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Abstract

A novel series of aromatic poly(amide-imide)s (PAI-01-PAI-04) was synthesized from a novel
asymmetric chalcone-based diimide-diacid and four structurally different aromatic diamines to
investigate the effects of chain asymmetry and conjugation on thermal and optical properties.
The key monomer, 3,4’-bis(3-N-trimellitimido)chalcone (6), was prepared in a two-step route:
aldol condensation of 3-nitrobenzaldehyde and 4-nitroacetophenone to yield 4,3'-
dinitrochalcone, followed by reduction with Fe/acetic acid to the corresponding diaminochalcone
and subsequent imidization with trimellitic anhydride. The resulting PAIs were characterized by
FT-IR and "H NMR, and their properties were evaluated by UV—Vis, photoluminescence (PL),
XRD, TGA, and DTG. UV—Vis spectra exhibited primary absorption in the 250-264 nm range.
Upon excitation at 365 nm, PAI-01, PAI-03, and PAI-04 emitted primarily at 404.5 nm, whereas
PAI-02 showed a red-shifted emission at 425.8 nm. Thermal analysis revealed that PAI-02
possessed the highest char yield (59.8% at 800 °C) and a maximum degradation temperature
(DTG _max) of 528.3 °C, while PAI-01 showed the highest Ti0% (508 °C). XRD patterns
indicated predominantly amorphous structures with localized short-range order. These findings
demonstrate that the asymmetric chalcone-based diacid, combined with the diamine architecture,
governs chain packing, thermal degradation pathways, and excited-state behavior. Among the
synthesized polymers, PAI-02 is identified as the most promising candidate for applications
requiring a combination of high thermal stability and blue-violet photoluminescence.

Keywords: Poly(amide-imide)s; Chalcone; Asymmetric diacid; Thermal stability;
Photoluminescence; Structure—property relationship.

1- Introduction

High-performance aromatic polymers, especially poly(amide-imide)s (PAls), have attracted
considerable attention as advanced engineering materials because they combine the outstanding
thermal and mechanical properties of polyimides with the processability and hydrogen-bonding
capability of polyamides|[1-3]. The simultaneous presence of rigid aromatic rings, polar carbonyl
groups, and imide and amide units in the repeating unit imparts a unique combination of thermal
resistance, chemical stability, mechanical strength, and, in some cases, electronic and optical

functionality[1, 4]. Imide rings are known to play a decisive role in the thermal stability of the
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backbone, whereas amide groups can enhance interchain cohesion through dipole—dipole
interactions and hydrogen bonding[5]. Aromatic segments, on the other hand, increase chain
rigidity and reduce segmental mobility[6, 7]. However, a higher degree of rigidity and
aromaticity does not automatically guarantee improved thermal stability; the precise architecture
of the repeating unit, the mode of linkage between rings, the presence of flexible or bulky side
groups, molecular symmetry, and the capacity for intermolecular interactions all influence

degradation behavior and char formation[8-10].

In recent years, the optical properties of aromatic polymers have also received increasing
attention. Conjugated aromatic systems can act as chromophores; upon ultraviolet excitation,
they generate excited states whose radiative decay can produce photoluminescence (PL)[1, 11-
14]. The emission wavelength, intensity, and bandwidth are governed by factors such as
electronic structure, degree of electron delocalization, charge-transfer character, local
environment of the chromophore, and chain organization[15, 16]. Therefore, the design of
polymer backbones that simultaneously provide high thermal stability and tunable optical

behavior remains a challenging but attractive goal[17].

Among the various building blocks used for this purpose, chalcone (1,3-diaryl-2-propen-1-one)
is particularly interesting because of its fully conjugated o,p-unsaturated ketone structure,
photosensitivity, and good thermal stability[18-20]. Chalcone-containing polymers have been
investigated as photosensitive materials, nonlinear optical materials, and fluorescent
polymers[21, 22]. Incorporating chalcone units into a PAI backbone can extend conjugation and
introduce additional electronic transitions, thereby influencing both thermal degradation
pathways and photophysical behavior. Nevertheless, most reported chalcone-based poly(amide-
imide)s have been prepared from symmetric monomers, and the effect of structural asymmetry

on the resulting properties has not been systematically explored[23-25].

Introducing asymmetry into the diacid monomer is a promising strategy to modify chain packing,
increase free volume, and alter interchain interactions without completely sacrificing thermal
stability[26, 27]. An asymmetric diimide-diacid can restrict chain rotation, disrupt long-range
ordering, and create heterogeneous chemical environments around the chromophores. When such
a diacid is combined with different aromatic diamines, the resulting PAls can exhibit distinct

thermal stabilities, char yields, UV absorption, and PL emission. Despite these potential
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advantages, a detailed structure—property study on asymmetric chalcone-derived diimide-diacids

and their corresponding PAIs is still lacking[28-31].

In this work, a novel asymmetric diimide-diacid, 3,4'-bis(3-N-trimellitimido)chalcone (6), was
synthesized from 3-nitrobenzaldehyde and 4-nitroacetophenone via a two-step route involving
aldol condensation and subsequent reduction, followed by imidization with trimellitic anhydride.
The resulting diacid was then reacted with four structurally different aromatic diamines to afford
a series of poly(amide-imide)s designated PAI-01-PAI-04. The polymers were characterized by
FT-IR and 'H NMR, and their properties were evaluated using UV-Vis, PL, XRD, TGA, and
DTG. The primary objective is not merely to report the individual performance of each polymer,
but to establish a comparative structure—property relationship that elucidates how variations in
diamine architecture, combined with the asymmetric chalcone-based diacid, influence thermal
stability, char formation, UV absorption, photoluminescence, and crystallinity. Among the
synthesized polymers, PAI-02 was identified as the most promising candidate for applications

requiring a combination of high thermal stability and blue-violet photoluminescence.

2. Experimental

2.1. Materials

3-Nitrobenzaldehyde (C-HsNOs), 4-nitroacetophenone (CsH7NOs), trimellitic anhydride
(GCoH40s), ethanol (C2HsOH), pyridine (CsHsN), N,N-dimethylacetamide (DMAc), calcium
chloride (CaCl.), triphenyl phosphite (P(OCsHs)s), N-methyl-2-pyrrolidone (NMP), and N,N-
dimethylformamide (DMF) were purchased from Sigma-Aldrich Chemical Co. (USA) and
Merck Chemical Co. (Germany). All reagents and solvents were used as received without further

purification unless otherwise stated.
2.2. Characterization and Instrumentation

'"H NMR spectra were recorded on a Bruker Avance 300 MHz spectrometer (Germany) using
DMSO-ds as solvent. Fourier transform infrared (FT-IR) spectra were obtained on a Galaxy
series FTIR 5000 spectrophotometer (England) using KBr pellets. Vibrational frequencies are
reported in the range 4004000 cm™, and band intensities are designated as weak (w), medium
(m), shoulder (sh), strong (s), and broad (br). Thermogravimetric analysis (TGA) and derivative
thermogravimetry (DTG) were performed on a Mettler TA4000 system under a nitrogen
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atmosphere at a heating rate of 10 °C min™'. The progress of reactions was monitored by thin-
layer chromatography (TLC) using a 60 W UV lamp. X-ray diffraction (XRD) patterns were
recorded on a Philips X'pert diffractometer with Cu Ka radiation (A = 0.15405 nm). A Memert
400 vacuum oven was used for drying samples. UV—Vis electronic spectra were recorded on a
Specord S600 single-beam spectrometer and a PerkinElmer Lambda 15 double-beam
spectrometer. Photoluminescence (PL) spectra were obtained using a [spectrofluorometer
model] with an excitation wavelength of 365 nm. Inherent viscosities (1_inh) were measured

with an Ostwald viscometer at 25 °C using DMSO as solvent at a concentration of 0.05 g dL™".
2.3. Monomer Synthesis

2.3.1. Synthesis of 4,3’-Dinitrochalcone (3)

A mixture of 3-nitrobenzaldehyde (1) (1.83 g, 12.1 mmol), 4-nitroacetophenone (2) (2.00 g,
12.1 mmol), and acetic anhydride (25 mL) was stirred and refluxed overnight. The reaction
mixture was then poured into distilled water, and the resulting yellow-brown precipitate was
filtered, washed thoroughly with water, and dried to afford 2.70 g of compound 3 (yield 75%). A
purified sample was obtained by recrystallization from DMF. mp: 215.5-217 °C. FT-IR (KBr,
cm™): 3107 (sp* C—H stretch), 1695 (C=O0 stretch, conjugated), 1532 (asym. NOs: stretch), 1356
(sym. NO: stretch), 986 (=C—H out-of-plane bend).

2.3.2. Synthesis of 4,3’-Diaminochalcone (4)

4,3'-Dinitrochalcone (3) (2.00 g, 6.71 mmol) was dissolved in ethanol (40 mL), and iron
powder (2.00 g) and acetic acid (20 mL) were added. The mixture was refluxed for 2 h. After
cooling, the solution was made basic with 3 M NaOH until pH 8. The mixture was transferred to
a 150 mL separatory funnel, and ethyl acetate (25 mL) was added. After shaking, the funnel was
allowed to stand for 4 h to allow phase separation. The yellow organic phase was separated,
washed with distilled water (3 < 15 mL), and then washed with brine (15 mL, 3 M). Anhydrous
MgSO4-7H20 (2 g) was added to remove residual water. The clear solution was separated, and
the solvent was removed using a water bath to yield 1.17 g of compound 4 (yield 74%). mp:
178-180 °C. FT-IR (KBr, cm™): 3200-3500 (N-H stretch), 1632 (C=0O stretch, conjugated),
1000-1250 (C-N stretch, aromatic amine). The absence of bands at 1532 and 1356 cm™

confirmed complete reduction of nitro groups.
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2.3.3. Synthesis of 4,3'-Bis(3-N-trimellitimido)chalcone (6) — Diacid Monomer

A mixture of compound 4 (1.00 g, 4.2 mmol), trimellitic anhydride (5) (1.61 g, 8.4 mmol), and
acetic acid (20 mL) was stirred at room temperature overnight and then refluxed for 4 h. Distilled
water was added to complete precipitation. The precipitate was filtered, washed thoroughly with
distilled water, and dried at room temperature to give 1.2 g of diacid 6 (yield 52%). Molecular
weight: 550 g mol™. mp: 207.5-208.8 °C.

FT-IR (KBr, cm™): 1724 (C=0 stretch, imide and acid), 1630-1660 (C=O stretch, ketone,
overlapped), 3300-3500 (O—H stretch, acid).

2.4. Polymer Synthesis (PAI-01 to PAI-04)

The poly(amide-imide)s were synthesized by the solution polycondensation method. In a
typical procedure, a mixture of diacid 6 (1 mmol) and the corresponding aromatic diamine (1
mmol) was placed in a flask equipped with a magnetic stirrer and a reflux condenser. Triphenyl
phosphite (3 mL), pyridine (1 mL), NMP (9 mL), and calcium chloride (0.6 g) were added. The
reaction mixture was heated gradually: 60 °C for 1 h, 90 °C for 3 h, and 110 °C for 5 h. After
cooling to room temperature, the viscous solution was poured into an excess of methanol to
precipitate the polymer. The precipitate was collected by filtration, washed with acetone, and
dried under vacuum at 80 °C for 6 h. The same procedure was applied using the four different
diamines (4a—d) to obtain PAI-01, PAI-02, PAI-03, and PAI-04.

2.5. Solubility and Viscosity Measurements

Solubility of the PAIs was tested at a concentration of 5 mg mL™" in various polar and non-polar
solvents (H20, C.HsOH, n-hexane, toluene, DMF, DMSO, DMAc, NMP) at room temperature
and at 60 °C. Inherent viscosities were measured in DMSO at 25 °C using an Ostwald

viscometer at a concentration of 0.05 g dL™".

3.Result and discussion

Note: Figures 1, 2, and 3 (FT-IR spectra of compounds 3, 4, and 6) have been moved to the
Supporting Information as Figures S1, S2, and S3, respectively. All references to these spectra in
the main text now point to the Supporting Information.

3.1. Monomer Synthesis and Characterization

The synthetic route to the asymmetric diimide-diacid monomer (6) is outlined in Scheme 1. The
key intermediate, 4,3'-dinitrochalcone (3), was prepared via aldol condensation between 3-
nitrobenzaldehyde (1) and 4-nitroacetophenone (2) in acetic anhydride. The structure of
compound 3 was confirmed by FT-IR spectroscopy (Supporting Information, Figure S1). The

absorption band at 3107 cm™* corresponds to sp*> C—H stretching vibrations of the aromatic rings.



157  The carbonyl stretching vibration appears at 1695 cm™, shifted to a lower wavenumber
158  compared to a typical ketone due to extensive conjugation with the adjacent C=C bond and the
159  electron-withdrawing effect of the nitro groups. The strong asymmetric and symmetric NO:
160  stretching vibrations are observed at 1532 and 1356 cm™!, respectively. The out-of-plane bending
161  vibration of the =C—H bond at 986 cm™ confirms the trans configuration of the alkene, which is

162  typical for chalcones.
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Scheme 1. Synthetic route to 3,4'-bis(3-N-trimellitimido)chalcone (6): (i) aldol condensation of 3-nitrobenzaldehyde
(1) and 4-nitroacetophenone (2) in acetic anhydride; (ii) reduction of 4,3'-dinitrochalcone (3) with Fe/AcOH in

ethanol; (iii) imidization of 4,3'-diaminochalcone (4) with trimellitic anhydride (5) in acetic acid.

Reduction of compound 3 with iron powder in an acidic medium afforded the corresponding
diaminochalcone (4). The complete reduction of nitro groups was verified by FT-IR (Supporting
Information, Figure S2). The disappearance of the asymmetric and symmetric NO: stretching
bands at 1532 and 1356 cm™, together with the appearance of N—H stretching vibrations in the
3200-3500 cm™! region and aromatic amine C—N stretching bands at 1000—1250 cm™, clearly
confirms the formation of the amino groups. The carbonyl stretching vibration of the conjugated

ketone appears at 1632 cm™.

The diacid monomer (6) was synthesized by reacting compound 4 with trimellitic anhydride
(5) in acetic acid. The FT-IR spectrum of compound 6 (Supporting Information, Figure S3)
shows the disappearance of the N—H stretching bands and the appearance of characteristic imide
and acid carbonyl absorptions. A sharp band at 1724 cm™ is attributed to the overlapping C=0
stretching vibrations of the imide and carboxylic acid groups. The ketone carbonyl band is
observed in the 1630-1660 cm™' region, partially overlapped with the aromatic ring vibrations.
The broad band in the 3300-3500 cm™ range corresponds to the O-H stretching of the

carboxylic acid groups.
3.2. Polymer Synthesis and Structural Characterization

The poly(amide-imide)s PAI-01 to PAI-04 were synthesized by solution polycondensation of the
diacid 6 with four structurally different aromatic diamines (4a—d) in the presence of triphenyl
phosphite, pyridine, and calcium chloride in NMP. The structures of the repeating units are

shown in Scheme 2. The diamines used are listed in Table 1.
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Scheme 2. Structures of the repeating units of the synthesized poly(amide-imide)s PAI-01 to PAI-04, obtained from

the asymmetric diacid 6 and different aromatic diamines (4a—d).

Table 1. Structure of the aromatic diamines used for the synthesis of PAI-01 to PAI-04.

Diamin Structure of diamine MV (diamine)?™! | Diacid | product
H 0
4a NH (|3—C—g
L T 238 6 | PALOI
H NH,
4b N-N
@AO‘ 252 6 PAI-02
H,N NH,
4c Me\ /Me
HzNQ @CQ @NHz 258 6 PAI-03
(0] (6]
4d NH>
6 PAI-04
HN 463
CH;

The formation of the PAIs was confirmed by FT-IR spectroscopy (Figure 1). All four polymers

exhibit characteristic imide absorptions at 1778 cm™ (asymmetric C=0 stretching) and 1724
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cm' (symmetric C=0O stretching), indicating successful imidization. The C-N stretching
vibration of the five-membered imide ring appears at 1375 cm™, and the out-of-plane
deformation of the imide ring is observed at 728 cm™. The amide N—H stretching vibration
appears as a broad band centered at 3360 cm™ (3300-3400 cm™ region). The amide carbonyl
stretching vibration is observed at 1660 cm™, while the combined N-H bending and C-N
stretching vibrations of the amide group appear at 1540 cm™'. Aromatic C=C skeletal vibrations
are observed at 1490 and 1603 cm™, and aliphatic and aromatic C—H stretching vibrations appear

in the 2850-2960 cm™! region.
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Figure 1. FT-IR spectra of the synthesized poly(amide-imide)s PAI-01, PAI-02, PAI-03, and PAI-04.

The FT-IR spectra confirm that the poly(amide-imide) backbone is preserved in all four
polymers, while variations in the spectra reflect differences in the chemical environment of the

functional groups, aromatic architecture, hydrogen bonding, and chain rigidity.

The 'H NMR spectra of the PAls (Figure 2) provide further structural evidence. Amide N-H
protons appear in the 9-10.5 ppm range, appearing at lower fields due to the electron-
withdrawing carbonyl group and hydrogen bonding. Aromatic protons resonate in the 6.5-8 ppm
region as multiple signals, reflecting their presence in different chemical environments. Vinylic

protons of the chalcone moiety appear in the 6.5-7.5 ppm range, partially overlapping with the

10



218  aromatic signals. For PAI-03, the two methyl groups in the diamine structure are in equivalent
219  chemical environments and appear as a singlet in the 3.7-3.9 ppm range, shifted downfield due

220  to the proximity of oxygen atoms.
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222 Figure 2. '"H NMR spectra of PAI-01 to PAI-04 in DMSO-ds. Amide N—H protons appear at 9—10.5 ppm, aromatic

223 and vinylic protons at 6.5—-8 ppm, and the methyl protons of PAI-03 as a singlet at 3.7-3.9 ppm.

224  The solubility behavior of the PAIs was investigated in various polar and non-polar solvents at a
225  concentration of 5 mg mL™" at both room temperature and 60 °C (Table 2). All polymers
226  exhibited excellent solubility in polar aprotic solvents such as DMF, DMSO, DMAc, and NMP,
227  which is attributed to strong dipole—dipole interactions between the polymer chains and the

228  solvent. They were insoluble in water, ethanol, n-hexane, and toluene.

229 Table 2. Solubility behavior of PAI-01 to PAI-04.
PAI H20 | C;HsOH | n-Hexane | Toluene DMF DMSO DMAc NMP
01 | Rt - - - - + + + +
T2 - - - - + + + +
02 | Rt - - - - + + + +
T2 - - - - + + + +
03 | Rt - - - - + + + +
T2 - - - - ++ ++ ++ ++
04 | Rt - - - - + + + +
T2 - -+ - - ++ ++ ++ ++

11
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Solubility: — insoluble; + soluble; ++ excellent solubility. Tested at 5 mg mL™ at room
temperature and 60 °C. Please insert Table 2 with the complete data, as some entries in the

original table are unclear.

The inherent viscosities (n_inh) of the polymers were measured in DMSO at 25 °C at a
concentration of 0.05 g dL' (Table 3). The value obtained for PAI-01 was 0.78 dL g,

indicating a suitable molecular weight and favorable processability.

Table 3. Inherent viscosity of PAI-01 to PAI-04.

Polymer 1n_inh (dL g
PAI-01 0.78
PAI-02 0.43
PAI-03 0.54
PAI-04 0.83

3.3. Thermal Properties

The thermal stability and degradation behavior of the PAIs were investigated by TGA and DTG
under a nitrogen atmosphere. The results are summarized in Table 4, and the TGA/DTG curves

are shown in Figures 3a—3d.
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TGA/DTG Curve of PAI-02

100 -k e 0.0
DTGmax 528.
- —0.1
90
F—0.2
=
. 801
£
E=
@ L —
2 0.3
70 4
- —0.4
Residue 59.8 wt% (800°C)
i B —— = I
60 1 — TGA
— DTG
400 450 500 550 600 650 700 750 800
Temperature (°C)
245 B
246 (b)
TGA/DTG Curve of PAI-03
100 ~ 0.0
90 - —0.1
N10% = 449 *C
80 - F =2
5
= — TGA
=
=0 DTG
@ -_
= 70 =
60 - s
Residue = 52 wt% at 800 °C
- —0.5
50 4
350 400 450 500 550 600 650 700 750 800
Temperature (°C
247 P (°C)
248 (©

13

DTG (%/°C)

DTG (%/°C)



249
250

251

252
253

254

255

256
257
258
259
260
261

TGA and DTG - Polymer 4

100

80 1

B0 4

Weight remaining (%)

20 1

T5% = 41145 ¢

Tonset = 404.2 =C [
—_— DTG

- —0.2

e = 38.7% at 800 °C

- —0.6

DTGmax = 451.3 °C [ —0.8

1{5(} 2C-){]

300

400

500 G600 FO0 800

Temperature {(°C)

(@)

Figure 3. TGA and DTG curves of the synthesized poly(amide-imide)s: (a) PAI-01, (b) PAI-02, (c) PAI-03, and (d)

PAI-04. Measurements were performed under N: at a heating rate of 10 °C min™".

Table 4. TGA and DTG data for PAI-01 to PAI-04.

PAIs || T onset (°C) || Ts% (°C) || T10% (°C) || DTGmax (C) || Residue At 800 °C
PAI-01 442 450 508 524 43%
PAI-02 462 467 491 528.3 59.8%
PAI-03 399 406 449 493 52%
PAI-04 404.2 411.5 425.6 451.3 38.7%

All four polymers exhibited excellent thermal stability, with onset degradation temperatures

above 400 °C. PAI-02 showed the highest thermal resistance, with the highest T onset (462 °C),
the highest DTG _max (528.3 °C), and the highest char yield at 800 °C (59.8%). This superior

performance can be attributed to the greater rigidity of its polymer backbone, stronger interchain

interactions, and a degradation pathway that favors carbon residue formation. In contrast, PAI-01

exhibited the highest T10% value (508 °C), indicating that after the initial stage of degradation, it

14
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resists further mass loss more effectively than PAI-02. This suggests that PAI-01 should not be
considered inferior in thermal stability; rather, it possesses outstanding stability during the later
stages of thermal degradation. The difference between T onset and DTG max for PAI-01 is 82
°C, for PAI-02 is 66.3 °C, for PAI-03 is 94 °C, and for PAI-04 is 47.1 °C. These values indicate
that degradation is not an abrupt process but occurs over a temperature range, involving the

sequential breakdown of different structural units.

PAI-03 exhibited the second-highest char yield (52%) despite having a lower T onset (399 °C).
This indicates that an earlier onset of degradation does not necessarily result in lower residue
formation. PAI-04 showed the lowest thermal resistance among the four polymers, with a
T onset of 404.2 °C, a DTG _max of 451.3 °C, and a char yield of 38.7%. However, its onset
degradation temperature above 400 °C still signifies considerable thermal resistance. The lower
char yield of PAI-04 compared to PAI-02 demonstrates that alterations in chain architecture can
have a greater impact on char formation than the mere presence of aromatic rings. The bulky
aromatic moieties with methyl groups, oxygen atoms, and flexible segments in PAI-03 and PAI-
04 create decomposition pathways that produce more volatile substances, reducing the final

residue.

The asymmetric nature of the diacid monomer restricts chain rotation and mobility, enhancing
the likelihood of forming stable aromatic carbon structures during degradation. The diacid
structure and its asymmetric chain formation influence both the initiation of thermal breakdown

and the ability to form stable residues at elevated temperatures.

The overall structure—property relationships established in this work are summarized in Figure 4,
which illustrates how the asymmetric chalcone-based diacid, combined with different diamine
architectures, governs thermal stability, char formation, UV absorption, photoluminescence, and

crystallinity.
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Figure 4. Schematic structure—property relationship map for the synthesized PAIs, illustrating how the asymmetric
chalcone-based diacid and different aromatic diamines influence thermal stability, char yield, UV absorption,

photoluminescence, crystallinity, and chain packing.

The proposed thermal degradation mechanism, illustrated in Figure 5, involves the sequential
cleavage of amide linkages, imide ring opening, and breakdown of the chalcone units, ultimately

yielding volatile products and a stable carbonaceous residue.
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Figure 5. Proposed thermal degradation mechanism of the asymmetric chalcone-based poly(amide-imide)s. The
degradation proceeds through cleavage of amide bonds, opening of imide rings, and breakdown of the chalcone

moiety, leading to the release of volatile fragments and the formation of a stable aromatic carbonaceous residue

(char).
3.4. Optical Properties

The UV—Vis absorption spectra of the PAls were recorded in DMSO solution (Figure 6). All
four polymers exhibited primary absorption in the ultraviolet region, with A max values

summarized in Table 5.
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Figure 6. UV—Vis absorption spectra of the synthesized poly(amide-imide)s PAI-01 to PAI-04 in DMSO. The

absorption maxima are observed in the range 250-264 nm.

Table 5. UV—Vis absorption maxima of PAI-01 to PAI-04.

PAIs Amax
PAI-01 250 nm
PAI-02 263 nm
PAI-03 264 nm
PAI-04 259 nm

The absorption in this region arises from n—n* transitions within the aromatic structures. The
amide and imide carbonyl groups influence the transition energy by modifying electron flow and
creating distinct electronic environments. The absorption wavelengths of PAI-02 and PAI-03 are
red-shifted compared to PAI-01, indicating changes in delocalization and the electronic

surroundings of the aromatic and carbonyl units.

Photoluminescence (PL) spectra were recorded under excitation at 365 nm (Figure 7). The

emission maxima are listed in Table 6.
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Figure 7. PL emission spectra of the synthesized poly(amide-imide)s PAI-01 to PAI-04 under excitation at 365 nm.
PAI-01, PAI-03, and PAI-04 show emission maxima at 404.5 nm, while PAI-02 exhibits a red-shifted emission at
425.8 nm.

Table 6. PL emission maxima of PAI-01 to PAI-04.

hc

)
PAIS A-em(nm)
PAI-01 404.5 nm
PAI-02 425.8 nm
PAI-03 404.5 nm
PAI-04 404.5 nm

PAI-01, PAI-03, and PAI-04 exhibited identical emission maxima at 404.5 nm, indicating that
their chromophore excited-state energy levels are similar despite differences in molecular
structure. PAI-02 showed a red-shifted emission at 425.8 nm, corresponding to a lower photon
energy. This red-shift indicates that the energy gap between the excited state and ground state is

smaller in PAI-02, which can be attributed to enhanced electron delocalization, modified donor—
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acceptor arrangements, altered chromophore polarity, chain organization, and differences in

excited-state stability. The comparison of UV—Vis and PL peak positions is shown in Figure 8.
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Figure 8. Comparison of the optical peak positions of PAI-01 to PAI-04: UV—Vis A_max values (250-264 nm) and

PL A_em values (404.5-425.8 nm).

3.5. X-ray Diffraction (XRD) Analysis

The XRD patterns of the PAIs (Figure 9) show broad halos with a few weak diffraction peaks,

indicating that the polymers are predominantly amorphous with localized short-range order. The

presence of multiple aromatic segments, strong interchain interactions through amide and imide

groups, and inflexible chain structures prevent the formation of extensive long-range

crystallinity.
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Figure 9. XRD patterns of the synthesized poly(amide-imide)s PAI-01 to PAI-04, showing predominantly

amorphous structures with localized short-range order.

The asymmetric nature of the diacid monomer further disrupts chain packing, leading to
disordered regions and small ordered domains. The XRD results confirm that the solid-state
structure of these polymers consists of a combination of disordered (amorphous) regions and

localized short-range order.
3.6. Overall Structure—Property Relationships

The properties of the four PAls are compared in Table 7. The results demonstrate that the

asymmetric chalcone-based diacid, in combination with different diamine structures,
significantly influences thermal stability, char formation, UV absorption, photoluminescence,

and crystallinity.

A comprehensive comparison of the thermal and optical properties of the four polymers is
presented in Figure 10 as a radar chart, highlighting the balanced performance of PAI-02 and the
distinct optical behavior of PAI-02 compared to the other samples.

Table 7. Comparison of key properties of PAI-01 to PAI-04.

Properties PAI-01 PAI-02 PAI-03 PAI-04
UV absorption 250 nm 263 nm 264 nm 259 nm
Main emission 404.5 nm 425.8 nm 404.5 nm 404.5 nm

Tonset Very high Highest Lower down Average
Ts% Very high Highest Lower down Average
T10% Highest Very high Average Lowest
DTGmax Very high Highest Average Lowest
residue Average Highest high Lowest
Overall result of Very well The Best Medium with high || Lower than other
the thermal analysis char examples
Key optical Blue emission|| Biye emission Blue emission Blue emission
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Figure 10. Radar chart comparing the overall thermal and optical performance of PAI-01 to PAI-04. Axes represent
T onset, Ti10%, DTG max, char yield, UV A max, and PL A em, normalized to a 0—100 scale with the best

performance at the outer edge. The data are based on the values reported in Tables 4, 5, and 6.

PAI-02 was identified as the most promising candidate for applications requiring a
combination of high thermal stability and blue-violet photoluminescence. Its high char yield,
high DTG max, and red-shifted emission make it particularly attractive for advanced materials.
The study clearly demonstrates that molecular structure, including symmetry, chain organization,
and chain interactions, governs the simultaneous thermal and photophysical properties of this

polymer family.

A comparison of the thermal and optical properties of the synthesized PAIs with analogous
chalcone-based poly(amide-imide)s reported in the literature is presented in Table 8, highlighting
the unique combination of high char yield and tunable blue-violet emission achieved in this

work.

Table 8. Comparison of thermal and optical properties of the synthesized PAIs (PAI-01-PAI-04) with analogous

chalcone-based and related poly(amide-imide)s reported in the literature.

Polymer / Diacid/ Monomer Type Diamine T_onset T1% (°C) Char A_em
Reference Type O Yield (%) (nm)
PAI-02 Asymmetric chalcone- Diamine 4b 462 491 59.8 (at 42538
(This work)  based diimide-diacid 800 °C)

PAI-01 Asymmetric chalcone- Diamine 4a 442 508 43 (at 800 404.5
(This work) based diimide-diacid °C)

PAI-03 Asymmetric chalcone- Diamine 4c 399 449 52 (at 800 404.5
(This work)  based diimide-diacid °C)

PAI-04 Asymmetric chalcone- Diamine 4d 404.2 425.6 38.7 (at 404.5
(This work)  based diimide-diacid 800 °C)

Faghihi & Symmetric chalcone-based Various - - - -
Mozafari diacid (1,3-bis[4,4'- aromatic
[32] bis(trimellityimido)phenyl]- diamines

2-propenone)

23



370

371

372
373
374
375
376
377

378
379
380
381
382

383
384
385
386
387
388
389

390
391

Faghihi & Symmetric 4,4'- - - - - -

Moghanian  diaminochalcone +  N-

[33] trimellitylimido-L-amino
acids
Grabiec et Oxadiazole/pyridine-based  2,5-bis(4- 510-437 - - 453-417
al. [34] dianhydrides aminophenyl)-
1,3,4-
oxadiazole

4. Future Perspectives

The present study establishes a clear structure—property relationship for a novel family of
asymmetric chalcone-based poly(amide-imide)s, but it also opens several promising avenues for
future research. The combination of high thermal stability and tunable photoluminescence
observed in these polymers suggests their potential for advanced applications, such as
optoelectronic devices, sensors, and high-performance coatings. However, further investigations

are necessary to fully exploit their capabilities.

First, expanding the library of asymmetric diimide-diacids by varying the position and nature of
substituents on the chalcone core could provide deeper insights into how electronic effects and
steric hindrance influence both thermal degradation pathways and emission characteristics. For
instance, introducing electron-donating or electron-withdrawing groups at different positions on

the aromatic rings may allow fine-tuning of the HOMO-LUMO gap and thus the emission color.

Second, the diamine component offers a vast design space. In this work, four different diamines
were used, but many other aromatic diamines with varying flexibility, symmetry, and heteroatom
content could be explored. This would help establish more general rules for optimizing char
yield and thermal stability while maintaining desirable optical properties. Additionally,
incorporating diamines with specific functional groups (e.g., sulfone, ether, or fluorene moieties)
could lead to polymers with enhanced solubility, processability, or even stimuli-responsive

behavior.

Third, computational studies such as density functional theory (DFT) calculations could

complement experimental findings by providing molecular-level understanding of the electronic
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transitions, excited-state dynamics, and degradation mechanisms. Such theoretical insights would

be invaluable for the rational design of next-generation PAls with targeted properties.

Fourth, the photoluminescence properties of these polymers warrant further investigation.
Measuring quantum yields, studying solvent effects, and examining aggregation-induced
emission (AIE) behavior could reveal new functionalities. The red-shifted emission of PAI-02, in
particular, suggests that structural asymmetry can be used as a tool to modulate emission color,

potentially enabling the development of blue-to-green emitting materials.

Fifth, the thermal degradation behavior should be studied in more detail using techniques such as
TGA-FTIR or TGA-MS to identify the volatile products and elucidate the degradation
mechanism. This would not only enhance our understanding of the structure—stability
relationship but also guide the design of polymers with even higher char yields and thermal

resistance.

Finally, practical applications of these PAIs should be explored. For example, they could be
tested as components in organic light-emitting diodes (OLEDs), as dielectric materials, or as
membranes for gas separation. Their good solubility in polar aprotic solvents makes them
suitable for solution processing, which is advantageous for thin-film fabrication. Additionally,
the presence of chalcone moieties offers opportunities for photo-crosslinking, which could be

exploited to create stable crosslinked films with enhanced mechanical and thermal properties.

The promising combination of thermal stability and tunable photoluminescence in these PAls
opens several avenues for future research, as summarized in Figure 11. These include the
development of OLEDs and light-emitting devices, chemical and optical sensors, gas separation
membranes, photo-crosslinked high-performance coatings, DFT-based excited-state calculations,

and detailed thermal degradation analysis using TGA-FTIR or TGA-MS.
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Figure 11. Schematic overview of future research directions and potential applications of asymmetric chalcone-
based poly(amide-imide)s. The central polymer backbone branches into six areas: optoelectronic devices (OLEDs),
chemical and optical sensors, gas separation membranes, high-performance and photo-crosslinked coatings, DFT

computational modeling, and advanced thermal degradation analysis (TGA-FTIR/MS).

In summary, the asymmetric chalcone-based poly(amide-imide)s reported here represent a
versatile platform for the development of high-performance materials. Future work should focus
on broadening the monomer scope, deepening the mechanistic understanding, and exploring real-

world applications to fully realize the potential of this class of polymers.
5. Conclusions

In this study, a novel asymmetric diimide-diacid, 3,4'-bis(3-N-trimellitimido)chalcone (6), was
successfully synthesized and employed as a key building block for the preparation of a series of
aromatic poly(amide-imide)s (PAI-01-PAI-04) via solution polycondensation with four
structurally different aromatic diamines. The synthetic route was straightforward and efficient,
and the resulting polymers were fully characterized by FT-IR, 'H NMR, UV-Vis, PL, XRD,

TGA, and DTG. The introduction of asymmetry into the diacid monomer, combined with
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variation of the diamine architecture, provided a powerful means to modulate chain packing,
thermal degradation pathways, and photophysical behavior.

Thermal analysis revealed that all four polymers possess excellent thermal stability, with onset
degradation temperatures above 400 °C. Among them, PAI-02 exhibited the highest thermal
resistance, characterized by the highest T onset (462 °C), the highest DTG max (528.3 °C), and
the highest char yield at 800 °C (59.8%). In contrast, PAI-01 showed the highest Ti0% value
(508 °C), indicating superior stability during the later stages of degradation. These results
demonstrate that the onset of degradation and the ability to form a stable carbonaceous residue
are governed by different structural factors, and that structural asymmetry plays a crucial role in
directing degradation pathways.

Optical investigations showed that all polymers absorb in the ultraviolet region (250-264 nm)
and emit primarily in the violet-blue region. PAI-01, PAI-03, and PAI-04 exhibited identical
emission maxima at 404.5 nm, whereas PAI-02 displayed a red-shifted emission at 425.8 nm,
attributed to enhanced electron delocalization and altered excited-state dynamics. XRD analysis
confirmed that the polymers are predominantly amorphous with localized short-range order,
consistent with the presence of asymmetric units that disrupt long-range chain packing.

Overall, this work establishes a clear structure—property relationship for asymmetric chalcone-
based poly(amide-imide)s. The asymmetric diacid, in combination with the diamine structure,
controls thermal stability, char formation, UV absorption, and photoluminescence. Among the
synthesized polymers, PAI-02 emerges as the most promising candidate for applications
requiring a combination of high thermal stability and blue-violet photoluminescence. These
findings not only expand the family of high-performance PAIs but also provide valuable design
guidelines for the development of advanced polymeric materials with tailored thermal and
optical properties.
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