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Abstract

A deep-blue crystal of terepthalato-bridged copper (I1) coordination polymer (CP), [Cuz(H20)(bipy)2(tp)2] (1)
was synthesized using hydrothermal reactions of Cu(OAc)2-H20, terephthalic acid (Htp), 2,2'-bipyridine (bipy), at pH
~8.45 in NH4OH. Single crystal X-ray diffraction analysis at room temperature revealed that complex 1 crystallizes in
monoclinic space group P21/c with unit cell parameter a = 12.19720(10) A, b = 14.78360(10) A, ¢ = 11.25080(10) A, g
= 91.5460(10)°, V = 2027.99(3) A3, and Z = 4. Complex 1 shows a one-dimensional zigzag chain along the [001]
direction constructed by the tp?>~ ligand linked to adjacent Cu?* ions through the carboxylate groups, while the bipy acts
as bidentate chelating ligand. Classical O—H:-O hydrogen bonds are observed. The synthesized product was acid-
treated via immersion in 1%v/v HNOs, and within minute white crystals with retained morphology was obtained.
Subsequently, the white acid-treated crystals were tested for their Cu?* adsorption. Cu?* adsorption of the white acid-
treated crystals was fast and high. Adsorption as high as 214 mg Cu?*/g adsorbent can be obtained from material
prepared from acid treated of 1D polymeric chain.

Keywords: after acid treatment, coordination polymer, Copper (1), Cu?* adsorption, single crystal X-ray diffraction,
terephthalic acid

1. Introduction gain more interest over conventional natural-based

A coordination polymer (CP) is a or  discovery-based  synthetic  compounds.
coordination compound that is constructed from Currently, PCP materials have become one of the
metal ions and organic ligands through most fast-growing research fields and many of
coordination of covalent bonds with repeating these materials are being considered for potential
coordination entities extending in one- (1D), two- applications in gas storage (Murray, Dinca, &

(2D) and three-dimensional (3D) structures (Batten Long, 2009; Hu & Zhang, 2010; Sculley, Yuan, &
et al., 2013). Among these, 2D or 3D CPs with Zhou, 2011), chemical separations (Li, Kuppler, &
potential void in the structure, the so called porous Zhou, 2009; An, Geib, & Rosi, 2010; Bae, et al.,
coordination polymers (PCPs) or metal-organic 2010), chemical sensing (Allendorf, Bauer,
frameworks (MOFs), have been extensively Bhakta, & Houk, 2009), catalysis (Ma, Abney, &
studied due to their intriguing properties including Lin, 2009; Lee, et al., 2009; Farha, Shultz,
designable  porosity, internal pore surface Sarjeant, Nguyen, & Hupp, 2011), ion exchange
functionality, and high surface area (Rowsell & (An & Rosi, 2010), light harvesting (Lee, et al.,
Yaghi, 2004; Kitagawa, Kitaura, & Noro, 2004; 2011; Kent, et al., 2010), drug delivery (Horcajada,
Kitagawa & Matsuda, 2007; Noro, Kitagawa, et al.,, 2006; Rocca, Liu, & Lin, 2011), and
Akutagawa, & Nakamura, 2009; Foo, Matsuda, & molecular adsorption (Han, et al., 2016; Luo, et al.,
Kitagawa, 2014; Carn-Sanchez, Imaz, Stylianou, & 2016).

Maspoch, 2014). These materials, to some extent,
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Apart from PCPs, nonporous CPs have aims to study metal adsorption capability of
rarely been explored for their adsorption nonporous CP after acid treatment. Thus, a simple
properties. This may be due to their lack of 1D copper(Il) based CP containing mixed ligands
porosity, which limits the applications mentioned of terepthalate (tp) and 2,2'-bipyridine (bipy) was
above. Recently, acid etching has been reported as designed and synthesized. The Hatp is easy to
a method for hollowing out and fine tuning the deprotonate under hydrothermal conditions and
porosity of the MOFs (Koo et al., 2017). This was selected as organic linker due to its various
method is simply allowing generation of the pore binding modes enabling connections with metal
size of the MOFs with increasing pore volume centers, as depicted in Figure 1 (Zhong, et al.,
using acid diffusion into channels of MOFs. 2012). The bipy molecule is known to be one of
Consequently, mesopores are created that enhance the most widely used ligands in crystallization
mass transfer of large guest molecule into the pore applications due to its chelating ability, which
surfaces of MOFs. This strategy provides an could prevent the formation of 2D or 3D networks
alternative route to synthesize suitable pore size (Christian, Alexander, & Mir, 2000). Finally, Cu?*
MOF’s beside conventional solvothermal methods. adsorption capability of 1D CP after acid treatment
Taking into account this consideration, this work was studied and the results discussed in detail.
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Figure 1 The binding modes of tp (a) and bipy (b) ligands
2. Materials and methods allowed to cool to room temperature.  After
2.1 Materials filtration, deep blue block-shaped crystals of 1

Analytical grade Cu(OAc).'HO (T were obtained, washed with water, and air-dried at
Baker), bipyridine (Sigma-Aldrich), terephthalic room temperature.

acid (Sigma-Aldrich) were used without further The adsorbent was obtained from acid
purification. NH4OH (Carlo Erba) was used for treatment of Complex 1. Complex 1 was immersed
pH adjustment. HNO; (Carlo Erba) was used for in 1% v/v HNOs acid for a few minutes until the
acid treatment of the product and de-ionized water color changed from deep blue to white. The white
was used throughout the experiments. product was then washed with water, filtered, and
air-dried at room temperature before use in further
2.2 Methods experiments.
2.2.1 Preparation of [Cua(tp)2(bipy)2(H20)] (1) The morphology of the complex was

Complex 1 was synthesized using a observed by an Olympus SZX100 microscope and
hydrothermal method. Typically, Cu(OAc)2-H.0 a JEOL scanning electron microscope. Phase
(20 mg, 1 mmol), bipy (16 mg, 1 mmol), and Hatp identification was characterized using a Bruker D8
(17 mg, 1 mmol) in H,O (10 mL) were mixed in Quest XRD system. Thermal stability was studied
23 mL PTFE lined reactor. The mixture was by a TA instrument SDT Q600 TGA system. The
adjusted to pH ~8.45 with NH4OH, stirred for 15 FT-IR spectra were recorded on a Perkin-Elmer
min then covered with a PTFE cover, and model Spectrum 100 spectrometer using ATR
tightened in stainless housing. The reactor was technique, in the range of 4004000 cm ™.
then heated in an oven at 160 °C for 24 h and then
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2.2.2 Adsorption study

The adsorbent was tested for its Cu?*
adsorption capability from copper aqueous
solution. 10 mg of adsorbent was placed into 5.0
mL of 0.025 M, 0.050 M, 0.075 M, 0.10 M
Cu(OAC)2:H,0 solution. The solutions were then
allowed to stand at room temperature and Cu?*
adsorption monitored at 765 nm (Amax) after 20, 40,
60, 80, 100, 120, and 140 min using a Thermo
Scientific Genesys 20 spectrophotometer. The
absorbance was recorded versus adsorption time.

2.2.3 X-ray crystal structure determination
Diffraction data were collected on a
Bruker D8 QUEST CMOS diffractometer with
graphite-monochromatic Mo-Ka radiation (A =
0.71073 A) operated at 296(2) K. Empirical
absorption corrections were applied to data using
SADABS (Bruker, 2014). The structure was

solved by SHELXT-2015 (Sheldrick, 2015a) and
refined by full-matrix least-squares based on F?
using the SHELXL-97 (Sheldrick, 2015b) with
Olex? (Dolomanov, Bourhis, Gildea, Howard, &
Puschmann, 2009) as a graphics interface.
Anisotropic displacement parameters were refined
for all non-hydrogen atoms except for the
disordered atoms. Hydrogen atoms were added
theoretically. The crystallographic data for 1 is
summarized in Table 1.

3. Result and discussion

The crystal morphology and habit of as-
synthesized 1 is shown in Figure 2a. The crystal
contains rod-like morphology, reasonably large in
size with length about 500 um. The colour change
from deep blue crystal to white after acid treatment
can be seen from Figure 2b. However, similar
crystal morphology and size were retained.

Figure 2 The morphology and appearance of (a) as-synthesized, (b) acid-treated adsorbent, and (c) adsorbent after

Cu?* resorption.

The single crystal X-ray diffraction
analysis reveals that complex 1 crystallizes in the
centrosymmetric monoclinic space group P2i/c.
The asymmetric unit contains two unique Cu?*
ions, one and two-half fully deprotonated tp*
ligands, two bipy molecules and one lattice water
molecule as shown in Figure 3. The central Cul
atom is five-coordinated in a distorted square
pyramidal geometry by three oxygen atoms from
two tp? ligands and two nitrogen atoms for bipy
molecule. The central Cu2 atom is also five-
coordinated in a distorted square pyramidal
geometry by two oxygen atoms from two tp>
ligands, one oxygen atom from coordinated water
molecule and two nitrogen atoms from bipy
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molecule. The Cu—O and Cu—N bond lengths are
in the range 1.9384(8) — 2.4016(8) and 1.9871(10)
— 2.0134(10) A, respectively.  Whereas, the
O-Cu-0, N-Cu-N, and O—-Cu—N bond angles are
in the range 59.80(3) — 99.48(3)°, 80.45(4) —
81.59(4)°, and 91.17(4) — 173.51(4)°, respectively.
As can be seen from Figure 4, two adjacent Cu®*
ions are linked together through the tp? ligands to
form a one-dimensional zigzag chain along the
[001] direction. Intrachain O-H--O hydrogen
bonds between the coordinated water molecules
and carboxylate groups are observed. The chains
are further stacked into the 2D sheets via aromatic
n-n interactions involving the bipy molecules with
the centroid to centroid distances of 3.7907(6) A.
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Figure 3 The molecular structure of 1.

Figure 4 View of the 2D sheets of 1 along the [001] direction, constructed from the 1D chains are stacked through
aromatic m-w interactions.
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Table 1 Summary of crystallographic data of 1.

Identification code 1

Formula C36H26CU2N4Og
Formula weight 785

Temperature (K) 296(2)

Crystal system Monoclinic

Space group P2i/c

a(A) 13.66370(10)

b (A) 17.18340(10)
c(A) 14.08730(10)

B () 104.5889(8)
V(A% 3200.90(4)

VA 4

peaic (§-cm3) 1.713

u (mm) 2.196

F(000) 1679.0

Crystal size (mm?®) 0.22x0.18 x 0.12
Radiation Mo K (A =0.71073 A)

Reflections collected
Independent reflections
Rint, Rsigma
Data/restraints/parameters
Goodness-of-fit on F?

R1, WR2 [I > 26 (1)]

R1, WR2 [all data]

Apmax, ApPmin (e A3)

18465

6497

0.0139, 0.0150
6497/2/616
1.033

0.0209, 0.0508
0.0224, 0.0516
0.34, —0.22

The same amount of adsorbent (10 mg)
was tested in four different Cu®* concentrations
(0.025 M, 0.05 M, 0.075 M and 0.10 M). The
white crystals become light blue after resorption,
representing the presence of copper in the material
(Figure 2c). Comparable adsorption rates were
observed from all systems, however a faster time
to reach equilibrium was observed in the 0.025 M
system (40 min) than other systems, while slowest
time to equilibrium was observed in the 0.10 M
system (80 min), Figure 5a. High adsorption
capacity of 46, 87, 152, and 214 mg Cu?'/g
adsorbent were observed from 0.025 M, 0.050 M,
0.075 M, and 0.10 M systems, respectively, Figure
5b. It is suggesting that with the same amount of
adsorbent, higher adsorption capability obtained
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from the system contains a higher concentration of
adsorbate.

The comparison of Cu® adsorption
capacity of various adsorbents from literature
versus materials presented in this work is shown in
Table 2. Materials presented in this work contains
a relatively high adsorption capacity when
compared to other class of materials such as
zeolite, imprinted polymer, low-cost material,
modified cyclodextrin, clay, and modified
polymer. It should be noted here for comparison
reasons that different adsorption conditions were
studied i.e. temperature, pressure, and initial Cu?*
concentration may lead to different adsorption
capacity obtained.
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Figure 5 Adsorption capability of adsorbent obtained from acid-treated 1.
Table 2 Compare sorption ability to other class of materials.
Materials Range of adsorption capacity References
(mg Cu?*/g)

Zeolite 0.37-47.50 (Babel & Kurniawan, 2003)
Imprinted polymer 16.55-132.77 (Erdem et al., 2018)
Shells of lentil, wheat, rice 2.95-17.42 (Aydin, Buluta, & Yerlikaya, 2007)
Low-cost materials 0.15-139 (Wan Ngah & Hanafiah, 2008)
CM-B-CD modified MNPs 47.20 (Badruddoza et al., 2011)
Clay 7-38 (Musso et al., 2014)
polyacrylate polymer 146 (Pietrelli et al., 2017)
Acid-treated 1 47 - 214 This work

The SEM micrograph of the materials
studied in this work is shown in Figure 6. The as-
synthesized 1 contains a very smooth surface
(Figure 6a). While, acid-treated adsorbent (Figure
6b) as well as adsorbent after Cu®* resorption
(Figure 6¢) was found to be rough with small
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crevices on the surface which may due to acid
etching effect. The surface area of the material is
increased after acid treatment (Piscopo, Polyzoidis,
Schwarzer, & Loebbecke, 2015) and thus may
induce mass transfer of the ion between CP and
solution enhancing fast adsorption capability.
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Figure 6 SEM micrograph of the surface of as-synthesized 1 (a), acid-treated adsorbent (b), and adsorbent after Cu?*

resorption (c).

Phase identification studies of as-
synthesized 1, acid-treated adsorbent, and
adsorbent after Cu?* resorption were carried out by
PXRD analysis and the results are shown in Figure
7. The results suggest that a phase change occurred
during these steps. Loss of several PXRD peaks
was observed after acid treatment of 1, perhaps
because loss of the metal centre results in a less
ordered structure. Therefore, far fewer PXRD
peaks were found in acid-treated material
compared to as-synthesized. However, the peak at
9 two-theta which corresponds to the presence of
copper was found after resorption. To some extent,
this indicates that copper was moved from the
solution back to adsorbent at orderly position.

Thermogravimetric (TG) analysis of all
samples was carried out under N, atmosphere and
the TG curves are shown in Figure 8. The TG
curve of as-synthesized 1 illustrates an initial
weight loss of about 3% appearing from room
temperature up to 140 °C, corresponding to the
release of coordinated water molecules. The
framework is stable up to 280 °C, above which
temperature the framework begins to collapse,
accompanied by the decomposition of the organic
components. The TG curve of the after-acid
treatment sample is stable up to 230 °C, and the
decomposition  takes place  beyond this
temperature. It is interesting to note that weight
loss of acid treated adsorbent was observed to
100%, implying that no residue remain after
decomposition after 330 °C. This may attribute to
metal contents were completely removed after acid
treatment remaining only organic part in the
material (Koo, et al., 2017) which can be
decomposed at such temperature. It is also evident
that the deep blue crystal undergoes a change to
white and the solution changes from clear to blue
solution during the acid treatment experiment. In
addition, the TG curves of the resorption samples
are different to that of as-synthesized 1,
presumably because a new phase of copper
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complex is formed. This observation is in
agreement with the PXRD analysis (Figure 7).

The chemical changes of the material
were followed using FT-IR technique and the
spectra are shown in Figure 9. The free C=0
stretching of carboxylic acid is normally found at
about 1,700 cm?® (Tellez, et al., 2001), which
corresponds to the peak found in adsorbent after
acid was treated. No such peaks were found in
both as-synthesized 1 and adsorbent after Cu?*
resorption, as this is represented that Cu?* was
originally bonded at C=O terminal of the
carboxylate ligand. After acid was treated, Cu?*
was then removed and let to free the C=0O, and
then rebounded to C=0 after Cu?* resorption.

4. Conclusion

A new 1D copper(ll) based CP with
mixed terephthalate and bipy ligands of 1 was
successfully  synthesized under hydrothermal
conditions.  The solid-state structure of 1 is
nonporous, however, the adsorption ability can be
promoted by using acid treatment. This led to an
empty metal site which was able to accept a high
amount of Cu?* resorption. This  study
demonstrated that as high as 214 mg Cu?/g
adsorbent can be obtained from material prepared
from acid treated of 1D chain CP.
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Figure 7 PXRD patterns of as-synthesized 1, acid-treated adsorbent, and adsorbent after Cu?* resorption.
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Figure 9 FTIR spectrum of as-synthesized 1, acid-treated adsorbent, adsorbent after Cu?" resorption.
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