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ABSTRACT— Poly (p-toluidine) (PPT) and starch-grafted poly (p-toluidine) copolymer (SGPPT) were
synthesized via oxidative polymerization. PPT and SGPPT were prepared using toluidine monomer, starch,
hydrochloric acid, ammonium persulfate, and sodium hydroxide. The structure was corroborated through a
diverse range of characterization techniques, including field emission scanning electron microscopy (FESEM)
and X-ray diffraction (XRD) analysis, which elucidated the crystalline transformation of (PPT) in association
with starch-grafted copolymer. The vibrational modes were measured by Fourier-transform infrared
spectroscopy (FTIR). UV-Vis Spectrophotometer revealed distinctive peaks indicative of polymer formation
and the energy gap from 3.62 eV for un-grafted (PPT) to 2.37 eV for the SGPPT copolymer, as elucidated
through the Tauc plot. Thermogravimetric analysis (TGA) was employed to determine thermodynamic and
kinetic parameters, demonstrating the first-order reaction kinetics of both polymers. The conductivity of thin
films of polymer and copolymer was measured, exhibiting ohmic behavior, with higher conductivity observed
in the copolymer. Additionally, a theoretical study for the first time for this polymer and copolymer using
density functional theory (DFT) calculations with the B3LYP/6-311++G(d,p) basis set, revealing a
relationship between trimers of PPT and SGPPT and the energy gap. Overall, this study demonstrates the
successful synthesis and characterization of poly (p-toluidine) and starch-grafted poly (p-toluidine)
copolymer, highlighting their potential applications in various fields.
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1. INTRODUCTION

It is known that the polymers are electrically insulating materials, but they have unique electrical and optical
properties similar to inorganic semiconductors, but this feature has changed after scientists reached the
possibility of modifying polymers to become good conductors of electricity, similar to metals [1- 3].

Typical conducting polymers include polyacetylene, polyaniline and its derivatives, polyfuran, polypyrrole,
polythiophene, and polyphenylene. In general, conductive polymers exhibit low electrical conductivity and
limited optical properties in their solid state. It is also possible to change their properties by doping the
polymers with appropriate materials. Polyacetylene has a conductivity of about 10° Q*.cm™, but when the
level of doping increases, the conductivity rises to (102-103) Q*.cm™ [4], [5]. Various methods have been
used to synthesize the conducting polymers, including electrochemical, chemical oxidative polymerization,
vapor phase synthesis, hydrothermal, electrospinning, template-assisted photochemical methods, and plasma
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polymerization [6- 10].

Conducting polymers have many applications due to their distinctive properties, including controllable
electronic properties, high theoretical capacitance, good wave absorption [11- 14], excellent electrochemical
behavior, high redox activity [15- 17], ease of synthesis and fabrication, as well as their environmental
stability, where they are used as anti-static coatings, membranes, sensors, energy storage and conversion
devices, light-emitting diodes, display technologies, and corrosion protection of iron in acidic media [18- 20].
The stability of conducting polymers depends on the nature of the monomer, its concentration, and the
synthesis temperature. To improve the conductive properties of the polymer films, it is necessary to control
the different synthesis parameters.

Polyaniline and its derivatives occupy the most important place among conductive polymers due to their
unique properties, including ease of preparation in agueous media, good stability, ease of doping, and
electrochromic effects [21- 25], and improved electronic properties achieved through either chemical or
electrochemical polymerization. Chemical synthesis requires the use of strong oxidants, such as hydrogen
peroxide or perchlorate, ammonium persulfate [26- 29]. In this study, poly (p-toluidine) (PPT) and starch-
grafted poly (p-toluidine) copolymer (SGPPT) were prepared and analyzed by FTIR and UV-Vis
Spectrophotometer, and studied Kinetically and thermodynamically through the results of TG.

2. STUDY DESIGN
Toluidine and absolute ethanol were supplied by RDH, Fluka supplied starch, hydrochloric acid, ammonium
persulfate, and sodium hydroxide.

Preparation of poly (p-toluidine). To prepare poly (p-toluidine), 3 g of (p-toluidine) monomer were dissolved
in 200 mL of 1 M HCL aqueous solution (referred to as the first solution), which was then cooled to a
temperature range of 273-277 K using an ice bath. Simultaneously, 0.54 M of ammonium persulfate was
dissolved in 200 mL of 1 N HCI solution (referred to as the second solution). The second solution was added
dropwise to the first solution under continuous stirring. Within minutes, the color of the reaction mixture
changed to a darker brown hue. The resulting mixture was filtered through filter paper and washed with
distilled water until the filtrate became neutral (acid-free). Subsequently, the obtained solid was dried in an
electric oven for 12 hours, resulting in the polymer being ground into a fine powder [30].

Preparation of starch-poly (p-toluidine). To prepare starch-grafted poly(p-toluidine), 3 mL of (p-toluidine)
were dissolved in 20 mL of 1 N HCI and mixed with 1 g of starch, previously dissolved in 20 mL of 1 N HCI.
The mixture was transferred to a flask and maintained at 298 K under continuous stirring. After 30 minutes,
5 g of ammonium persulfate was added in a single portion, and stirring continued for an additional hour. A
5% aqueous solution of NaOH was used to neutralize and precipitate the copolymer [31]. Figure 1 shows the
structure and reaction diagram of starch-doped poly(p-toluidine) copolymer.
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Figure No. 1 Scheme of structure and reaction of starch-grafted poly (p-toluidine) copolymer

3. Results and Discussion

FTIR of poly (p-toluidine) and grafting starch poly (p-toluidine) copolymer. The Fourier Transform Infrared
Spectroscopy (FTIR) analysis was conducted on both poly (p-toluidine) and starch-grafted poly (p-toluidine)
copolymer samples, as presented in Figures. 2 and 3 In the copolymer spectrum, distinctive peaks emerged,
indicating structural modifications resulting from the grafting of starch onto the poly (p-toluidine) backbone.
Notably, a prominent new peak appeared at 1575 cm™, corresponding to quinoid-benzenoid moieties in the
copolymer structure. This peak indicates the incorporation of starch, suggesting a shift in the chemical
environment surrounding the aromatic ring [32].

Additionally, the presence of the C=C stretching vibration of the aromatic ring was evidenced by a peak at
1514 cm™!, further confirming the successful grafting of starch onto the poly (p-toluidine) matrix. This peak
indicates the retention of the aromatic structure within the copolymer

Further analysis of the FTIR spectrum revealed a distinct peak at 2920 cm™, attributed to the C-H stretching
vibrations of CHs groups within the poly (p-toluidine) component. This peak indicates the preservation of the
poly (p-toluidine) backbone in the copolymer structure, albeit with modifications induced by the grafting
process [33].

Moreover, a new peak at 1251 cm™ was observed, corresponding to the C-N stretching vibrations of secondary

amine groups originating from the (p-toluidine) component. This peak is indicative of the interaction between
starch and poly (p-toluidine), further supporting the successful copolymerization process.
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Figure No. 2 FTIR spectrum of PPT
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Figure No. 3 FTIR spectrum of SGPPT

UV-Vis Analysis. The optical properties of PPT and SGPPT were investigated using UV-Vis
Spectrophotometer, as presented in the Figures. 4 and 5. Three slight bands were observed in the PPT spectrum
at 250 and 279 nm. The bands are assigned as follows: the peak at 250 nm belongs to the w-n* transition of
the benzenoid ring, the peak at 279 nm corresponds to the excitation coupling -n- polaron transition. [34] The
overall appearance of SGPPT spectra was somewhat similar to that of PPT, with a clear increase in the
absorption peak intensities due to the influence of starch on the polymer’s electronic structure and molecular
interactions, which can modify the energy levels thus confirming the formation of grafting [35]. The optical
bandgap energy (Eg), was obtained using the Tauc’s Plot as illustrated in Figures. 3 and 4 along with UV-

visible spectra. Graphs of (ahv)? versus photon energy (hv) were plotted and extrapolated. The obtained
energy band gaps were found to be 3.52 eV and 2.37 eV for PPT and SGPPT, respectively. The grafting of
starch with the structure of PPT increases absorption, which leads to a reduction in the energy band gap due
to charge transfer transitions, and hence an increase in optical conductivity.
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Figure No. 4 UV-Visible and Tauc’s Plot of PPT
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Figure No. 5 UV-Visible and Tauc’s Plot of SGPPT

XRD analysis. The XRD patterns reveal a clear difference in the crystallinity between pure PPT and SGPPT,
as presented in Figure .6. The SGPPT pattern exhibits distinct diffraction peaks with higher intensity [36, 37].
This indicates improved crystallinity due to the successful grafting of starch. This enhancement can be
attributed to better molecular alignment and interaction between starch and polymer backbone.
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Figure No. 6 XRD pattern of PPT and SGPPT

FESEM analysis of SGPPT. In Fig. 7, the FESEM image of the SGPPT reveals a globular and moderately
porous surface morphology, with particles in the nanoscale. The successful grafting of starch onto the poly
(p-toluidine) backbone results a better-defined and interconnected structures, enhancing surface area and
structural stability [38]. This morphology is favorable for applications such as electrochemical sensors and

adsorptive materials.

|
SEMHV:200kV | WD:1241mm || 1]((1|

View field: 3.14 pm Det: SE 500 nm
SEM MAG: 60.4 kx  Date(m/dly): 06/08/25

SEM HV: 20.0 kV WD: 1242 mm |

View field: 2.83 pm Det: SE 500 nm
SEM MAG: 66,9 kx Date(m/dly): 06/08/25

1980


https://www.worldsresearchassociation.com/

ISSN: 0972-0626
Volume 29, Issue 07, July, 2025

SEM HV: 20.0 kV WD: 12.40 mm | SEM HV: 20.0 kV WD: 12.42mm Ll VEGA3 TESCAN

View field: 12.9 pm Det: SE

View field: 13.5 ym Det: SE 2pm
SEM MAG: 14.7 kx  Date(m/dly): 06/08/25 SEM MAG: 14.1 kx  Date(m/dly): 06/08/25

Figure No. 7 FESEM image of SGPPT

Thermodynamic and kinetic parameters from thermogravimetric analysis. From Thermogravimetric. First-
order reaction considering. The transformation occurring in the polymer and copolymer is considered a first-
order reaction. Thermodynamic parameters were determined using the first-order rate equation as given in Eq.

(1) [36]

In(1—x)=-—kt (D
__ wi-wt
X = wi—-wf (2)

Where wi is the initial weight, wt is the weight of the sample at time t, and wf is the final weight. By plotting
the values of In(1—x) versus time, a straight line was obtained. The slopes were used to calculate the rate
constant using the plotted graphs. The data followed a linear relationship according to Eq. (1); the slope of the
line provided the value of the rate constant (k) (Fig. 8), and the half-life was determined using Eq. (3). [37].
The values of k and t1/ are listed in Table 2.

0.693
tig=—— (3)

Kinetic parameters were calculated using a modified form of the Coats—Redfern model, as described in Eq.

(4).

ART? Eq
3. RT (4)

In[-In(1—x)] =1In

Where A is the pre-exponential factor, B is the heating rate (20 °C/min), R is the universal gas constant (8.3143
J-mol™-K™), Ea is the activation energy, and T is the temperature in Kelvin. A plot of In[(—In(1—x))/T?] versus
1/T (Fig. 10) was used to determine the activation energy. Additional thermodynamic parameters were
obtained using the relevant equations shown in Table 1, confirming that the degradation processes of both the
polymer and copolymer are non-spontaneous and endothermic in nature [38].
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Figure No. 10 Second-order reaction of SGPPT

Table No. 1 Kinetic and thermodynamic parameters of (p-toluidine) polymer and starch-grafted poly (p-
toluidine) copolymer

Polymer ti/2 E, AH AS AG
and k min kjmol™! | kjmol 1K1 (J.mol"1. K1) | (J.mol
copolymer D)
(x 10%)
Polytoluidine | 8.762922 0.079 17.60 10.33 -252.10 23.08
=1
min
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Starch 0.00436 0.015 9.13 1.86 -918.86 80.57
grafting Poly |  dm3.mol-
P-toluidine 'min?

Table 1 presents the kinetic and thermodynamic parameters for both (p-toluidine) polymer and starch-grafted
poly (p-toluidine) copolymer. These parameters offer valuable insights into the reaction rates, energy
requirements, and spontaneity of the polymerization process.

Starting with the kinetic aspects, the rate constant (k) and the half-life (t1/2) are key indicators of the reaction
speed and the time required for half of the reactants to be consumed, respectively. For the (p-toluidine)
polymer, the rate constant (k) is significantly higher at 8.76 x10-3 min-1, indicating a relatively rapid reaction
when compared to the starch-grafted poly (p-toluidine) copolymer, which has a much lower rate constant of
4.36 x 10°° dm-3mol ''min"'.

This difference in reaction rates may be attributed to the variations in the chemical structure and composition
of the two polymers.

Regarding the thermodynamic parameters, the activation energy (Ea) represents the energy barrier that must
be overcome for the reaction to proceed. The (p-toluidine) polymer shows a higher activation energy of 79
kJ/mol compared to the starch-grafted poly (p-toluidine) copolymer with an Ea of 9.13 kJ/mol, implying that
the latter requires less energy input for the reaction to occur, indicating a more facile process.

Moreover, the enthalpy (AH) and entropy (AS) changes provide insights into the heat absorbed or released
and the randomness of the system during the reaction. The (p-toluidine) polymer exhibits a greater enthalpy
change (AH = of 17.60 kJ.mol™) compared to (AH = 9.13 kJ.mol ™) for the copolymer, indicating a greater
heat absorption/release during the polymerization process. Similarly, the entropy change is higher for the p-
toluidine) polymer (AS = 10.33 J-mol'-K™) than for the copolymer (AS = 1.86 J-mol'-K™), indicating a
higher degree of randomness during the reaction.

The more negative AG value observed for the copolymer (—91.88 x 10* J-mol ') compared to the (p-toluidine)
polymer (-25.21 x 10* J-mol™) indicates a greater thermodynamic favorability of the copolymerization
process.

Conductive study. The present study aimed to evaluate the electrical conductivity of a polymer and its
corresponding copolymer by fabricating thin films on aluminum substrates, using evaporated aluminum
electrodes under low-pressure conditions. Conductivity measurements were performed at room temperature
by varying the current with respect to the applied voltage, as illustrated in Figure 11.

The results showed that both the polymer and the copolymer exhibited ohmic behavior, as demonstrated by
the linear current—voltage relationship. This characteristic is indicative of a consistent conductivity response
across the range of applied voltages. This behavior indicates a stable and uniform conductivity response
throughout the applied voltage range. Furthermore, the study demonstrated that the copolymer exhibits higher
conductivity than the polymer [39].

The copolymer showed a conductivity of 0.358 Q', whereas the polymer recorded a slightly lower value of
0.294 Q'. The observed difference in conductivity between the two materials can be attributed to several
factors, including variations in molecular structure, chemical composition, and degree of polymerization. The
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incorporation of co-monomers into the copolymer structure may have enhanced its electrical properties,
resulting in improved conductivity compared to the homopolymer.
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Figure No. 11 Relationship between current and voltage for PPT and SGPPT

Density Functional Theory (DFT) Study. The HOMO and LUMO energy values for starch, (p-toluidine), and
poly (p-toluidine)-functionalized starch are presented in Tables 2 and 3. The computed energy gaps were
analyzed to evaluate changes in the electronic band gap.

The electronic conductivity of a molecule is inversely related to its HOMO-LUMO energy gap. In this study,
the HOMO-LUMO gap of the repeating unit of starch (a-D glucose) (7.78098545 eV) is significantly larger
than those of glucose-grafted (p-toluidine) (0.46258694 eV) and glucose-grafted di-(p-toluidine)
(0.254142008 eV), suggesting that functionalization enhances electronic conductivity.

The presence of toluidine within the starch—toluidine structure plays a key role in modifying the electronic
properties by narrowing the energy gap. This functionalization increases the HOMO energy level while
decreasing the LUMO level, thus facilitating easier electron transitions. In contrast, unmodified starch exhibits
a larger energy gap, reflecting its lower conductivity. The addition of the toluidine monomer to the starch
repeating unit results in a reduced energy gap, as shown in Table 3.

Furthermore, the theoretical results for the energy gap values are in good agreement with the experimental
findings obtained from the Tauc plot, reinforcing the validity of the grafted copolymer’s enhanced electronic
behavior.

Table No. 2 Structures, optimized geometries, and HOMO-LUMO energy levels of PPT, SGPPT, and
starch monomer [40]
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Table No. 3 HOMO and LUMO Energy Values of Monomer, Polymer, and Copolymer Compounds [41]

Total Energy HOMO Energy LUMO Energy Gap

No. Compound (a.u.) (eV) Energy (eV) (AE, eV)
1 p-toluidine -325.12696518 -4.88988858 0.51973774 5.40962632
2 a — D glucose -683.3537169 -6.66451812 1.11646733 7.78098545
3 Di -p-toluidine -649.60914402 -1.17959685 0.334287135 1.513883985
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4 Tri-p-toluidine -078.42649704 -0.02965999 0.17170141 0.34340282
5 o — D glucose
— grafted -1012.90715790 -0.01741504 0.4451719 0.46258694
p — toluiod
6 o — D glucose
— grafted -1331.19450428 -0.004617168 0.24952487 0.254142008
di — p — toluiod

4. Conclusion

In conclusion, the structures of these copolymers were confirmed by FTIR, XRD, UV-visible, and SEM
techniques. SEM and XRD demonstrated that the copolymer’s structure is more ordered than that of the pure
polymer, exhibiting a granular shape at the nanoscale.

The kinetic and thermodynamic analyses provided a view into the polymerization processes of (p-toluidine)
polymer and starch-grafted poly (p-toluidine) copolymer. Notably, (p-toluidine) polymerized at a significantly
faster rate than the copolymer, while the copolymer generally exhibited lower activation energy and Gibbs
free energy change values, indicating a more facile and spontaneous process. Additionally, conductivity
studies demonstrated that both materials displayed ohmic behavior, but the copolymer exhibited higher
conductivity compared to the polymer, likely due to factors such as molecular structure, chemical
composition, and degree of polymerization. The incorporation of co-monomers in the copolymer structure
likely contributed to its enhanced electrical properties. Additionally, DFT showed that the starch-
functionalized poly (p-toluidine) has a smaller energy gap than the unmodified polymer, indicating better
electrical conductivity, according to studies of the HOMO-LUMO energy gaps. This result illustrates the
electronic effects of poly (p-toluidine), whereby molecular orbital modification lowers the energy gap and
facilitates electron transport. Molecular design benefits greatly from these insights, especially for materials
that need improved electrical characteristics.
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