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Abstract

Here, two different novel sulfonated polyimides were produced using different mon-
omer ratios. With 2 different molecules of diamine, 3,3',4,4'-biphenyl tetracarboxylic
dianhydride and perylene-3, 4, 9, 10-tetracarboxylic dianhydride in an inert atmos-
phere at two-stage high temperature and the presence of sulfonic acid, sulfonated
polyimides were obtained by imidization. For sulfonated polyimides, proton nuclear
magnetic resonance, Fourier transform infrared, solubility tests, the affinity of poly-
mers to solvents, ultraviolet—visible spectroscopy and thermogravimetric analysis/
differential thermal analysis characterization were performed. Quantum chemical
calculations of synthesized sulfonated polyimides, density functional theory and
analysis of atoms in molecules theoretical calculations are presented to learn about
various energy properties and to see proton transfer scripts. The thermogravimetric
analysis/differential thermal analysis curve showed a second degradation stage at a
temperature higher than 400 °C.
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Introduction

Polyimides (PIs), which are polymers with good potential, are used in making mate-
rials in many areas [1]. PIs represent the most studied class of high-performance
polymers [2]. They are more commonly known as membrane polymers because of
their superior properties and because they can be packaged in modules with high
surface area, they are thin and flawless, and they are also low cost [3]. PIs are syn-
thesized as a result of the condensation of poly(amic acid) [4] which consists of the
reaction of a dianhydride and a diamine or its derivatives in a solvent environment
[5]. In addition, when more than two monomers are used, copolyimides are formed.
PIs can be classified according to processability or polymer chain [6]. PIs can be
classified as thermoplastic and thermoset PIs according to their machinability. Ther-
moplastic PIs can be processed by standard methods. Thermoset Pls are polymers
that are generally obtained as a result of addition or condensation polymerization
and decompose before reaching the melting point during processing and are resist-
ant to high temperatures [7]. PIs synthesized from aromatic monomers are gener-
ally insoluble and difficult to process. Aromatic PIs provide their high thermal and
mechanical strength and high dielectric constants with the charge transfer complex
[8]. Today, it has been desired to produce new variations of the high-temperature,
low-cost and stable membrane [9]. Most of the alternative membranes were selected
from polymers with aromatic structures [10]. The doped or functional state of
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aromatic polymers is suitable to make them proton conductors [11]. The generally
preferred method is functionalization by grafting sulfonic acid. As an alternative,
it became necessary to search for high-performing polymers [12]. Many sulfonated
hydrocarbon polymers have been investigated. It has been determined that SPI [13,
14] were favorable materials for proton exchange application [15-17]. On the other
hand, SPIs have high chemical, thermal and mechanical resistance due to their simi-
larity with PI (although filled with electrolyte during the hydration condition, it is
inert, does not swell, is widely used in electronic devices, is not permeable to metha-
nol and is heat resistant (—269 to+400 °C)) [18].

The behavior of a polymer toward solvent and polymers is significant. Poly-
mer—solvent affinity is driven by both the strength of the interaction between them
and the entropy change that takes place during mixing [19, 20]. The most common
way to estimate polymer—solvent affinity is with Hildebrand solubility parameters
(), introduced in 1950 [21, 22]. The solubility parameters (5) of polymers or sol-
vents describe the attractive force between molecules of a similar kind. It is defined
as the square root of the cohesion energy density. It is also related to the evaporation
energy per unit volume in solvents [21].

In this study, two new sulfonated polyimides (SPI1 and SPI2) were synthesized.
3,3',4,4’-Biphenyl tetracarboxylic dianhydride (BPDA) and perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA) were used as sources of aromatic groups in
the synthesis. In line with the popularity of SPIs in recent years and the need for
new polyimides, it has been deemed necessary to gain new scientific data with both
experimental and theoretical studies. The results obtained supported the formation
of SPI. In addition, affinity calculations were carried out to support the experimental
solubility tests to determine the solubility parameters. Quantum chemical calcula-
tions of some of the units of the polymers at the oligomer level have been studied.
The energy calculations of the obtained polymers were investigated using the den-
sity functional theory (DFT) method. In addition, analysis of atoms in molecules
(AIM) was carried out in a structural unit of SPIs.

Experimental
Materials

2-(Phenylthio)aniline (>98.0%, Sigma-Aldrich), 2-amino-1-butanol (98% Sigma-
Aldrich), 4-fluoronitrobenzene (99%, Sigma-Aldrich), cesiumfluoride (99%,
Sigma- Aldrich), dimethyl sulfoxide (DMSO) (Merck), ethanol (EtOH) (99.8%,
Sigma-Aldrich), acetic acid (100%, Merck), Pd/C (10%) (Sigma-Aldrich), hydrazine
monohydrate (Sigma-Aldrich), diethyl ether/petroleum ether (1:1) (Sigma-Aldrich),
4,4'-diamino-2,2'-stilbenedisulfonic acid (DSD) (Sigma-Aldrich), m-Cresol
(99%,Sigma-Aldrich), triethylamine (99.5%, Sigma-Aldrich), perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA) (97%, Sigma-Aldrich), 3,3',4,4'- biphenyltet-
racarboxylic dianhydride (BPDA) (97%, Sigma-Aldrich), benzoic acid (Merck),
ethyl acetate (Sigma-Aldrich), acetone (Sigma-Aldrich), N-methyl-2-pyrrolidone
(NMP) (Sigma-Aldrich), dimethylacetamide (Dmac) (>99.0%, Sigma-Aldrich),
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N,N-dimethylformamide (DMF) (Sigma-Aldrich), chloroform (CHCl;) (Sigma-
Aldrich), dichloromethane (CH,Cl,) (Sigma-Aldrich), toluene (99.8%, Sigma-
Aldrich) and tetrahydrofuran (THF) (Sigma-Aldrich) were purchased and used in
experimental processes.

Characterization and simulations of the analysis

The density of PIs was determined by the pycnometer method in the presence of
acetone. 'H-NMR Bruker Avance III HD 600 MHz model device (Germany) was
used for the structural illumination of the compounds. NMR spectroscopic required
data were recorded in DMSO following deuterium-free signal internal standards for
proton nuclear magnetic resonance (‘H-NMR). The IR spectrum was acquired on a
PerkinElmer spectrum on a Fourier transform infrared (FT-IR) spectrophotometer to
express shifts. Ultraviolet—visible spectroscopy (UV-Vis) analysis was performed
directly with skanlt software and Multiskan Sky microplate spectrophotometer with
the cuvette reader model. For thermogravimetric analysis (TGA)/differential ther-
mal analysis (DTA), thermal analysis measurements of the polymers were made
using a TGA/DTA 1600 to determine thermal degradation. All structural units were
drawn in ChemDraw. The drawn molecules were converted to 3D MOL2 file type in
Chem3D [23]. In DFT studies on one structural unit and two structural units of SPI1
and SPI2, MOL2 files were transferred to Gaussian 09 W software, revision B.01.
One and two structural units of SPI1 and SPI2 were optimized in the singlet state.
Then, quantum chemical calculations of the optimized structures were performed
using the valence polarized basis set 6-311G together with the hybrid density func-
tional B3LYP. Likewise, the B3PWO1 functional with the 6-311G(d, p) basis set was
used to compare with this anecdote. In addition, the values of HOMO and LUMO
energies and the values of HOMO/LUMO spaces were used to calculate the values
of global reactivity parameters (GRP). In addition, f, electric dipole moment (u) and
polarizability (Aa) were determined to examine the NLO behavior. GaussView 5.0
program was used to visualize all studies and MEPs of DFT calculations [24]. One
structural unit of SPI1 and SPI2 were added separately to the structure with 0, 1, 2
and 3 water molecules in Gaussian 09 W software. Then, checkpoint files were pre-
pared using the B3LYP/6-311G functional. These files were converted to formatted
checkpoint file type and transferred to the AIMQB system of the AIMAII program,
and the program was run. Then, the parameters (values in the tables) of the AIM
analysis in the literature were calculated in the AIMStudio system connected to this
program and their images were taken [25].

Synthesis of N'-(4-aminophenyl)-N'-(2-(phenylthio)phenyl)benzene-1,4-diamine
(Diamine 1) and 2-(bis(4-aminophenyl)amino)butan-1-ol (Diamine 2)

2-(Phenylthio) aniline 12 g (30 mmol) and 2-amino-1-butanol 2.67 g (30 mmol)
were put into two three-necked 250-mL glass flasks. 4-Fluoro nitrobenzene 16.92 g
(60 mmol) and cesium fluoride 17.4 g (60 mmol) were dissolved in 50 mL DMSO
and stirred at 115 °C for 14 h in a nitrogen atmosphere in separate balloons.
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The flask with the mixture was precipitated in 400 mL of ethanol after cooling
to 24 °C. The yellow precipitate was filtered using a gouch funnel, dried under vac-
uum and finally crystallized with acetic acid. As a result of these two reactions, 10
mmol (4.1 g) 2-phenylthio aniline and 10 mmol (4.1 g) 2-(bis(4-nitrophenyl)amino)
butan-1-ol are formed. These two monomers were then added again to two identical
three-necked 250 mL glass balloons. Then, 0.10 g of Pd/C (10%) was added to each
flask separately, followed by 85 mL of EtOH. Balloons and mixtures were heated to
boiling temperature. Immediately afterward, a solution of 30 mmol (1.16 g) hydra-
zine monohydrate in 20 mL of ethanol was added dropwise and stirred under reflux
for 20 h. The reaction mixture was cooled to 25 °C. Pd/C (10%) was filtered using
filter paper and removed. The solvent in the mixture was evaporated under a vacuum
on the evaporator. It was precipitated in diethyl ether/petroleum ether (1:1) and the
mixture was filtered in a crucible. Finally, it was dried in a vacuum oven at 50 °C
[26] (Fig. 1). Yield 3.52 g (67%) for diamine 1. Yield 3.47 g (66%) for diamine 2
[27]. Diamine 1 was newly synthesized. For N,N-bis(4-nitrophenyl)-2-(phenylthio)
aniline, "H-NMR (400 MHz, Chloroform-d) & 8.23-8.11 (m, 3H), 7.41-7.21 (m,
6H), 7.21-7.08 (m, 4H), 7.04 (s, 1H) (Fig. S1). 3C-NMR (101 MHz, Chloroform-d)
6 150.86, 142.67, 141.62, 138.15, 133.56, 131.87, 131.62, 130.38, 129.62, 129.13,
128.72, 128.30, 125.46, 121.18 (Fig. S2). For diamine 1, 'H-NMR (400 MHz, Chlo-
roform-d) 6 8.22-8.11 (m, 1H), 8.10-7.98 (m, 1H), 7.44-7.03 (m, 8H), 6.77-6.56
(m, 2H) (Fig. S3). *C-NMR (101 MHz, Chloroform-d) § 153.75, 150.86, 144.99,
142.68, 139.15, 137.75, 133.72, 133.57, 130.74, 130.37, 129.89, 129.63, 129.49,
129.13, 128.73, 128.37, 128.01, 127.89, 127.71, 125.65, 125.47, 121.18, 115.99,
115.02 (Fig. S4).

Polyimide synthesis (SPI1) with BPDA and diamine 1

To the 250-mL flask were, respectively, added 0.22 g (0.6 mmol) DSD, 0.246 g
(0.6 mmol) diamine 1, 6 mL m-Cresol and 0.4 mL triethylamine under nitrogen flow.
After DSD and diamine 1 were completely dissolved, 0.352 g (1.2 mmol) BPDA
and 0.173 g benzoic acid were added to the mixture. It was then stirred at 24 °C for
a few minutes and then heated at 80 °C for 5 h to obtain polyamic acid (PAA). The
resulting PAA was then heated at 190 °C for one day. 10 mL of m-Cresol was added
to the mixture to further dilute the viscous solution. The solution was precipitated in
ethyl acetate. The precipitated PI was collected by filtration through filter paper and
washed with acetone. Finally, it was vacuum-dried at 50 °C for 16 h (Fig. 2). FT-IR
(v, em™"): 1771 and 1717 (C=0), 1483 (aromatic C-H), 1355 (aromatic C=C),
1229 (pi-substituted C=C), 1152 (S-0), 1074 (C-N). 'H-NMR (400 MHz, Chloro-
form-d) 6 8.25-8.10 (m, 3H), 7.41-7.21 (m, 4H), 7.21-7.08 (m, 4H), 7.04 (s, 1H).

Polyimide Synthesis (SP12) with PTCDA and Diamine 2

To the 250-mL flask were, respectively, added 0.22 g (0.6 mmol) DSD, 0.162 g
(0.6 mmol) diamine 2, 6 mL m-Cresol and 0.4 mL triethylamine under nitrogen
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Fig. 1 Synthesis schemes of diamine 1 and diamine 2

flow. After DSD and diamine 2 were completely dissolved, 0.470 g (1.2 mmol)
PTCDA and 0.173 g benzoic acid were added to the mixture. The same processes
as in SPI1 were applied (Fig. 3). FT-IR (v, cm™!): 1762 and 1698 (C=0), 1537
(aromatic C-H), 1479 (C-C), 1297 (aromatic C=C), 1228 cm™! (pi-substituted
C=C), 1348 (C-N), 1147 (S-0O). '"H-NMR (400 MHz, DMSO-d;) & 9.43 (s, 2H),
9.18 (d, J=11.8 Hz, 1H), 6.85 (s, 4H), 6.62-6.52 (m, 2H), 3.04 (s, 1H), 2.48 (s,
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Fig.2 Synthesis scheme of SPI1

1H), 2.34 (s, 7H), 2.20 (d, J=10.2 Hz, 2H), 1.30 (s, 10H), 1.16 (s, 3H), 1.15 (d,
J=8.1 Hz, 1H).
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Fig. 3 Synthesis scheme of SPI1

Results and discussion
Characterization of polyimide SPI1 and SPI2
"H-NMR spectrum of SPI1 and SPI2

'"H-NMR is very favorable for advanced methods such as spin diffusion, energy
transfer, excimer fluorescence, depolarization current and neutron scattering
[28-30]. 'H-NMR spectra are recorded with DMSO as standard at frequencies
of 400 MHz. For analysis, the compounds were converted to the presulfonated
form. 'H-NMR also gives knowledge about proton mobility and hydrogen bond-
ing. The fact that the proton movement of the solid-state polyelectrolyte is linked
to the chain dynamics, on the one hand, and the proton conduction determines, on
the other hand, is essential to understanding the PEM transport mechanism, since
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Chloroform

Fig.4 'H-NMR spectra of SPI1

F(m) 1)(d)
248
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Fig.5 'H-NMR spectra of SPI2

the proton movement of the solid-state polyelectrolyte is also linked to the chain
dynamics [31]. Figures 4 and 5 show the 'H-NMR spectra of the different poly-
mers SPI1 and SPI2. In SPI1 is the peak of H-C =C aromatic of 8.33-8.28 ppm
BPDA, SO;H of 8.31 ppm DSD. On the other hand, the peaks at 8.02—-8.00 ppm
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and 7.96-7.94 ppm showed the H-C = C aromatic shift of DSD. At the same time,
protons (H-C=C, aromatic) attributed to diamine 1 between 7.55-6.90 ppm
reflect. Finally, chemical shifts of HC =CH protons at 7.25 ppm are attributed to
DSD.

In SPI2, it reflected the protons of SO;H belonging to 9.20 ppm DSD. The broad
peak of 9.18 ppm and 7.03 ppm showed the H-C=C aromatic protons of PTCDA.
Peaks between 7.06—-7.04 ppm and 7.02-6.98 ppm indicated the H-C =C aromatic
shift of DSD. In addition, peaks between 6.65-650 ppm presented protons of
diamine 2 (H-C=C, aromatic). 2.51 ppm is attributed to the -OH proton of diamine
2 and 1.15 ppm to the -CH3 proton of diamine 2. Finally, the chemical shifts of
HC=CH protons at 6.55 ppm belong to DSD. In conclusion, the successful prepara-
tion of SPI1 and SPI2 polymers has been demonstrated based on the above results.

FT-IR spectrum of SPI1 and SPI2

FT-IR analysis is performed to determine the hydrophilic properties of the sulfonic
acid group and the stretching vibrations of the functional groups. In addition, it can
be understood from the FT-IR spectrum whether the synthesis was successful or
not. In FT-IR spectra, it serves to confirm the introduction of imide moieties into
chain backbones in characteristic structure determination such as group absorptions
(symmetric stretching, asymmetric stretching and atom-atom stretching) [32, 33].
Figures 6 and 7 show the FT-IR analysis of SPIl1 and SPI2, with different peaks
observed for the corresponding functional groups. In the spectrum for SPI1, the
absorption peak at 3237 cm™! showed HO adsorbed by SPII as the sulfonic acid
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Fig.6 FT-IR spectra of SPII
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Fig.7 FT-IR spectra of SPI2

group is hydrophilic. A small peak of 1771 cm™' (C=0 asymmetric stress) and a
large peak of 1717 cm™' (C=0 symmetrical stress) appeared. In 1483 cm™! (aro-
matic CH), 1355 cm™' (C=C stretch of aromatic), 1229 cm™' (C=C stretch of
p-substituted benzene) and 1152 cm™! (SO groups) SPI groups showed peaks.

In the spectrum for SPI2, the absorption peak at 3339 cm™! indicated H,O
adsorbed by SPI2 as the sulfonic acid group is hydrophilic. A small peak of
1762 cm™! (C=0 asymmetric stress) and a large peak of 1698 cm™! (C=0 sym-
metrical stress) appeared. At 1479 cm™! (aromatic C-H), 1297 cm™! (C=C stretch
of aromatic), 1228 cm™' (C=C stretch of p-substituted benzene) and 1147 cm™!
(SO groups) showed SPI groups.

Solubility test of SPI1 and SPI2

Good solubility is one of the significant parameters for industrial applications of
SPIs obtained in common organic solvents. It is desirable to easily prepare flexible
and rigid films from solution casting of the material [34, 35]. As shown in Table 1,
SPI1 and SPI2 were dissolved in common organic solvents such as m-Cresol, DMF,
DMSO, NMP, DMac, CHCI;, CH,Cl,, acetone, toluene and THF at room tempera-
ture. Solubility was determined by taking the ratio of solvent/solute (2% by weight).
Resolution and photographs of SPI1 and SPI2 are summarized in Table 1. Both
small amounts of SPI1 and SPI2 were insoluble in acetone, toluene and THF. It was
observed that SPI1 was slightly soluble in CHCl; and CH,Cl,, but very easily dis-
solved in NMP, DMac, DMF and DMSO. SPI2 was only slightly soluble in CHCl;,
while in CH,Cl,, the molecule remained suspended in the solvent as the particle. It
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Table 1 Solubility abstracts of SPI1 and SPI2 in known solvents at room temperature

m-Cresol DMF DMSO NMP DMac
SPI1 ++ ++ ++ ++
Photos of
Solutions
Acetone
SPI1 -
Photos
of
Solutions
DMSO m-Cresol
SPI2 ++ ++
Photos
of
Solutions
CH,Cl, Acetone
SPI2 + -
Photos
of
Solutions

also dissolved very well in NMP, DMac, DMF and DMSO in SPI2. This means that
more CH; groups will bring better resolution. Finally, m-Cresol solved the SPI1 and
SPI2 examples very easily, as it was already used in the synthesis phase.

Solubility parameter and affinity of SPI1 and SPI2

Affinity values have a synergistic effect on increasing the selectivity of polymers [36].
The ion—dipole interactions with polarized oxygen atoms of PIs show an affinity for
various chemical species, and this feature can be used in smart sensor design [37].
Solubility parameters of solvents and polymers are needed for the experimental and
theoretical calculation of the affinity values of polymers in certain solvents. By calcu-
lating the affinity of polymers for solvents, Niknezhad and Jana (2020) stated that mis-
cible solvent pairs with low affinity for one of the polymer components yield core—shell
morphology with different polymer interfaces. They also showed that miscible solvent
pairs with high affinity for both polymers produced interpenetrating network morphol-
ogy [38]. In the current studies in the literature, it has been understood that the solubil-
ity parameters of the solvents have standard values. However, a separate calculation is
required to find the solubility parameter values of unique polymers that are not avail-
able in the literature. In this calculation, the molar attraction (F;) values of each group
belonging to the repeating unit of the polymer and its molecular weight and density are
used. On the other hand, the densities of polymers that are not available in the literature
can be determined by pycnometry. The solubility parameter of the polymer can be cal-
culated by using Eq. 1 based on the studies done.
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6], =dXZF,/ M, 1)

Here, &, is the solubility parameter of the polymer, d is the density of the poly-
mer, M, is the molar mass of the repeating unit, and ZF; is the sum of molar attrac-
tion [39].

The affinity (¢,) of a polymer with a particular solvent is calculated using Eq. 2

e, = (8,-5,) @)

Here, ¢, is the affinity value of the polymer, &, is the solubility parameter of the
polymer, and 4, is the solubility parameter of the solvent [38].

In this study, it was calculated as d=1.14 g/cm?, M, = 978 g/mol for SPI1 and
d=1.02 g/em’, M, = 959 g/mol for SPI2. (Density values were determined by
pycnometer method, and acetone was used as liquid.) The Fi values of SPI1 and
SPI2 are listed in Table 2. Using these data in Eq. 1, it was calculated as 6, = 22.14
MPa'? for SPI1 and §, = 20.26 MPa'”* for SPI2. The §, values found are close to the
8, values of polymers known in the literature [38, 40].

The resolution parameter values of the solvents and SPI1 and SPI2, as well as
the affinity values of the solvents for SPI1 and SPI2, are listed in Table 3. The ¢,
values of SPI1 and SPI2 were calculated using Eq. 2. Here, m-Cresol, DMF and
DMSO are good solvents for both PI, but the affinity values of SPI1 were lower than
those of SPI2. Again, although NMP and DMac are good solvents for the two PlIs,
the affinity values of SPI1 were even lower than 1. This situation is attributed to the
acetamide and pyrrolidone groups. On the other hand, CHCl;, CH,Cl, and acetone

Table 2 Molar attraction values of SPI1 and SPI2 [39, 40]

Group Fi Group Num-  Group Num-  Total Fi of SPI1 Total Fi of

berof SPI1  berof SPI2  (cal cm® mol™)"?  SPI2 (cal cm®
mol~1y1”2

C-H 85.99 31 24 2666 2064

-CH = (olefin) 12153 2 2 243.06 243.06

-CH = (aromatic) 117.12 48 52 5622 6090

-CH=CH-(olefin)  248.0 1 1 248 248

-OH 225.84 2 3 452 678

-N< 62.1 3 3 186.3 186.3

-CHCN 450 9 9 4050 4050

-C-N 360 9 9 3240 3240

-S- 214 3 2 642 428

SO, 182.83 2 2 366 366

>C=0 26296 4 4 1052 1052

-CH;, 147.3 - 1 - 147.3

S5-membered ring 20.99 2 - 42 -

6-membered ring 23.44 8 11 188 258

Total 18,997 19,051
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Table 3 Resolution Parameter

Solvents and Solubility param-  Affinity of Affinity of
?:fofr‘)el;’;f)‘;zlig I/i %ﬂ?iﬁjﬁ polymers eter (MPZH%) SPI1 (I}\]/IPa) SPI2 (I}\]/IPa)
(38, 41, 42] m-Cresol 272 25.60 48.16
DMF 24.8 7.07 20.61
DMSO 26.6 19.89 40.19
NMP 22.9 0.57 6.96
DMac 227 0.31 5.95
CHCl, 19.0 9.85 1.58
CH,Cl, 20.2 3.76 0.03
Acetone 20.3 3.38 0.01
Toluene 18.2 15.52 4.24
THF 19.4 7.50 0.73
SPI1 22.14 - -
SPI2 20.26 - -

were not good solvents for either PI and their affinity values were quite low. Again,
toluene and THF are not suitable to dissolve the two PIs. But, very interestingly, the
values of SPI1 in these two solvents were close to the values in DMSO and DMF.
On the contrary, the affinity values of SPI2 are extremely low. In this case, the actual
molecular weight (with gel permeation chromatography (GPC)) could not be deter-
mined, since the two PIs were insoluble in THF and their affinity values were very
low.

UV-Visible spectrums of SPI1 and SPI2

UV-Vis has a significant place in polymer formation and provides clarity in struc-
ture lighting [43]. SPI is dissolved in DMF. The optical properties of SPI are exam-
ined by measuring with UV-Vis. In the UV-Vis absorption of SPIs, there is strong
absorption in DMF solutions, which can be assigned to a p—p* transition [44].
UV-Vis absorption spectrum analysis was performed with five different concentra-
tions of SPI1 and SPI2 in DMF separately. The spectras were showed in Figs. 8 and
9. Herein, 1 ml of solution: (i) 0.02 ml SPI + 0.98 ml DMF, (ii) 0.04 ml SPI + 0.96
ml DMF, (iii) 0.06 ml SPI + 0.94 ml DMF, (iv) 0.08 ml SPI + 0.92 ml DMF and (v)
0.10 ml SPI + 0.90 ml DMF were prepared by applying five versions as. Figure 8
demonstrates the UV—Vis absorption of divergent concentrations of SPI1 in DMF. It
presented quintuple absorbance at 290-390 nm in solution of SPI1. Figure 9 demon-
strates the UV—Vis absorption of divergent concentrations of SPI2 in DMF. It dem-
onstrated quintuple absorbance at 300-550 nm in solution of SPI2.

TGA/DTA of SPI1 and SPI2

Generally, the results obtained in thermal analyses for SPIs support each other. The
temperature values and decay stages represent the SPIs exactly. In studies showing
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Fig.8 UV-Vis spectra of SPI1
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Fig.9 UV-Vis spectra of SPI2
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several different degradation stages according to TGA thermograms of sulfonated
polymers, Abu-Orabi et al. noted that the initial weight loss at about 100 °C was
due to the evaporation of water molecules absorbed by the highly hygroscopic
sulfonic acid groups within the copolymers. They stated that the first degradation
step observed around 300 °C corresponds to the degradation of aromatic sulfonyl
groups. They concluded that the second weight loss step was observed at a tempera-
ture higher than 450 °C and was associated with the degradation of the copolymer
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backbone [45]. In studies where three different weight losses were observed accord-
ing to TGA thermograms of sulfonated polymers, Lee et al. noted that the weight
loss around 100 °C was due to loss of residual moisture loss in the polyimide films
due to the highly hygroscopic sulfonyl groups. The second step of degradation
around 300 °C corresponded to the degradation of aromatic sulfonyl groups. The
third step shows the decomposition of the polyimide backbone. In general, all poly-
imides showed excellent thermal stability (about 500 °C) characteristic of polyim-
ides [46]. According to Yin et al., most of the SPI membranes in their study showed
similar thermal stability up to 240-250 °C, resulting from the decomposition of
the aliphatic side chain and the sulfonic acid group. Decomposition of the polymer
backbone occurred at around 510-530 °C [47].

PTCDA is a very stable compound, and aromatic PIs are special compounds due
to their high thermal stability. SPIs are less thermally stable as they exhibit sev-
eral different degradation steps. Regarding polymer stability, TGA is often used to
qualify the temperature of the initial mass loss, which can be seen as the onset of
degradation. DTA is performed to show the degradation step exactly. When the DTA
curve is entered, the maximum decomposition rate and the corresponding weight
loss are seen. It has been observed that the N, flow rate in the literature is different
in many TGAs. According to Rikukawa et al. in their study, SPIs were investigated
by TGA at a heating rate of 10 °C min~! under nitrogen flow [48]. In yet another
study, Genies et al. obtained thermogravimetric data both on a TG209 NETZSCH
under nitrogen at a heating rate of 5 °C min~! and on a Setaram TGA92 in flow-
ing nitrogen at a heating rate of 1 °C min~' [49]. Therefore, the TGA-DTA curve
was evaluated in this study. Thermogravimetric data were taken at a heating rate
of 10 °C min~! under nitrogen. TGA-DTA thermograms of SPI1 and SPI2 showed
several different decay stages. Figure 10 of SPI1 was presented with detailed data
provided by TGA and DTA analyzers. In the curve, the initial weight loss in the
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Fig. 10 TGA/DTA curves of SPI1

@ Springer



Polymer Bulletin (2023) 80:9853-9880 9869

150-204 °C range corresponds to the elimination of water absorbed by the highly
hygroscopic SO3H groups. An important step in the onset of decomposition is the
decomposition of sulfonic groups, which leads to the removal of sulfur monoxide
and sulfur dioxide gases up to 505 °C. The final stage of degradation corresponds to
the polymer backbone above 600 °C. In Fig. 11 with the curve for SPI2, the initial
weight loss in the range of 150 °C to 224 °C corresponds to the elimination of water
absorbed by the highly hygroscopic SO3H groups. Further weight loss means the
removal of the residual m-Cresol solvent in the 428 °C to 497 °C range. An impor-
tant step at the beginning of decomposition is the decomposition of sulfonic groups,
which leads to the removal of sulfur monoxide and sulfur dioxide gases up to
575 °C. The final stage of degradation corresponds to the polymer backbone above
700 °C. Both exothermic and endothermic effects were recorded in the DTA curve
of SPI1 and SPI2. The first decomposition observed at about ~ 250 °C may have
been caused by the solvent traces. DTA curve has three different peaks of SPI1 in
the gas environment. SPI1 has the individual decomposition temperatures as shown
in Fig. 10 (roundabout ~ 495 °C, ~ 550 °C and ~ 605 °C, respectively). DTA curve
has two broad different peaks of SPI2 in the gas environment (roundabout ~ 395 °C
and ~ 550 °C, respectively) as shown in Fig. 11. These results will meet the need for
polymer electrolyte membranes that exhibit fast proton transfer at high temperatures,
as the synthesized SPIs have higher thermal stability than the intended operating
temperature.

Studies of DFT

All DFT studies, including calculating HOMO-LUMO energy levels, have also been
calculated and published for SPIs and PIs. For example, Cai et al., (2013) reported that
in PIs, Pa showed the highest HOMO and Pc showed the lowest HOMO. They noted
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Fig. 11 TGA/DTA curves of SPI2
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that the different dianhydride structure plays a key role in the electron structure and
regulates the vacancies of Pls [50]. Lopez-Chavez et al., (2014) conducted the study
titled "Role of sulfonation in the stability, reactivity and selectivity of poly(ether imide)
used to develop ion exchange membranes: DFT study with application to fuel cells." In
this study, the chemical structure in the minimum energy state for each simulated SPEI
is shown, along with the HOMO and LUMO boundary orbitals. These structures have
both polyimide and polyether units in the backbone. SPEIs were obtained by sulfonat-
ing PEIs on electron-rich benzene rings [51]. Therefore, molecular dynamics simula-
tion studies were found suitable for SPI. Molecular dynamic simulation studies have
been applied to this polymer only at the monomer and oligomer levels.

HOMO and LUMO analysis

HOMO and LUMO energy differences are calculated for each molecule to examine
the interaction between SPI and ionic species, and to determine the stability and reac-
tivity degree for each group (between each ionic species and each SPI). The lowest
unoccupied molecular orbital creates antibonding for all SPIs [33, 52]. In the figures,
the positive phase is shown in blue, while the yellow color represents the negative
phase. It shows the values of Eygyo (highest occupied molecular orbital) and E; o
(lowest unoccupied molecular orbital) [53, 54]. Table 4 and Table S1 give the HOMO
and LUMO values. In this study, the volume trajectory of HOMO, LUMO, HOMO-1
and LUMO+1 for molecules is shown in Figs. 12 and 13. Energy gap (A) 1Egomo
— E; ymol of SPII between one structural unit 1Eyono — Epumol Value is 1.9399 eV,
and two structural units’ |Eygyo — Epymol value is 1.998 eV (B3LYP). For SPI2 one
structural unit |Eyonvo — Eppmol value is 1.568 eV, and two structural units’ |Eyqno
— E; ymol value is 1.3715 eV (B3LYP). This indicates that both molecules exist sta-
bly. Because of their molecular orbitals with similar atomic orbital composition, one-
and two-unit oligomers have nearly identical energy levels. As the molecule grew, the
HOMO level decreased slightly and the LUMO level increased, which was very small.
In this case, the increase in the LUMO level supports proton transfer.

Dipole moment calculations

Molecules showing asymmetric polarization induced by electron donor and acceptor
groups in pi-electron conjugated molecules are good candidates for nonlinear optics
(NLO) applications in optical signal processing and optical computing. The criteria for
a molecule to behave as a good NLO must have a large value of first hyperpolarizability
(B) [55]. In this study, the NLO behavior of one and two structural units of SPI1 was
determined by determining f, electric dipole moment (1) and polarizability (Aa) using
B3LYP/6-311G and B3PW91/6-311G(d, p) basis sets examined. The calculated values
are listed in Table 5. The magnitude of the total first static f3, static dipole moment (u)
and average polarizability (Aa) in terms of x, y and z components are given in Eqgs. 3,
4 and 5 [56].
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Table 4 Comparison of the HOMO, LUMO and energy gap properties of one and two structural units of
SPI1 and SPI2

Code Molecules Energy One structural unit/ Two struc-
B3LYP tural units/
B3LYP

SPI1 E; umo —3.4504 —3.4278
Enomo —5.3904 —5.4258
E; umo+1 —3.0961 —3.3813
Exomo-1 —6.2277 —5.5640
Energy gap (A) |Eyomo — Evumol 1.9399 1.998
Ionization potential (I= — Eyopo) 5.3904 5.4258
Electron Affinity (A = — E; ypo) 3.4504 3.4278
Chemical hardness (n=(I—A)/2) 0.9699 0.999
Chemical softness (s=1/2 n) 0.4849 0.4995
Chemical Potential (u= —(I+A)/2) —4.4204 —4.4268
Electronegativity (y=(1+A)/2) 2.2252 2.2139
Electrophilicity index (o= u?/2 ) 10.0726 9.8080

SPI2 E; umo —3.9269 —4.1144
Enomo —5.4949 —5.4859
E umo+1 -3.0267 —3.8820
Exomo-1 —6.4138 —5.6040
Energy gap (A) lEyomo — Erumol 1.568 1.3715
Ionization potential (/= — Eygumo) 5.4949 5.4859
Electron affinity (A= —E| ym0) 3.9269 4.1144
Chemical hardness (n=(I—A)/2) 0.784 0.6857
Chemical softness (s=1/2 n) 0.392 0.3428
Chemical Potential (u= — (I+A)/2) —-4.7109 —4.8001
Electronegativity (y=(1+A)/2) 2.4634 2.5572
Electrophilicity index (o= u*2 1) 14.1533 16.7997

ptop = [(Bxxx + Pxyy + Bxzz)* + (Byyy + Pyzz + Pyxx)’ + (Bzzz + Paxx + fayy)’] 1/2
3)
u = (u2x + u2y + ;422)1/2 4

1
Aa = 2_1/2[(0txx—0cyy)2 + (ayy—azz)* + (azz—axx)® + 6a2xx] 2 (5)

One and two structural unit parameters for gas phase compound It was calcu-
lated as respectively: p (D)=1.1399, 4.5424, 6.5019 and 6.0111, a (au)=784.78,
690.30, 1703.6 and 1200.5, f (esu) =9.4x107%, 1.5x107* 1.6x107%
and 2.4x 107, The NLO behavior of one and two structural units of SPI2
was investigated by determining f, y and Aa using the B3LYP/6-311G and
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Fig.12 A, B, B3LYP and C, D B3PWO91 one structural unit of SPI1 and its two structural units HOMO

and LUMO

B3PW91/6-311G(d, p) basis sets. The calculated values are listed in Table 5 and
Table S2. High polarity values calculated theoretically from the obtained data
were predicted to be good candidates for nonlinear optical materials.

Molecular electrostatic potential (MEP) analysis

Molecular electrostatic potential (MEP) analysis provides valuable evidence
about the reactive regions of molecules. MEP can show positive areas associated
with nucleophilic attacks (marked in blue) and negative areas associated with
electrophilic reactivity (marked in red) [57]. Here, MEP was measured in opti-
mized geometry in B3LYP/6-311G and B3PW91/6-311G (d,p) to find sensitive
reactive sites on one and two structural units of SPI1 for electrophilic and nucle-
ophilic attacks. In the MEP map (Fig. 14), the hydrogen atom of SPI1 carries the
highest strength of the positive charge in dark blue [58] (6.587 ¢™2, 6.602 ¢™2)
Maximum carbon and hydrogen atoms were found in the positive region. This
indicates that it is a suitable area for nucleophilic attack. Negative (red) regions
represent electrophilic reactivity [58] (—6.587 ™2, —6.602 e~2). The major-
ity of the aromatic ring region refers to the green color and is almost neutral.
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Fig.13 A, B B3LYP and C, D B3PW91 one structural unit of SPI2 and its two structural units HOMO
and LUMO

According to these results, the MEP map shows that there are positive poten-
tial regions around hydrogen atoms as negative potential regions are on oxygen
atoms.

AIM analysis

In AIM analysis, based upon the geometric and topological parameters, it can be
deduced that solely hydrogen bonds exist. According to Yildiko et al. (2021) in
their work, the remaining BCPs demonstrated feebleness and admit the electro-
static treatment of intermolecular interactions (H - H, C --- Hand C --- C) in the
compound [27]. According to Molavian et al. (2016), the structure of the hydrated
membrane was optimized to investigate the proton conductivity of the SPI mem-
brane under low humidity conditions. They reported the zero-point energy (ZPE)
and binding energy per water molecule based on the ZPE corrected electronic
energy for SPI at different hydration states. Proton transfer for SPI occurred in the
presence of three water molecules. They showed different configurations of the
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Table 5 Dipole moments (Debye), (au) polarizability, f components and f tot. values in the DFT study
of the one and two structural units of SPI1 and SPI2

Code  Parameters  One structural Two structural ~ Parameters  One structural Two structural

unit/B3LYP  units/B3LYP unit/B3LYP  units/B3LYP

SPIl g, 0.7914 6.4989 Pxxx 271.74 6723.6
Hy —0.4976 0.1467 Py 1001.8 1001.2
U, 0.6522 —0.1348 Pxyy 61.775 1115.7
H) 1.1399 6.5019 Byyy —16.514 385.93
- —452.28 -730.16 Byxz —248.48 1144.6
a, —398.01 —819.28 Bxyz 12.342 354.39
a, —428.69 —880.45 Byyz 82.897 —38.882
a,, —28.698 —23.278 Pxzz —51.555 —-355.96
a, —-10.534 64.862 Byzz 18.551 2.9914
a, —-2.7762 —-23.511 Brzz 17.868 —8.4399
a(au) 784.78 1703.6 Sesu) 9.4x107% 1.6x107%

SPI2 g, —5.0256 22552 Pxxx —65.434 7161.0
Hy -0.1100 0.5181 Pxxy —483.07 —1117.6
", —0.6405 —-0.3140 Bxyy —471.44 466.66
H) 5.0675 2.3351 Pyvy -1.3914 1.4656
a, —374.54 —660.60 Bxxz —269.53 —1175.6
ay, —438.04 -838.75 Pxyz 23.647 —-102.54
a,, —422.41 —874.78 Byyz 63.816 —49.739
ay, —25.206 37.095 Pxzz —25.655 —4.2446
ay, 39.634 —45.951 Pyzz —8.5329 66.614
ay, 5.9624 16.334 Brzz 24252 69.444
a(au) 651.24 1582.5 Sesu) 1.3x107%* 1.2x107%

three water molecules around the sulfonate group [59]. In this study, both hydra-
tion and proton transfer topology were examined theoretically.

AIM analysis results of hydration status of SPI1 and a structural unit of SPI2

Atoms in molecules (AIM) characterize chemical bonds. In this theory, the criti-
cal point (CP) and the bond path (BP) between atoms attached to chemical bonds
are always accompanied. Each bond path critical point (BCP) contains well-done
chemical information that fully describes the form of the chemical bond. The
electron density (pgcp), Laplacian of electron density (V2 Prcp), potential energy
density (Vgcp), kinetic energy density (Ggcp), electronic energy density (Hycp)
and ellipticity (8) are parameters [57, 60, 61]. Molecular graphs of functionalized
SPI1 and a structural unit of SPI2 with hydrates are shown in Fig. 15. A struc-
tural unit of SPI1 and SPI2 at various hydration states of the acidic proton of the
OH group was analyzed in the program and reported in Tables S3 and S4. When
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Fig. 14 MEDP analysis maps of the one and two structural units of SPI1 and SPI2

the water molecule was added, it retained the covalent character of the acidic
O-H, retaining the hydrogen atom and not being separated by the oxygen of the
sulfonate group. However, when 1, 2 and 3 H,O molecules were added, separa-
tion of acidic H* occurred in all three cases. However, as much as the strong H
bond between the oxygen of the sulfonate group and the H;O" produced, proton
transfer was done. The Vgcp, Hpcep and V2 ppep values showed that the HB energy
and covalent character of O—H decreased with the increase in the number of water
molecules. With the increase of water molecules, the Hyp value of one structural
unit of SPI1 was reduced from+0.496051 to —0.002746 a.u. and the V? ppcp
value was also reduced from+0.061530 to —1.903610 a.u. On the other hand,
the Hgcp value of one structural unit of SPI2 was reduced from +0.496074 to
—0.002500 a.u. and the V? pyp value was reduced from +0.061394 to — 1.849548
a.u. As a result, proton transfer was easier in states of superior hydration.

In addition, the water molecules were able to properly stabilize the hydrogen
bond (HB) formation (in the presence of nitrogen atoms) by the hydronium ion, thus
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Fig. 15 Dry one structural unit of SPI1 (A) and SPI2 (E), hydrated one structural unit of SPI1 (B) and
SPI2 (F) at the level of one water molecule, hydrated one structural unit of SPI1 (C) and SPI2 (G) at the
level of two water molecules, hydrated one structural unit of SPI1 (D) and SPI2 (H) at the level of three
water molecules

facilitating proton transfer. In addition, hydrogen bonds between the oxygen atom of
the sulfonate group and water molecules with hydrogen atoms were investigated.

Conclusions

Diamine 1 and diamine 2 were synthesized in the presence of CsF and DMSO
with 67% and 66% yields in the presence of Pd/C (10%) and EtOH. Then, SPI1
and SPI2 with two different high-performance properties were synthesized by the
thermal solution imidization method of polyamic acid. Solubility tests were per-
formed on synthesized SPI1 and SPI2 with various spectroscopic analyses and
in various solvents. The solubility parameter values of the solvents and SPI1 and
SPI2, as well as the affinity values of the solvents for SPI1 and SPI2, were calcu-
lated. The quantum chemistry calculations were performed in DFT studies (calcu-
lations of HOMO-LUMO energies, dipole moment calculations, MEP analysis)
on the B3LYP/6-311G and B3PW91/6-311G (d,p) basis sets separately for differ-
ent unit oligomers of SPI1 and SPI2. When the computational chemistry values
of the different oligomers of both polymers are compared, it can be interpreted
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that there is not much difference. AIM analysis, which is another theoretical mod-
eling, was evaluated by applying it to a different number of units of SPI1 and
SPI2 in the same way. The hydrated molecular of a structural unit of SPI1 and
SPI2 was analyzed at various hydration states in the BCP of the acidic proton of
the OH group. As a result, proton transfer was easier in states of hydration. In line
with these evaluations, it was concluded that the proton transfer and water reten-
tion potentials of the synthesized SPIs were high.
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