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Abstract

Two Co(II) coordination polymers (CPs), namely [Co(L1)(DCTP)], (1) and [Co(L2)(DCTP)], (2) [L1 = 1,4-bis(5,6-dimeth-
ylbenzimidazol-1-yl)butane, L2 = 1,5-bis(5,6-dimethylbenzimidazol-1-yl)pentane, H,DCTP =2,5-dichloroterephthalic acid]
were synthesized and characterized by single-crystal X-ray diffraction analysis, elemental analysis, powder X-ray diffrac-
tion (PXRD) and infrared spectroscopy. CP 1 has a 2D (4,4) corrugated sheet structure, which is further extended into a 2D
double layer by C—H:--O weak hydrogen bonding interactions, while CP 2 displays a 2D layer with hcb network, which is
assembled into a 3D supramolecular framework through C—H---O hydrogen bonding. Both CPs exhibited promising photo-
catalytic activities for the degradation of methylene blue under UV irradiation. In addition, the thermal stabilities and the

luminescence properties of both CPs have been investigated.

Introduction

The self-assembly of coordination polymers (CPs) has
emerged as an important research topic in recent years, not
only because of their interesting and diverse topologies, but
also due to their extensive applications in catalysis, elec-
trochemistry, gas adsorption and magnetic materials [1-7].
The final architectures of new CPs remain hard to predict
because of the many factors which can influence the self-
assembly process, including temperature, solvent, pH value
and choice of organic ligands [8—13]. Clearly, however, one
of the most important factors in obtaining a desired molecu-
lar architecture is the careful selection of organic ligands as
bridging or terminal groups, with transition metals as nodes
[14-18]. Recently, flexible bis(benzimidazole) derivatives,
which have remarkable coordination ability and versatile
conformations, have attracted much interest as N-donor
ligands. They can adopt diverse conformations by means of
the torsional flexibility of their -(CH,),— spacers, providing
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opportunities to meet different requirements of the metal
centers in the assembly process [19, 20]. In addition, vari-
ous weak intermolecular interactions may play a crucial
role in the construction of supramolecular architectures
with functional properties, such as hydrogen bonds and 7—=
stacking [21, 22]. Meanwhile, aromatic dicarboxylic acid
ligands have also been widely used to synthesize coordina-
tion polymers, because of their versatile coordination modes
and structural rigidity, chemical stability and appropriate
connectivity [23, 24]. However, only a few metal—-organic
coordination polymers based on 2,5-dichloroterephthalic
acid (H,DCTP) as a bridging ligand have been successfully
prepared [25, 26].

In this work, we synthesized two CPs with flexible
bis(benzimidazole) and 2,5-dichloroterephthalic acid ligands
(scheme 1), namely, [Co(L1)(DCTP)], (1), and [Co(L2)
(DCTP)],, (2) (L1 =1,4-bis(5,6-dimethylbenzimidazol-1-yl)
butane, L2 =1,5-bis(5,6-dimethylbenzimidazol-1-yl)pen-
tane). CP 1 exhibits a 2D double-layer structure, while CP
2 has a 3D supramolecular framework. The photocatalytic
activities of both CPs for the degradation of methylene blue
(MB) were investigated.
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Scheme 1 Structural formulas of all ligands

Experimental
Materials and methods

The proligands L1 and L2 were synthesized according to
the literature [27]. All other chemicals and reagents were
purchased from Beijing InnoChem Science & Technology
Co. and used without further purification. C, N and H con-
tents were determined with a Perkin-Elmer 240C analyzer.
FTIR spectra were recorded from KBr pellets in the range
of 4000-400 cm™" with an Avatar 360 (Nicolet) spectro-
photometer. Powder X-ray diffraction (PXRD) investiga-
tions were carried out with a Rigaku D/Max-2500 diffrac-
tometer using Cu-Ka radiation (1=1.5418 A) over the 26
range from 5 to 50° at room temperature, using 40 mA and
40 kV. An Edinburgh instruments FS5 spectrophotometer
was employed to record the spectra of powdered solid sam-
ples. Thermogravimetric analyses (TGA) were recorded
on a NETZSCH STA 449F3 differential thermal analyzer
at a rate of 10 °C/min, under an N, atmosphere. Solid
state UV/vis diffuse reflectance spectra were recorded on
a UV-Vis spectrophotometer (Puxi, TU-1901), with a
BaSO, plate as the standard at room temperature.

Synthesis of [Co(L1)(DCTP)], (1)

A mixture of Co(OAc),-4H,0 (49.8 mg, 0.2 mmol), L1
(34.6 mg, 0.1 mmol), H,DCTP (23.5 mg, 0.1 mmol),
NaOH (8 mg, 0.2 mmol) and H,O (10 mL) was sealed in a
25-mL Teflon-lined autoclave and heated continuously at
140 °C for 3 days under autogenous pressure. After cool-
ing to room temperature at a rate of 5 °C/h, purple block-
shaped crystals were obtained with 47.3% yield (based on
Co). Anal. Calc. for C;,H,4C1,CoN,O,: C 56.4; H 4.4; N
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8.8%. Found: C 56.6; H4.1; N 8.6%. IR (cm™!, KBr): 1631
(s), 1589 (s), 1511 (m), 1474 (m), 1376 (s), 1298 (w), 1076
(m), 842 (m), 524 (w).

Synthesis of [Co(L2)(DCTP)],, (2)

CP 2 was prepared by a procedure similar to CP 1, except
that L1 was replaced with L2 (36.0 mg). Purple block crys-
tals were obtained with 43.5% yield (based on Co). Anal.
Calc. for C;,H;,C1,CoN,O,: C, 57.1; H, 4.4; N, 8.3%.
Found: C, 56.9; H, 4.6; N, 8.6%. IR (Cm_l, KBr): 1617 (s),
1458 (m), 1377 (s), 1307 (m), 1217 (m), 1078 (m), 829 (w),
626 (W).

X-ray crystallography

Crystallographic data for a single crystal of CP 1 were col-
lected at 100(2) K on an Agilent Technology SuperNova
Atlas Dual System with a Cu microfocus source (A=1.54184
A) and focusing multilayer optics. Data for CP 2 were col-
lected on a Bruker Smart 1000 CCD area-detector dif-
fractometer at 296(2) K using graphite-monochromated
Mo-Ka radiation (41=0.71073 1&) with @ scan mode. Both
structures were solved by direct methods and refined with
full-matrix least-squares techniques based on F” using the
SHELXL-2014/7 program for CP 1 and SHELXL-2016/6
program for CP 2 [28]. All the non-hydrogen atoms were
treated anisotropically. Hydrogen atoms of organic ligands
were generated geometrically and refined isotropically using
the riding model. The crystallographic data for CPs 1 and 2
are summarized in Table 1, and selected bond lengths and
angles are listed in Table 2.

Photocatalytic experiments

The photocatalytic activities of CP 1 and CP 2 were evalu-
ated for degradation of MB. Experiments were carried out
under irradiation with a S00W high pressure halogen lamp.
Before the reaction, 30 mg of the solid sample was added
into a tube containing 100 mL of MB solution (10 mg/L).
The reaction was stirred in a dark environment for 1 h in
order to eliminate adsorption effects between the catalyst
and solution. The solution was then exposed to UV irradia-
tion. During the irradiation period, 3.5-mL aliquots were
removed at 15-min intervals, and the liquid was separated by
centrifugation. The resulting solutions were analyzed with
a UV/vis spectrophotometer, to quantify the remaining MB
in solution. A blank experiment was carried out under the
same conditions, but without the catalyst. Considering the
initial absorbance values of the dye solution as A, and the
absorbance values at time ¢ as A,, the degradation efficiency
(D) of the dye is defined as follows:

D= [(Ay—A,)/Ay] x 100%
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Table 1 Crystal and refinement

data for CPs 1-2

CP

1

2

Empirical formula

C30 H28 CI2 Co N4 04

C31 H30 CI2 Co N4 04

Formula 638.39 652.42
Temperature/K 100 (2) 296 (2)
Wavelength/A 1.54184 0.71073
Crystal system Triclinic Triclinic
Space group P1 P1
alA 10.7890 (7) 9.9271 (5)
blA 11.1244 (4) 11.7087 (5)
/A 13.2776 (5) 12.7687 (6)
al® 114.466 (4) 86.3490 (10)
pl° 97.738 (3) 75.8300 (10)
y/° 98.349 (4) 82.3750 (10)
Volume/A> 1401.16 (12) 1425.52 (12)
Z 2 2
D(calc)/mg m~> 1.513 1.520
Absorption coefficient/mm™! 6.923 0.835
F(000) 658 674
Crystal size/mm 0.23x 0.22x 0.19 0.27x 0.26x 0.21
6 range/° 3.746-73.838 2.922-28.355
Limiting indices —13<h<12 —13<h<13
-8<k<13 —15<k<15
-16<1<16 -13<1<17
Reflections collected 10,478 21,378
Independent reflections (R;,,) 5478/0.0445 7100/0.0333
Data/restraint/parameters 5478/0/374 7100/0/383
Goodness of fit on F 1.030 1.036
Final R, wR2 [I>206(1)} 0.0561, 0.1438 0.0403, 0.0821
R (all data)® R1=0.0561, R1=0.0671
wR2=0.1438 wR2=0.0897
Largest diff. peak and hole 1.038, —0.718 0.274, -0.286
Table 2 Selected bond lengths (10\) and angles (°) for CPs 1 and 2
CP1
Co(1)-0(2) 1.986(2) Co(1)-0(3) 2.007(2)
Co(1)-N(1) 2.030(3) Co(1)-N#)C 2.029(3)
0(2)-Co(1)-0(3) 111.35(10) 0O(3)-Co(1)-N&)C 115.11(11)
0O(2)-Co(1)-N&C 103.35(11) 0O(2)-Co(1)-N(1) 91.88(11)
N(1)-Co(1)-03 119.46(10) 0O(4)-Co(1)-0(3) 169.078(9)
CP2
Co(1)-0O(1) 1.9607(15) Co(1)-N(1) 2.0216(16)
Co(1)-0(3) 1.9676(15) Co()-NHA 2.0506(16)
O(1)-Co(1)-N(4A 118.36(7) O(1)-Co(1)-0(3) 100.77(7)
0O(3)-Co(1)-N(HA 100.26(6) O(1)-Co(1)-N(1) 114.99(7)
N(1)-Co(1)-N(4A 103.97(7) 0O(3)-Co(1)-N(1) 118.27(7)
0O(3)-Co(1)-0(2) 144.58(4)

Symmetry codes for 1: C: x, y, z+1; for 2: A: —x+2, —y+1, —z+1
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Fig. 1 a Coordination environment around the Co(II) centers in CP 1. »

Hydrogen atoms are omitted for clarity (symmetry code: A: x, y, 1 +z,
B: —x, —y 1=z, C: x, y, 1+z). b Schematic view of 2D layer con-
structed by ligands DCTP*, L1, and Co(II) centers. ¢ The schematic
of the 2D layer topology in CP 1

Results and discussion
Crystal structure of CP 1

Single-crystal X-ray diffraction analysis revealed that CP
1 crystallizes in the triclinic space group Pi. The asym-
metric unit contains one cobalt(Il) center, one L1 ligand
and two halves of DCTP?~ ligands (Fig. 1a). Each Co(II)
center is penta-coordinated by two nitrogen atoms (N1,
N4A), (symmetry code: A=x, y, z+ 1) from two differ-
ent L1 ligands, plus three oxygen atoms (02, O3, O4)
from two DCTP?~ ligands, assembling a slightly distorted
trigonal bipyramid [CoN,0O;] with a value of 75=0.82
[29]. The Co-N bond lengths are 2.030(3) A (Co-N1) and
2.029(3) A (Co-N4A), and the Co—O bond lengths are
1.986(2) A (Co-02), 2.007(2) A (Co—-03) and 2.448(2)
A. All these bond lengths are within the expected ranges
[30].

In CP 1, the DCTP?~ ligands adopt alternating
(' =% = (' = &%) — M, and ('=kH = (' =k = i, COOI-
dination modes, forming a 1D straight [Co-DCTP-Co],
chain with a contiguous Co---Co distance of 10.867(9)
A. The ligand L1 shows a trans-coordinated conforma-
tion in which the nitrogen atoms from two benzimida-
zole rings concatenate neighboring Co(II) centers to
build a 1D [Co-L1-Co], straight chain. The dihedral
angle between the two benzimidazole rings within a com-
plete L1 ligand is 82.34(1), and the neighboring Co---Co
distance is 13.278(1) A. These chains are further con-
nected by sharing of the Co(II) centers along different
directions to form a 2D (4,4) network. This arrangement
gives rise to a tetranuclear unit, constructed from two
L1 ligands, two DCTP* ligands and four Co(I) centers
(Fig. 1b). The network consists of rhombuses, which can
be regard as a four-connected sql corrugated network;
the size of each rhomboid, defined by Co—Co distances,
is 13.277x 10.860 A (Fig. Ic). The sheet structure is
further developed into a 2D double layer through hydro-
gen bonding between C—H groups of the L1 ligands and
oxygen atoms of the DCTP?~ ligands [C10-H10A---O3,
CI12-H12A---O1] with H---O distances of 2.490(2) and
2.448(3) A, respectively.

Crystal Structure of CP 2

CP 2 crystallizes in the triclinic space group P1. The unit cell
contains one cobalt(Il) center, one L2 ligand and two halves
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Fig.2 a Coordination environment around the Co(II) centers in CP 2. »

Hydrogen atoms are omitted for clarity (symmetry code: A: —x+2,
-y+1,—z+1,B: =x, =y+1, —z+1,C: —=x, —y+2, —z+2). b A
[Coy(L2),] unit in CP 2. ¢ Schematic view of 2D layer constructed by
ligands DCTP?~, L2, and Co(Il) centers. d Schematic view of the 3D
supramolecular framework by C—H---O stacking interactions in CP 2

of DCTP?~ ligands in the asymmetric unit (as shown in
Fig. 2a). The Co(II) center is penta-coordinated by two nitro-
gen atoms (N1, N4A), (symmetry code: A=2—x, —y+1,
—z+1) from two L2 ligands, plus three oxygen atoms (O1,
02, 03) from two DCTP?~ ligands, again giving a distorted
trigonal bipyramid [CoN,0O3], for which t5=0.43 [29]. The
Co-N bond lengths are 2.021(2) and 2.050(2) A, while the
Co-0 bond lengths are in the range of 1.960 (2) to 2.854(2)
A. These values are all in the normal ranges, and comparable
to those found in CP 1.

In CP 2, two L2 ligands are located on both sides of two
Co(II) centers, adopting a bis(monodentate) coordination
mode to bridge adjacent Co(II) centers in a 24-membered
macrocycle [Co,(L2),] (Fig. 2b). The dihedral angle between
the two benzimidazole rings of each L2 ligand is 88.57(7).
Meanwhile, the DCTP?" ligands also adopt the alternating
(' =) = (' = ") — My and (' == ' =xh — y, coordi-
nating mode seen in CP 1, forming a 1D wave-like [Co-
DCTP-Co] chain with the Co---Co distances of 11.165(6)
and 11.103(5) A. In this way, the [Co,(L2),] units lie on the
crests and troughs of the 1D [Co-DCTP-Co] chains, such
that Co---Co is 13.080(7) A, forming a 2D layered hceb struc-
ture with the 3-connect point symbol {6} (Fig. 2c). The
2D hcb layers are further connected by C—H---O hydrogen
bonds, with C16-H16---O4 angle of 150° and H16---O4 dis-
tance of 2.56 A, leading to a 3D supramolecular framework
(Fig. 2d).

Influence of the N-donor ligands on the structures

In this work, we selected the carboxylic acid H,DCTP™ and
two alternative bis(benzimidazole) ligands to synthesize
cobalt(I) CPs. From the structure descriptions above,
ligands L1 and L2, which have different spacer lengths, act
as linkers to connect the Co(II) centers in CPs 1 and 2. The
DCTP?*- ligands in both CPs also act as linkers; they are
fully deprotonated and adopt the same bis(monodentate) and
bis(chelating) coordination modes. In CP 1, the L1 ligands
adopt a trans-coordinated mode to connect Co(Il) centers, to
give infinite 1D [Co(L1)], chains which are further assem-
bled with DCTP?~ ligands, ultimately giving a 2D (4,4) layer
structure. In CP 2, the L2 ligands again adopt a trans-coor-
dinated mode to connect neighboring Co(II) centers, with a
24-membered macrocycle [Co,(L2),] which is further con-
nected by DCTP?~ ligands give a 2D (6,3) layered structure.
Consequently, the spacer lengths of the bis(benzimidazole)
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ligands have a significant influence on the structures of the
resulting ternary Co(II) CPs.

Spectroscopic and PXRD characterization

The asymmetric and symmetric carboxylate vibrations of
DCTP?" ligands in both CPs are evident as strong bonds at
1589, 1474 and 1376 cm™! for CP 1 and at 1617, 1458 and
1377 cm™! for CP 2. The values of Av[v,(COO)—v(COO)]
are thus 115 and 213 cm™" for CP 1 and 159 and 240 cm™
for CP 2, indicative of both the monodentate and chelating
coordination modes of the DCTP*~ ligands in CPs 1 and 2.
Bands in the region of 1500 cm™! for both CPs are assigned
to C=N stretching vibrations of the N-donor ligands, while
bands around 640 nm~! can be attributed to the C—Cl group
of the DCTP?~ ligands in both CPs.

In order to confirm the purities of both CPs, their PXRD
patterns were checked at room temperature. The peak posi-
tions obtained from experiment were almost identical to the
simulated PXRD crystal data (Fig. 3), confirming the phase
purities of both bulk samples.

The solid state photoluminescence properties of these CPs
were investigated at room temperature. The H,DCTP ligand
has a negligible contribution to the luminescence emission.
Therefore, the emission of the title CPs is mainly associ-
ated with the presence of the bis(benzimidazole) ligands.
The free N-donor proligands exhibit maxima at 313 nm
(Aex =280 nm) for L1 and 361 nm (4,,=216 nm) for L2,
while emission bands are observed at 522 nm (4., =498 nm)
for CP 1 and 364 nm (4., =354 nm) for CP 2 (Fig. 4). Hence,
compared with the free N-containing proligands, the emis-
sion peaks of both CPs are both blue-shifted, which may be
due to the fact that the coordinated ligands are not allowed
to relax by torsional modes on photoexcitation [31].

The absorption features of the CPs were revealed through
their diffuse reflectance UV/Vis spectra (Fig. 5a). The main
absorption peaks at 251 nm for CP 1 and 267 nm for CP
2 can be assigned to n*—r transitions of the ligand and/or
ligand-to-metal charge transfer (LMCT) [32]. An additional
absorption broad observed in the visible for CP 1, from 526
to 592 nm, and for CP 2 from 528 to 589 nm, could origi-
nate from d — d spin-allowed transitions of the metal centers
[33]. The band gap energies (E,) of the CPs can be calcu-
lated by extrapolation of the linear portion of the absorption
edges, giving values of 3.09 eV for CP 1 and 3.58 eV for
CP 2 (Fig. 5b) according to the formula. The energy band
gap sizes suggest that these CPs may exhibit potential capa-
bility for photocatalytic degradation under UV irradiation.
Where R is the reflectance at a given energy, the formula is
as follows:

F(R) = (1 —R)*/2R
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Fig.3 Simulated and experimental patterns of X-ray powder diffrac-
tion of CP 1 (a) and CP 2 (b)

Thermogravimetric analysis

In order to assess the thermodynamic stabilities of these
CPs, TGA experiments were carried out (Fig. 6). For CP 1,
there is one weight loss in the temperature range from 290
to 590 °C, attributed to the decomposition of all organic
ligands. The residue is identified as CoO (calcd. 11.7%,
found. 12.1%). The thermogravimetric analysis of CP 2
showed one weight loss stage between 280 and 550 °C, again
assigned to decomposition of all organic ligands. The resi-
due is again CoO (calcd. 11.5%, found. 11.7%).
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Photocatalytic properties

In this work, the organic dye MB was selected as a target
pollutant in order to study the photocatalytic properties
of CPs 1 and 2. The change in concentration of MB was
followed by the characteristic absorption bond at 664 nm
(Fig. 7). The absorption peak did not show any significant
change when the solution was kept in the dark. However,
the absorption bands of MB decreased with increasing
time of irradiation from 0 to 120 min in the presence of
both photocatalysts CP 1 and CP 2. The degradation effi-
ciency for MB reached nearly 86.6% for CP 1 and 83.1%
for CP 2 after 120 min, while the degradation efficiency of
a blank experiment without photocatalyst was 22.2% after
120 min under the same conditions. Hence, both CPs are
effective photocatalysts for the degradation of MB, with
very similar performances.

Conclusion

Two Co(II) coordination polymers, [Co(L1)(DCTP)], and
[Co(L2)(DCTP)],, based on DCTP?™ and different N-donor
ligands were synthesized under hydrothermal conditions.
CP 1 shows a 2D double-layer structure, while CP 2 exhib-
its a 3D supramolecular framework involving C-H---O
hydrogen bond interactions. These results demonstrate
that the spacer length of flexible bis(5,6-dimethylbenzi-
midazole) ligands plays an important role in construction
of coordination polymers with diverse structural features.
Both CPs displayed high photocatalytic activity for the
degradation of MB.
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Fig.7 Absorption spectra of the MB solution during the decomposition reaction under UV irradiation with the presence of photocatalysts CPs
1-2(left for CP 1, right for CP 2)

Supplementary material

CCDC 1565136 and 1565137 contain the supplementary
crystallographic data for the CPs 1-2. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts
[retrieving.html, or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK fax:
(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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