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Abstract

Two new coordination polymers containing Co(Il), thiophene-2,5-dicarboxylate and flexible bis(pyridyl) ligands were
synthesized and formulated as [Co,(p-tdc)(p,-tde)(p-bpe),], (CP1) and [Co,(u;-tdc),(n-H,0)(H,0),(n-bpp)], (CP2),
where; H,tdc: thiophene-2,5-dicarboxylic acid, bpe: 1,2-bis(4-pyridyl)ethane, bpp: 1,3-bis(4-pyridyl)propane. The CPs
were characterized by elemental analysis, ATR-IR spectroscopy and single-crystal X-ray diffraction techniques. Powder
X-ray diffraction experiments were performed to confirm the phase purity of the CPs. According to the results of single-
crystal X-ray diffraction analysis and topological analysis, CP1 and CP2 exhibit 3D+3D—3D interpenetrated framework
with pcu topology. Furthermore, the optical and thermal properties of the CPs were also investigated. Also, in this study,
hydrogel composites were synthesized by using synthesized new type Co(Il)-thiophene-2,5-dicarboxylate based coordina-
tion polymers and acrylic acid (AA) monomer. The swelling behavior of the synthesized new type hydrogel composite
systems was investigated at three different solution pH (3, 7 and 11) and adsorption studies were carried out with methy-
lene blue dye. In addition, it has been shown that the systems can be reused by using hydrogel composite systems in three
consecutive adsorption/desorption cycles.

Keywords Coordination polymers - Thiophene-2,5-dicarboxylate CPs - Effect of ligand type - Hydrogel - Composite
system

1 Introduction

Coordination polymers (CPs) are composed of inorganic
nodes and organic bridging ligands and have exceptional
stability and unique topological properties that make them
suitable for a variety of applications including sensing [1,
2], gas storage/separation [3—5], dye adsorption/degradation
[6-8] and catalysis [9]. Despite extensive research on the
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design and synthesis of coordination polymers, achieving
targeted CP structures remains challenging. This is mainly
due to the influence of many factors such as reaction tem-
perature, metal ions, pH and organic binders on the final
CP structures. Among these factors, organic ligands play
a crucial role in determining the desired structure of CPs.
The design and synthesis of CPs, especially mixed ligand
coordination polymers containing multicarboxylate ligands
and/or neutral N-donor ligands, have gained considerable
popularity due to their diverse topological structures. These
organic ligands serve as bridging units connecting the two
metal centers within the coordination polymer. CPs com-
posed of ligands with flexible or semi-flexible groups often
exhibit phenomena such as interpenetration or polycatena-
tion. This feature is often observed in mixed ligand CPs.
The presence of flexible linkers allows functional groups to
rotate easily within their structures, facilitating their bond-
ing with metal ions and leading to interpenetration. Con-
sequently, flexible linkers play a crucial role in promoting
structural diversity within CPs [10, 11].
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Hydrogels are physically and/or chemically cross-linked
polymers made of water-soluble monomers that can hold
large amounts of water [12, 13]. The presence of hydrophilic
groups (for example -OH, -NH,, -COOH and -CONH,)
in the polymer chain provides hydrogels with high water
adsorption and swelling. Hydrogels are defined as soft mate-
rials due to their hydrophilicity and low hardness [14]. In
addition, due to the biocompatibility of hydrogels, they are
preferred in a wide variety of biomedical applications (e.g.,
wound dressings, tissue engineering, and drug delivery sys-
tems) [15, 16]. Hydrogels, despite the advantage of being
less toxic and more biocompatible, show poor mechanical
properties [17]. Although a high amount of water adsorbed
in hydrogels seems to be an advantage, the low mechani-
cal strength it causes after a certain swelling rate limits its
application areas. Composite technology and the use of
hybrid materials have emerged to overcome this disadvan-
tage and show great potential for the preparation of flexible
hydrogels. Inorganic hybrid materials based on hydrogels
have attracted the attention of many current researchers. A
hybrid hydrogel loaded with inorganic material was found
to have a higher elastic property [18]. Hybrid materials that
can be used in many fields can be produced by combining
CPs with polymer and metal nanoparticles. When compar-
ing CPs and CP-based hydrogels, in many applications,
thanks to the synergistic effect, CP-based hydrogels outper-
form CP materials without hydrogels [19].

The proliferation of industrial production in recent times
has led to a significant increase in environmental contami-
nation. The presence of aromatic rings in the structure of
synthetic dyes makes them non-biodegradable, carcino-
genic, mutagenic, and highly toxic to aquatic and human
life [20, 21]. Various physical-chemical processes, includ-
ing flocculation [22], coagulation [23], photo-catalytic deg-
radation [24], membrane nanofiltration [25] and catalytic
ozonation [26] have been employed to remove these harm-
ful components. Among the available technologies, adsorp-
tion/absorption stands out as a promising approach due to
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Scheme 1 Structures of ligands:
(a) bpe, (b) bpp, (¢) H,tdc
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its simplicity, high efficiency, cost-effectiveness, and ease
of regeneration [20, 27]. Dye adsorption studies are con-
ducted using hydrogel composite materials to remove this
pollution.

Considering the aforementioned context, this research
focuses on the synthesis of two new 3D Co(Il) coordina-
tion polymers using thiophene-2,5-dicarboxylate (tdc®),
1,2-bis(4-pyridyl)ethane (bpe) and 1,3-bis(4-pyridyl)pro-
pane(bpp) ligands (Scheme 1).[Co,(p-tdc)(p,-tde)(n-bpe), 1,
(CP1) and [Coy(p-tde),(u-Hy0)(H,0),(u-bpp)], (CP2)
compounds were synthesized by the hydrothermal method
and characterized using single crystal X-ray diffraction
analysis (SCXRD) as well as ATR-IR and elemental anal-
ysis. The purity of the phases of the CP1 and CP2 were
evaluated by powder X-ray diffraction (PXRD) experi-
ments. SCXRD results reveal that CP1 and CP2 exhibit
a 3D+3D—3D interpenetrated framework with the pcu
topology. The research also includes examining the thermal,
topological and optical properties of these compounds. PAA
(Polyacrylic acid) hydrogel composite systems contain-
ing CP were prepared and the effect of ligand type of these
systems was investigated. PAA@CP systems were used
in hydrogel swelling and methylene blue adsorption stud-
ies and the effect of ligand type was demonstrated. It was
observed that the system containing 1,3-bis(4-pyridyl)pro-
pane reached a higher the percentage of swelling (S%) and
the percentage of adsorbed dye (W%) more than the system
containing 1,2-bis(4-pyridyl)ethane.

2 Experimental
2.1 Materials and Measurements

All chemicals were purchased from commercial sources
[ammonium persulfate, >98.0%; N,N’-methylenebi-
sacrylamide, 99%; thiophene-2,5-dicarboxylic acid, %97,
1,2-bis(4-pyridyl)ethane, %99; 1,3-bis(4-pyridyl)propane,
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%098] and all other chemicals were used without purifica-
tion, except the acrylic acid (AA, 99%) monomer was
passed through a basic alumina column. The ATR-IR spec-
tra were taken in the range 4000 —400 cm™' with a Perkin
Elmer Spectrum Two spectrometer with the PIKE Gladi
diamond ATR. Elemental compositions % of compounds
were determined with a PerkinElmer 2400 Series II device.
Thermal analysis curves (TG, DTA) were obtained using
a Perkin Elmer Diamond TG/DTA Thermal Analyzer in
a dry air atmosphere at a heating rate of 10 °C min~! in
the temperature range of 30-1000 °C. UV-Vis. spectra of
ligands and CPs were obtained in the wavelength from 200
to 800 nm using Shimadzu UV-2600 spectrophotometer at
solid state. A powder X-ray diffraction pattern was acquired
in the 20 range of 5 deg-40 deg Cu-K,, radiation (A=1.5406
A) with a Panalytical Empyrean X-ray diffractometry. A
Bruker APEX II CCD single-crystal X-ray diffractometer
with Mo-K,, radiation (A=0.71073 A) was used to collect
the diffraction data for the CPs. SEM analysis of the PAA,
PAA@CP1 and PAA@CP2 was performed with a Hitachi
Regulus 8230 FE-SEM. The structures were solved by the
intrinsic phasing method using SHELXT-2015 program

Table 1 Crystal data and structure refinement parameters for CP1 and
CP2

Crystal data CP1 CP2
Chemical formula C;36H,5N,04S,Co,  C,y5HN,0,,S,Co,
FW/ g mol~! 826.60 710.44
Temperature (K) 293 (2)
Wavelength (A) 0.71073 Mo Ko
Crystal System Orthorhombic Monoclinic
Space group P2,2,2, C2/c
a(A) 13.5396 (12) 19.515 (3)
b(A) 14.2716 (14) 10.5692 (16)
cA) 19.3291 (18) 16.606 (2)
a(®) 90.00 90.00
pCe) 90.00 107.129 (4)
7(°) 90.00 90.00

V(A% 3735.2(6) 3273.2(8)
VA 4 4
D, (Mg m~?) 1.470 1.442
Absorption coefficient  1.06 1.20
(mm~")
6 range(°) 3.0-233 3.1-28.3
Measured reflections 49,207 18,368
Independent reflections 9237 4012
Observed reflections 5253 3315

[ > 2e(1)]
FinalRindices (all data) R1=0.083 R1=0.123

wR2=0.165 wR2=0.359

R; 0.204 0.050
Goodness-of-fit (GOF) 1.05 1.16
onF?
AP max(e A7) 0.97 441
AP min(e A7) -0.85 -1.66
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integrated into the OLEX2 [28, 29]. By full-matrix least-
squares methods using SHELXL-2015, all non-hydrogen
atoms were refined anisotropically [30]. Mercury program
was used to draw structural figures [31]. The topological
analysis was carried out with free ToposPro software [32].
Table 1 shows crystal data and structure refinement param-
eters of the CPs. Selected bond lengths and angles are listed
in Tables S1-S2. Adsorption studies were carried out using
Perkin Elmer Lambda 35 UV-Vis. spectrophotometer in the
wavelength range of 500—-800 nm at 25 °C.

2.2 Syntheses of the CPs
2.2.1 [Co,(p-tdc)(p,-tdc)(p-bpe),l, (CP1)

Co(NO;), 6H,0 (0.42 g, 1.45 mmol) and H,tdc (0.25 g, 1.45
mmol) were taken in 20 mL of water and stirred at 50 °C
for 15 min. Then, the solution of bpe (0.26 g, 1.45 mmol)
in 10 mL of water was slowly added to the reaction mix-
ture, and the resulting mixture was stirred for half an hour at
90 °C. After that, it was sonicated for 15 min. The reaction
mixture was taken in a 45 mL Parr brand Teflon-lined acid
digestion bomb and heated at 120 °C for 4 days, and then
cooled to room temperature at a rate of 10 °C/h. The purple
crystals formed were washed with water and dried at room
temperature. Yield: 0.47 g 42% (based on H,tdc). Anal.
Calcd. for C;¢H,4N,0,S,Co,: C, 52.31; H, 3.41; N, 6.78; S,
7.76%. Found: C, 52.47, H, 3.29; N, 6.64; S, 7.68%. ATR-
IR (cm™'): 1605 s (v,((COO™)), 1526 m (v(C=C)), 1370 m
(v(COOM)).

CP2 was synthesized under the same conditions as the
synthesis method of CP1, with the only difference being the
use of the bpp ligand (0.29 g, 1.45 mmol) instead of the
bpe ligand used in the synthesis of CP1. Yield: 0.53 g 51%
(based on H,tdc). Anal. Caled. for C,5H,4N,0,,S,Co,: C,
42.27;H,3.41; N, 3.94; S, 9.03%. Found: C, 42.54; H, 3.51;
N, 3.82; S, 9.11%. ATR-IR (cm™1): 3352 m (v(OH)), 1624 s
(V4(CO0O7)), 1530 m (v(C=C)), 1375 m (v{(COO")).

2.3 Preparation of the PAA Hydrogel and PAA@CP
Hydrogel Composites

Three acrylic acid hydrogels were synthesized as one CP-
free (PAA) and two CP-containing (PAA@CP1 and PAA@
CP2). Ammonium persulfate (APS) as initiator and N,N'-
methylenebisacrylamide (MBA) as crosslinker were used in
PAA hydrogel and PAA@CP hydrogel composites synthesis
(Fig. 1). Synthesis of PAA hydrogel containing CP was per-
formed as follows: 4 mL of AA, 9 mg of MBA, 25 mg of
CP (1 and 2) and 2 mL of water were placed in a bottle and
mixed well for 10 min. The mixture was kept in an ultra-
sonic bath for 20 min for good dispersion of CP. At the end
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Fig. 1 Synthesis of PAA@CP
hydrogel composites 0

of this period, 0.266 g of APS and 2 mL of water solution
prepared in a separate bottle were added to this mixture and
the mixture was stirred for 10 min. The solution mixture
was placed in suitable shaping vessels and left to gel in
water baths at 50 °C. After 15 min, gelation was completed
and the gels were removed from the shaping vessels. Gel
without CP was (PAA) synthesized in the same way, only
CP1 or CP2 was not added to the mixture during the syn-
thesis phase. The hydrogel without CP were more transpar-
ent, while the hydrogels containing CP were more opaque.
Gels were washed in distilled water to remove unreacted
substances. The washing water was changed with fresh dis-
tilled water every day and the washing process was contin-
ued for 3 days. At the end of this period, the gels were kept
in an oven at 50 °C for 3 days to dry and reach a constant
weight. These gels were used in swelling and dye adsorption
studies.

2.4 Swelling Behavior of the Hydrogels

Swelling studies in hydrogels are very important in deter-
mining the water absorption capacity of hydrogels. At the
same time, the degree of swelling gives important infor-
mation about the water transport of hydrogels. Hydrogels
with higher swelling degree have a wider application area
besides their good mechanical properties. The differences in
swelling behavior of PAA hydrogel and PAA@CP hydrogel
composites were investigated.

The variation of swelling values of hydrogels with time
was investigated at room temperature. After the first weights
of the hydrogels, which were dried in an oven at 50 °C and
brought to a constant weight, were taken (W), swelling test
was carried out in water at different pH values (3, 7 and 11).

At certain time intervals, the hydrogels were weighed
(W) by drying the water on the surface with filter paper and
left to the swelling medium again. Measurements were con-
tinued until the hydrogels reached the equilibrium swelling
value and the changes in the masses of the dry gels were
recorded. The S% value of each hydrogel was calculated
with the following equation and plotted.

APS

(W - Wo)

S (07—
% Wo

x 100

Here; W is the swollen weight of the hydrogel, W, is the dry
weight of the hydrogel, and S% is the percent swelling value
of the hydrogel.

2.5 Adsorption Studies of Methylene Blue

Hydrogels were used for cationic methylene blue (MB)
adsorption experiments. Calibration equation was obtained
by drawing the calibration graph of MB. The hydrogels were
placed in 100 ppm solution of MB. The PAA hydrogel and
PAA@CP hydrogel composites were extracted from the dye
solution after exposure to MB dye solution at a concentra-
tion of 100 ppm for 24 h. The concentration of MB in water
was determined with the help of UV-Vis. spectrophotometer
by scanning in the wavelength range of 500-800 nm and
using the calibration equation.

2.6 Desorption and Reuse Experiments

The reuse of adsorbents is economically very important
in industrial studies [33]. Therefore, in addition to the
adsorption study, a desorption study must be carried out.
To investigate the reusability of hydrogel composites, the
adsorption-desorption study of the dye was applied in three
cycles. Both adsorption and desorption studies, 24-hour
contact time were performed.

Desorption experiments were carried out to investigate
the reusability of hydrogel composites. First, the hydrogels
were immersed in 50 mL of 100 ppm MB solution (natu-
ral pH; T: 298 K) for 12 h and the hydrogels were allowed
to adsorb the dye. Afterwards, the dye adsorbing hydrogels
were kept in 50 mL of 0.1 M HCI solution for 12 h at room
temperature [34]. Hydrogels were kept in 50 mL of 0.1 M
NaOH solution for 60 min to regenerate the adsorption sites.
The adsorption/desorption cycle was continued in this way:.

The measurements were made with a UV-Vis. spec-
trophotometer, and W% and the percentage of desorption

@ Springer
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(D%) values were reached after the necessary calculations
were made. W% and D% were calculated using the follow-
ing equations [35]:

(Co - Ce)

W% = % 100

qdes
qe

D% = x 100

Here; Co (mg/L) is initial concentration and Ce (mg/L)
equilibrium concentration of MB; qdes (mg/g) is the desorp-
tion and ge (mg/g) is the adsorption of MB in equilibrium,
respectively.

3 Results and Discussion
3.1 Descriptions of Crystal Structures

Crystal data and structure refinement parameters for the
compounds are presented in Table 1. Selected bond lengths
and angles are listed in Table S1.

3.1.1 [Co,(p-tdc)(p,-tdc)(p-bpe),l, (CP1)

The X-ray single crystal structural analyses reveal that CP1
is a 3D+3D—3D interpenetrated framework. The CP1
crystallizes in the orthorhombic space group of P2,2,2, and
the asymmetric unit contains two Co(Il) ions, two tdc and
two bpe ligands. Each Co(II) ion in CP1 exhibits a distorted
octahedral coordination environment, composed of chelated
four carboxylic O atoms from three tdc ligands at equatorial
direction [Col—01=2.149(7); Col-02=2.292(7); Col—
05=2.031(7); Col—08'=2.024(6) A] and coordinated two
N atoms from two different bpe ligands at apical direction
[Col—N1=2.144(7); Col-N21=2.152(8) A], as shown
in Fig. 2a. In CP1, the tdc ligand exhibited two different
coordination modes tetrakis(monodentate) p,-n'm'm'm!
and bis(bidentate) p,-n'm'm'm'. By the coordination of
two Co(II) ions with four different tdc carboxylate oxygens,
[Co,0O4N,] dinuclear Co, clusters were formed, forming the
joints of the three-dimensional structure. These metal clus-
ters were bonded to each other with tdc ligands and formed
a two-dimensional (2D) layer structure (Fig. 2b). A three-
dimensional (3D) coordination polymer was obtained by
connecting the 2D structure with bpe ligands from the metal
clusters (Fig. 2c). Different bpe linkers display an angular
exo-bidentate bridging coordination mode with the interpyr-
idine dihedral angles of 18.81° (through N1-N2) and 45.17°
(through N3—-N4). The distance between the Co(Il) centres
bridged by the bpe linkers is 13.540 A. The 3D frameworks
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are interpenetrated each other to give 3D+3D—3D inter-
penetrated structures.

3.1.2 [Co,(p5-tdc),(u-H,0)(H,0),(u-bpp)l, (CP2)

X-ray single crystal structural analyzes reveal that CP2 is
a 3D+3D—3D interpenetrated framework. The CP2 crys-
tallizes in monoclinic system with space group C2/c and
the asymmetric unit contains one Co(II) ion, one tdc, half
bridging aqua, one aqua and half bpp ligands. The Co(II)
ions in CP2 hold the CoOsN distorted octahedral, which
is provided by three oxygen atoms from three different tdc
ligands, one aqua ligand at equatorial direction and one
oxygen atom from bridging aqua ligand, one nitrogen atom
from bpp ligand at apical direction (Fig. 3a). The Co-O/N
bond lengths vary from 2.039(7) to 2.194(5) A, which are
in accordance with similar reported coordination polymers
[36-39].Two Co(II) ions are bridged by four carboxylates,
one bridging aqua and two bpp ligands to construct aqua
bridged [Co,04N,] dinuclear Co, clusters with the Co---Co
separation of 3.674 A. The tdc ligands with p;-n'm'm%n!
tris(monodentate) coordination mode bridge dinuclear Co,
clusters to form infinite 2D layer structure (Fig. 3b). Further-
more, the adjacent 2D layers are connected by bpp linkers
to generate 3D framework (Fig. 3c). The bpp linkers dis-
play an angular exo-bidentate bridging coordination mode
with the interpyridine dihedral angle of 72.75° (through N1—
N1, The distance between the Co(II) ions bridged by the
bpp linker is 12.941 A.

Topologically, CP1 and CP2 are 2-fold interpenetrated
6-c uninodal net with pcu topology. The point symbol of
the compounds are (4'2.6%) (Fig. 4). CP1 and CP2 struc-
tures with pcu topology exhibit a two-fold interpenetration.
However, due to differences in the binding of tdc ligands
and the variation in neutral ligands, the metal clusters at the
connection points of the three-dimensional structures have
formed differently.

3.2 Effects of Neutral Ligands Type on the
Structures of CPs

Neutral ligands can play an important role in the dimension-
ality of the structure and topology of the resulting CPs. In
this study, bis(pyridyl) derivative neutral ligands with dif-
ferent main skeletons were used to investigate their effects
on the structure of Co(II)-thiophene-2,5-dicarboxylate CPs.
There was no difference in topology for CP1 and CP2. The
interpenetrated 3D+3D—3D frameworks in both structures
are formed with pcu topology. Structurally comparing CPs,
[Co,0O4N,] dinuclear Co, clusters were formed when ethane
skeletonized bis(pyridyl) ligand was used in CP1. However,
when a bis(pyridyl) ligand with propane skeleton was used
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Col"

(b)

Fig. 2 (a) A view of the crystal structure for CP1 showing the atom
numbering scheme, (b) a view of a 2D layer structure of CP1 and (c)
a view of single 3D framework of CP1 [Symmetry codes: (i) —x+1/2,

in CP2, aqua bridged [Co,0,N,] dinuclear Co, clusters was
formed Fig. S1). These Co, clusters difference in coordina-
tion polymers may be due to the fact that the bpp ligand
(length=9.543 A; dihedral angle=72.75°) is longer and
more flexible than the bpe ligand (lengths =9.278 and 9.289
A; dihedral angles = 18.81° and 45.17°). These results show

(c)

=y, z+1/2; () x—=1,y, z; (i) x, y— 1, z; (iv) x+ 1, , z; (V) —x+1/2,
-y, z—=1/2; (vi)x, y+1, 2]

that, when the neutral ligands of CPs are replaced, metal
clusters of structure can be changed [40—43].

@ Springer
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Fig. 3 (a) A view of the crystal structure for CP2 showing the atom
numbering scheme, (b) a view of a 2D layer structure of CP2 and (c)
a view of single 3D framework of CP2 [Symmetry codes: (i) x—1/2,

3.3 ATR-IR, Powder X-ray Diffraction, Thermal
Analysis, Optical Absorption and SEM Results

The ATR-IR spectrum of thiophene-2,5-dicarboxylic acid
and CPs are given in Fig. S2-S4. When the ATR-IR spec-
trum of H,tde is examined, the bands observed in the range
of 3090 — 2544 cm™! are attributed to C-H and O-H stretch-
ing vibrations. In the ATR-IR spectrum of H,tdc, peaks cor-
responding to carbonyl stretch vibrations (v(C=0)) were
observed as intense bands in the range of 1663 — 1416 cm™ 1.
When the ATR-IR spectra of the synthesized CPs were exam-
ined, it was determined that the v(OH) vibrations of H,tdc
observed at 3090 — 2544 cm™! completely disappeared with

@ Springer

y=1/2, z; (ii)—x, y, —z+ 1/2; (iii) —x, y, —z—1/2; (iv) x+ 1/2, y+1/2,
z; (V) x, , z—1; (vi)—x—=1/2, y+1/2, —z—1/2; (vii) =x+1/2, y-1/2,
—-z—1/2]

the formation of the CPs. This showed that the protons disso-
ciated from the carboxyl groups of H,tdc and these behaved
as dianions. It was observed that the asymmetric and sym-
metric stretching vibrations of H,tdc shifted to the range of
1605-1624 cm™" and 1370-1375 cm™!, respectively, upon
CP formation. Stretching vibrations of v(C=C) groups
in the structure of CP1 and CP2 were observed at 1526—
1530 cm™'. In addition, the v(OH) vibrations observed at
3352 cm™! in the ATR-IR spectrum of CP2 belongs to the
aqua ligands in the structure of the compound [44, 45].

To verify the phase purity of the CPs, their Powder X-ray
Diffraction (PXRD) patterns were measured (Fig. S5 and
S10). Experimental PXRD patterns matched perfectly with
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Fig.4 3D+3D — 3D interpen-

etrated structure of CP1 and CP2

simulated patterns generated from single crystal data using
the Mercury program. This comparison between experimen-
tal and simulated models confirmed the phase purity of the
CPs. After the addition of CP1 and CP2, it was determined
that the PAA@CP1 and PAA@CP2 hydrogel composites
were stable and preserved their crystalline structures within
the composite structures according to the PXRD patterns.
In addition, the chemical stability of the PAA@CPs at dif-
ferent pH values and MB adsorption/desorption processes
were determined by recording PXRD patterns. According
to the results obtained, both structures are stable at different
pH values and after MB adsorption/desorption.

Thermal properties of CP1 and CP2 were investigated
using simultaneous TG/DTA analysis in dry air atmosphere
(gas flow rate: 200 mL/min) within the temperature range
of 30 to 1000 °C (Fig. S11 and S12). TG curves of CP2
revealed that the initial weight loss steps could be attrib-
uted to the removal of aqua ligands. The aqua ligands in the
structure of CP2 have separated at 175 °C (Found: 4.48%,
Calculated: 5%), while the bridging aqua ligand has sepa-
rated at 259 °C (Found: 2.3%, Calculated: 2.5%) from the
structure. After the dehydration process, the CPs exhibited
stability up to approximately 328 °C. Subsequently, the
organic ligands in the CPs underwent exothermic decompo-
sition in two different steps. The final decomposition prod-
ucts of CP1 and CP2 were observed at around 922 °C and
912 °C, respectively, corresponding to the transformation of

Co;30, to CoO (Found: 17.8%, Calculated: 18.30% for CP1,
Found: 19.8%, Calculated: 22.08% for CP2).

Optical absorption spectra of all ligands and CPs were
measured in solid state. Free ligands exhibited absorption
peaks ranging from 210 to 350 nm assigned to n—7* tran-
sitions (Fig. S13-S15). In the case of CP1 and CP2, their
absorption was linked to intra-ligand transitions (Fig. S16,
S17). In addition, there were additional absorption bands
attributed to the 4T1g(F) —>4T1g(P) transitions, observed at
509 nm for CP1 and at 503 nm for CP2. These transitions
are due to Co(II) center ions.

Evaluation of the semiconductor properties of the CPs
included determination of optical band gap (E,) values via
solid-state diffuse reflection spectra. The Kubelka-Munk
function was used to calculate the optical band gap [46].
Kubelka-Munk curves plotting the photon energy (hv)
versus (hvF(R))"? were constructed and the E, value was
estimated from the linear portion of the absorption edges
using these curves (Fig. S18-822). E, values calculated
for free ligands and CP1 and CP2 were 3.59 eV (H,tdc),
3.99 eV (bpe), 3.92 eV (bpp), 3.19 eV (CP1) and 3.30 eV
(CP2), respectively. Compared with the free ligands, the
CPs exhibited higher conductivity and the optical band
gap results showed semiconductor properties (<4.0 eV).
Moreover, the higher number of aliphatic carbons in the bpp
ligand in the structure of CP2 compared to the bpe ligand
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Fig.5 SEM images of (a) PAA hydrogel, (b) PAA@CP1 hydrogel composite and (¢) PAA@CP2 hydrogel composite

Fig.6 S% of the PAA hydrogel,
PAA@CP1 hydrogel compos- 9000
ite and PAA@CP2 hydrogel 8000
composite at pH 3 (blue bar), 7

(orange bar), and 11 (red bar) 7900

S$%

PAA

reduces electron transfer, resulting in a lower E, value for
CP2 and lower semiconductor properties compared to CP1.

The morphologies of the PAA hydrogel, PAA@CP1 and
PAA@CP2 hydrogel composites were characterized by
SEM (Fig. 5). The surface morphology of the PAA hydrogel,
which appears relatively smooth in Fig. 5a, is differentiated
in hydrogel composite systems formed after the addition of
CPs. As shown in Fig. 5b and c, CPs (1 and 2) were evenly
spread on the hydrogel surface.

3.4 Swelling Behavior of the Hydrogels

Swelling test was performed with PAA hydrogel at acidic,
neutral and basic pH values, and it was observed that the
highest swelling was at basic pH value. The PAA hydrogel
is pH-sensitive due to its acidic nature and the carboxylic
acid groups present in its structure. At basic pH, the car-
boxyl groups on AA donate protons and become negatively
charged. This means that AA absorbs more water at a more
basic pH (pH 11) and therefore swells more. Hydrogen
bonding and ion-dipole interaction occur between polar H,O
molecules and COO™ ions in the hydrogel. This increases
the amount of bound water in the hydrogel and hence swell-
ing. The S% values over time obtained as a result of swell-
ing studies performed at different pH values for both PAA
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hydrogel and PAA@CP hydrogel composites are given in
the graph in Fig. 6.

More swelling was observed in the hydrogels containing
CP under the same conditions when the graphs were exam-
ined. The hydrogel adsorbed more water, thanks to the pores
in the CP structures. In other words, PAA@CP1 hydrogel
composite increased water adsorption performance by 22%,
while PAA@CP2 hydrogel composite increased by 57%
compared to PAA hydrogel at pH 11 at the end of 24 h.
Due to the different molecular structures of CP1 and CP2,
that is, the differences in ligand types, the water adsorption
amounts also differed. The different water adsorption capac-
ities of PAA@CP1 and PAA@CP2 hydrogel composites
arise from the differences in the size and flexibility of the
neutral ligands present in CP1 and CP2. CP2 has a higher
water storage capacity in its structure due to its longer and
more flexible propane chain compared to the ethane bridge
in the bpe ligand, which is present in CP1. This allows CP2
to accommodate a more water molecules.

3.5 MB Dye Adsorption

Methylene blue, a cationic dye, was used in the adsorption
study. Considering that CPs are widely used in separation
processes, a study was conducted to evaluate how well
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our PAA@CP hydrogel composite material could absorb
MB dyes in an aqueous solution. In these study, hydrogels
(PAA: 26.5 mg, PAA@CP1: 27.2 mg and PAA@CP2:
27.8 mg) were placed in 10 mL of aqueous solution contain-
ing 100 ppm dye. When examining the dye absorbances of
the hydrogels in the UV-Vis. spectrometer after 24 h, the
W% values for PAA hydrogel, PAA@CP1 and PAA@
CP2 hydrogel composites were found to be 90%, 93%, and
95%, respectively (Fig. 7). The amount of MB absorbed
per 1 g of material was determined as 0.482 mg, 0.491 mg,
0.512 mg for PAA, PAA@CP1, and PAA@CP2, respec-
tively. The excellent adsorption rate can be attributed to the
porous structure of our CP-hydrogel composites. This struc-
ture combines the benefits of easy accessibility provided by
macropores and the capillary effects of mesopores, enabling
rapid water uptake and facilitating substantial contact areas
between the CP micropores and the dyes. As a result, the
composites demonstrate superior performance in efficiently
absorbing the dyes from the solution. When comparing the
dye absorbances of PAA@CP1 and PAA@CP2 composite
gels, it is speculated that the chain length of the ligand in
our synthesized coordination polymers may have an effect
on the pore size.

3.6 Desorption Studies

In order to test the reuse of hydrogels in dye adsorption, 3
cycles of adsorption/desorption studies were carried out at
room temperature. 50 mL of 100 ppm MB dye was used in
adsorption processes and desorption processes were carried

W%
2

PAA PAA@CP1 PAA@CP2

()

out in 50 mL of 0.1 M HCI solution. After each desorp-
tion process, the gels were regenerated with 0.1 M NaOH
solution.

After three repeated adsorption experiments, almost
similar W% values have been obtained. Upon examination
of these values, there has been no significant decrease in
the amount of dye adsorbed by the hydrogels in each cycle
(Fig. S23a). After desorption studies, the D% values were
also plotted on a graph. UV-Vis. spectrophotometer mea-
surements taken after each cycle showed minimal decreases
in desorption amounts (Fig. S23b). This study has dem-
onstrated the reusability of the synthesis systems in the
removal of organic dyes.

4 Conclusion

In this study, neutral ligands derived from bis(pyridyl) with
different main skeletons were employed to investigate the
effects on the structure of Co(II)-thiophene-2,5-dicarboxyl-
ate CPs. According to the single-crystal X-ray diffraction
analysis results, the 3D+3D—3D interpenetrated frame-
works of CP1 and CP2 were formed with the pcu topology.
Due to the shorter length of the bpe ligand in the structure of
CP1 compared to the bpp ligand, [Co,0O4N,] dinuclear Co,
clusters were observed in CP1, whereas in CP2, with the
use of a propane skeletal bis(pyridyl) ligand, aqua bridged
[Co,0O9N,] dinuclear Co, clusters was formed. A compari-
son of the absorption spectra of the free ligands and CP1
and CP2 compounds revealed additional absorption bands

— MB

— CP1-MB -! !g !!

=

CP2-MB ‘ : ]

PAA@CP1-MB . H I : @
— PAA@CP2-MB

PAA-MB

A

’ f : : T ¥
500 550 600 650 700 750 800
Wavelenght (nm)

(b)

Fig. 7 (a) W% graphs, and (b) UV-Vis. spectra of PAA hydrogel, PAA@CP1 hydrogel composite and PAA@CP2 hydrogel composite

@ Springer



1102 Journal of Inorganic and Organometallic Polymers and Materials (2024) 34:1092-1103

in the absorption spectra of CP1 and CP2 due to the *T, oF)
—T, o(P) transitions. Moreover, the optical band gap results
of the compounds showed that the compounds exhibited
semiconductive properties.

In addition to these, hydrogel composite systems were
prepared using acrylic acid monomer and new type Co(II)-
thiophene-2,5-dicarboxylate based coordination polymers.
The swelling behavior of hydrogel composite systems was
studied at 3 different solution pH values (3, 7 and 11) and it
was determined that the maximum swelling value was at pH
11, that is, at the pH value of the basic solution, due to the
acidic nature of PAA. When the S% values of PAA@CP1
and PAA@CP2 hydrogel composite systems were com-
pared with PAA hydrogel, it was seen that the water adsorp-
tion capacity of the PAA@CP1 hydrogel composite system
increased by 22% and the PAA@CP2 hydrogel composite
system increased by 57%. Also, methylene blue adsorption
study was carried out using the same systems and the W%
values of the hydrogels were compared. The W% values for
PAA hydrogel, PAA@CP1 and PAA@CP2 hydrogel com-
posites were found to be 90%, 93%, and 95%, respectively.
Again, the best performance was observed by the PAA@
CP2 hydrogel composite system. The effect and importance
of ligand type in both swelling studies and dye adsorption
studies have been demonstrated. As a result of the adsorp-
tion/desorption study with hydrogels, it is hoped that these
systems can remove organic dyes from water and contribute
to the economy in the future.
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