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Abstract

Background The emulsion polymerization of vinyl monomers has been extensively researched, but copolymeriza-
tion with crotonic acid or cinnamic acid is relatively uncommon. These acids are capable of coordinating with other
metal ions. Our previous research has focused on synthesizing and characterizing copolymers of buty! acrylate (BuA)/
vinyl acetate (VAc) and styrene-BuA using emulsion techniques, specifically for paint applications. The current work
aimed to synthesize and characterize three binary chelating copolymers of styrene with maleic, cinnamic, and cro-
tonic acids. In addition, the prepared chelating copolymers were treated with water and soluble salts of copper

and iron for complex formation. Additionally, the characterization and electrical properties of these copolymers were
investigated.

Results This article reports the synthesis of three binary copolymers of styrene with cinnamic, crotonic, and maleic
acids via an emulsion polymerization process using a redox initiation system of potassium persulfate/glucose

in the presence of sodium dodecyl benzene sulfonate as an emulsifier. The prepared emulsions of the copolymers
were precipitated and purified using Soxhlet extraction in a mixture of n-hexane and toluene. Spectroscopic measure-
ments, including Fourier transform infrared (FTIR), proton nuclear magnetic resonance ('H-NMR), and powder X-ray
diffraction (PXRD), in addition to thermal analysis methods like thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) were employed to characterize the copolymers that were synthesized. The metal complexes
of the chelating copolymers were prepared by treatment with soluble metal salts of Co(ll), Cu(ll), and Fe(lll), purified,
and characterized via IR, PXRD, TGA, and DSC. The semiconducting properties of the chelating polymers and their
metal complexes were demonstrated through conductivity measurements taken at room temperature. The conduc-

tivity values ranged from 102 t0 10°°Q " ecm™.

Conclusion The research underscores the significance of the electrical characteristics of chelating copolymers
and their metal complexes, particularly focusing on styrene-based binary chelating copolymers, in driving advance-
ments in technology, science, and economic development.

Keywords Chelating copolymer, Emulsion polymerization, Spectroscopic measurements, Semiconducting properties

*Correspondence:

Mohamed Yahia

mohamed.yahia@science.helwan.edu.eg; myahia@cicenergigune.com
Mahmoud Ahmed Abd El-Ghaffar

mghaffar50@yahoo.com

Full list of author information is available at the end of the article

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ SPrlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s43088-024-00583-w&domain=pdf
http://orcid.org/0000-0001-8915-2921

Yahia et al. Beni-Suef Univ J Basic Appl Sci (2024) 13:128

1 Background

Functional and chelating polymers have shown great
potential for various applications, including coatings on
metal and glass surfaces, thermal lubricants and adhe-
sives, semiconductors, and electrical insulators [1, 2].
Metal-polymer chelates have been used as electrochro-
mic materials, as the polymer color changes with the
metal ion’s oxidation state in the chelate [3, 4]. Poly-
mer—metal ligands are used to selectively remove trace
contaminants from water [5-8]. Chelating resins con-
taining active sites with different functionalities have
been employed to bind a range of metal ions [9, 10]. The
existence of carboxylic-COOH groups in the chelating
polymer backbone allows for the formation of metal-
acrylate by alkali-treatment [1, 5] or metal complexes
by treating with certain transition-metal salts [1, 11, 12].
Furthermore, the physical properties of polymers, such
as thermal stability, crystallinity, and strength, along
with their chemical reactivity, are significantly altered
by the inclusion of metal ions. This is one of the primary
drivers behind the increasing benefit in polymer-metal
complexes, particularly their catalytical capabilities in
hydrogenation [1], oxidation [13-18], polymerization
[1, 19, 20], paramagnetism [21], etc. Considering the
potential applications in semiconductor materials and
electronic plastic-materials, the characterization and
investigation of the properties of chelating polymers are
significant. Polymers that form complexes can be syn-
thesized or produced from sustainable resources. In our
study, we focused on the synthesizing a variety of inno-
vative chelating resins containing different acrylic acid
moieties copolymerized with the styrene monomer. After
complexation with different transition-metal salts (CuCl,
and FeCl;), we investigated their electrical conductivity
for their potential use as novel semiconductor materials.
Numerous studies have been conducted on copolymers
of styrene and maleic acid [22-24]. These copolymers
are usually synthesized by the alkaline-hydrolysis of sty-
rene maleic-anhydride copolymers and retain the alter-
nating structure of their parent polymers. The emulsion
polymerization of vinyl monomers has been extensively
researched [25-27], but copolymerization with crotonic
acid or cinnamic acid is relatively uncommon. These
acids are capable of coordinating with other metal ions
[28-30]. Our previous research has focused on synthe-
sizing and characterizing copolymers of Butyl Acrylate
(BuA)/Vinyl Acetate (VAc) and Styrene-BuA using emul-
sion techniques, specifically for paint applications [31,
32].

The current work aimed to synthesize and characterize
three binary chelating copolymers of styrene with maleic,
cinnamic, and crotonic acids. In addition, the prepared
chelating copolymers were treated with water and soluble
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salts of copper and iron for complex formation. Further-
more, the characterization and electrical properties of
these copolymers were investigated.

2 Methods

2.1 Materials

Merck-Schuchardt in Germany provided styrene (St),
cinnamic acid (CA), maleic acid (MA), crotonic acid
(CrA), and potassium persulfate (KSP). Before use, the
styrene monomer was redistilled and stored at—20 °C.
Sodium dodecyl benzene sulfonate (SDBS) and glu-
cose were obtained from the Egyptian El-Nasr chemi-
cal company. Distillation was used to purify water for all
experiments.

2.2 Preparation methods

A semi-batch emulsion copolymerization process was
conducted to produce binary copolymers of styrene
with maleic acid (MA), cinnamic acid (CA), and cro-
tonic acid (CrA). The ingredients, including an initiation
redox system of KPS/Glucose (0.270 g/0.018 g), 1.0 g of
sodium dodecylbenzenesulfonate (SDBS) as an emul-
sifier, and 86—89 mL of distilled water, were mixed in a
three-necked flask (500 mL). Equimolar ratios of MA,
CA, and CrA (5.0 mmol) with styrene (5.0 mmol) were
synthesized by gradually dropping the acidic monomer
to the hydrophobic polymerized styrene monomer in the
reaction mixture after 30 min. The polymerization reac-
tions were performed with mechanical agitating at (500
rpm and 65 °C) for 4 h.

2.3 Instrumental analysis

Perkin-Elmer FTIR was utilized to conduct an IR analy-
sis of the prepared polymers at the Micro-Analytical
Unit (Nagano, Japan) located in the Faculty of Science at
Cairo University. In addition, a thermogravimetric anal-
ysis (TGA) was conducted on the polymers by utilizing
a thermal analysis system (Perkin-Elmer 7 series/Shi-
madzu-TGA 50 H) with a constant rate of nitrogen. Fur-
thermore, Scanning Differential Calorimetry-DSC was
conducted at a constant nitrogen rate using Perkin-Elmer
7 series/Shimadzu-DSC 50 H thermal analysis systems
from (Nagano, Japan). The prepared polymers were also
analyzed using 'H-NMR spectra (a JEOL EX-270 NMR)
spectrophotometer at 270 MHz, which included a super-
conducting magnet (Oxford) and a 5-mm dual probe for
'H-NMR analysis. The standard conditions for the 'H-
NMR analysis included a spectral width of 4000 Hz for
'H and a flip angle (45°).

2.4 Measurements of electrical conductivity
Hioki 3532-50 Hitester version 131 from Hioki E.E. Cor-
poration, Nagano, Japan, was used to measure electrical
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properties. This device can measure frequencies between
42 Hz and 5 MHz and signal levels ranging from 1 mV
to 5V, with a maximum current of 99 mA. Prior to con-
ducting measurements, the powdered samples were com-
pressed with a force of 10 tons/cm? to produce pellets
with a 13 mm diameter and a 1-3 mm thickness. Both
sides of the pellets were coated with silver paint and
tested for conductivity. The study measured four electri-
cal parameters impedance Z, parallel equivalent static
capacitance Cp, phase angle, and parallel equivalent bulk
resistance (Rp) of the samples in 42 Hz to 6 MHz fre-
quency range.

Measurements of conductivity at different tempera-
tures were performed. The cell used consists of a simple
holder and furnace. The furnace used for heating was
designed so that no e.m.f is induced in the measured
sample. The measurements were conducted upon a range
of temperature (30—100 °C) using a temperature control
unit with a stability of+ 0.5 °C. The sample was subjected
to heating at a slow heating rate and allowed to stand at
the desired temperature for 1 min before measurement
to achieve a constant interruption of heat in the sample.

3 Results

3.1 Synthesis of styrene copolymers

Three copolymers, namely, St-co-MA, St-co-CA, and St-
co-CrA, were synthesized using an initiation redox sys-
tem (KPS/Glucose) at a temperature of 65 °C. The (%)
conversion as a time function is shown in Fig. 1.

The designed copolymer structures of St-co-MA, St-co-
CA, and St-co-CrA are presented in Fig. 1. The structures
of previous chelating copolymers with various metal ions
(copolymer—metal complexes) formed by inter-molecular
and/or intra-molecular bridging ligands are shown in
Scheme 1 [5].

3.2 The synthesized copolymers’ characterization

and their metal complexes
3.2.1 H-NMR spectroscopy
The composition and chemical configurations of the pro-
duced copolymers were determined by 'H-NMR spec-
troscopy based on the recorded characteristic bands
illustrated in Table 1. The spectra of the three binary
chelating copolymers are presented in Fig. S1 (See the
supplement information-SI).

3.2.2 FTIR-spectroscopy

The FTIR spectra analysis for St-co-MA, St-co-CA, and
St-co-CrA copolymers is illustrated in Table 2. The spec-
tra of the three copolymers are presented in Figs. S2-S4
(See the supplement information-SI).
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3.2.3 XRD—powder diffraction analysis

The dA° values and relative intensities (I/1,) of the XRD
patterns of the St-co-MA, St-co-CA, and St-co-CrA copol-
ymers and their copper and iron metal complexes are rep-
resented in Table 3 and are presented in Figs. S5-S7 (See
the supplement information-SI).

3.2.4 TGA—thermal gravimetric analysis
The TGA diagrams of the St-co-MA and St-co-CrA copol-
ymers are illustrated in Fig. 2a, b, respectively.

3.2.5 Scanning differential calorimetry (DSC)

The glass transition temperatures (Tg) of the copolymers
and their metal complexes were assessed by subjecting
them to heating from room temperature (r.t) to 500 °C with
a heating rate of 10 °C/min in dry N, gas using crimped
aluminum pans as represented in Table 4.

3.3 Electrical conductivity properties

3.3.1 DCelectrical conductivity

The electrical conductivity of both the copolymers and
their corresponding metal complexes containing Cu(I)
and Fe(III) was investigated. The DC electrical conductivity
was evaluated over a range of temperature from 30 to 100
°C, and its temperature dependence is described by the fol-
lowing expression:

o1 = 0o exp(—E4/KT) (1)

where (E,): The electrical conduction thermal energy, (K):
the constant of Boltzmann, (7): temperature (Kelvin),
and (0-): The semiconductor nature parameter. The val-
ues of E, are based on the polymer molecular configura-
tion. The conductivity of the polymers and their metal
complexes were in the range of semiconductor materials
(107°-1077 Q7! cm™), as reported in Table 5.

3.3.2 ACelectrical conductivity

The AC electrical conductivity characteristics of the pro-
duced samples are displayed in Fig. 7. The outcomes
obtained can be explained in the following manner. The
conductivity of o(w), which is dependent on the frequency,
can be shown as the combination of two factors [35]:

o(w) = 0o+ oac(w) (2)

where the DC conductivity (co) is frequency-independ-
ent, and the AC conductivity (0,c(®)) increases with
frequency.
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4 Discussion

4.1 The copolymer and the metal complexes’
characterizations

As shown in Scheme 1, the proposed mechanism of

polymerization between styrene and maleic acid (MA),

cinnamic acid (CA), and crotonic acid (CrA) as well as
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Fig. 1 The emulsion copolymerization conversion curves for a St-co-MA, b St-co-CA, and ¢ St-co-CrA at 65 °C

the subsequent coordination of Fe(III) and Cu(Il) metal
ions with the polymer. The polymerization follows a free-
radical mechanism, initiated by a radical species that
attacks the vinyl groups of styrene, CA, and CrA, result-
ing in alternating copolymerization. The figure highlights
how the presence of electron-withdrawing groups in MA
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Scheme 1 Reaction of chelating copolymers with metal salts

and CA stabilizes the growing polymer chain, while the
coordination of metal ions occurs at the carboxylate sites
(-COOH) of MA and CA. This metal complex formation
contributes to the enhanced crystallinity and thermal sta-
bility of the material, as observed in the thermal analysis
(TGA and DSC). The coordination between metal ions
and the carboxylate groups leads to cross-linking, thus
reinforcing the polymer structure, which is further vali-
dated by the IH-NMR and FTIR spectra, showing shifts
in COO —stretching frequencies.

As shown in Fig. 1 (the percentage of polymer conver-
sion as a time function), It is clearly realized from the
conversion time curves that the plateau representing the
initial rate of polymerization of St-co-MA, St-co-CA, and
St-co-CrA increases sharply with time until it reaches a
maximum value greater than 90% conversion within 2—4
h. Subsequently, the plateau reaches a steady state, and
the reaction yield falls between the range of 85-92%.

"H-NMR spectra (Fig. S1 and Table 1) for the three
copolymers (St-co-MA, St-co-CA, and St-co-CrA)
showed expected signals for the phenyl groups at (6.55—
7.065 ppm) and the aliphatic (-CH-) groups at (2.0-2.4
ppm). For (St-co-CrA), there is a new peak at (1.2-1.5
ppm) for the methyl (-CH;) groups. For the (St-co-CA)
copolymer, there is a new peak appears at (7.4—7.68 ppm)
for the benzene ring within the copolymer architecture.
Table 1 and Fig. S1 provide clear evidence for success-
ful incorporation of the crotonic and cinnamic acids into

Intramolecular structure

the copolymer matrix, further reinforcing the polymer’s
structure as hypothesized.

Additionally, the functional groups in the structures of
the three copolymers and their metal complexes exhibit
comparable characteristic peaks in the FTIR spectra
(Fig. S2). These peaks include expected signals for the
(OH-carboxylic group) and (M-O groups) at (3400-3500
cm™) and (450-550 cm™'), respectively. Notably, the
existence of (OH-carboxylate) in the copolymers is evi-
dent, whereas it is absent in the metal complexes. In the
opposite way, (M—O groups) are absent in the copoly-
mers but present in the metal complexes. Table 2 and
Fig. S2 support convincing evidence for the formation
of all three copolymers and their complexes. It is clearly
seen from Figs. S2-S4 that the bands at 1717-1690 cm™!
reveal the existence of carbonyl groups of carboxylic
acids, and other characteristic bands at 2925-2825 cm™
demonstrate the existence of CH, CH,, and CH; groups.
The bands at 3060 cm™ imply the existence of CH
stretching of the phenyl groups, and the extensive band
around 3440 cm™! demonstrates the existence of the OH
group of the carboxylic function of maleic, cinnamic, and
crotonic acids. The FTIR-spectroscopy was enhanced
for the characterization of the prepared copolymers,
as illustrated in Table 2. The IR spectra of the prepared
copper and iron metal complexes of St-co-MA, St-co-
CA, and St-co-CrA copolymers are presented in Table 2
and Figs. S3 and S4 (the supplement information-SI).
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Table 1 The chemical shifts of the binary chelating copolymers
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Resonance signal (ppm) Proton Assignment
Chemical shifts of St-co-MA copolymers
6.55-7.065 Styrene H H
(5H) c—¢C
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n
20-24 —(CH)~(@
(TH St+1H MA)
dd

Chemical shifts of St-co-CA copolymers

H Ha
H H
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n

74-7.68 Cinnamic acid r ., H
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L n
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]
CHs COOH|
- dn n
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d |
CHj CooH| |

These spectra provide valuable details regarding the pre-
pared polymer—metal complexes’ backbones. The bands
at 1684—1633 cm™! demonstrate the existence of a car-
boxylate anion (COO™), which slightly shifted due to the
complexation of the copolymers with Fe(IlI) and CU (II)
ions through the carboxyl groups. An extra band at 540—
418 cm™! implies the presence of a metal-oxygen bond.
Table 2 also lists the recognized bands of the synthesized
polymer complexes of Fe(III) and Cu(lI) ions, as shown

in Figs. S3 and S4 (see the supplement information-SI).
Table 2 presents good evidence for the formation of
the three binary chelating copolymers and their metal
complexes.

Additionally, Table 3 and Figs. S5-S7, there is a slight
variation in the values of dA° and the appearance of new
peaks for St-co-MA, St-co-CA, and St-co-CrA copoly-
mers and their copper and iron metal complexes, as
shown in the figures, which were attributed to the variety
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Table 2 FTIR spectra of three copolymers and their metal complexes
OH-carboxylic CH - Aromatic CH —aliphatic CH, —aliphatic Cc=0 C=Caromatic M-O
group stretching stretching stretching carbonyl stretching chelating
group bond
St-co-MA 3446 3059 2920 2850 1690 1598 -
St-co-CA 3442 3060 2924 2852 1692 1627 -
St-co-CrA 3436 3059 2921 2851 1717 1599 -
St-co-MA/Cu - 3059 2920 2850 1655 1598 539
St-co-CA/Cu - 3060 2924 2852 1633 1627 539
St-co-CrA/Cu - 3059 2921 2851 1677 1599 540
St-co-MA/Fe - 3059 2920 2850 1662 1598 418
St-co-CA/ Fe - 3060 2924 2852 1641 1627 482
St-co-CrA/ Fe - 3059 2921 2851 1684 1599 538
Table 3 X-ray diffraction data for St-co-MA, St-co-CA, St-co-CrA, and their complexes
St-co-MA St-co-CA St-co-CrA
Pure Cu(ll) Fe(lll) Pure Cu(ln Fe(lll) Complex Pure Cu(ll) Fe(lll)
Complex Complex Complex Complex Complex
dA’ i, dA° i, dA® n, dA i, dA’ I, dA® i, dA’ i, dA° i, dA’ i,
- - - - - - 19412 - 1941 6.4 1941 - - - - - - -
- - - - - - 16.007 - 16.00 - 16.007 845 - - - - - -
- - - - - - 15.561 - 1556 144 1556 - - - - - - -
- - - - - - 13.953 - 13.95 62 13.95 - - - - - - -
- - - - - - 11249 - 11.25 - 11.24 100 - - - - - -
- - - - - - 8983 80 8.983 793 8983 - - - - - - -
7137 - 7137 599 7137 - 8381 - 8381 202 8.381 482 - - - - - -
- - - - - - 6200 - 6200 - 6200 617 - - - - - -
- - - - - - 5.855 221 5855 308 5.855 82 5465 - 5.465 100 5465 -
4243 - 4243 100 4243 - 4810 653 4810 941 4810 617 - - - - - -
- - - - - - 4732 449 4732 836 4732 - - - - - - -
- - - - - - 4494 335 4494 613 4494 - - - - - - -
- - - - - - 4303 341 4303 575 4303 - - - - - - -
- - - - - - 4103 37.5 4103 61 4103 - - - - - - -
- - - - - - 3.885 100 3.885 100 3.885 - 3458 - 3458 576 3458 -
- - - - - - 3512 792 3512 951 3512 - - - - - - -
3377 - 3377 939 3377 - 3279 17 3279 329 3279 829 - - - - - -
- - - - - - 3.028 487 3.028 544 3028 - - - - - - -
- - - - - - 2791 12.7 2791 - 2791 446 2820 - 2820 507 2820 -
2.691 - 2.691 356 2691 - 2.644 10.5 2644 249 2644 563 2771 - 2771 428 2771 -
2174 - 2174 33 2174 - 2244 84 2244 - 2244 459 2267 - 2267 344 2267 -
- - - - - - 1850 - 1.850 168 1.850 248 - - - - - -
- - - - - - 1.643 - 1643 - 1.643 36 - - - - - -

of metal ions existing in the copolymers. The figures illus-
trate a low degree of crystallinity for the prepared copol-
ymers and a moderate degree of crystallinity for their
metal complexes. It is also shown that the degree of crys-
tallinity of the styrene/cinnamic acid copolymer and its
copper and iron metal complexes is higher than that of

the styrene/maleic acid and styrene/crotonic acid copoly-
mers and their copper and iron metal complexes, and
this is attributed to the crystallinity of the styrene cro-
tonic copolymer. Additionally, the copolymers are typi-
cally amorphous, and their complexation with metal ions
(iron and copper) potentially improves their crystallinity;
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Fig. 2 TGA diagram for binary copolymers of a St-co-MA, b St-co-CA,
and ¢ St-co-CrA

Table 4 DSC data for styrene/maleic acid, styrene/cinnamic acid,
and styrene/crotonic acid copolymers and their complexes

Copolymer (Tg) Value (°C)

Pure Cu(ll) Complex Fe(lll) Complex
St-co-MA 103.92 12549 105.31
St-co-CA 105.72 13140 161.73
St-co-CrA 98.38 105.00 96.89

Table 5 Electrical conductivity and calculated activation
energies for the prepared polymer samples

Sample o40(Q .em™) Range, T (°C) Ea (eV)
St-co-CA 2x107° 30-100 0.140
St-co-CA/Na 5%1077 30-100 0.136
St-co-CA/Cu(ll) 2x1077 30-50 0.590
50-100 0.009
St-co-CA/Fe(lll) 5x1077 30-80 1.100
St-co-CrA 4x107° 30-60 120
60-100 0.28
St-co-CrA/Na 5%1077 30-100 0.26
St-co-CrA/Cu(ll) 32x1077 30-60 038
60-100 0.00
St-co-CrA/Fe(lll) 4x1077 30-80 019

as shown in the figures, there is a significant increase in
crystallinity upon complexation with metal ions. While
there may be some slight improvement in crystallinity
compared to the amorphous copolymer, the degree of
crystallinity was still relatively low, as previously noted.
The spectral properties of the copolymers and their
metal complexes, as shown through FTIR, NMR, and
X-ray diffraction analyses, offer valuable insights into
their structural organization. From the 1H-NMR data,
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distinct chemical shifts, such as those for phenyl and
aliphatic groups, confirm the presence of styrene units,
while additional signals verify the successful incorpora-
tion of crotonic and cinnamic acids into the copolymer
matrix. The FTIR spectra further validate this, with key
bands indicating hydroxyl, carboxyl, and carbonyl groups
in the un-complexed copolymers. Upon metal complexa-
tion with Fe(III) and Cu(Il), shifts in these bands, particu-
larly the appearance of metal—-oxygen stretching, indicate
the coordination of metal ions with carboxylate groups,
forming stable metal-oxygen bonds. X-ray diffraction
data reveal that the copolymers are largely amorphous,
but complexation with metal ions increases crystallin-
ity, especially in styrene-cinnamic acid copolymers. This
improvement in crystallinity is attributed to the role of
metal ions as cross-linking agents, promoting a more
organized polymer matrix. In conclusion, the combina-
tion of NMR, FTIR, and X-ray data demonstrates how
the structural features of the copolymers influence their
coordination with metal ions. These structural trans-
formations enhance thermal stability and crystallinity,
emphasizing the crucial link between structure and func-
tion in determining the material properties.

Figure 2a, b illustrates the thermal stability for (St-co-
MA and St-co-CrA), as shown in Fig. 2, the two copoly-
mers retain their initial masses from room temperature
up to 380 °C (there is only a slight amount of water loss,
around 4.0% weight loss), which may be due to water
contamination with the polymer (creation of H-bonds
between the polymer matrix and the water molecules),
after which the two copolymers show a complete sharp
decomposition in their masses. On the other hand, the
TGA diagram for the styrene/cinnamic acid copolymer
(Fig. 2b) shows that it retains its initial mass up to 100 °C,
after which the polymer shows gradual degradation from
100 °C up to 320 °C, where it loses about 30% of its initial
mass. This may be due to decarboxylation, which is more
easily decomposed through carbanion formation stabi-
lized by the —1I effect of the phenyl group. After that, the
polymer began to undergo a sharp decomposition from
320 to 425 °C.

Furthermore, the TGA curve of the St-co-MA/Cu(II)
complex is demonstrated in Fig. 3a. The Cu(II) complex
shows a slight loss of about 4% of its initial mass from
room temperature up to 170 °C due to water (H,O) mol-
ecules bound with the polymer—metal complex structure.
After that, the polymer shows a gradual decomposition
from 170 °C up to 380 °C, where it loses about 25% of its
initial mass. From 320 °C to 425 °C, a sharp decomposi-
tion occurs for the polymer complex, where the complex
retains about 15% of its initial mass due to metal oxide
formation. This complex shows higher weight loss com-
pared to the St-co-CrA/Cu(Il) complex due to a higher
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Fig. 3 TGA diagram for copolymer copper complex of a St-co-MA/
Cu(ll), b St-co-CA/Cu(ll), and ¢ St-co-CrA/Cu(ll)

amount of bound water, as evidenced by the IR spectra
illustrated in Fig. 3. Additionally, the TGA diagram of the
St-co-CA/Cu(II) complex is demonstrated in Fig. 2b; as
shown in the diagram, it undergoes a slight loss of about
3% of its initial mass from room temperature up to 150
°C. After that, the polymer shows a gradual decomposi-
tion from 150 °C up to 325 °C, where it loses about 40%
of its initial mass due to decarboxylation. From 325 to
430 °C, a sharp decomposition occurs for the polymer
complex. The diagram shows that the complex retains
about 10% of the initial mass due to metal oxide crea-
tion. Also, the TGA curve of the St-co-CrA/Cu(II) com-
plex is explained in Fig. 3c. It is obvious in the figure that
the copolymer complex maintains its initial weight up to
100 °C. After that, the copolymer complex shows a slight
loss of about 10% of its initial mass from room temper-
ature up to 380 °C. Figure 3 illustrates that the thermal
performance of the St-co-CrA/Cu(Il) copper metal com-
plex is quite similar to the thermal performance of the
St-co-MA/Cu(II) complex. Additionally, the figure dem-
onstrates that the St-co-CA/Cu(Il) complex has lower
thermal stability than the St-co-MA/Cu(II) and St-co-
CrA/Cu(Il) complexes.

Furthermore, the TGA curve of the St-co-MA/
Fe(IlI) complex is demonstrated in Fig. 4a. The copoly-
mer complex shows a slight loss of about 5% of its ini-
tial mass from room temperature up to 180 °C, after
which the complex shows a gradual decomposition from
180 °C up to 340 °C, where it loses about 20% of its ini-
tial mass. From 340 to 425 °C, a sharp decomposition
occurs for the copolymer complex. The diagram also
shows that the complex retains about 30% of the ini-
tial mass of the copolymer complex due to metal oxide
decomposition. The TGA curve of the St-co-CrA/Fe(III)
complex is explained in Fig. 4c; the copolymer complex
shows a slight loss of about 5% of its initial mass at room
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Fig. 4 TGA diagram for copolymer iron complex of a St-co-MA/Fe(lll),
b St-co-CA/Fe(lll), and ¢ St-co-CrA/Fe(lll)

temperature up to 175 °C. Then, the copolymer complex
shows a gradual decomposition from 175 °C up to 350
°C, where it loses about 17% of its initial mass. From 350
to 450 °C, a sharp decomposition occurs for the copoly-
mer complex. The curve also shows a slight decomposi-
tion at 25% of the initial mass of the copolymer complex
due to the decomposition of the metal oxide. Also, the
TGA curve of the St-co-CA/Fe(IlI) complex is explained
in Fig. 4b; the copolymer complex shows a slight loss of
about 3% of its initial mass from room temperature up to
140 °C. Then, the polymer shows a gradual decomposi-
tion from 140 °C up to 440 °C, where it loses about 85% of
its initial mass. The curve also shows a slight decomposi-
tion of 15% of the initial mass of the copolymer complex
due to metal oxide decomposition. Figure 4 illustrates
that the thermal behavior of the St-co-CrA/Fe(III) com-
plex is quite similar to the thermal behavior of the St-co-
MA/Fe(Ill) complex. The figure also illustrates that the
thermal stability of the St-co-CA/Fe(IlI) complex is lower
than that of the St-co-MA/Fe(IlI) and St-co-CA/Fe(III)
complexes. Additionally, the TGA curves for the three
copolymers and their metal complexes indicate weight
losses between 100 and 200 °C for both the copolymers
and their metal complexes, which can be ascribed to the
elimination of bound water and other volatile contami-
nants within the copolymers’ backbones.

Furthermore, Table 4 represents the DSC results, the
obtained results indicated that the St-co-CA copolymer
and its copper and iron metal complexes display higher
Tg than the St-co-MA and St-co-CrA copolymers and
their copper and iron metal complexes. The recorded
DSC thermal analysis data are aligned with the TGA
findings as shown in Figs. 2—4.

The thermal analysis of the copolymers (St-co-MA, St-
co-CA, St-co-CrA) and their metal complexes through
TGA and DSC provides significant insights into their
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structural stability. The copolymers exhibit stability up
to 380 °C, with minor water loss attributed to hydrogen
bonding, followed by sharp decomposition. Among the
copolymers, St-co-CA shows earlier degradation, likely
due to decarboxylation effects. Metal complexation,
particularly with Fe(III) and Cu(lI), improves thermal
stability by forming stable metal-oxygen bonds, increas-
ing decomposition temperatures to 425-450 °C due to
cross-linking. The enhanced crystallinity and higher
glass transition temperatures, particularly in the St-co-
CA complexes, are linked to the rigidity and structural
order induced by the cinnamic acid moieties. This study
highlights the critical role of metal coordination in boost-
ing thermal properties, making these materials promis-
ing candidates for applications requiring high thermal
resistance.

4.2 The electrical conductivity characterization

Polymer complexes are known to contain adsorbed water
(H,O) molecules owing to these compounds having high
polarity, as previously noted by Patel and Patil [33], who
stated that this property may have a possible effect on
the bulk DC electric conductivity. As shown in the FTIR
spectra of copolymer complexes (Figs. S3 and S4, see the
supplement information-SI), the characteristic band of
contaminated water can be noted in the region of 3000—
3400 cm™! as mentioned in Sect. (3.2.2).

Figure 5 appears the curves of log o vs. (1/T (K)) for
the St-co-CA, St-co-CA sodium salt, and St-co-CA
complexes with Cu(II) and Fe(IIl). One can see that
the DC conductivity of St-co-CA and its sodium salt is
higher than the DC conductivity of the corresponding
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Fig. 5 Log o vs. (1/T) curves for St-co-CA, St-co-CA/Na, and St-co-CA
complexes with Cu(ll) and Fe(lll)
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complexes. Additionally, the activation energies of St-
co-CA and its sodium salt are lower than the activation
energies of the corresponding complexes, which may be
due to the higher ionic mobility of H* and Na*, which
increase the ionic conductivity. In addition, the samples
show semiconducting performance, whereby their con-
ductivity rises with a rise in temperature. However, in the
case of Fe (III)/copolymer complexes, as shown in Figs. 5
and 6, we can observe that the log o vs. (1/T (K)) curves
have two segments in the temperature ranges 30—-80 °C
and 80-100 °C. The first segment displays a negative
slope, indicating that the DC conductivity increases with
increasing temperature, while the second segment has
a positive slope, indicating a decrease in DC conductiv-
ity within this range. This unexpected behavior can be
explained by El-Shekel et al’s model [34], which proposes
that the temperature dependence of electrical conductiv-
ity can be expressed as o7 = 00 exp {—(E; — E2)|KT}.

In this temperature range, the energy of activation
in the dry-state (E;) and the energy associated with the
process of re-combination between an electron and its
corresponding hole released from a neutral polaron (E,)
play significant roles in the behavior of the log o vs. (1/T)
curves. E,, which is associated with the polarons num-
bers emitted by water elimination or relaxation of chain,
is greater than E;, leading to a positive slope in the log
o vs. (1/T) curve when re-combination is the principal
process. As the temperature increases, there is a decrease
in the charge carriers’ numbers, resulting in this behav-
ior. The situation involves two polarons, one associated
with adsorbed water and the other associated with chain
conformation.
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In the case of the Cu(lI)/St-co-CA complex (Fig. 5),
one can note that the log o vs. (1/T (K)) curve possess
two segments in the temperature ranges 30-50 °C and
50-100 °C with activation energies of 0.590 and 0.009 eV,
respectively. Additionally, for the Cu (II)/St-co-CrA com-
plex (Fig. 6), the log ¢ vs. (1/T (K)) curve has two seg-
ments: the first one is in the temperature range 30—60
°C, which exhibits an activation energy (Ea)=0.38 eV,
while the second range 60—100 °C is temperature-inde-
pendent. In Fig. 6, St-co-CrA shows two distinct seg-
ments in the log o vs. (1/T (K)) graph. The first segment
occurs between 30 and 60 °C, while the second occurs
between 60 and 100°C. The points at which log o vs. (1/T
(K)) exhibits a change in slope may associated with the
temperature at which the main chain CHj-groups on
the St-co-CrA molecule start to rotate. We suggest that
the rotation of the main chain CH;-groups results in the
“cooperative movement of the main chain’, which could
cause the reorientation of polymer chains in relation to
each other. This reorientation may modify the tunneling
junctions by altering the distance between copolymer
chains.

Additionally, Fig. 7 displays the frequency-dependent
behavior of cAC(w) at various temperatures. The data
in Fig. 7a—f, h coincide, indicating that cAC(w) is inde-
pendent of temperature. Conduction at low temperatures
can be attributed to electron hopping under the action of
the electric field. Thermal activation is more effective at
higher temperatures, and the conduction in this region
can be attributed to polarization conduction, in addi-
tion to electron-hopping conduction. The AC conductiv-
ity rises with the increase in the frequency based on the
equation [36]:

oac = A" (3)

The equation includes two parameters: A, which
depends on temperature, and n, which is independent of
temperature and has a value between 0 and 1. The fre-
quency exponent, n, was determined by calculating the
slopes of the straight lines, and the average value was
found to be 0.99. In the case of the St-co-CrA copolymer
in Fig. 7g, the value of n diminishes with rising tempera-
ture, from unity at room temperature (r.t.) to 0.60 at 100
°C.

Furthermore, the emulsion polymerization of sty-
rene with maleic, cinnamic, and crotonic acids for metal
complexation has not been extensively explored, par-
ticularly in comparison with more common monomers
like butyl acrylate and vinyl acetate. Previous studies
on copolymers of styrene and maleic acid have demon-
strated moderate thermal stability and low crystallin-
ity [37-40], similar to our findings, but their electrical
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properties were not extensively analyzed. In contrast,
our work highlights the semiconducting nature of these
copolymers, which aligns with studies on chelating poly-
mers used in electronic applications [37-40]. Further-
more, the electrical conductivity values obtained for the
metal complexes (ranging from 107 to 107 Q™! cm™)
are comparable to those reported in the literature for
polymer-metal complexes, such as polypyrrole and poly-
aniline complexes, which also exhibit semiconducting
behavior under similar conditions [37—40]. The enhance-
ment in thermal stability through metal complexation,
particularly with copper and iron, has been corroborated
by previous studies, which report similar shifts in deg-
radation temperatures and crystallinity improvements
upon metal coordination. By incorporating these com-
parisons, our study builds on and extends the under-
standing of polymer-metal complex systems, showcasing
the unique properties of styrene-based chelating copoly-
mers. This discussion strengthens the context of our find-
ings and highlights the novelty and significance of the
copolymers synthesized in this work.

5 Conclusion

This study involved the synthesis of three binary chelat-
ing copolymers using styrene with maleic acid, cinnamic
acid, and crotonic acid through semi-batch emulsion
copolymerization, followed by complex formation with
water-soluble cobalt, copper, and iron salts. The resulting
polymer—metal complexes were analyzed for their ther-
mal stability and characterized using spectrometric tech-
niques such as 'TH-NMR, FTIR, and PXRD. The structural
features of the copolymers were confirmed by 'H-NMR,
where distinct chemical shifts corresponding to phenyl,
aliphatic, and additional functional groups evidenced
the successful incorporation of comonomers like cro-
tonic and cinnamic acids. FTIR spectra further validated
the presence of hydroxyl, carboxyl, and carbonyl groups
in the copolymers and demonstrated significant shifts
upon metal complexation, indicating coordination of the
carboxylate groups with Fe(III) and Cu(Il) ions. X-ray
diffraction revealed an increase in crystallinity upon
complexation, particularly for the styrene-cinnamic acid
copolymers, due to metal-induced cross-linking. These
results highlight the relationship between structural fea-
tures and the enhanced stability and ordering observed in
the polymer-metal complexes.

Furthermore, the thermal analysis of the copoly-
mers (St-co-MA, St-co-CA, St-co-CrA) and their metal
complexes through TGA and DSC provides signifi-
cant insights into their structural stability. The copoly-
mers exhibit stability up to 380 °C, with minor water
loss attributed to hydrogen bonding, followed by sharp
decomposition. Among the copolymers, St-co-CA shows
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earlier degradation, likely due to decarboxylation effects.
Metal complexation, particularly with Fe(III) and Cu(II),
improves thermal stability by forming stable metal—oxy-
gen bonds, increasing decomposition temperatures to
425-450 °C due to cross-linking. The enhanced crystal-
linity and higher glass transition temperatures, particu-
larly in the St-co-CA complexes, are linked to the rigidity
and structural order induced by the cinnamic acid moie-
ties. This study highlights the critical role of metal coor-
dination in boosting thermal properties, making these
materials promising candidates for applications requiring
high thermal resistance.

The copolymers demonstrated a strong affinity for
complex formation with copper, cobalt, and iron and
exhibited semiconducting behavior with conductivity
values ranging from 1073 to 107 Q™' cm™ when their
electrical properties were measured. In short, the pre-
sented research study emphasizes the importance of the
electrical properties of chelating copolymers and their
metal complexes, with particular emphasis on binary
chelating copolymers of styrene, in modern technologies
and the advancement of science and the economy.

6 Future research directions and potential
applications

Future research could explore the coordination of other
metal ions (e.g., nickel, zinc) to enhance the electrical
conductivity and thermal stability of the copolymers.
Additionally, optimizing the ratio of maleic, cinnamic,
and crotonic acids may improve their mechanical prop-
erties for broader industrial use. Potential applications
include organic electronics, sensors, and energy storage
devices like batteries. These copolymers may also serve
as eco-friendly materials for green coatings, conductive
inks, and corrosion resistance. Further studies on their
electrochemical stability and long-term performance
could boost their industrial scalability and impact.

Abbreviations

Characterization techniques
FTIR Fourier transform infrared

"H-NMR Proton nuclear magnetic resonance powder
PXRD X-ray diffraction

TGA Thermogravimetric analysis

DSC Differential scanning calorimetry

Binary copolymers

St-Co-MA  Styrene with maleic acid
St-Co-CA  Styrene with cinnamic acid
St-Co-CrA  Styrene with crotonic acid
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