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Three 3-D coordination polymers, [Cu(cca)(4,4"-bipy)], (1), [Cos(pda)s;(1,10"-phen),], (2), and
[Co(pda)(1,10'-phen)],, (3), have been synthesized from 4-carboxycinnamic acid (cca), 1,4"-pheny-
lenediacrylic acid (pda), 4,4'-bipyridine (4,4'-bipy), 1,10’-phenanthroline (1,10"-phen), and Cu and
Co salts under different conditions. The X-ray crystal structures of these three complexes are pre-
sented. Complex 1 exhibits a threefold 3-D a-Po interpenetration network. Complex 2 with a 3-D
framework with six-connected single a-Po framework constructed from Co; unit has been synthe-
sized and characterized. Complex 3 shows a 3-D framework with bcu topology composed of 1-D
rod-shaped secondary building units. Furthermore, the photocatalytic properties of 2 were studied.
When excited by UV light, 2 exhibits photocatalytic activity, in 300 min, about 71% Rhodamine B
decomposes.
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1. Introduction

The rational design and synthesis of coordination polymers has became a flourishing
research area because of potential applications in magnetism, ion exchange, catalysis, gas
separation, and electrical conductivity [1-7]. From the point of view of crystal engineering,
the construction of coordination polymers with desired properties requires careful selection
of the organic ligands [8—12]. Coordination polymers possessing various physical properties
and diverse structural features arising from different types of ligands have been reported
[13—19]. It is well known that carboxylate ligands play an important role in coordination
chemistry and can adopt various coordination modes and link metal ions in different man-
ners [20-22]. Among the large family of carboxylate ligands, 4-carboxycinnamic acid (cca)
and 1,4’-phenylenediacrylic acid (pda) have attracted considerable interest [23, 24]. How-
ever, far less has been reported on this linker, which does not readily fit into a predictable
template owing to flexibility and conformational freedom.

Recently, the introduction of secondary nitrogen-containing ligands into the metal-carboxyl-
ate system has been of interest not only because the use of mixed components can lead to novel
structural features and interesting properties but also to make the construction process more
controllable than with only a single ligand [25]. However, syntheses involving mixed ligands
are more difficult due to the different solubility of mixed organic ligands and the competition
between different organic ligands for the metal [26]. Numerous studies have shown that hydro-
thermal synthesis is a powerful method for the construction of coordination polymers from
mixed ligands [27]. In such a relatively low temperature and autogenous pressure environment,
the problem of different solubility for various ligands is minimized, and mixed ligands may be
selected for efficient molecular building during the crystallization process.

Based on these considerations, we have prepared three new coordination polymers, [Cu
(cca)(4,4"-bipy)], (1), [Cos(pda)s;(1,10"-phen),], (2), and [Co(pda)(1,10"-phen)], (3). As
promising photocatalysts, coordination polymers possess obvious merits for photocatalytic
decomposition of organic dyes [28]. Up to now, the photocatalytic property of coordination
polymers, however, has experienced limited research [29]. Here, the photocatalytic property
of 2 is also studied.

2. Experimental

2.1. Materials and general methods

All purchased chemicals were of reagent grade and used without purification. Elemental
analyses (C, H, and N) were performed on a Perkin-Elmer 2400 CHN elemental analyzer.
FT/IR spectra were recorded from 4000 to 400 cm™' on an Alpha Centaur FTIR spectropho-
tometer using KBr pellets. TG analyses were performed on a Perkin-Elmer TGA7 instru-
ment in flowing N, with a heating rate of 10°Cmin~'. The UV-visible adsorption
spectrum was recorded using a Hitachi U-3010 UV—visible spectrometer. PXRD patterns

were recorded on a Siemens D5005 diffractometer with Cu Ko (1= 1.5418 A) radiation.

2.2. Preparation of 1

Complex 1 was prepared from the mixture of Cu(OAc),"4H,O (0.030 g, 0.1 mM), H,cca
(0.038 g, 0.2 mM), 4,4"-bipy (0.016 g, 0.1 mM), and 10 mL H,O. The mixture was stirred
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and pH was adjusted to 5 with 1 M NaOH. After stirring for another 10 min, the mixture
was transferred to a 23 mL Teflon-lined stainless steel bomb and kept at 180 °C under
autogenous pressure for 5 days. The reaction system was cooled to room temperature during
24 h. A large amount of blue crystals of 1 were found. Yield: 81% (based on Cu). Anal.
Calcd for Cy5H;(NO4Cu: C, 54.3%; H, 3.04%; N, 4.22%. Found: C, 53.91%; H, 3.12%; N,
4.15%.

2.3. Preparation of 2

Complex 2 was prepared from the mixture of Co(OAc),-4H,O (0.050 g, 0.2 mM), H,pda
(0.044 g, 0.2 mM), 1,10-phen (0.018 g, 0.1 mM), and 6 mL H,O. The mixture was stirred
and pH was adjusted to 5 with 1 M NaOH. After stirring for another 10 min, the mixture
was transferred to a 23 mL Teflon-lined stainless steel bomb and kept at 120 °C under
autogenous pressure for 4 days. The reaction system was cooled to room temperature during
24 h. A large amount of plate yellow crystals of 2 were obtained. Yield: 55% (based on
Co). Anal. Calcd for CgHyoN4O1,Co5: C, 60.77%; H, 3.40%; N, 4.72%. Found: C,
61.06%; H, 3.21%; N, 4.85%.

2.4. Preparation of 3

Complex 3 was prepared from the mixture of Co(OAc),-4H,0 (0.025 g, 0.1 mM), H,pda
(0.033 g, 0.15 mM), 1,10"-phen (0.027 g, 0.15 mM), and 10 mL H,O. The mixture was stir-
red and pH was adjusted to 6 with 1 M NaOH. After stirring for another 10 min, the mix-
ture was transferred to a 23 mL Teflon-lined stainless steel bomb and kept at 150 °C under
autogenous pressure for 3 days. The reaction system was cooled to room temperature during
24 h. A large amount of brown crystals of 3 were found. Yield: 67% (based on Co). Anal.
Calcd for C,4H¢N,04Co: C, 63.31%; H, 3.54%; N, 6.15%. Found: C, 63.12%; H, 3.39%;
N, 6.31%. IR (cm™"): 1561 (s), 1389 (s), 1101(s), 976 (s), 852 (s), 726 (s).

2.5. Photocatalytic experiment

The photocatalytic activities of the samples were evaluated by the degradation of Rhoda-
mine B (RhB) in the aqueous solution. Seventy milliliters RhB aqueous solution with con-
centration of 107> M was mixed with 30 mg catalysts, which was exposed to illumination.
Before turning on the lamp, the suspension containing RhB and photocatalyst was magneti-
cally stirred in a dark condition for 40 min till an adsorption—desorption equilibrium was
established. Samples were then taken out regularly from the reactor and centrifuged imme-
diately for separation of any suspended solid. The transparent solution was analyzed by a
UV-vis spectrometer. An 11 W germicidal lamp (1 =254 nm) served as a UV light source.
Langmuir—Hinshelwood (L-H) equation (rq=kyCy/1 + KoCy) is employed to quantify the
degradation reaction of RhB (7 represents the initial rate, ko represents the kinetic rate con-
stant, and K represents the adsorption coefficient of the reactant RhB). As the value of C,
is small, KoCy « 1, the L-H rate expression can simply be the first-order rate expression: rq
=dCy/dt=koCy. This equation can be solved to obtain In (C/Cy) = —kot. Based on Lambert—
Beer law, C/Cy = I/1;, the equation can reduce to In (//1y) = —kyt finally.
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2.6. X-ray crystallography

Suitable single crystals of 1-3 were carefully selected under an optical microscope and glued
on glass fibers. Structural measurements were performed on a Bruker AXS SMART APEX 11
CCD diffractometer at 298 K. The structures were solved by the direct method and refined by
full-matrix least-squares on F~ using the SHELXTL 97 crystallographic software package, and
anisotropic thermal parameters were used to refine all non-hydrogen atoms [30, 31]. Carbon-
bound hydrogen atoms were placed in geometrically calculated positions. Oxygen-bound
hydrogen atoms were located in the difference Fourier maps, kept in that position, and refined
with isotropic temperature factors. Further details of the X-ray structural analysis are given in
table 1. Selected bond lengths and angles are listed in tables 2 and 3. Further details of the crys-
tal structure determination have been deposited to the Cambridge Crystallographic Data Center
as supplementary publication. CCDC 975491, 905276, and 905277 for 1-3 contain the supple-
mentary crystallographic data for this article.

3. Results and discussion

3.1. Structure description

For 1, there exists one crystallographically independent Cu atom in its fundamental unit,
which adopts square-pyramidal geometry. Cul connects with four oxygens and one nitrogen
from cca and 4,4"-bipy ligands, respectively [figure 1(a)]. Such two Cu atoms are connected
by four carboxylates with Cu---Cu distance of 2.986 A. The axis sites of each Cu, unit are
occupied by two 4,4'-bipy ligands. Such arrangement of the carboxylate oxygens and nitro-
gens results in an octahedral [Cu,(CO,)4N;] secondary building units (SBUs). Each SBU
links with six others through four cca liangds, two 4,4'-bipy, and generates an extended
neutral 3-D network. The overall topology of the 3-D framework can be described as the

Table 1.  Crystal data and structure refinements for 1-3.

1 2 3
Emplncal formula C|5NO4H10Cu C60H40N4012C03 C24H]5N204C0
Formula weight 331.78 1185.75 455.32
Crystal system Monoclinic Triclinic Monoclinic
Space group C2/e P-1 C2/e
a(A) 16.773(5) 8.1471(8) 25.645(8)
b (A) 20.409(6) 13.6900(14) 11.555(4)
c(A) 10.371(3) 13.8330(14) 7.012(2)
a (°) 90 62.541(2) 90
L) 115.502(4) 86.678(2) 99.982(4)
G 90 87.729(2) 90
V(A% 3204.4(16) 1366.6(2) 2046.3(11)
VA 8 1 4
Dearea/(g cm ™) 1.375 1.441 1.478
F(000) 1344 605 932
Reflections collected 9804 6917 5908
Reflections unique 2781 4739 1810
R(int) 0.0212 0.0135 0.0190
Goodness-of-fit on F* 1.056 1.112 1.413
R\[I>20(])] 0.0502 0.0505 0.0522
WR, [I> 20(I)] 0.1654 0.1568 0.2136

Notes: Ry = Zl|Fo| = [Fl/EIFo; wRy = Z[w(Fy” = F&) VEw(Fo Y 1.
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Table 2.  Selected bond lengths for 1-3.

Co and Cu coordination polymers

1

Cu(1)-O(1)#3
Cu(1)-0(3)#1

Cu(1)-N(1)
2

Co(1)-0(2)
Co(1)-0(3)
Co(1)-0(6)
Co(2)-0(5)
Co(2)-0(1)
Co(2)-N(2)
3

Co(1)-O(1)#2

Co(1)-0(2)
Co(1)-N(1)

2.078(3)
2.029(3)
2.056(4)

2.148(2)
2.188(2)
2.165(2)
2.070(2)
2.086(2)
2.237(3)

2.162(2)
2.115(2)
2.332(2)

Cu(1)-0(2)
Cu(1)-0@d)y2

Co(1)-02)#1
Co(1)-0(3)#1
Co(1)-0(6)#1
Co(2)-0(3)
Co(2)-N(1)

Co(1)-O(1)#3
Co(1)-0(2)#1
Co(1)-N(1)#1

2.037(3)
2.049(3)

2.148(2)
2.188(2)
2.165(2)
2.099(2)
2.241(2)

2.162(2)
2.115(2)
2.332(2)

Notes: Symmetry transformations used to generate equivalent atoms for 1: #1: x —1/2,
y=1/2, z; #2: —x+3/2, y—1/2, =z +5/2; #3: —x+ 1, y, —z+5/2; for 2: #1: —x—2, —y,

—z+1; for 3: #1: —x+ 1, y, —z+3/2; #2: —x+ 1, =y, —z+ 1; #3: x, =y, z + 1/2.

Table 3.  Selected angles for 1-3.

1
0(2)-Cu(1)-O(1)#3
0(3)#1-Cu(1)-0(2)
03)#1-Cu(1)-O(1)#3
0(2)-Cu(1)-N(1)
O(4)#2-Cu(1)-N(1)

2

0Q2)#1-Co(1)-0(2)
0(2)-Co(1)-0(6)#1
0(2)-Co(1)-0(6)
0(6)#1-Co(1)-0(6)
0(2)#1-Co(1)-0(3)#1
0(2)-Co(1)-0(3)#1
0(6)#1-Co(1)-O(3)#1
0(3)#1-Co(1)-0(3)
0(5)-Co(2)-N(1)
O(1)-Co(2)-N(1)
0(3)-Co(2)-N(1)
N(2)-Co(2)-N(1)
0(3)-Co(2)-N(2)

3

0(2)-Co(1)-0(2)#1
0(2)-Co(1)-O(1)#2
0(2)#1-Co(1)-O(1)#2
0(2)-Co(1)-O(1)#3
O(1)#2-Co(1)-O(1)#3
0(2)#1-Co(1)-N(1)#1
O(1)#2-Co(1)-N(1)#1
O(1)#3-Co(1)-N(1)#1
0(2)-Co(1)-N(1)

86.04(13)
165.46(13)
88.03(15)
97.83(12)
98.92(13)

180.0
89.29(9)
90.71(9)
180.00(19)
86.80(8)
93.20(8)
90.77(8)
180.00(10)
153.45(10)
89.19(9)
104.42(9)
73.34(10)
125.97(10)

116.71(12)
96.03(8)
86.33(8)
86.33(8)
175.53(9)
86.20(8)
85.90(8)
90.46(8)
86.20(8)

0(2)-Cu(1)-O@)#2
0(3)#1-Cu(1)-0(@)#2
O(@)#2-Cu(1)-O(1)#3
03)#1-Cu(1)-N(1)
N(1)-Cu(1)-O(1)#3

0Q)#1-Co(1)-O(6)#1
0(2)#1-Co(1)-0(6)
0(6)-Co(1)-0(3)#1
0(2)#1-Co(1)-0(3)
0(2)-Co(1)-0(3)
0(6)#1-Co(1)-0(3)
0(6)-Co(1)-0(3)
0(5)-Co(2)-0(1)
0(5)-Co(2)-0(3)
0(1)-Co(2)-0(3)
0(5)-Co(2)-N(2)
0(1)-Co(2)-N(2)

0(2)-Co(1)-O(1)#2
0(2)#1-Co(1)-O(1)#2
0(2)-Co(1)-O(1)#3
OQ)#1-Co(1)-O(1)#3
0(2)-Co(1)-N(1)#1
O(1)#2-Co(1)-N(1)
O(1)#3-Co(1)-N(1)
N(1)#1-Co(1)-N(1)
OQ)#1-Co(1)-N(1)

90.05(15)
89.07(15)
152.35(13)
96.64(13)
108.73(13)

90.71(9)
89.29(9)
89.23(8)
93.20(8)
86.80(8)
89.23(8)
90.77(8)
94.24(11)
100.52(9)
102.51(9)
84.74(10)
130.95(10)

96.03(8)
86.33(8)
86.33(8)
96.03(8)
157.07(9)
90.46(8)
85.90(8)
70.92(13)
157.07(9)

Notes: Symmetry transformations used to generate equivalent atoms for 1: #1: x — 1/2, y— 1/2, z; #2: —=x+3/2, y —
12, =z+5/2; #3: —x+1, y, —z+5/2; for 2: #1: —x—2, —y, —z+1; for 3: #1: —x+1, y, —z+3/2; #2: —x+1, —y,

—z+1;#3:x, -y, z+ 1/2.
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Figure 1. (a) The fundamental unit of 1 showing the coordination geometry of Zn*" ions (hydrogens are omitted
for clarity); (b) the 3-D framework of 1; (c) scheme representation of threefold interpenetration network of 1.

a-Po net, which possesses large cavities [figure 1(b)]. These large voids formed in one sin-
gle 3-D network allow incorporation of other two identical networks, thus giving a threefold
interpenetrated a-Po network [figure 1(c)].

Single-crystal X-ray analysis shows that the structure of 2 contains Cos unit. There exist
two crystallographically independent Co atoms in the fundamental unit, which exhibit two
kinds of coordination geometries. Col lies at the center of symmetry and connects with six
oxygens from six pda ligands (bond distances range from 2.148 to 2.188 A and bond angles
are in the range from 86.80° to 180.0°). This leads to an octahedral geometry of Col. On
the contrary, Co(2) exists in a highly distorted trigonal bipyramidal geometry, being ligated
by two nitrogens with Co-N bond distances 2.237 and 2.241 A from a chelating 1,10’-phen
ligand, three oxygens from three pda ligands with bond distances in the range from 2.070
to 2.099 A [figure 2(a)]. Moreover, the pda ligands adopt two kinds of coordination modes;
in the first type, the pda ligand contains two bridging carboxylate groups while in the
second pad ligand, one carboxylate adopts monodentate bridging coordination mode; the
other adopt chelating—bridging coordination mode. As such, each trinuclear metal cluster is
surrounded by eight organic ligands with six bridging pda and two chelating 1,10’-phen.
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Figure 2. (a) The fundamental unit of 2 showing the coordination geometry of Co®" ions (hydrogens are omitted
for clarity). (b) The 3-D framework of 2.

The cluster, therefore, defines a six-connected node. Each trinuclear Co core is further
linked to six nearest neighbors through six pda ligands, thus leading to a 3-D framework
[figure 2(b)].

Single-crystal X-ray diffraction analysis reveals that there exists only one crystallographi-
cally independent Co atom in the fundamental unit; Col connects with four oxygens from
four pda ligands (Co—O distances and O—Co—O bond angles range from 2.115 to 2.162 A
and 86.33° to 175.53°). The other two coordination sites are occupied by nitrogens from
one 1,10-phen. This results in a slightly distorted octahedron coordination mode of 3
[figure 3(a)]. Two carboxylate groups of pda ligand both adopt bridging connection mode
and link the adjacent Co atoms together. This results in a 1-D Co—C-O chain, which can be
seen as 1-D rod-shaped SBUs [figure 3(b)]. One rod-shaped SBU connects with four neigh-
boring rod-shaped SBUs with pda ligands and results in the 3-D structure of 3 [figure 3(c)].
Up to now, many MOFs have been constructed from 1-D rod-shaped SBUs and from
Yaghi’s theory the network can be defined as bcu topology [figure 3(d)]. To our knowledge,
some coordination polymers constructed from pda have been synthesized, but coordination
polymers that possess similar structural features with 2 and 3 have not been reported [32—
34].

Although 2 and 3 were synthesized under hydrothermal conditions, but pH and tempera-
ture of these two reaction systems are different, which leads to different connection modes
of pda ligands and results in the structural differences between 2 and 3. To our knowledge,
this phenomenon has been reported by other researchers [35, 36].

3.2. Photocatalytic property study

Photocatalytic activity property studies were investigated by the degradation of RhB. When
excited by UV light, 2 exhibits photocatalytic activity, in 300 min, about 71% RhB decom-
pose and the rate constant is 0.00514 min~' [figures 4(a) and (b)]. We also studied the deg-
radation of RhB under the irradiation of UV light without 2 and found only about 3% RhB
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Figure 3. (a) The fundamental unit of 3 showing the coordination geometry of Co?" ions (hydrogens are omitted for clar-
ity); (b) 1-D rod-shaped SBUs of 3; (c) the 3-D framework of 3. (d) The scheme representation of the bcu topology of 3.

were decomposed (figure S1, see online supplemental material at http://dx.doi.org/10.1080/
00958972.2014.939960). Based on this point, we can attribute the decomposition of RhB to
the photocatalytic property of 2. For photocatalytic degradation reaction, the activity of
recycled catalyst is a very important factor to determine the performance of a photocatalyst.
Here, the photocatalytic reaction is re-examined five times (figure 5). The recycled complex
2 still exhibits excellent catalytic property and the relationship of degradation rate and time
is very similar between every cycle, which indicates its high stability during the decomposi-
tion process of organic dyes.

3.3. Photocatalytic mechanism study

It is important to study the decomposition mechanism of RhB under different photocatalysts
and conditions. Based on the experimental findings and observations, we speculate the
mechanism as follows (scheme 1). For 2, under the irradiation of UV light, the electrons
are excited from the valence band (VB) and transferred to the conduction band, simulta-
neously, positive charged holes are be formed in VB [scheme 1(a)]. After migrating to the
surface of 2, the electrons reduce the oxygen (O,) to superoxide radical (O, ) and holes
oxidize the hydroxyl (H,O) to hydroxyl radicals (-OH). These oxygen radicals and
hydroxyl radicals are responsible for the degradation of RhB.
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Co and Cu coordination polymers
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(a) UV—vis absorption spectra of RhB solution degraded by 2 under UV light; (b) curve of degradation
rate for RhB by 2 under different conditions as the function of irradiation time.
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Cycling runs of the photocatalytic degradation of RhB in the presence of 2.
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Scheme 1. Diagram of the photocatalytic mechanism for coordination polymer under UV light.

4. Conclusion

We have synthesized three new coordination polymers. Complex 1 shows a threefold inter-
penetration o-Po network. Complex 2 is constructed from a Cos unit and exhibits a 3-D
framework. Complex 3 also exhibits a 3-D framework composed of 1-D rod-shaped sec-
ondary building units. Although 2 and 3 were synthesized with the same materials, different
connection modes of pda ligands results in the structural differences between them. The
photocatalytic properties of 2 were studied.
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