-
benzenediacatate, 2,5-pydc = 2,5-pyridine-dicarboxylate). 1 exhibits a (3,5)-connected 2D network
with the point symbol of (42-6)(42-67-8) based on the [Cu,(u-OH)l dimer. 2 exhibits the 2-fold
interpenetrating three-dimensional pcu network based on the [Cu,(COO)4 dimers. 3 exhibits the 2-fold
interpenetrating three-dimensional pcu network based on the [Cu,(COO),] and [Cu,(COO),] dimers. 4
shows an unusual 6-connected self-catenated 3D network with the point symbol of (4*-6°-8) based on
[Cu,(COO)4] dimers. 5 exhibits a (3,4)-connected 2D network with the point symbol of (42-6)(4%-6°-8).
1-5 are semiconducting in nature, with E4 of 2.21 eV (1), 2.35 eV (2), 2.41 eV (3), 2.13 eV (4), and 2.62 eV
(5). 1-5 are highly efficient and universal photocatalysts for the degradation of the organic dyes
methylene blue (MB), rhodamine B (RhB) and methyl orange (MO) under visible light irradiation, and are
very stable and easily separated from the reaction system for reuse. This work shows that the
coordinated unsaturated copper coordination polymers should be very promising photocatalysts for
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Introduction

Today, water pollution has become a serious global environ-
mental problem facing humans worldwide with the development
of modern industry.! In particular, the organic dyes released into
water from dyeing, dyestuffs and the textile industry are the main
contamination of wastewater. Photocatalytic degradation of
organic pollutants is an effective technique to eliminate organic
pollutants. Traditional semiconductors such as metal oxides
TiO,, ZnO, metal sulfides and composites are usually employed
as photocatalysts for photocatalytic degradation of organic dyes.>
However, the high band gaps (E;) of these semiconductors
(usually above 3 eV, 3.2 eV for TiO,, 3.4 eV for ZnO), make them
only absorb a small amount of ultraviolet light from sunlight.?
The composite semiconductors such as doping the metal ions, or
coupling metal oxides (for example TiO,) with other semi-
conductors with suitable electronic band (such as Cu,S, CulnsS,,
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ZnO, Sn0O,) are useful strategy for developing semiconductor
composite photocatalysts under visible light or sunlight irradia-
tion.* Therefore, apart from the developing the composite semi-
conductor photocatalysts, searching and development of the
efficient and environment friendly new photocatalysts under
visible light or sunlight irradiation is very important.

In the last two decades, coordination polymers have attrac-
ted great interest in inorganic chemistry and materials science
because of their fascinating topologies and interesting proper-
ties for potential applications as functional materials.>® Coor-
dination interactions between metal and ligand result in
different metal-ligand charge transfers and affect bandgap
width of coordination polymers. Coordination polymers with
high or narrow band gaps can absorb UV or visible light as
photocatalysts. Recent researches show that these coordination
polymers are quite effective photocatalysts for the degradation
of organic dyes under UV or even visible light irradiation.”™* But
relative few coordination polymers exhibit effective photo-
catalytic activity under visible light irradiation due to most of
coordination polymers with poor photoresponse in the visible
region.'*™ Therefore, the designation and synthesis of coordi-
nation polymers with narrow band gaps is very promising
prospect in developing efficient visible light photocatalysts.

Copper, as an abundant and cheap element, has been widely
studied since the beginning of chemistry. Copper salt and its
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coordination polymers are good catalysts for catalytic organic
reactions and degradation of organic pollutants.*™" For
example, a semi-conductive copper framework {[Cu'Cu",-
(DCTP),NO;3-1.5DMF},, (DCTP = 4'<(3,5-dicarboxyphenyl)-
4,2':6' ,4"-terpyridine) demonstrated hydrogen production in the
presence of Pt co-catalyst and the degradation of methylene
blue.” Up to now, most coordination polymers show selective
photocatalytic degradation of one organic dye.”™* Few coordi-
nation polymers can photocatalytic degradation of two organic
dyes.* Universal and highly efficient photocatalysts are rare.™

In previous work, we synthesized many coordination poly-
mers with unusual topologies and interesting properties.'”*®
Some copper coordination polymers show good photocatalytic
activity in the degradation of organic dyes under UV irradiation.”
For examples, {{Cu(tmtz)(H,0),][Cu,(tmtz),(sip),]- 4H,O0}, (tmtz =
1,4-bis(1,2,4-triazol-1-ylmethyl)-2,3,4,5-tetramethylbenzene, sip =
5-sulfoisophthalate) exhibits good photocatalytic activity for the
degradation of methyl orange.'”® [Cu,(OH),(btre)(1,2,3-btc),
(H,0),]-2H,0},, (btre = 1,2-bis(1,2,4-triazol-4-yl)ethane, 1,2,3-
bte = 1,2,3-benzenetricarboxylate) presents the good photo-
catalytic activity for the degradation of methyl orange.'””
{[Cu4(OH),(itp),(btc),(H,0)4][Cu(H,0)4(Hbtc)], - 4H,0},, {[Cugs-
(OH),(itp),(btc),]- 2EtOH - 2H,0}, and {[Cuy(OH),(itp)a(sip)a(Ha-
0),]-4H,0},, (btc = 1,2,3-benzenetricarboxylate, itp = 1-imidazol-
1-yl-3-(1,2,4-triazol-4-yl)propane) can act as universal and highly
efficient photocatalysts for the degradation of organic dyes such
as methyl orange (MO), methylene blue (MB) and rhodamine B
(RhB).17c

In the present work, in our effort to obtain effective visible light
photocatalysts properties, we synthesized five intriguing copper(u)
coordination polymers {{Cu,(OH),(bix),(1,2,4-btc),(H,0),]- 3H,0},,
(1), [Cuz(biX)(ip):]. (2), [Cus(bix)(Meip),], (3), {[Cua(bix)(pbda)y]-
H,0}, (4) and {[Cu,(bix), 5(2,5-pydc),(H,0)]-2H,0}, (5) using the
hydrothermal method (bix = 1,4-bis(2-methyl-imidazol-1-
ylmethyl)benzene, 1,2,4-btc = 1,2,4-benzenetricarboxylate, ip =
isophthalate, Meip = 5-methyl-isophthalate, pbda = 1,4-benze-
nediacatate, 2,5-pydc = 2,5-pyridine-dicarboxylate). 1-5 exhibit
diverse structures. 1-5 are highly efficient and universal photo-
catalysts for the degradation of the organic dyes methyl orange
(MO), methylene blue (MB) and rhodamine B (RhB) under visible
light irradiation.

Experimental section
Materials and physical measurements

1,4-Bis(2-methyl-imidazol-1-ylmethyl)benzene (bix) was synthe-
sized according the literature method.” All reagents were of
analytical grade and used without further purification.
Elemental analyses for C, H and N were performed on a Perkin-
Elmer 240C analyser. IR spectra were obtained for KBr pellets
on a Nicolet 170SX FT-IR spectrophotometer in the 4000-400
ecm ™' region. XPRD were performed on a D/MAX-3C diffrac-
tometer with the Cu K, radiation (1 = 1.5406 A) at room
temperature.

Synthesis of {[Cuy(OH),(bix),(1,2,4-btc),(H,0),]-3H,0}, (1).
A mixture of bix (0.1 mmol), 1,2,4-Hzbtc (0.1 mmol),
Cu(NO3),-3H,0 (0.4 mmol), NaOH (0.3 mmol) and 15 mL H,0
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was placed in a Teflon-lined stainless steel vessel, heated to
110 °C for seven days, then cooled to room temperature over
24 h. The blue crystals of 1 were obtained. Anal. caled for
CsoHs,Cu;NgO,4 (1): C, 45.32; H, 4.11; N, 8.46; found: C, 45.14;
H, 4.06; N, 8.37%. IR (cm ™!, KBr): 3378 m, 1616 s, 1583 s, 1551
m, 1508 w, 1486 w, 1423 m, 1379 s, 1354 m, 1285 w, 1162 w, 1145
w, 1009 w, 826 w, 777 m, 731 w, 670 w, 584 w, 532 w.

Synthesis of [Cu,(bix)(ip).]. (2). A mixture of bix (0.1 mmol),
H,ip (0.2 mmol), Cu(NO3),-3H,0 (0.4 mmol), NaOH (0.4 mmol)
and 15 mL H,O/EtOH (1: 1, v/v) was placed in a Teflon-lined
stainless steel vessel, heated to 70 °C for five days, then
cooled to room temperature over 12 h. The blue crystals of 2
were obtained. Anal. caled for C3,H,¢Cu,N,O5 (2): C, 53.26; H,
3.63; N, 7.77; found: C, 53.14; H, 3.60; N, 7.73%. IR (cm™*, KBr):
3443 m, 1629 s, 1576 w, 1540 w, 1506 w, 1396 s, 1384 s, 1277 W,
1161 w, 1133 w, 1083 w, 1000 w, 848 w, 803 w, 760 w, 742 m,
718 s, 666 w, 475 w.

Synthesis of [Cu,(bix)(Meip),], (3). A mixture of bix (0.1
mmol), H,Meip (0.2 mmol), Cu(NO3),-3H,0 (0.4 mmol), NaOH
(0.4 mmol) and 15 mL H,O was placed in a Teflon-lined stainless
steel vessel, heated to 110 °C for five days, then cooled to room
temperature over 24 h. The green crystals of 3 were obtained.
Anal. caled for C34H;3,Cu,N,Og (3): C, 54.47; H, 4.03; N, 7.47;
found: C, 54.34; H, 3.99; N, 7.43%. IR (cm™*, KBr): 1633 s, 1582
m, 1508 w, 1481 w, 1447 w, 1424 m, 1366 s, 1298 w, 1285 w, 1170
w, 1139 w, 849 w, 774 m, 735 m, 681 w, 472 w.

Synthesis of {{Cu,(bix)(pbda),]-H,0},, (4). A mixture of bix
(0.1 mmol), Hypbda (0.2 mmol), Cu(NO3),-3H,0 (0.4 mmol),
NaOH (0.4 mmol) and 15 mL H,O was placed in a Teflon-lined
stainless steel vessel, heated to 70 °C for two days, then
cooled to room temperature over 12 h. The green crystals
of 4 were obtained. Anal. caled for CseH34Cu,N,Oy (4): C,
54.48; H, 4.32; N, 7.06; found: C, 54.41; H, 4.26; N, 7.03%. IR
(em™, KBr): 3443 m, 1625 s, 1516 w, 1432 m, 1401 s, 1308 w, 1209
w, 1143 w, 1001 w, 752 w, 732 w, 719 m, 674 w, 600 w, 483 w.

Synthesis of {[Cu,(bix),5(2,5-pydc),(H,0)]-2H,0}, (5). A
mixture of bix (0.15 mmol), Hypbda (0.2 mmol), Cu(NOs),-3H,0
(0.4 mmol), NaOH (0.4 mmol) and 15 mL H,O was placed in
a Teflon-lined stainless steel vessel, heated to 70 °C for three
days, then cooled to room temperature over 12 h. The blue
crystals of 5 were obtained. Anal. calcd for C3gH39Cu,NgO44 (5): C,
50.11; H, 4.32; N, 12.30; found: C, 49.96; H, 4.28; N, 12.23%. IR
(em ™, KBr): 3432 m, 3119w, 1654 5, 1628 s, 1505 w, 1422 w, 1384
m, 1348 s, 1280 m, 1041 w, 827 w, 771 m, 749 w, 675 w, 545 w.

Crystal data collection and refinement

Suitable single crystals of 1-5 were carefully selected under an
optical microscope and glued to thin glass fibers. The diffrac-
tion data were collected on Agilent Gemini Atlas CCD diffrac-
tometer with graphite monochromated Cu K, radiation.
Intensities were collected by the w scan technique. The struc-
tures were solved by direct methods and refined with full-matrix
least-squares technique (SHELXTL-97).2° The parameters of the
crystal data collection and refinement of 1-5 are given in Table
S1 (ESIt). Selected bond lengths and bond angles are listed in
Table S2 (ESIT).

RSC Adlv., 2017, 7, 23432-23443 | 23433
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Photocatalytic reaction measurement

The experiment was carried out a PCR-I multipurpose photo-
reactor (Beijing China Education Au-Light Company Limited,
China) equipped a CEL-HXF300 Xe lamp with UV cut-off filter
(providing visible light with A > 400 nm), which contains
a cylindrical reactor (inner diameter 4.5 cm) surrounded by
a circulating water jacket to cool the reactor (20 °C), in a 40 cm
x 40 cm x 50 cm closed metal-box. 1 (40 mg), 2 (40 mg), 3 (40
mg), 4 (40 mg) or 5 (40 mg) and 0.50 mL 30% H,O, were added
into 100 mL of a methyl orange (MO) solution (10 mg L"), or
methylene blue (MB) solution (10 mg L), or thodamine B
(RhB) solution (10 mg L™ *). The suspension solution was stirred
in the dark for about 30 min. Then, the mixture was stirred
continuously under visible light irradiation from the lamp at
a distance of 28 cm between the liquid surface and the cut-off
filter. The light intensity of the liquid surface was 3850 W
m ™2 which was determined by PL-MW2000 photoradiometer
(Beijing Perfect Light Company Limited). At a given interval,
aliquots of the reaction mixture were periodically taken and
analyzed with a UV-vis spectrophotometer at an absorption
wavelength of 465 nm for MO, 664 nm for MB and 552 nm for
RhB. The blank experiment and the control experiment with
photocatalysts 1-5 in the absence of H,O, were performed.

Results and discussion

Crystal structure of {{Cu,(OH),(bix),(1,2,4-btc),(H,0),]
3H,0}, (1)

1 exhibits a (3,5)-connected 2D network based on the [Cu,(p-
OH)| dimer. The asymmetric unit of 1 consists of two Cu(n)
atoms, one bix, one 1,2,4-btc, one pu-OH, one coordinated water
and disordered lattice water molecules. The Cul atom is four-
coordinated with two carboxylate oxygen atoms from two
1,2,4-btc (O1A, O3B), one p-OH oxygen atom (O7) and one
imidazole nitrogen atoms from one bix (N1) in the distorted
square geometry. The Cu2 atom is five-coordinated with two
carboxylate oxygen atoms from two 1,2,4-btc (024, O5), one p-
OH oxygen atom (O7) and one imidazole nitrogen atoms from
one bix (N3C) in the equation plane and one water oxygen atom
(08) in the apical position in the distorted square-pyramidal
configuration (Fig. 1a). The structural distortion index t for
Cu2 atom is 0.202, indicating that the coordination environ-
ment of the metal atom is closer to square-pyramidal geometry
than trigonal-bipyramidal configuration.*

One carboxylate group (0102) of the 1,2,4-btc ligand exhibits
bidentate bridging mode and connects two Cu(u) atoms (Cu1D,
Cu2D). Two other carboxylate groups (0304, O506) show the
monodentate mode and coordinate one Cu(u) atom (CulB or
Cu2). Each 1,2,4-btc ligand links four Cu(u) atoms (Fig. S1 in
ESIT). The pu-OH oxygen atom (O7) connects two Cu(u) atoms
and form [Cu,(p-OH)] dimer. The [Cu,(p-OH)] dimers are con-
nected by 1,2,4-btc ligands and extend to form the one-
dimensional “ladder-like” chain (Fig. 1b).

The bix ligand shows the anti-conformation and bridges two
Cu(n) atoms. The one-dimensional “ladder-like” chains are further
joined by bix ligands to construct an unusual two-dimensional

23434 | RSC Adv., 2017, 7, 23432-23443
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Fig.1 (a) The coordination environment of the Cu(i) atoms in 1; (b) the
one-dimensional “ladder-like” chain [Cu,(OH)(1,2,4-btc)(H,0)], in 1;
(c) the 2D network in 1; (d) the (3,5)-connected 2D network in 1. The
red and black balls exhibit the 3-connected 1,2,4-btc ligands and 5-
connected [Cu,(OH)] units, respectively. Bright green sticks exhibit the
bix ligands.

network (Fig. 1c). The topological analysis of 1 has been per-
formed. If the [Cu,(1-OH)] dimer is simplified as one node, the
[Cu,(n-OH)] dimers are 5-connected because each [Cu,(p-OH)]
dimer connects three 1,2,4-btc and two bix ligands. The 1,2,4-btc
ligands are 3-connected. The bix ligands are 2-connected. The two-
dimensional network can be simplified as a (3,5)-connected
network (Fig. 1d) with the point symbol of (4%-6)(4>-6”-8).2 The
three-dimensional supermolecular architecture (Fig. S2 in ESIt) is
formed through the hydrogen bond interactions between the
carboxylate oxygen atoms and water molecules (06---08 2.690(5)
A, 06:--09 2.784(7) A) (Table S3 in ESIY).

Crystal structure of [Cu,(bix)(ip),]. (2)

2 exhibits the 2-fold interpenetrating three-dimensional pcu
network based on the [Cu,(COO),] dimers. The asymmetric unit
of 2 consists of two Cu(u) atoms (Cul, Cu2), two halves bix
(N1N2, N3N4) and two ip ligands (01-04, 05-08). The Cul
atom is coordinated by four carboxylate oxygen atoms from four
ip ligands (01, O5, 024, O64) in the equation positions and one

This journal is © The Royal Society of Chemistry 2017
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(a) The coordination environment of the Cu(i) atoms in 2; (b) the [Cux(ip),], two-dimensional network in 2; (c) the 3D network in 2; (d)

schematic depiction of the 3D pcu net in 2. Black red balls show the [Cu,(COO)4] dimers. Bright green and pink sticks exhibit the bix and ip
bridging ligands; (e) schematic depiction of the 2-fold interpenetrating 3D pcu net in 2.

imidazole nitrogen atom from one bix ligand (N1) in the apical
position in the distorted square-pyramidal configuration
(Fig. 2a). The Cu2 atom is coordinated by four carboxylate
oxygen atoms from four ip ligands (O3B, 04D, 07, O8C) and one
imidazole nitrogen atom from one bix ligand (N3) in the dis-
torted square-pyramidal configuration. The structural distor-
tion index t for Cul and Cu2 atoms are 0.007 and 0.014,
respectively.”*

There are two independent ip ligands. All carboxylate groups
(0102, 0304, 0506, 0708) of the ip ligands exhibit bridging
mode structure (Fig. S3 in ESIf). The ip ligands link the Cu(u)
atoms and construct the [Cu,(ip),], two-dimensional network
(Fig. 2b). The adjacent [Cu,(ip),], two-dimensional networks are
connected by bix ligands and construct the three-dimensional
network (Fig. 2c).

Topologically, the [Cu,(COO),] dimers are simplified as 6-
connected nodes (Fig. S4 in ESIt). The ip and bix ligands are 2-
connected. The 3D network can be described as a 6-connected 3D
pcu network based on the [Cu,(COO),] dimers (Fig. 2d). More-
over, two identical 3D networks are still mutually interpenetrated
to generate the 2-fold interpenetrating 3D pcu network because
of the porous nature of the single network (Fig. 2e).

Crystal structure of [Cu,(bix)(Meip),]. (3)

3 exhibits the 2-fold interpenetrating three-dimensional pcu
network based on the [Cu,(COO),] and [Cu,(COO),] dimers. The
asymmetric unit of 3 consists of two Cu(u) atoms (Cul, Cu2),
two halves bix (N1N2, N3N4) and two Meip ligands (01-04, O5-
08). The Cul atom is coordinated by four carboxylate oxygen
atoms from four Meip ligands (01, O5, O2A, O6A) in the equa-
tion positions and one imidazole nitrogen atom from one bix
ligand (N2) in the apical position in the distorted square-

This journal is © The Royal Society of Chemistry 2017

pyramidal configuration (Fig. 3a) with the structural distor-
tion index t 0.003. The Cu2 atom is coordinated by four
carboxylate oxygen atoms from four Meip ligands (03, 04, O7C,
08B) and one imidazole nitrogen atom from one bix ligand (N4)
in the middle of distorted square-pyramidal configuration and
trigonal-bipyramidal configuration with the structural distor-
tion index 7 0.499.*

There are two kinds of Meip ligands. The carboxylate
groups (0102, 0506, 0708) of the Meip ligands exhibit
bridging mode and connect two Cu(u) atoms (Fig. S5 in ESIT).
One carboxylate group (0304) of one Meip ligand shows the
chelating mode and links one Cu2 atom. The Cul and CulA
atoms are connected by four Meip ligands to form [Cu,(COO),]
paddle wheel structure. However the Cu2 and Cu2F atoms are
joined by two Meip ligands to form the [Cu,(COO),] dimer.
Two kinds of Meip ligands link the Cu(u) atoms and construct
the [Cuy(Meip),], two-dimensional network (Fig. 3b). The
adjacent [Cu,(Meip),], two-dimensional networks are con-
nected by bix ligands and construct the three-dimensional
network (Fig. 3c).

Topologically, the [Cu,(COO),] and [Cu,(COO),] dimers are
deemed as 6-connected nodes (Fig. S6 and S7 in ESIT). The Meip
and bix ligands are 2-connected. The 3D network can be
described as a 6-connected 3D pcu network based on the
[Cu,(COO0),] and [Cu,(COO),] dimers (Fig. 3d). Moreover, two
identical 3D networks are still mutually interpenetrated to
generate the 2-fold interpenetrating 3D pcu network because of
the porous nature of the single network (Fig. 3e).

Crystal structure of {{Cu,(bix)(pbda),]-H,0},, (4)

4 shows an unusual 6-connected self-catenated 3D network based
on [Cuy(COO0),] dimers. The asymmetry unit consists of one

RSC Adlv., 2017, 7, 2343223443 | 23435
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Fig. 3

(a) The coordination environment of Cu(i) atom in 3; (b) the [Cu,(Meip),], two-dimensional network in 3; (c) the 3D network in 3; (d)

schematic depiction of the 3D pcu net in 3; black red balls show the [Cu,(COO),] and [Cu,(COO),] dimers. Bright green and pink sticks exhibit the
bix and Meip bridging ligands; (e) schematic depiction of the 2-fold interpenetrating 3D pcu net in 3.

Cu(u), half bix and two halves pbda. Each Cu(u) atom is coordi-
nated by one imidazole nitrogen atom from one bix ligand (N1)
and four carboxylate oxygen atoms from four pbda ligands (01,
03, 02A, O4A) in a distorted square-pyramidal coordination
geometry (Fig. 4a). The structural distortion index t is 0.0025,
indicating that the coordination environment of Cu(u) atom is
very closer to a square-pyramidal than a trigonal-bipyramidal

Fig. 4

configuration.”® Each carboxylate group of one pbda ligand
shows bidentate bridging mode. Each pbda ligand acts as a tet-
radentate bridge and joins four Cu(u) atoms (Fig. S8 in ESIT).
Two Cu(u) atoms are connected by four pbda ligands
and form the [Cu,(COO),] paddle wheel structure. Each
[Cuy(COO0),] dimer connects four [Cu,(COO),] through pbda
ligands (Fig. 4b) and extend to construct the [Cu,(pbda),], 3D

(@) The coordination environment of Cu(i) atom in 4; (b) the connected mode of 4-connected [Cu,(COO)4] dimer in 4; (c) the [Cu,-

(pbda),l, 3D network in 4; (d) schematic depiction of the 4-connected [Cu,(pbda),l, 3D network based on [Cu,(COO),] dimers in 4. Black red
balls show the [Cu,(COO),4] dimers. Pink sticks exhibit the pbda ligands; (e) the [Cu,(bix)(pbda),l,, 3D network in 4; (f) schematic depiction of the
6-connected [Cu,(bix)(pbda),l,, 3D network based on [Cu,(COO),] dimers in 4. Black red balls show the [Cu,(COO),] dimers. Blue and bright
green sticks both exhibit bix ligands for clarity. Pink sticks show pbda ligands.

23436 | RSC Adv., 2017, 7, 23432-23443 This journal is © The Royal Society of Chemistry 2017
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network (Fig. 4c). Topologically, the [Cu,(COO),] node is 4-
connected and pbda ligand is 2-connected, if the [Cu,(COO),]
is simplified as one node. This [Cu,(pbda),], 3D network is
simplified as a 4-connected 3D network with the point symbol
of (6°-8) (Fig. 4d).>

The bix ligands show the gauche-conformation. The self-
catenated [Cu,(pbda),], 3D network is linked by bix ligands to
construct new self-catenated [Cu,(bix)(pbda),], 3D network
(Fig. 4e). Topologically, the [Cu,(COO),] nodes are 6-connected,
pbda and bix ligands are 2-connected, if the [Cu,(COO),] is
simplified as one node. This [Cu,(bix)(pbda),], 3D network is
simplified as a 6-connected self-catenated 3D network with the
point symbol of (4*-6'°-8) (Fig. 4f).* The self-catenated motifs
are few in the literature.”® This self-catenated 3D network is not
reported, as to best of our knowledge.

Crystal structure of {{Cu,(bix), 5(2,5-pydc),(H,0)]-2H,0}, (5)

5 exhibits a (3,4)-connected 2D network with the point symbol
of (4*-6)(4%-6°-8). The asymmetric unit of 5 consists of two
Cu(u) atoms, one and a half bix, two 2,5-pydc, one coordi-
nated water and disordered lattice water molecules. The Cul
atom is five-coordinated with two carboxylate oxygen atoms
(01, 07) from two 2,5-pydc, two nitrogen atoms from one bix
(N4A) and one 2,5-pydc (N7) in the equation plane and one
water oxygen atom (O9) in the apical position in a distorted
square-pyramidal configuration. The Cu2 atom is five-
coordinated with one carboxylate oxygen atom from one
2,5-pydc (O5B), three nitrogen atoms from one 2,5-pydc (N8B)
and two bix ligands (N2, N6) in the equation plane and one
carboxylate oxygen atom (03) from one 2,5-pydc in the apical
position in the distorted square-pyramidal configuration
(Fig. 5a). The structural distortion index ¢ for Cul and Cu2
atoms are 0.087 and 0.377, respectively, indicating that the
coordination environment of the Cul and Cu2 atom is closer
to square-pyramidal geometry than trigonal-bipyramidal
configuration and Cul atom is almost perfect square-
pyramidal configuration.*

There are two independent 2,5-pydc ligands. All carboxylate
groups (0102, 0304, 0506, 0708) of the 2,5-pydc ligand exhibit
monodentate mode. Each 2,5-pydc ligand connects two Cu(u)
atoms through two carboxylate oxygen atoms and one pyridine
nitrogen atom (O103N7, O507N8). All bix ligands act as biden-
tate bridging ligands and link two Cu(u) atoms (Fig. S9 in ESIY}).
The Cu(n) atoms are connected by 2,5-pydc and bix ligands to
form a 2D network (Fig. 5b).

The topological analysis of 5 has been performed. Each Cul
atom coordinates one bix and two 2,5-pydc ligands and is 3-
connected. Each Cu2 atom coordinates two bix and two 2,5-
pydc ligands and is 4-connected. All 2,5-pydc and bix ligands
are 2-connected nodes. The two-dimensional network of 5 can
be simplified as a (3,4)-connected network (Fig. 5¢) with the
point symbol of (4*>-6)(4>-6°-8).>> There are hydrogen bonding
interactions between the coordination water and carboxylate
oxygen atoms, between the coordination water and lattice
water, between the lattice water and carboxylate oxygen atoms
(Table S3 in ESIY).

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) The coordination environment of Cu(i) atom in 5; (b)
the 2D network in 5; (c) the (3,4)-connected 2D network in 5. The
pink and bright green sticks exhibit the 2,5-pydc and bix ligands,
respectively. The pink and bright green sticks exhibit the 2,5-pydc
and bix ligands.

PXRD and solid-state diffuse-reflection study

The measured and simulated PXRDs confirm the purity of 1-5
(Fig. S10-S14 in ESIt). The optical diffuse reflection spectra of
crystalline solids 1-5 were measured at room temperature. The
absorption data were calculated from the reflectance using the
Kubelka-Munk function. The energy band gaps (Eg) obtained
by extrapolation of the linear portion of the absorption edges
were estimated to be 2.21 eV (1), 2.35 eV (2), 2.41 eV (3), 2.13 eV
(4), and 2.62 eV (5), indicating their semiconductor nature

(Fig. 6).

Catalytic activity for the degradation of methylene blue (MB),
rhodamine B (RhB) and methyl orange (MO)

To study the photocatalytic activity of 1-5, we selected the
organic dyes methylene blue (MB), rhodamine B (RhB) and
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Fig. 6 Solid-state optical diffuse-reflection spectra of 1-5 derived
from diffuse reflectance data at room temperature.

methyl orange (MO) as the model dye contaminants to eval-
uate the photocatalytic effectiveness in the purification of
wastewater. The photocatalytic behaviors of 1-5 for the
degradation of MB under visible light irradiation were shown
in Fig. 7, 8 and Fig. S15-S18 (in ESI}). There is almost no
degradation for the blank experiment (only H,0,, without
light) for degradation of MB, RhB and MO. There is no
significant degradation for the blank experiment (only light,
without H,0,) and the control experiment with photocatalysts
1-5 in the absence of H,0, under visible light irradiation.
Meanwhile, the absorption peaks of MB were declined obvi-
ously with increasing time when 1-5 as heterogeneous cata-
lysts in the presence of H,O, under visible light irradiation for
degradation of MB. After 90 min, the degradation efficiencies
of MB reached 94.0% for 1, 90.7% for 2, 89.1 for 3, 91.6 for 4
and 82.8% for 5. Clearly, 1-5 were good photocatalysts for the
degradation of MB. The catalytic efficiencies for degradation
of MBare1>4>2>3>5.

The photocatalytic behaviors of 1-5 for the degradation of
RhB under visible light irradiation were shown in Fig. 9, 10 and
Fig. S19-S22 (in ESIf). The absorption peaks of RhB were
declined obviously with increasing time when 1-5 as heteroge-
neous catalysts in the presence of H,O, under visible light

1.5
-~
z 1.0 0 min
~— —— 15 min
= —_— .
8 30 min
=] ~———45 min
& =60 min
o 0.54 ——75 min
é ——90 min

0.0

T

400 500 600 700 800
Wavelength (nm)

Fig. 7 The UV-vis absorption spectra of MB solution during photo-
catalytic degradation of the MB solution using catalyst 1 in the pres-
ence of H,O, under visible light irradiation.
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Fig. 8 Concentration changes of MB as a function of reaction time
using catalysts 1-5 in the presence of H,O,, in the absence of H,O,
under visible light irradiation and the blank experiment only H,O, or
only visible light.

irradiation. After 180 min, the degradation efficiencies of RhB
reached 93.0% for 1, 84.7% for 2, 81.3 for 3, 88.6 for 4 and 56.7%
for 5. There is no significant degradation for the blank experi-
ment (only light, without H,0,) and the control experiment with
photocatalysts 1-5 in the absence of H,0, under visible light
irradiation as comparison. 1-5 were effective photocatalysts for
the degradation of RhB. The catalytic efficiencies for degrada-
tion of RhBare1>4>2>3>5.

The photocatalytic behaviors of 1-5 for the degradation of
MO under visible light irradiation were shown in Fig. 11, 12 and
Fig. $23-526 (in ESIf). The degradation efficiencies of MO
reached 92.7% for 1, 85.1% for 2, 77.2 for 3, 87.3 for 4 and 64.1%
for 5 after 300 min when 1-5 as heterogeneous catalysts in the
presence of H,O, under visible light irradiation. As comparison,
there is no significant degradation for the blank experiment
(only light, without H,0,) and the control experiment with
photocatalysts 1-5 in the absence of H,0, under visible light
irradiation. Therefore, 1-5 were effective photocatalysts for the
degradation of MO. The catalytic efficiencies for the degrada-
tion of MO are 1>4>2>3>5.

0 min
—— 15 min
30 min
———45 min
——60 min
=75 min
=90 min
——105 min
——120 min
135 min
——— 150 min
165 min
~———180 min

1.54

0.5

Absorption (a.u.)

0.0

400 560 660 700
Wavelength (nm)

Fig. 9 The UV-vis absorption spectra of RhB solution during photo-
catalytic degradation of the RhB solution using catalyst 1 in the pres-
ence of H,O, under visible light irradiation.
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Fig. 10 Concentration changes of RhB as a function of reaction time

using catalysts 1-5 in the presence of H,O,, in the absence of H,O,

under visible light irradiation and the blank experiment only H,O, or
only visible light.
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Fig. 11 The UV-vis absorption spectra of MO solution during photo-
catalytic degradation of the MO solution using catalyst 1 in the pres-
ence of H,O, under visible light irradiation.

After the photocatalytic degradation of the organic dyes MB,
RhB and MO solutions, the photocatalysts 1-5 can be easily
separated by simple centrifugation because they are undis-
solved in water. After the photocatalysis, the PXRD patterns of
1-5 are in good agreement with that of the original compounds,
implying that 1-5 maintain their structural integrity after the
photocatalysis reaction (Fig. $10-S14 in ESI}). The photo-
catalysts 1-5 can be recovered from the catalytic system and
reused for five catalytic cycles (Fig. S27-S31 in ESIf). The pho-
tocatalytic experiment proves that 1, 2 and 4 are highly efficient
and universal photocatalysts for degradation of the organic dyes
MB, RhB and MO (Fig. 13).

H,0, is a good oxide and the precursor of hydroxyl radical
("OH), which is an effective and highly active oxidizing species
for decomposing organic dyes into nonpolluting simple mole-
cules, or CO, and H,0.** In order to find out whether hydroxyl
radical ("OH) is participated in the photocatalytic degradation
process or not, the photocatalytic reaction using catalyst 1 in the
presence of H,0, and good hydroxyl radical ("OH) scavenger
mannitol (1.0 g) for degradation of MB, RhB and MO under

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Concentration changes of MO as a function of reaction time
using catalysts 1-5 in the presence of H,O,, in the absence of H,O,
under visible light irradiation and the blank experiment only H,O, or
only visible light.
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Fig. 13 Photocatalytic degradation efficiency of the MB, RhB and MO
using catalysts 1-5 in the presence of H,O, under visible light
irradiation.

visible light irradiation was performed for comparison. The
degradation efficiencies of MB using catalyst 1 in the absence of
H,0,, in the presence of H,0,, in the presence of H,0, and
mannitol for degradation of MB were 23.4%, 94.0% and 39.4%,
after 90 min (Fig. S32 in ESIf). The degradation efficiencies of
RhB using catalyst 1 in the absence of H,0,, in the presence of
H,0,, in the presence of H,O, and mannitol for degradation of
RhB were 3.1%, 93.1% and 12.6%, after 180 min (Fig. S33 in
ESIT). The degradation efficiencies of MO using catalyst 1 in the
absence of H,0,, in the presence of H,0,, in the presence of
H,0, and mannitol for degradation of MO were 20.3%, 92.7%
and 28.0%, after 300 min (Fig. S34 in ESI{). The experimental
results show that H,O, can greatly increase the photocatalytic
efficiency and the good hydroxyl radical (‘OH) scavenger
mannitol can inhibit the photocatalytic reaction. Therefore,
hydroxyl radical ("OH) should participate in the photocatalytic
degradation process.

During the photocatalytic process, upon irradiation by
visible light, the absorption of energy is equal to or greater than
the energy band gap of photocatalysts (kv = 2.21 eV for 1,

RSC Adv., 2017, 7, 2343223443 | 23439
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2.35 eV for 2, 2.41 eV for 3, 2.13 eV for 4, 2.62 eV for 5), the
electrons in the highest occupied molecular orbital (HOMO) are
excited to the lowest unoccupied orbital (LUMO). The charge
transfer excited state of photocatalyst can be deactivated by
oxidizing the contaminant directly and/or oxygenating H,O or
H,0, into a hydroxyl radical ("OH). The hydroxyl radical ("OH)
can oxidize the organic dyes into nonpolluting simple mole-
cules, or CO, and H,O to complete the photocatalytic
process.” "’

The above photocatalytic reaction shows that the catalytic
efficiencies for the degradation of MB, RhBand MO are 1 >4 >2
> 3 > 5. The lower energy band gap (E,) of the photocatalysts
(Coordination Polymers) usually can present the high catalytic
efficiency. The other factors such as coordination configuration
of the metal centers and the structures of the photocatalysts
(Coordination Polymers) also play the important role in the
degradation rates of the photocatalysts. The Cu(u) atoms in 2-4
all have an unsaturated five-coordinated distorted square-
pyramidal configuration. We speculate that the thermody-
namic stable [Cu,(COO),] paddle wheel structures are favour-
ably formed in 2-4 and the Cu(u) atoms in [Cu,(COO),] paddle
wheel structures all exhibit the distorted square-pyramidal
configuration because each copper(n) atom in [Cu,(COO),]
hinders the coordination of the other copper(u) atom. The Cu(u)
atoms in 5 maybe accidently show an unsaturated five-
coordinated distorted square-pyramidal configuration. But the
Cul atoms and Cu2 atoms in 1 have an unsaturated four-
coordinated distorted square geometry and an unsaturated
five-coordinated distorted square-pyramidal configuration,
respectively. We speculate that each copper(n) atom in the
[Cu,(n-OH)] dimer hiders the coordination of the other cop-
per(u) atom and the copper(n) show the unsaturated four-
coordinated and five-coordinated configurations in 1. The
highly photocatalytic activity of 1 can be attributed to the lower
energy band gap and the Cu(n) atom with unsaturated four-
coordinated distorted square geometry.

Chemistry researchers usually select one organic dye as
model contaminant to study the photocatalytic properties of
photocatalysts.”* Only few researches choose two or more
model dyes."** The photocatalysts usually exhibit the selectivity
of photocatalytic activities for degradation of unique organic
dye. Highly efficient and universal photocatalysts are seldom
observed.'®'* For example, Wang and coworkers reported five
polyoxometalate-based Cu(i) MOFs which show the selectivity
photocatalytic degradation of three organic dyes methylene
blue (MB), rhodamine B (RhB) and methyl orange (MO) under
UV irradiation. Three compounds are good candidates for the
photocatalytic degradation of MB, and one compound is a good
photocatalyst for the degradation of RhB."** Zhang and
coworkers synthesized two isomeric two-dimensional copper(i)
coordination polymers Cu(ptz) which showed high photo-
catalytic efficiency for the degradation of MB, RhB, and MO in
aqueous solution under xenon arc lamp irradiation.* Wang
and coworkers reported a 3D polyoxomolybdate-organic
framework, {{Cu,(H;tpb),(tpb)(M0,0;,)]- 4H,0}, which exhibits
remarkable photocatalytic activities for decomposition of MO,
methylene red (MR), MB, methylene violet (MV) and RhB under
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UV light."** Yu, Zhou and coworkers synthesized five molybdo-
phosphate coordination polymers. One coordination polymer
as a representative catalyst exhibits a universal highly efficient
degradation ability for typical dyes MB, MO, and RhB under UV
light.*** Wu and coworkers reported four anionic zwitterion-
POM hybrid materials which demonstrate remarkable efficiency
for selective scavenging and photolysis of cationic dyes from
polluted water.*** Zhu and coworkers synthesized three cop-
per(u) porous coordination polymers which show high catalytic
activities for the degradation of rhodamine B (RhB), methylene
blue (MB), safranine T (ST), and orange II (OII) dyes in aqueous
solution.*¥

In the present work, five copper(u) coordination polymers
based on 1,4-bis(2-methyl-imidazol-1-ylmethyl)benzene (bix)
and different multicarboxylate 1,2,4-benzenetricarboxylate
(1,2,4-btc), isophthalate (ip), 5-methyl-isophthalate (Meip), 1,4-
benzenediacatate (pbda) and 2,5-pyridine-dicarboxylate (2,5-
pydc) were synthesized. 1-5 exhibit diverse structures and are
highly efficient and universal photocatalysts for the degradation
of the organic dyes methylene blue (MB), rhodamine B (RhB)
and methyl orange (MO) under visible light irradiation. The
structures and properties of coordination polymers based on
bix ligand in literatures are summarized here for discussion and
comparison.”® [Cu(Hbtc)(bix)os], (Hszbtc = 1,3,5-benzene-
tricarboxylic acid) exhibits a 3D (4,5)-connected net and cata-
lytic degradation of methyl orange in photo Fenton like process
in the presence of sodium persulfate under UV irradiation.”®* A
pair of Cu(i) compound isomers [Cu,(CN),(bix)] generate
a three-fold interpenetrated 3D uninodal (10, 3) network with
ThSi, and utq topology and show the strong green photo-
luminescence peak at 565 nm.>” Barbour and coworkers re-
ported the single-crystal to single-crystal interconversion of four
distinct molecular crystal forms consisting of neutral, dinuclear
metal complexes using bix, CuCl, and different solvents.>** A
discrete rectangular complex [Ag,(bix),](BF,),-2CH;CN retains
its solvent-templated channel structure on guest removal to
yield a porous, gas sorbing material for CO,, H,, CH, and N, at
room temperature (30 °C).2*? {[Ag,(bix);](BF,),} shows an infin-
ite two-dimensional Borromean coordination framework.”>* A
2D corrugated (6,3) network [Zn(dpc)(bix)y 5], and a 3D micro-
porous framework [Pb(dpc)(bix)e 5] (dpc = dipicolinate) show
luminescence emission peaks at 416 and 441 nm, respective-
ly>¥ A 3D — 3D interpenetrated [Ag,(bix), 5(pzdc)-3H,0], and
a 2D — 3D polycatenated [Ag(bix)(mac), s-0.5H,0],, (Hypydc =
pyrazine-2,3-dicarboxylic acid, Hymac = r-malic acid) exhibit
luminescence emission peaks at 476 and 426 nm, respective-
ly.>*¢ A one-dimensional {[Ags(bix),(ndca), 5]-H,O}, (Hondca =
naphthalene-1,4-dicarboxylicacid) which exhibits a lumines-
cence emission peak at 446 nm.>" A 2-fold interpenetrated 3D
pcu network {[Zn(fum)(bix)os]-0.5H,0}, (Hfum = fumaric
acid) displays a luminescence emission peak at 453 nm.**
{IM(bcpb)(bix), 5]- *H,0},, (M = Co(u), Cu(u), Ni(u)), (H,bcpb =
3,5-bis(4-carboxyphenyl)pyridine) are isomorphic and show
complicated 3D (3,5)-coordinated amd networks, which could
be viewed as two interpenetrated ths nets.?¥ {[Ni(tptc), s(bix)]-
0.25H,0}, (Hatptc = terphenyl-2,5,2',5-tetracarboxylic acid)
shows an unprecedented 3D (4,4)-connected framework with

This journal is © The Royal Society of Chemistry 2017
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the point Schlifli symbol of (4-6* 8%),(4%-8%).25% [Cd(bix)o.s
(ndc)]-1.5H,0 (Hnde = naphthalene-2,6-dicarboxylic acid)
forms a 3-fold interpenetrated pcu network constructed from
paddle-wheel second building blocks.?” [Cd(L)(bix)], (HoL = 4’
((2-carboxyphenoxy)methyl)biphenyl-2-carboxylic acid) displays
a 2D — 3D interdigitated framework and luminescent emis-
sions at 426 nm.>” [Zn,(u,-OH)(boaba)(bix)],, (Hsboaba = 3,5-
bis-oxyacetate-benzoicacid) exhibits a (3,5)-connected bimodal
gra net with binuclear [Zn,(j1,-OH)(COO)] clusters which shows
blue photo-luminescence emissions at 416 nm.>*"

Conclusions

In summary, five structural diversity of five-coordinated cop-
per(u) coordination polymers were synthesized. 1-5 are semi-
conducting in nature, with E, of 2.21 eV (1), 2.35 eV (2), 2.41 eV
(3), 2.13 eV (4), and 2.62 eV (5). 1-5 are highly efficient and
universal photocatalysts for the degradation of the organic dyes
methylene blue (MB), rhodamine B (RhB) and methyl orange
(MO) under visible light irradiation, and are very stable and
easily separated from the reaction system for reuse. This work
shows that the coordinated unsaturated copper coordination
polymers should be very promising photocatalysts for degra-
dation of organic dyes under visible light irradiation.
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