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Abstract

A diamine was obtained from commercial pyridin-4-amine through a two-step synthesis (dinitro to diamine). The final
combination of diamine, disulfonic acid, and pyromellitic dianhydride resulted in poly(amic acid), (PAA,), and the original
sulfonated polyimide, (SPI,) was produced by polycondensation. Various characterizations of dinitro, diamine, and SPI, were
performed, with each material analyzed individually. Quantum chemical calculations of SPI,, Density Functional Theory
(DFT) studies, and innovative analyses derived from DFT output data were carefully examined. An important point is that the
molecular weight of SPI, (M, 28,300 g.mol~") was calculated using end-group signals obtained by proton nuclear magnetic
resonance ("H NMR) spectra (-NH at 2.21 ppm and -NH, at 1.15 ppm). Similarly, to gain prior knowledge about the conduc-
tivity or insulation properties of the material, the A, value (430 nm) and band gap (A) (2.88 eV) in the ultraviolet—visible
(UV-vis) spectrum were calculated and compared with the band gap (A) energy values (1.784 eV, 0.988 eV, and 1.719 eV)
provided by the theoretical Eyono-Erumo calculations. Thermal thermograms suggest that the final polymer can exhibit high
thermal resistance and perform well as an engineering material. The morphological properties of the polymer were clearly
presented through cross-sectional scanning electron microscopy (SEM) observations, providing qualitative insights into the
product’s behavior under environmental stress. All these characterizations and theoretical calculations offer predictions for
the future application areas of this newly synthesized polymer. Theoretical data can be used to comment on the hydration
properties, proton transfer, electrical properties, and optical properties of the polymer. Our study is actually aimed at this.
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Introduction

With the rapid growth of aviation industry, there is a neces-
sity for dynamic requirements based on new, advanced tech-
nology [1]. Unfortunately, most of these needs cannot be
met with existing plastic and metal materials [2]. Brand new
materials were needed that were thermally stable, oxidation-
resistant, had good mechanical properties, were lightweight,
and would perform well in spacebourne environments [3].
Additive manufacturing methods are expanding to various
applications, including electrochemical and medical fields,
using inexpensive thermoplastics, commonly used metals,
composites, and hydrogels [4]. The creation of hard and soft
phases in the microstructure of polymers can be achieved
either through synthesis or blending [5]. Polyimides (PIs),
a class of polymers, were introduced as commercial prod-
ucts in the early 1960s [6-8]. PIs are characterized by the
presence of repeating imide structural units in the polymer
backbone [9, 10]. This macromolecule greatly contributes to
the outstanding oxidative and thermal stability of PIs [11].
They are generally prepared from various dianhydride and
diamine monomers. The presence of the imide structure
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results in a polymer with high thermo-oxidative stability
and a high glass transition temperature (T,). The synthesis
process involves two steps: first, preparing the intermediate
poly(amic acid) (PAA) prepolymer, and second, converting
the prepolymer to PI through a specific curing cycle [12—-14].

Today, environmental pollution is a critical issue faced
by society. New technologies are continuously being inves-
tigated to purify air, water, and soil from pollutants. Heavy
metals, particulate matter, fertilizers, herbicides, pesticides,
toxic gases, oil spills, industrial wastes, organic compounds,
and sewage are among the many concerning pollutants.
Various materials can be used in environmental clean-
ing, leading to a wide range of approaches. The retention
and degradation of environmental pollutants are challeng-
ing due to difficulties in mixing different compounds, low
reactivity, and high volatility [15, 16]. Recent studies have
shown promise in using nanomaterials for advancing new
environmental remediation technologies. Nanotechnology
has garnered considerable attention in recent years due to
the unique physical properties of nanoscale materials and
high-performance polymer composites. Nanomaterials, with
their high surface-to-volume ratios and improved reactivity
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compared to their bulk counterparts, are more effective in
pollutant removal [17, 18]. Adjusting the physical proper-
ties of nanomaterials can offer significant advantages that
enhance their performance in pollutant remediation. Materi-
als used for pollution removal should not contribute to con-
tamination during or after use; they should be biodegrad-
able. Consequently, recent studies have focused on utilizing
nanotechnology to develop engineering materials capable
of overcoming the challenges of pollutant removal. Key
considerations in producing specialized nanomaterials for
environmental remediation include target acquisition, easy
synthesis, cost-effectiveness, non-toxicity, biodegradability,
green chemistry, recyclability, and renewability after use.
Thus, thorough research is required on production processes
and performance optimization to develop effective nanoma-
terial candidates that can address environmental problems
[19-21].

Theoretical data in the DFT method is used to compute
local and global chemical indices. This approach, combined
with the basis set of polarization functions, provides accurate
descriptions of the electrical and geometrical features of the
molecule under study, as well as quantum chemical compu-
tations [22-25]. In principle, DFT methods, regardless of the
functional or basis set used, require reference to experimen-
tal data or at least calculations based on experimental data.
In contrast, HF and post-HF methods form a convergent fam-
ily, which may lead to solutions that lack significance within
the framework of DFT theory. Therefore, it is essential to
validate the computational setup using one or more similar
complexes that contain the same metal ions and ligands,
with structural data that are known and closely related to
the molecule under study [26, 27]. It involves selecting oli-
gomers of the molecule with extended n-conjugation in the
presence of non-planar geometry. Theoretical research can
provide microscopic explanations for both well-known and
obscure features of these oligomers [28-30]. The use of DFT
and quantum studies to enhance the understanding of open
structures in polymer materials within a computer environ-
ment is not widely covered in the literature.

In the quantum theory of atoms in molecules (QTAIM),
an atom is defined as a region that can share electron den-
sity and localized energy in space. It acts as a center that
attracts electron density. Therefore, it can be described by
its localizations where the electron density is concentrated
[31-33]. It is a mathematical approach known in the litera-
ture as charge density topology. This method relies on the
topological analysis of electron density (p), where the attrac-
tive forces of the nuclei are considered [34, 35]. These topo-
logical factors are p(r) (electron density), a gradient norm
of electron density (Vp(r)), Laplacian of electron density
(V2p(1)), electron potential energy density (V(r)), Lagrangian
kinetic energy density (G(r)), Hamiltonian kinetic energy
density (H(r)) [35-37].

In this study, N,N-bis(4-nitrophenyl)pyridine-4-amine,
N,N-bis(4-aminophenyl)pyridine-4-amine, and SPI, are
compounds that have not been synthesized before. Addi-
tionally, the DFT studies and QTAIM topological parameters
(such as electron density, gradient norm of electron density,
Laplacian of electron density, electron potential energy den-
sity, Lagrangian kinetic energy density, Hamiltonian kinetic
energy density, RDG plots, and ELF topological graphs)
performed on SPI, represent innovative theoretical research.
The molecular weight of the final polymer was calculated
using end-group signals obtained from '"H NMR spectra,
in addition to classical methods. Similarly, the band gap
from the UV-vis spectrum was calculated and compared
with theoretical energy gap (A) values. In thermal charac-
terizations, SPI, demonstrated high thermal resistance. The
morphological properties of the polymer suggest that it will
exhibit the expected behavior under environmental effects.
All these characterizations and theoretical calculations offer
alternative and innovative predictions for the future applica-
tion areas of this newly synthesized polymer.

Experimental
Materials

Pyridine-4-amine (~97%, Sigma Aldrich), cesium fluoride
(CsF) (~99%, Sigma Aldrich), 1-fluoro-4-nitrobenzene
(FC(H4NO,) (~99%, Sigma Aldrich), acetic acid (>99%
Sigma Aldrich), dimethyl sulfoxide (DMSO) (~99%,
Sigma Aldrich), ethyl alcohol (~96%, Sigma Aldrich),
palladium (Pd/C) (10% by wt loading, matrix activated
carbon support, Sigma Aldrich), hydrazine monohydrate
(N,H(O) (~64-65%, Sigma Aldrich), pyromellitic dian-
hydride (~99.5%, Sigma Aldrich), 4,4'-diamino-2,2'-
stilbenedisulfonic acid (85%, Sigma Aldrich), benzoic acid
(~99.5%, Sigma Aldrich), triethylamine (~99.5%, Sigma
Aldrich), m-Cresol (~99%, Sigma Aldrich), ethyl acetate
(~99%, Sigma Aldrich), acetone (~99.5%, Sigma Aldrich)
and diethyl ether (~99.5%, Riedel-de Haen), petroleum
ether (~99%, Riedel-de Haen) were purchased.

Characterizations

A Heidolph MR 3001 model heated magnetic stirrer (Ger-
many) was used in the synthesis reactions to adjust the tem-
perature and mixing speed until polymerization occurred.
The VT 6025 model Heraeus Vacutherm oven (Germany)
was used for drying the obtained monomer and polymer
under constant temperature and pressure. A Bruker Com-
pact: Alpha II model Fourier-transform infrared (FTIR)
spectrophotometer (Germany) was employed to partially elu-
cidate the structure and study the chemical composition of
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SPI, using the IR spectrum of the synthesized compounds.
Carbon-13 nuclear magnetic resonance ('*C NMR) and 'H
NMR spectroscopy were performed for qualitative analy-
sis and structural determination with a Bruker Avance III
HD model (United States). The UV-Vis absorption spectra
of the compound were investigated using a Multiskan Sky
microplate spectrophotometer (United States). Differential
scanning calorimetry (DSC) analysis was conducted for the
thermal analysis of polyimide 1 to determine the T, of the
polymers. Thermogravimetric analysis/differential thermal
analysis (TGA/DTA) evaluations were performed in N, flow
using a Setaram Labsys Evo (Germany) to assess thermal
degradation. SEM analysis was carried out with a Zeiss EVO
10 (United States).

Simulations

Open structures were drawn using ChemDraw. The drawn
molecule was then adapted to a MOL2 file in Chem3D and
opened in the Gauss View interface. SPI, structural units
(oligomeric, not polymeric) were analyzed using Gaussian
09 W (revision B.01) software [38] with the 6-311G basis
set for the DFT/B3LYP method and the 6-311G (d,p) basis
set for the time-dependent density functional theory (TD-
DFT)/B3LYP method. Calculations were initiated, resulting
in LOG and chk files generated by the computer environ-
ment. Theoretical chemical calculations of SPI, were con-
ducted using these files, and software images were carefully
obtained and presented as figures. To analyze the non-linear
optical (NLO) behavior, polarity (a), static higher-order
polarity (), and electric dipole moment (u) were deter-
mined using literature equations. The molecular electrostatic
potential (MEP) of the structural units was visualized using
the GaussView 6.0 program [38]. The command was then
applied in Gaussian 09W to convert the chk file obtained
from the DFT-B3LYP/6-311G set into a checkpoint file.
Topological analysis data were obtained from the AIMAII
program using the checkpoint file. The checkpoint file con-
taining the SPI, unit was directly transferred to the program.
QTAIM study parameters such as p(r), Vp(r), V2p(r), H(r),
V(r), and G(r) were extracted from the AIMAII program
and presented as images. Similarly, the checkpoint file was
converted to another formatted checkpoint file and trans-
ferred to the Multiwfn 3.8 version program to create electron
localization function (ELF) graphical and reduced density
gradient (RDG) images.

Synthesis of N,N-bis(4-nitrophenyl)
pyridine-4-amine and N,N-bis(4-aminophenyl)
pyridine-4-amine

In the fume hood, 1-fluoro-4-nitrobenzene (3.52 g,
25 mmol), cesium fluoride (3.79 g, 25 mmol), and
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pyridin-4-amine (1.17 g, 12.5 mmol) were weighed into
a 3-necked 250 mL glass flask and dissolved in 50 mL of
DMSO. The mixture was heated to 110 °C under an argon
atmosphere and stirred with a magnetic stirrer for 12 h. After
cooling to room temperature, the reaction mixture was pre-
cipitated by adding 450 mL of ethanol, and the magnetic
stirrer was removed. The precipitate was filtered using fil-
ter paper in a Gouch funnel. Following filtration, the prod-
uct was dried under vacuum. The N,N-bis(4-nitrophenyl)
pyridin-4-amine was then washed three times with acetic
acid and dried under vacuum again (Scheme 1a). 'H NMR
(400 MHz, DMSO-d6) &: 8.38 (d, J=8.9 Hz, 1H), 8.18 (d,
J=8.7Hz, 1H), 7.94 (d,J=7.6 Hz, 1H), 7.82 (d, ] =8.9 Hz,
1H), 7.00 (d, J=8.8 Hz, 1H), 6.37 (d, J=7.6 Hz, 1H). *C
NMR (101 MHz, DMSO-d6) &: 159.43, 155.45, 146.71,
145.42, 141.24, 136.79, 125.39, 122.01, 121.59, 109.78
(Figs. S1 and S2).

Similarly, Pd/C (10%) (0.1 g) was weighed into a
3-necked 250 mL glass flask in the fume hood and dissolved
in 80 mL of ethanol (EtOH). Next, 3.36 g (10 mmol) of N,N-
bis(4-nitrophenyl)pyridin-4-amine was added to the flask.
The mixture was heated to the boiling point of ethanol on
a magnetic stirrer. During the heating process, 20 mL of
ethanol and 1.16 g (30 mmol) of hydrazine monohydrate
solution were prepared and added dropwise to the flask. The
reaction was stirred for 18 h. After 18 h, the mixture was
cooled to room temperature. The Pd/C (10%) was filtered
out using filter paper. A rotary evaporator was then used to
remove the remaining solvent. Following solvent evapora-
tion, N,N-bis(4-aminophenyl)pyridin-4-amine was obtained
(Scheme 1B). 'H NMR (400 MHz, DMSO-d6) &: 8.34 (s,
1H), 8.43-8.15 (m, 2H), 8.20-8.00 (m, 3H), 8.00-7.92 (m,
2H), 7.95-7.84 (m, 1H), 7.84-7.58 (m, 3H), 7.50-7.20 (m,
2H), 7.24-7.07 (m, 2H), 7.07-6.98 (m, 2H), 7.01-6.89 (m,
2H), 6.81 (s, 2H), 6.76-6.57 (m, 7H), 6.43-6.30 (m, 3H),
5.66 (d, J=8.0 Hz, 1H), 5.46 (s, 2H), 5.36 (s, IH). °C NMR
(101 MHz, DMSO-d6): & 159.91, 156.34, 155.75, 148.63,
142.15, 140.20, 138.67, 135.63, 131.76, 126.34, 125.40,
124.99, 124.06, 123.99, 123.19, 121.93, 121.58, 121.42,
114.48, 114.13, 113.94, 113.91, 112.39, 111.56, 109.52
(Figs. S3 and S4).

Synthesis of SPI, with dianhydride and diamine

In the fume cupboard, 0.22 g (0.6 mmol) of
4,4'-diamino-2,2'-stilbenedisulfonic acid and 0.166 g
(0.6 mmol) of N,N-bis(4-aminophenyl)pyridin-4-amine
were weighed into a 250 mL three-necked glass flask
under N, flow. They were dissolved in 0.4 mL of triethyl-
amine and 6 mL of m-cresol, which were carefully added
and stirred on a magnetic stirrer at room temperature.
The disulfonic acid and diamine dissolved in the mixture.
Then, 0.173 g of benzoic acid and 0.261 g (1.2 mmol)
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Scheme 1 a N,N-bis(4-
nitrophenyl)pyridine-4-amine
and b N,N-bis(4-aminophenyl)
pyridine-4-amine synthesis
schemes
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N, N-bis(4-nitrophenyl)pyridin-4-amine

of pyromellitic dianhydride were added. The mixture was
stirred at 80 °C for 4 h and then at 180 °C for 24 h to
obtain poly(amic acid), (PAA), (Scheme 2). At the end of
the reaction, 10 mL of m-cresol was added to dilute the
high-viscosity mixture, and the solution was precipitated

Scheme 2 Poly(amic acid),
synthesis scheme

N,N-bis(4-nitrophenyl)pyridin-4-amine

NO,
- i : \I}I/

Pd/C-N,HO
_—
EtOH

N'-(4-aminophenyl)-N'-(pyridin-4-yl)benzene-1,4-diamine

in ethyl acetate. The precipitated SPI, was collected using
filter paper, washed with acetone, and dried under vac-
uum at 60 °C for 15 h (Scheme 3). '"H NMR (400 MHz,
DMSO-d6) & 9.21 (s, 1H), 8.27 (s, 1H), 7.81 (s, 3H),
7.55 (s, 1H), 7.03 (t, J=7.8 Hz, 1H), 6.61-6.51 (m, 3H),

pyromellitic dianhydrite
4 4’-diamino-2,2’-stilbenedisulfonic acid

N'-(4-aminophenyl)-N'-(pyridin-4-yl)
benzene-1,4-diamine

Poly(amic acid),
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Polyimide,
Scheme 3 Sulfonated polyimide, synthesis scheme

3.04 (q, J=7.2 Hz, 5H), 2.55 (d, ] =5.4 Hz, 1H), 2.32 (d,
J=16.0 Hz, 1H), 2.21 (s, 3H), 1.15 (t, ] =7.2 Hz, 9H).

Results and discussion

FTIR analysis

Testing the exact imidization of SPIs can be very challeng-
ing due to their chemical stability [39]. Additionally, PIs

are often insoluble in many common solvents [40]. Huang
et al. reported that in the FTIR analysis of their sulfonated

polyimides, peaks around 704 cm™! and 1766 cm™! were
attributed to the symmetric and asymmetric C= O stretch-
ing vibrations, respectively. The C-N vibration peak was
observed at 1357 cm™, indicating successful formation of
imide rings. Peaks corresponding to the -SOsH groups were
found at 1189, 1106, and 1075 cm'1[41]. In our findings, the
completion of the imidization step was confirmed by FTIR.
In the spectrum for SPI, small peak of 1775 cm™! (C=0)
and large peak of 1721 cm™! (C=0) are demonstrated. In
Fig. 1 the absorptions 1483 cm™! (C-H), 1288 cm™! (C-C),
1229 cm™! (C=C), 1077 cm™! (S=0) sulfonated SPI groups
and 1018 cm™! (C-N) are shown.

"H NMR and "3C NMR analysis

"H NMR j values were calculated precisely using the data
obtained from the analysis in the MestRaNova (Mnova) pro-
gram [42]. Li et al. reported that in the '"H NMR spectrum
of the.

sc-bSPI-14 membrane they produced, the peaks at
8.79 ppm and 8.61 ppm were attributed to protons in
the naphthalene ring attached to the dianhydride. They
observed two proton peaks at 8.01 ppm and 7.74 ppm,
corresponding to benzene hydrogen atoms in the dianhy-
dride. The chemical shifts at 8.25 ppm, 8.06 ppm, and
7.95 ppm indicated protons derived from sulfonic acid.
Benzene hydrogen atoms of triamine were found at
6.56 ppm, 7.62 ppm, 7.60 ppm, and 7.79 ppm. The sig-
nals at 6.53 ppm, 7.34 ppm, 7.39 ppm, 7.51 ppm, and
7.64 ppm were attributed to protons from the monomer
[43]. Here considering the j values, the resonance peaks
in the 1.15-3.04 ppm region represent ethylene, SO;H
and SPI, protons. Aromatic protons show signals between

Fig. 1 FTIR spectrum of SPI, 100
929
98 I
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7.81-7.03 ppm. OH proton signals are examined at d of
9.21-8.27 ppm (Fig. 2). The reasonable attribution of the
characteristic peaks further confirms the successful prepa-
ration of the SPI, material.

Since SPI, is insoluble in THF, determining the molec-
ular weight of the polymer (which is not feasible with
GPC) was done using integration values from '"H NMR
spectroscopy. The degree of polymerization (DP) of the
polymer is calculated by comparing the density of the
repeating chain unit (end group) to the proton peak den-
sity of a confirmed part of the '"H NMR spectrum (https:/
www.sigmaaldrich.com/TR/en/technical-documents/techn
ical-article/materials-science- and engineering/polymer-
synthesis/polymer-analysis), as shown in Eq. 1:

_ax.my.ny

e = ay.mx )

Additionally, nx can be used in Eq. 2 to multiply the
molecular weight (807.77 g.mol™!) of a polymer unit in
order to determine the number of repeating units or the
degree of polymerization,

M, = nx.Formulawt. 2)

In Table 1, the end group peak data from the '"H NMR
spectrum of SPI_are presented. Since the end group peaks
are small, nearby peak area values can be used for calcula-
tions. The M, value (M, 28,300 g.mol~!) obtained from
these calculations confirms that SPI, is a material.

Fig.2 '"H NMR spectrum of
SPI,

..........

Table 1 Significant '"H NMR data for specification of the molecular
weight of SPI

SPI,

Feature Moiety S (ppm) Multiplicity Peak area

End- groups -NH 2.21 multiplet 2.93*
-NH, 1.15 singlet 8.67%*

*-NH 8 (ppm) peak area, **-NH, 6 (ppm) peak area

UV-Vis analysis

UV-Vis provides structural information about the polymer.
The data obtained offer insights into the light absorption
properties and is crucial for the characterization of PIs [44].
SPI, is soluble in DMF, and measurements are taken in this
solution. UV-Vis spectroscopy is used to investigate the
optical characteristics of SPI,. This technique provides data
related to the polymer’s structure and is crucial for under-
standing SPI formation and validating structural interpreta-
tions. SPL, demonstrates strong absorption in the range of
295-405 nm in solution, which can be attributed to & to
n* transitions due to conjugation between nitrogen atoms
and aromatic rings. The UV-vis absorption spectra were
obtained using SPI, dissolved in DMF.

Spectra were obtained by preparing solutions with vary-
ing concentrations of SPI, in DMF: 0.01 mL SPI,_+0.99 mL
DMF, 0.02 mL SPI,+0.98 mL DMF, 0.03 mL
SPI, +0.97 mL DMEF, 0.04 mL SPI, +0.96 mL DMF,
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Fig.3 UV-Vis spectrum of SPI

0.05 mL SPI, +0.95 mL DMF, 0.06 mL SPI, +0.94 mL
DMF, and 0.07 mL SPI, +0.93 mL DMF. The UV-vis
absorption spectra of these solutions showed an absorbance
peak at 310450 nm. Figure 3 illustrates the UV—vis absorp-
tion spectra for different SPI, concentrations in DMF.

According to Eq. 3 (http://physics.nist.gov/constants), the
band gap wavelength of SPI, is 430 nm, corresponding to an
energy gap (A) of 2.88 eV.

Band — Gap = E(A) = hc/A,,, 3)

DSC analysis

DSC is a temperature-dependent technique widely used to
detect thermal transitions in polymers. In this investigation,
the T, was clearly identified as an endothermic peak rather
than a gradual shift in heat capacity, indicating a distinct
thermal transition [45]. Balasubramanian et al. observed that
the T, values of the LSSPI polymers they produced were
around 200 °C. They noted that increasing the concentra-
tion of the stilbene component did not result in significant
changes in the T, values [46]. In our study, the DSC ther-
mogram data of SPI, are detailed in Fig. 4. The T, of SPI,
is determined to be approximately 349.3 °C, as indicated by
the heat flow variance in the reverse heat flow. This elevated
T, is attributed to the steric hindrance caused by the pyri-
dine ring, which behaves similarly to an aromatic branched
structure within the polymer unit.

TGA/DTA analysis results

The TGA/DTA curve was analyzed in this study. Thermo-
gravimetric data were collected under nitrogen at a heating

gslppl @ Springer
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Fig.4 DSC curve of SPI,

rate of 5 °C/min. The TGA/DTA thermograms of SPI,
exhibited multiple stages of degradation [47, 48]. Yildiko
and Tanriverdi performed a thermal analysis of the sam-
ple using TGA/DTA. They observed a two-stage degrada-
tion profile for SPI above 200 °C. The TGA thermogram of
SPI showed two major degradation steps at approximately
300 °C and 650 °C. The first weight loss between 25 and
140 °C was attributed to the loss of hydrated water from
the sulfonic acid groups. The second weight loss between
140 and 200 °C was due to the removal of residual m-cresol
solvent. At temperatures above 200 °C, desulfonation
occurred up to 400 °C. The first degradation step around
350 °C was associated with the degradation of aromatic
sulfonyl groups, while the second step, occurring at tem-
peratures above 450 °C, corresponded to the degradation
of the polymer backbone. The DTA curve for SPI revealed
peaks at approximately 370 °C, 420 °C, 500 °C, and 590 °C
[49]. Figure 5 displays the thermograms with comprehen-
sive data from the TGA and DTA analysis. The first weight
loss observed in the SPI, curves before 130 °C indicates the
removal of water absorbed by the highly hygroscopic SO;
groups. Further weight reduction reflects the elimination of
residual m-cresol solvent. The decomposition of sulfonic
groups, which results in the release of SO and SO, gases up
to 450 °C, marks a significant stage in the decomposition
process. Degradation peaks as the polymer backbone under-
goes breakdown at temperatures exceeding 605 °C.

SEM Analysis

Figures 6, 7, and 8 show the microstructures of SPI, material
produced by our group. The magnification (Mag) dimen-
sions represent different aspect ratios of the original SEM
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Fig.5 TGA/DTA curves of Wid point. 163.53 °C
SPI, Onset: 240.49 °C o 450
Endset: 246.48 °C Mid point: 339.23 °C
Weight loss: -0.837 mg Onset: 356.92 °C
Weight (%): -18.043 % Endset: 383.02 °C 440
100 Weight loss: -0.848 mg
R Night (%): -18.280 %
& {30 S
2
<< 50} <
2 {20 &
Mid point: 569.09 °C ()]
Onset: 519.06 °C
of Endset: 623.70 °C 410
Weight loss: -2.236 mg
Weight (%): -48.200 % 0
0 200 400 600 800

Temperature (°C)

Fig.6 Surface and cross-section
SEM images with 15 kV EHT.
Surface and cross-section SEM
images with different magnifi-
cations for SPI, in the starting
powder: a and b show 20 pm,
7.5 mm, 1.00 KX and 2.00 KX,
¢ and d show 20 pm, 7.5 mm
and 7.00 mm, 500 X and 1.00
KX

EHT=15.00 kV
Mag= 2.00KX
WD= 7.5mm

EHT=15.00 kV
Mag= 1.00KX
WD= 7.5mm

EHT=15.00 kV
Mag= LOOKX
WD= 7.0mm

images. The magnifications used are 500X, 1.00 KX, 2.00  the electron high tension (EHT) recorded at 15 kV. The
KX, 3.00 KX, 5.00 KX, 10.00 KX, and 20.00 KX. For the = magnification image widths for this particular analysis are
SEM images analyzed, typical images were selected, with 20 pm, 10 pm, 2 pm, and 1 pm. The working distance (WD)
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Fig.7 Surface and cross-section
SEM images with 15 kV EHT.
Surface and cross-section SEM
images with different magnifi-
cations for SPI, in the starting
powder: a and b show 10 pm,
7.5 mm, and 7.00 mm, 3.00 KX,
cand d show 2 pm, 7.00 mm,
10.00 KX, and 20.00 KX

refers to the distance between the bottom of the SEM col-
umn and the top of the sample. Within the sample chamber,
the sample stage can be positioned closer to the end of the
column (short working distance) or further away (long work-
ing distance). Here, WD is 7 mm, 7.5 mm, and 8 mm. Fig-
ures 6a—d show absolute roughness on the surface at 20 pm
magnification; Figs. 7a—d at 10 pm and 2 pm magnifications;
and Figs. 8a—d at 20 pm, 10 pm, 2 pm, and 1 pm magnifica-
tions. The cross-sectional SEM observations clearly illus-
trate the coarse and fine structural changes inherent to SPI,.
When comparing the SPI, 20 pm SEM images with many
polyimide samples from the literature, SPI, exhibits a dense
microstructure that closely resembles that of polyimide [50,
51]. SPI particles, characterized by their dense microstruc-
ture, are predicted to increase porosity in composite films
made from this material. The rough surface of SPI, suggests
that composite thick films produced with SPI, as a starting
material may exhibit higher porosity. This increased poros-
ity and surface area can facilitate moisture absorption. In

gglppl @ Springer

EHT=15.00 kV
Mag= 3.00KX
WD= 7.0mm

EHT=15.00 kV
Mag= 3.00KX

WD= 7.5mm

i R
EHT=15.00 kV
Mag= 20.00KX
WD= 7.0mm

EHT=15.00 kV

2 um
Mag= 10.00KX
WD= 7.0mm

hydration states, SPI,’s proton transfer behavior can vary in
the presence of water molecules, which may enhance proton
transfer. Therefore, SPI, appears to be a promising material
for cell applications.

DFT studies

It is important to consider the effects of electron interactions
in the homomonomer of the non-planar molecule and to use
basis sets and polarization functions. Thus, DFT is of major
significance in chemistry [52-54].

Geometry optimization

It is important to examine whether the molecule has a sym-
metrical structure. When a carbon atom is substituted, the
carbon bond will determine how the symmetrical geometry
of the molecule changes [55, 56]. The optimized geome-
tries of molecules can reveal which atoms protrude from
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Fig.8 Surface and cross-section
SEM images with 15 kV EHT.
Surface and cross-section SEM
images with different magnifi-
cations for SPI, in the starting
powder: a shows 20 pm, 8 mm,
and 500 X, b shows 10 pm,

7.5 mm, and 3.00 KX, ¢ shows
2 pm, 8.00 mm, and 5.00 KX,
and d shows 1 pm, 8.00 mm,
and 10.00 KX

20 um
[ o |

the backbone [57]. Using DFT and TD-DFT methodolo-
gies based on condensation polymerization, the optimal
ground state structure and total energy conversion of one
and three structural units of SPI, were determined. The
optimized bond lengths and bond angles, calculated by the
B3LYP method, are listed in Table 2, following the atomic
numbering scheme shown in Fig. 9. These values represent
the structure with the minimum defined potential energy.
For one structural unit, bond lengths range from 1.612 A
to 1.919 A, while for three structural units, they range from
1.615 A to 1.915 A. All bond lengths and bond angles in
the phenyl rings are within the expected acceptable values.
The C-C bond lengths are between 1.399 A and 1.408 A
for both one and three structural units, and the C-N bond
lengths for N atoms in two separate phenyl groups range
from 1.352 A to 1.433 A. The C-H bond lengths are between
1.079 A and 1.081 A for both one and three structural units,
and the C-O bond lengths range from 1.232 Ato 1.248 A.
The C-C-C angles range from 118° to 128°, C-N-C angles
from 116° to 124°, and C-S-O angles from 96° to 112°.
The dihedral angles for C-C=C-7, C-S-O-H, O=S-0O-H,
C-N-C-C, C-C-C-H, and C-C-C=C are between 63° and
179° for both one and three structural units.

Dipole moment in DFT system
Electron-donating and electron-accepting groups in mol-

ecules defined as m-electron conjugates exhibit asymmetric
polarization [58]. Due to the presence of these molecules,

ComA
EHT=1500 0V
Mag= LR\
WD T 5mm

EHT-1500 AV
Mag= S0X
WD= Komm

ENT=1500 AV
Mag~ S00KX
WD- Komm

ENT=1500 kY
1 Mage 10.00KX
WD S0mm

they are potential candidates for NLO applications in opti-
cal computing and optical signal processing [59]. A mol-
ecule to act as NLO must have a large first hyperpolariz-
ability (B) value. In this study, first hyperpolarizability
(B), electric dipole moment (u), and polarizability (Aa)
were calculated using DFT and TD-DFT methods [60].
The affinity of SPI, for NLO behavior at the oligomer
level was investigated [61]. Tanriverdi et al. calculated the
parameters for one and two structural units of two different
polyimides in the gas phase using various basis sets. Their
results are as follows: p (D)=1.1399, 4.5424, 6.5019, and
6.0111; a (au) =784.78, 690.30, 1703.6, and 1200.5;
(esu)=9.4%x107%,1.5x107*, 1.6 x 107 and 2.4 x 1075.
This group investigated the NLO behavior of these poly-
imides by determining B, p, and Aa using the B3LYP/6-
311G and B3PW91/6-311G(d, p) basis sets [61]. In this
study, the calculated values are listed in Table 3. The first
static P, static g, and Aa magnitudes from the x, y, and z
components were computed [62]. The parameters for one
structural unit and two structural units are as follows: p
(D)=17.001, 2.379, and 7.135; o (au) =544.9, 735.9, and
2154; B (esu)=5.9x107°, 8.8 x 107 and 2.9 107, The
data suggest that these molecules, with their theoretically
high polarity values, are promising candidates for non-
linear optical materials.
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Table 2 Theoretically gained bond angles (°) and bond lengths (A) of oligomers of SPI,

Bond lengths (A)

Bond angles (°)

Atomic groups  One structural One structural ~ Three structural

Atomic groups

One structural One structural

Three structural

unit/DFT unit/TD-DFT units/DFT unit/DFT unit/TD-DFT units/DFT
Cl-C2 1.399 1.406 1.399 C1-C2=C3 119.36 118.07 119.35
C4=C5 1.408 1.407 1.408 C4-515-018 98.363 97.255 98.927
C7-H61 1.081 1.081 1.081 C4-S15=021 112.41 112.79 112.54
C14-S16 1.911 1.913 1.912 C4-S15=022 111.34 112.71 110.67
S16-017 1.846 1.852 1.846 C14-S16-017 97.645 96.866 97.601
S16=019 1.636 1.629 1.615 C14-S16=019 112.79 112.93 112.91
S16-020 1.614 1.620 1.637 C14-S16=020 111.92 112.74 112.91
S15-021 1.637 1.632 1.625 C7=C8-C9 128.30 128.30 127.74
017-H67 0.983 0.982 0.983 C2-N23-C27 124.68 124.80 124.72
C2-N23 1.426 1.423 1.426 N23-C27=036 125.86 125.73 125.84
C27=036 1.232 1.248 1.232 C26-C31-H70 122.42 121.64 122.40
C4-S15 1.914 1.919 1.915 C30-C34=039 127.77 129.80 127.87
S15-018 1.844 1.836 1.842 N33-C32=038 126.16 124.43 126.08
S15=022 1.612 1.622 1.620 N33=C35=C40 120.08 120.87 120.04
018-H68 0.984 0.982 0.984 C42-N45-C47 121.24 119.80 120.29
C35-N33 1.433 1.408 1.432 C49=N50-C51 116.69 117.89 116.83
C42=N45 1.428 1.427 1.431 C46=C57-HS83 119.47 119.69 119.60
C49=N50 1.352 1.352 1.352 C3-C-4=C5-C7 177.65 178.82 179.04
C34=039 1.233 1.247 1.233 C14-516-017-H67 151.59 178.62 151.04
C32=038 1.233 1.247 1.233 022=S15-018-H68  109.07 63.059 118.22
C24-037 1.232 1.247 1.232 C2-N23-C27-C26 179.56 179.65 179.89
C51-N50 1.353 1.352 1.352 C25-C26-C31-H70 179.87 179.91 179.84
C49-H76 1.081 1.079 1.081 C6-C5-C7=C8 156.32 159.47 159.31
Calculations of HOMO-LUMO energies
< e
a3 " “a . . .
*9 P (] : ® o e e PN The ability to donate and accept electrons is described by
2o ? o0l 29PN the HOMO (Highest Occupied Molecular Orbital) and
" .. @ g @ ‘, L LUMO (Lowest Unoccupied Molecular Orbital) energy
9 g’ > 9 ® - » » . , . g
od 9° ® o : levels, respectively [63]. A molecule’s optical polariz
[ 0_" One-structural unit ability, chemical hardness/softness, kinetic stability, and
chemical reactivity can all be inferred from the energy
. = difference between its HOMO and LUMO [64]. The nega-
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*" Three-structural unit

Fig.9 The view in space of SPI, (Geometry optimization) one struc-
tural unit and three structural units with the 6-311G basis set of DFT/
B3LYP method and the 6-311G (d,p) basis set of TD-DFT/B3LYP
method
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mined [65]. Figure 10 in this work displays the volume
trajectories of HOMO, LUMO, HOMO_;, and LUMO_,
for the molecules. Using Table 4, the DFT calculations
yielded HOMO =— 5.3904 eV and LUMO = - 3.4504 eV
for SPI’s a structural unit, and HOMO = — 5.4258 eV and
LUMO = — 3.4278 eV for SPL’s three structural units.
HOMO =-5.2900 eV and LUMO = — 3.1054 eV values for
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Table 3 Polarity (x), static high-order polarity (), and electric dipole moment (u) values by DFT study of SPI, at the levels of the oligomer

Parameters One structural ~ One structural Three structural ~ Parameters One structural ~ One structural Three struc-
unit/DFT unit/TD-DFT units/DFT unit/DFT unit/TD-DFT tural units/
DFT
Hy —0.554 - 0.069 —4.206 Bxxx 1238 685.5 — 2663
Hy —3.956 —2.035 —4.028 Bxxy —704.1 —389.8 1203
H, - 5.750 1.230 —4.122 Bxyy 231.5 315.8 - 128.6
Ko) 7.001 2.379 7.135 Byyy —87.15 —-52.54 — 2550
Oy -313.6 —323.6 — 1239 Byxz - 607.8 353.9 - 1074
Oy - 360.7 — 3349 — 1038 Bxyz 37.17 90.92 - 1766
a,, - 3544 —350.6 — 1051 Byyz 5.922 4.389 109.0
Oy 38.38 29.94 —43.98 Bxzz - 1222 —-33.24 283.3
o, —43.80 31.93 220.1 Byzz —4.811 —8.146 —826.2
ay, —3.152 - 13.60 - 8.010 Brzz - 15.01 25.62 624.2
aau) 544.9 735.9 2154 B(esu) 59%107% 88107  29x107
Flg. 19 Images of HIOMO- (a) LUMO (b) LUMO
with one and three i E=-4.6086 eV
structural units of SPL: a DFT/ .. E=-4.0611 eV
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one structural unit of SPI, were calculated using TD-DFT.
The Energy Gap (A) =IEomo—ELumol between a structural
unit and three structural units are 1.784 eV, 0.988 eV, and
1.719 eV, respectively. This suggests the stable existence of
both units. Mono-unit and three-unit oligomers have similar
energy levels due to similar molecular orbitals with simi-
lar atomic orbital compositions. The HOMO level slightly
decreased, and the LUMO level modestly increased as the
molecule developed. Calculations in quantum chemistry
are performed on a single gaseous molecule. Therefore,

variations from the observed experimental values may occur
when intermolecular interactions are present.

MEP analysis results
The molecular electrostatic potential, V(r), at position r
(X, v, z) of the molecule is defined by the energy interac-

tion between the electrons of the molecule [49, 66]. When
determining the locations of hydrogen bond interactions
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Table 4 Comparison of the

‘ Energy properties
energy properties of one

One structural unit/  One structural unit/ Three struc-

structural unit and three DFT TD-DET g}rj}l{ units/

structural units of SPI
E; umo —3.134 -2.817 —3.011
Exomo —5.845 —5.597 —5.864
ELumo+1 —3.734 —2.204 -2.132
Enomo-1 —6.843 —6.750 —5.989
Energy Gap (A)=IEyomo- Erumol 2.711 2.780 2.853
Ionization potential (I= —Eyqouvo) 5.845 5.597 5.864
Electron affinity (A= — E; ;p0) 3.134 2.817 3.011
Chemical hardness (7= (I—A)/2) 1.355 1.390 1.426
Chemical softness (s=1/2 1) 0.677 0.695 0.713
Chemical potential (u= —([+A)/2) —4.489 —4.207 —4.437
Electronegativity (y=(1+A)/2) 2.067 1.908 2.005
Electrophilic index (o =p%2 1) 13.652 12.300 14.036

and electrophilic and nucleophilic attacks, the MEP is a
highly useful tool [67, 68]. It is related to electrical den-
sity. The significance of MEP lies in its ability to display
the size, shape, and areas of positive, negative, and neutral
electrostatic potential of a molecule using a color classifi-
cation system. This makes it an invaluable tool for study-
ing molecular structure and its physicochemical properties
[69]. Different hues correspond to different electrostatic
potential values on the surface. The potential levels are
color-coded as follows: red, orange, yellow, green, and
blue. The range of these maps extends from — 0.03827 a.u.
(darkest red) to 0.03827 a.u. (darkest blue). In this case,
red denotes the strongest repulsion, while blue denotes the
strongest attraction [70]. Typically, only the electronega-
tive atom pairs are linked to negative regions. The map
illustrates that areas with positive potential are associ-
ated with hydrogen atoms, while regions with negative
potential are associated with electronegative atoms, such
as oxygen atoms [71]. Typically, only the electronegative
atom pairs are linked to negative areas. Here, MEP is uti-
lized to identify vulnerable reactive sites for electrophilic
and nucleophilic attacks on one structural unit and two
structural units of SPI,. This was done using the 6-311G
(d,p) basis set with the TD-DFT/B3LYP method meas-
ured in optimal geometry, and the 6-311G basis set with
the DFT/B3LYP method. The hydrogen atom in the struc-
tural units shows the strongest positive charge in dark blue
(6.442 72, 7.245 e~ and 6.558 e¢~2) according to the MEP
map (Fig. 11). Maximum carbon and hydrogen atoms are
found in the positive region, indicating suitable sites for
nucleophilic attack. Electrophilic reactivity is represented
by negative (red) regions (— 6.442 e™2, — 7.245 e~ and
— 6.558 e7%). Most of the aromatic ring area is nearly
neutral in hue, corresponding to the color green. These
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findings indicate that the MEP map shows hydrogen atoms
with positive potential regions surrounding them, while
oxygen atoms have negative potential regions.

Non-linear optical (NLO) analysis results

The D-H---A system’s hydrogen bonding can be under-
stood as the donor—acceptor charge displacement between
the hydrogen lone pair, thanks to the very useful method
known as NBO [72]. The NBO analysis indicates that sig-
nificant charge transfer energies occur for H-bond interac-
tions between the antibonding o*(O—H) orbitals and the
lone pair (LP) orbitals of O atoms [73]. NBO analysis is
a valuable technique for studying charge transfer or hyper-
conjugative interactions and can be used to investigate both
intramolecular and intermolecular binding [74]. Using the
second-order perturbation technique, the energies of the
hyperconjugation interactions are calculated. Second-order
perturbation leads to bonding and antibonding interactions.
The NBO technique expresses the perturbation energy as
E(2); the higher the value of E(2), the stronger the interac-
tion. In other words, a higher E(2) value indicates greater
overall conjugation in the system and a higher propensity
for electrons to be donated from donors to acceptors [75].
Here, neutral band orbital energies were computed under
the DFT/B3LYP/6311G basis set of a structural unit of
SPI, utilizing the second-order perturbation theory using
the Fock matrix approach. Table 5 displays the molecule’s
natural bond analysis. Here, neutral bond orbital energies
were computed under the DFT/B3LYP/6-311G basis set for
a structural unit of SPL_using the second-order perturbation
theory with the Fock matrix approach. Table 5 displays the
results of the natural bond analysis. The E(2) energy for
o* — o* transitions between S16 and O19 and S16 and 020
is 27.90 kcal mol™!. The E(2) energy for 6 — o* transitions
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Fig. 11 MEP maps of one struc-
tural unit and three structural
units of SPI, one structural unit
and three structural units with
the 6-311G basis set of DFT/
B3LYP method and the 6-311G
(d,p) basis set of TD-DFT/
B3LYP method

et
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Table5 o-6 *, o*-c*, n*-n*,

rn* and LP-LP* transitions Donor NBO (i)  Transitions Acceptor NBO (j)  E (2) kcal mol™! EG)-E()a.u F@G,j)a. u
in natural bond analysis on the S15-018 6—o* S15-018 9.74 0.47 0.066
g;&g I‘:;St‘;os;;‘f“af;ﬁg; | $16-019 - $16-020 27.90 0.02 0.050
unit of SPI C1-C2 ok C3-C4 25.47 0.27 0.074
C47-C48 ok C49-N50 29.39 0.27 0.079
C49-N50 ok C51-C52 26.63 0.31 0.081
C3-C4 T C5-C6 209.93 0.01 0.078
C9-Cl4 T C12-C13 178.23 0.02 0.080
C47-C48 T C51-C52 265.76 0.01 0.078
018 LP (1)>LP (1)* H68 27.47 0.83 0.156
018 LP (2)—LP (1)* H68 0.76 0.40 0.018
018 LP(3)>LP (1)*  H68 46133 0.59 0.469

between S15 and O18 provides the highest energy value
at 9.74 kcal.mol™!. The E(2) energy for 1 — m* transitions
between C1 and C2 and C3 and C4 is 25.47 kcal.mol™!. The
E(2) energy for n* — t* transitions between C47 and C48
and C51 and C52 is 265.76 kcal.mol™!. The E(2) energy for
LP(3) — LP(1)* transitions between O18 and H68 provides
the highest energy value at 461.33 kcal.mol ™.

QTAIM studies

QTAIM provides a unique approach for dividing molecu-
lar properties into regional contributions originating from

atoms, which are defined by the zero-flux surfaces of an
embedded electron density gradient in real space (https://
www.amercrystalassn.org/h-qtaim). The QTAIM approach
is a quantum chemical model that characterizes the chemi-
cal bonding of a system based on the topology of quantum
charge density [76]. Here, a structural unit of SPIL,_ was cal-
culated using the 6-311G basis set with the DFT/B3LYP
method, and parameters were obtained and presented using
the QTAIM system. This analysis investigated whether inter-
actions are possible between atoms within the molecule. The
results revealed various interactions between closely related
OeeeH and OeeeC atoms. These interactions are shown
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in Fig. 12 and Table 6. From these findings, it was con-
cluded that the compound is associated with intramolecular
interactions arising from hydrogen bonds or electrostatic
interactions.

Reduced density gradient (RDG) plots

Fig. 12 Topological graph of a structural unit of SPI, with the The non-covalent interaction index (NCI) can be used to

6-311G basis set of DFT/B3LYP method examine interactions within the molecule or steric hin-
drance. In this system, NCI interactions are determined by
small values of the RDG [77].

4

RDG(r) = |Vp(n)l/p*(r) @
Table 6 The parameters in r of one structural of SPI, (all in a.u.)
Interaction p(r) Vp(r) V2p(r) G(r) V(1) H(r)
017-H66 +0.019 +0.0099 +0.082 +0.017 -0.014 —0.003
0O18-H59 +0.019 +0.0024 +0.082 +0.017 -0.014 —0.002
019-H61 +0.018 +0.0015 +0.066 +0.015 —0.013 —0.001
021-H62 +0.018 +0.0017 +0.063 +0.014 —0.013 —0.001
036-H58 +0.012 +0.0032 +0.047 +0.010 —0.008 —0.001
037-H59 +0.012 +0.0080 +0.046 +0.010 —0.008 —0.001
038-C44 +0.010 +0.0012 +0.037 +0.008 —0.007 —0.001
039-C40 +0.010 +0.0039 +0.038 +0.008 —0.007 —0.001

Fig. 13 RDG plots of a
structural unit of SPI, with
the 6-311G basis set of DFT/
B3LYP method

83“)” @ Springer
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In Eq. 4, the scatter plots of the RDG are shown in
Fig. 13 to describe the different types of interactions.
Long et al. produced polyimide but performed RDG stud-
ies on small molecules. Specifically, intramolecular weak
interactions of TRZ and carbazole segments were also
investigated using RDG isosurfaces and scatter diagrams
via Multiwfn and Visual Molecular Dynamics (VMD). A
noticeable non-covalent weak interaction between TRZ
and carbazole segments was observed in RDG isosurfaces
(green area in the red dotted box), intuitively indicating
the existence of intramolecular TSCT. Furthermore, less
intense spikes were observed for TRZ-oCm-HDA than for
TRZ-0C-ph in RDG scatter diagrams, indicating weaker
CT between TRZ and carbazole segments. This was
mainly due to strong steric hindrance effects and a rela-
tively larger donor—acceptor distance in TRZ-oCm-HAD
[78]. In the RDG scatter plots, bound interactions (hydro-
gen bonds or electrostatic bonds), van der Waals inter-
actions, and unbound interactions (steric repulsions) are
shown in blue, green, and red, respectively. According to
the RDG results, the highest electron density is localized

Fig. 14 2D ELF graphics of

a structural unit of SPI, (for
C—C-N planar and C-C-C pla-
nar) with the 6-311G basis set
of DFT/B3LYP method

11.25

T

9.64 :
8.03 ~ 7

6.43

C-C-N planar

3.21 AE & 3.21
1.61)\| & @ % ) 1.61
. S .

in regions representing hydrogen bonds and electrostatic
bond interactions between atoms in the molecule. As seen
in Fig. 13, these findings are consistent with the QTAIM
results for SPI,, as the RDG plots were observed in the
regions of the dashed bonds.

Electron localized function (ELF)

In the topological graphs of ELF, areas with ELF <0.5,
ELF <1, and ELF> 0.5 are shown in yellow (or green), dark
red (or brown), and white, respectively [79]. Cui et al. pre-
sented the local ELF of their fabricated PI-S and PI-SS. The
O and S atoms were quite close to each other, which could
cause slight overlapping of electron clouds. The overlapping of
electron clouds was much more pronounced for O and S atoms
in PI-SS. This would lead to the formation of S—O/S=0 bonds
and charge transfer between them [80]. In our study, regions
with extremely low ELF values are shown in blue. The 2D
topological ELF graphs of SPI, are presented in Figs. 14, 15,
and 16. The most notable difference observed in the maps is
the dense ring and darkness around the S atom, which contains
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Fig. 15 2D ELF graphics of

a structural unit of SPI, (for
C-N-C planar and C-N-O pla-
nar) with the 6-311G basis set
of DFT/B3LYP method
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Fig. 16 2D ELF graphics of C-8-0 planar C-C-8 planar
a structural unit of SPI, (for 12.39 ? 12.21 -
C-S-0 planar and C-C-S pla-
nar) with the 6-311G basis set 10.62 10.46
of DFT/B3LYP method :

8.85 8.72{//&®

7.08 68|

5.31 5.23

3.54 3.49

1.77 1.74

0.00 o W

000 179 359 538 7.
Length unit: bohr Length unit: bohr

Fig. 17 3D ELF graphics of
a structural unit of SPL_(for
C53-C46-N57 planar and
C40-C35-C44 planar) with
the 6-311G basis set of DFT/

B3LYP method g
@ 60
2
)
|
N -60 _
-240 <
-160 -
-8.0
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electrons in the 3 s and 3p orbitals of Group 6A. The 3D topo-
logical graphs of the ELF are shown in Figs. 17, 18, and 19.
C-N-0, C-S-0, and C-C-S planars and their surrounding
areas exhibit a significant amount of yellow to green color,
indicating greater electron density compared to Figs. 17,
18, and 19. This suggests a situation similar to the ELF of a

gslppl @ Springer

- d  oool—__ —
17 8.97 10761255  0.00 1.65 3.30 4.96 6.61 826 9.9111.57

C40-C35-C44 planar

homogeneous electron gas. The presence of yellow and green
colors around the S and O atoms highlights regions where
proton transfer can occur. Conversely, the C-C-N, C-C-C,
and C—N-C planars and their surrounding areas are depicted
in a very intense dark red color, indicating steric hindrances
in these regions.
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Fig. 18 3D ELF graphics of
a structural unit of SPI_(for
C32-N33-C34 planar and
C24-N23-037 planar) with
the 6-311G basis set of DFT/
B3LYP method

Fig. 19 3D ELF graphics of
a structural unit of SPI, (for
C4-S15-018 planar and
C13-C14-S16 planar) with
the 6-311G basis set of DFT/
B3LYP method
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Conclusion

Here, SPI, was obtained during the continuation of PAA
formation. Various characterizations of dinitro, diamine,
and SPI_ were performed (!*C NMR, 'H NMR, FTIR,
UV-vis, DSC, TGA/DTA and SEM). The imidiza-
tion step was confirmed by FTIR. In the SPI, spectrum,
1077 cm™' (S=0) and 1018 cm™! (C-N) were observed
for the sulfonated SPI groups. In the '"H NMR spectrum,
resonance peaks in the region of 1.15-3.04 ppm indicated
the presence of SO;H and SPI, protons. The OH proton
signals were examined at 8 of 9.21-8.27 ppm. In the 'H
NMR spectrum of SPI,, the M, value, determined from
the last group peak data, was found to be 28,300 g.mol~!,
confirming SPI, as a polymeric material. In the UV—vis
absorption spectra of different SPI, concentrations in
DMF, SPI, exhibited an energy gap (A) of 2.88 eV and a
wavelength of 430 nm, which was close to the band gap
(A) values obtained from the Eyoyvo-Erumo theoretical
calculations. According to the DSC thermogram data of
SPI, and the heat flow variance in the reverse heat flow,
T, was approximately 349.3 °C. The TGA/DTA analysis
showed that the decomposition of sulfonic groups, lead-
ing to the elimination of SO and SO, gases up to 450 °C,
marked the beginning of decomposition and was a criti-
cal stage. Decomposition peaked when the polymer back-
bone reached temperatures above 605 °C. SEM showed the
microstructures of SPI, material at 20 pm, 10 pm, 2 pm,
and 1 pm, revealing surface roughness. This suggests that,
in any composite film case, porosity may increase with
film density, and open pores could facilitate moisture
absorption. Thus, SPI, can be considered an alternative
material for fuel cell applications, as it allows hydrogen
bond interactions and proton transfer between SO;H and
water molecules in hydration states. QTAIM analysis con-
cluded that the structural unit is associated with intramo-
lecular interactions arising from hydrogen bonds or elec-
trostatic bonds.

The bond lengths determined by geometry optimiza-
tion were 1.612 A to 1.919 A for one structural unit and
1.615 A to 1.915 A for three structural units. The C-C—C
bond angles were between 118° and 128°, the C-N-C angles
ranged from 116° to 124°, and the C-S-O angles were
between 96° and 112°. Additionally, the dihedral angles of
C-C=C-7,C-S-0-H, O=S-0O-H, C-N-C-C, C-C-C-H,
and C-C-C=C for one structural unit and three structural
units ranged from 63° to 179°. The parameter values for
one structural unit and two structural units were calculated
as p (D)=7.001, 2.379, and 7.135 for the gas phase com-
pound; o (au) =544.9, 735.9, and 2154; B (esu) =5.9x 107>,
8.8x 107 and 2.9 x 107>, Based on these data, they can be
considered good candidates for non-linear optical materials.

gslppl @ Springer

HOMO and LUMO energy values were determined for the
single structural unit and three structural units of SPI, using
DFT and TD-DFT calculations. The energy gap (A) values
between one structural unit and three structural units were
1.784 eV, 0.988 eV, and 1.719 eV, respectively. According to
the MEP map, the hydrogen atom in the structural units has
the strongest positive charge in dark blue (6.442 e~2, 7.245
e~ and 6.558 e~2). Electrophilic reactivity is represented
by negative (red) regions (— 6.442 e™2, — 7.245 ¢~ and
— 6.558 7). The map indicates that hydrogen atoms have
positive potential regions around them, while oxygen atoms
have negative potential regions.

According to the natural bond analysis of SPI,, the high-
est energy value of E (2) is 461.33 kcal mol ™, correspond-
ing to LP(3) — LP(1)* transitions between O18 and H68.
The RDG results for SPI, indicate that the highest density of
electrons was localized between regions representing hydro-
gen bonds and electrostatic bonding interactions between
the atoms of the molecule, consistent with the QTAIM find-
ings. In the ELF analysis of the SPI a structural unit, the
C-C-N, C-C-C, and C-N-C planars and the surrounding
areas appeared very intense dark red, indicating steric hin-
drances in these regions. However, the yellow and green
colors around the S and O atoms were particularly notable,
demonstrating that proton transfer can be achieved in these
regions, as also indicated by other theoretical and charac-
teristic analyses.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13726-024-01414-6.
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