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photoluminescence of main-chain
luminescent polybenzoxazines
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Abstract

Two novel luminescent main-chain polybenzoxazine polymers, (Poly1)main and (Poly2)*,..in, Were synthesized and character-
ized to explore their structural, thermal, morphological and photophysical properties. Polymer (Poly1),,.i, was obtained via
a Mannich condensation reaction without a catalyst, followed by thermal polymerization to produce the crosslinked polymer
(Poly2)*..in- Structural analyses using Fourier transform infrared spectroscopy and X-ray diffraction confirmed the successful
formation of the polymers, with (Poly2)* ..., exhibiting a higher degree of crosslinking and partial ordering in an otherwise
amorphous structure. Scanning electron microscopy imaging revealed that thermal polymerization significantly altered the
morphology, transforming the porous structure of (Poly1).in into a denser, layered morphology in (Poly2)*,,,.in. Thermogravi-
metric analysis and differential scanning calorimetry highlighted the improved thermal stability of (Poly2)*,,.i, due to exten-
sive crosslinking. Photophysical studies showed that (Poly1).i, in solution exhibited yellow-green luminescence with a
broad emission maximum at 522 nm and CIE coordinates (0.39, 0.48). In contrast, the powders of both polymers displayed
sharp red luminescence with an emission peak at 658 nm and CIE coordinates (0.72, 0.27), attributed to molecular packing
effects and exciton coupling in the solid state. These results underscore the interplay among structural, morphological and
photophysical properties, highlighting the potential of these polymers in optoelectronics, sensing and luminescent materials.
© 2025 Society of Chemical Industry.
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efficiency due to challenges in polymer chemistry and the pres-
ence of defects.*® Furthermore, difficulties such as limited solvent
permeability, poor hydrolytic stability and high densities empha-
size the necessity for the development of efficient and stable
luminescent materials that maintain their photophysical proper-
ties and functionality.*” Moreover, polymerization products are
often contaminated with impurities, including catalyst residues
that are difficult to remove through distillation or sublimation.
These impurities can trap charge carriers, reducing device effi-

INTRODUCTION

Organic luminescent materials have garnered considerable atten-
tion due to their potential applications across a variety of
domains, such as organic light-emitting diodes (OLEDs), sensors
and bioimaging.'™® Small-molecule emitters are known for their
well-defined structures and high efficiency; however, they
encounter challenges related to stability and thin-film
manufacturing.®'® In contrast, polymers have emerged as viable
luminescent materials.'®"'® They can overcome the limitations

associated with small molecules by employing wet processing
techniques and having solid-state emissions. Polymeric light-
emitting diodes provide the ability to fine-tune the emitted light
wavelength and characteristics through adjustments to the poly-
mer chain structure via methods like blending, doping or the
addition of spacers.®?° The field of luminescent polymers has
attracted significant research interest, particularly in the creation
of advanced materials such as hyper-crosslinked polymers,
porous and z-conjugated polymers, and metal-organic
frameworks.”' ! The capacity to modify optoelectronic proper-
ties, the incorporation of fluorescent probes into polymer matri-
ces and the growing need for reusable heterogeneous sensors
have all spurred progress in areas such as organic light-emitting
polymers, phototherapy and chemical sensing.3?™** Notably,
polymers exhibit excellent film-forming capabilities, allowing for
the production of flexible thin films through standard
compression-molding techniques.**™** Despite their advantages,
these polymers frequently face issues with lower emission

ciency and shortening operational lifespan.*® As a result, lumines-
cent polymers synthesized without catalysts are highly desirable.

Luminescent polybenzoxazines exhibit light-emitting proper-
ties. These polymers are engineered by integrating luminescent
components into their framework, making them suitable for
applications in sensors, optoelectronics and bioimaging.**~’
The combination of the favorable attributes of benzoxazine
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polymers with light-emitting capabilities renders luminescent
polybenzoxazines versatile for diverse applications requiring both
thermosetting characteristics and luminescence.’** Benzoxazine
is characterized by a heterocyclic six-membered ring containing
oxygen and nitrogen atoms. The production of benzoxazines
involves dehydrating phenolic compounds, amines and formal-
dehyde, ending in the formation of polybenzoxazines through
thermal ring-opening polymerization.?' 8 The resulting polymer
networks comprise crosslinked structures of phenolic units con-
nected by Mannich bridges (—CH,—NR—CH,—).>**® The stability
of these networks is further enhanced by hydrogen bonding, both
inter- and intramolecularly. Specifically, the phenolic hydroxyl
groups engage in hydrogen bonding with aromatic rings and
with oxygen or nitrogen atoms, contributing to high thermal sta-
bility and mechanical strength.>®~>° Main-chain polymers are piv-
otal in luminescence, particularly in the fabrication of advanced
materials for optoelectronic devices such as OLEDs, light-emitting
electrochemical cells and fluorescent sensors.**%¢" Their signifi-
cance arises from several factors, including substantial structural
rigidification, which can enhance emission quantum yield and
enable room temperature phosphorescence by reducing free vol-
ume compared to side-chain polymers. Additional benefits of
main-chain polymers include improved photostability, process-
ability, energy transfer efficiency and environmental stability,
facilitating applications in optoelectronics, data storage and
security.

In the study reported here, we synthesized two novel lumines-
cent main-chain polybenzoxazine polymers, designated
(Poly1)main and (Poly2)* ain. Polymer (Poly2)” i, features a cyclo-
pentanone component and was synthesized through the thermal
ring-opening polymerization of (Poly1)ma.in Without using a cata-
lyst. A range of comprehensive characterization techniques were
employed to evaluate the structure and properties of the poly-
mers, and their luminescent behavior was thoroughly
investigated.

EXPERIMENTAL

Materials

Cyclopentanone  (99%), methyl alcohol (99.5%), 44'-
diaminodiphenylmethane (99%), hydrochloric acid (37%),
1,4-dioxane (99.5%), vanillin (100%), paraformaldehyde and ethyl
acetate (99%) were purchased from Aldrich (Hamburg, Germany)
and used as supplied.

Synthesis of polymers (Poly1),ain and (Poly2)* ain

Synthesis of polymer (Poly1) main

A mixture of paraformaldehyde (0.17 g, 5.6 mmol) and 4,4'-
diaminodiphenylmethane (0.56 g, 2.8 mmol) was prepared in
40 mL of 1,4-dioxane. This mixture was heated under reflux in a
100 mL round-bottom flask with continuous stirring at 70 °C for
30 min. Following this initial heating, bis-OHOMe (1.00 g,
2.8 mmol) was added, and the temperature gradually increased
to 110 °C while stirring for 24 h. During the reaction, precipitation
was observed. Upon completion, the mixture was filtered to sep-
arate the resulting yellowish residue. To purify this residue, it was
suspended in ethyl acetate (EtOAc) with stirring for 2 h, followed
by another filtration. The final product obtained was yellow pow-
der and achieved a conversion of 90%. FTIR (KBr, cm™"): 2965 and
2916 (C—H stretching), 1681 (C=0), 1254 (C—O—C, C—N—C asym-
metric stretching), 1117 (C—0—C, C—N—C symmetric stretching),
928 (benzoxazine-related mode).

Synthesis of polymer (Poly2)* .qin

Polymer (Poly2)*..in Was synthesized through the thermal curing
polymerization of (Poly1)main, as illustrated in Scheme 1. Equal
amounts of (Poly1).in Were subjected to separate curing treat-
ments at temperatures of 110, 150, 180, 210 and 250 °C, each step
lasting 2 h. FTIR (KBr, cm™"): 3430 (OH stretching), 1683 (C=0),
1599 (C=C).

Instrumentation

Fourier transform infrared (FTIR) spectra were obtained with a Shi-
madzu IR 470 spectrophotometer, utilizing KBr as the matrix, and
the maximum wavenumbers were measured in cm™". For XRD, a
scan-type experiment was conducted in fast mode (26) using
a PSD (1D model) detector, SSD160. To evaluate the thermal sta-
bility of the samples, TGA was carried out with a PerkinElmer
TGA 4000 instrument. Samples weighing between 5 and 10 mg
were placed in alumina crucibles and heated in a nitrogen atmo-
sphere at a rate of 30 °C min~', covering a temperature range
from 50 to 700 °C with a nitrogen flow rate of 20 mL min~". DSC
was performed using a TA Instruments model DSC 2010, with a
heating rate of 20 °C min~'. The DSC experiments were con-
ducted in a nitrogen atmosphere to ensure uniform heat distribu-
tion within the sample chamber, benefiting from nitrogen's
superior heat conductivity. SEM analysis was conducted using a
Jeol JSM-5400 LV. Additionally, spectral measurements were per-
formed with a UV spectrophotometer equipped with matched
1.0 cm cells, Vision Pro software from Thermo Electron Corpora-
tion (Cambridge, UK) and an Agilent Cary Eclipse fluorescence
spectrophotometer.

RESULTS AND DISCUSSION

Synthesis and characterization

This section outlines the synthesis and characterization processes
for the main-chain benzoxazine-based polymers, (Poly1)main and
(Poly2)*main- The synthesis of (Poly2)*ain Was achieved through
a three-step procedure, as shown in Scheme 1. Initially, cyclopen-
tanone was reacted with vanillin, following established methods
in the literature, which resulted in the formation of the reported
bis-OHOMe.***>%?  The second step involved a Mannich
condensation reaction, where bis-OHOMe was combined with
4,4'-diaminodiphenylmethane (4,4’-methylenedianiline) in the
presence of paraformaldehyde and 1,4-dioxane. This step, which
did not require a catalyst, facilitated the ring-closing reaction
and led to the synthesis of polymer (Poly1)m.in. In the final stage,
(Poly1) main underwent thermal polymerization at 210 °C, yielding
the crosslinked polymer (Poly2)*.in, Characterized as a dark
brown powder. Table 1 provides a summary of the physical prop-
erties of both (Poly1)main and (Poly2) i ain-

The FTIR spectra of bissOHOMe, (Poly1),nain and (Poly2)* .in are
illustrated in Fig. 1(a). The FTIR spectrum of bis-OHOMe exhibits
distinct absorption bands at 3416 cm™' for the phenolic hydroxyl
group, 1673 cm™' for the C=0 stretch and 1690 cm ™' for the C=C
stretching. In the spectrum of (Poly1)ya.in, absorption peaks are
observed at 2965 and 2916 cm™, corresponding to C—H stretch-
ing in the cyclopentanone unit, a band at 1681 cm™" for the C=0
group and bands at 1254 and 1117 cm™"' representing asymmet-
ric and symmetric C—O—C stretching, respectively. Additionally,
an absorption at 928 cm™' corresponds to the oxazine ring. Upon
thermal ring-opening polymerization of (Poly1)yain at 210 °C for
2 h, the characteristic bands attributed to the oxazine rings in
(Poly1)main disappear, signaling the completion of the
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Scheme 1. Synthesis of main-chain benzoxazine-based polymers (Poly1)main and (Poly2)* main-

Table 1. Physical properties of (Poly1)main and (Poly2)* main

Physical

characteristic (Poly ) main (Poly2)*main

State Solid Solid

Color Yellow Dark brown

Solubility Partially soluble in Insoluble in all organic
DMSO solvents

ring-opening polymerization and the formation of (Poly2)*.in.
This thermal polymerization was monitored by FTIR spectroscopy
(Fig. 1(a),(b)). The absorption bands at 1117 cm™' (symmetric
C—0—C stretching) and 1254 cm™" (asymmetric C—O—C stretch-
ing) in the FTIR spectrum of (Poly1)main gradually diminish in
intensity as the temperature increases from room temperature
to 210 °C. The ring-opening polymerization was confirmed to be
complete after thermal treatment at 210 °C. Concurrently, a broad
absorption band associated with OH groups increases in intensity
around 3416 cm™', further indicating the ring opening of the ben-
zoxazine units. These observations are consistent with the DSC
results (Fig. 2(a)), confirming that the oxazine rings in (Poly1)main
undergo catalyst-free thermal ring opening to form the highly
crosslinked main-chain benzoxazine polymer (Poly2)*..in-

Thermal behavior

DSC was employed to examine the thermal polymerization pro-
cess that leads to the crosslinking of (Poly1)main, resulting in the
formation of (Poly2)*main. The DSC thermograms (Fig. 2(a))

illustrate the changes in heat flow for (Poly1) i before and after
thermal curing at temperatures of 110, 150, 180, 210 and 250 °C.
These graphs highlight the temperature-dependent reaction,
revealing how heat flow varies with increasing temperature. For
the uncured samples and those cured at 110, 150 and 180 °C,
the heat flow remains relatively low at lower temperatures, indi-
cating that (Poly1)main is stable in its initial state. As the tempera-
ture increases to around 200 °C, a significant rise in heat flow is
observed, signaling the onset of the ring-opening polymerization
process. The curves on the graph reflect the reaction progression
as the temperature continues to climb, showing an upward trend
that corresponds to the transition of (Poly1)main from its initial
state to a higher energy state. This transition is linked to the ring
opening of the oxazine in (Poly1)main and the subsequent forma-
tion of (Poly2)*..in. For the samples cured at 210 and 250 °C, the
heat flow remains relatively constant even at high temperatures,
indicating the complete formation of (Poly2)*ain in those two
samples. These DSC results suggest that higher temperatures
(210 and 250 °C) accelerate the reaction rate of the ring-opening
polymerization of the oxazine (Poly1)main- Thermal treatments at
110, 150 and 180 °C display progressively increased reaction
rates, indicating favorable conditions for polymerization. How-
ever, at 210 °C, the reaction rate reaches maximum, suggesting
that higher temperatures may not be as efficient, whereas the
analysis does not indicate any advantage for thermal curing at
250 °C.

The thermal behavior of (Poly1)main and (Poly2)* ain Was exam-
ined before and after curing at various temperatures (110, 150,
180, 210 and 250 °C) using TGA, as shown in Fig. 2(b). TGA
revealed that the uncured (Poly1)main displayed significant weight
loss at low temperatures, indicating its thermal instability and
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Figure 1. (a) FTIR spectra of bis-OHOMe (black line; adapted with permission from Younis et al.> Copyright © 2024 John Wiley & Sons Ltd), (Poly1)mains
and (Poly2)*nain- (b) FTIR spectra of (Poly1)main to form (Poly2)* .., after thermal treatment at different temperatures.

susceptibility to decomposition. However, as the curing tempera-
ture increased, the weight loss diminished, suggesting that the
resulting polymer, (Poly2)*main, achieved greater thermal stability
due to crosslinking. This enhanced stability was reflected by the
reduced weight loss observed at higher curing temperatures.
TGA provided valuable insights into the thermal stability and
transformation of (Poly1)main into the more stable (Poly2)* ain
during the curing process. Crosslinked main-chain polymers like
(Poly2)* main demonstrated significantly improved thermal stabil-
ity compared to polymers derived from monomeric benzoxazine
without crosslinking, such as (Poly1)yain. Thermal stability was
characterized by measuring the temperatures at which the sam-
ples experienced 5% (Ty4s) and 10% (Ty4;0) weight loss, as well as
the char yield at 700 °C, with results summarized in Table 2. Tys

and Ty values were determined from the TGA thermograms by
identifying the corresponding temperatures at which the sample
mass decreased by 5% and 10%, respectively. The char yield was
obtained from the residual weight percentage at 700 °C using
the equation: char yield (%) = (mass of char at 700 °C/initial mass
of sample) x 100. The char yield reflects the material resistance to
thermal decomposition. Higher char yield percentages suggest
that the polymer can withstand elevated temperatures without
significant degradation, which is a crucial characteristic for appli-
cations requiring thermal resistance. The observed increase in
Tas Ta10 @and char yield with higher curing temperatures indicates
enhanced crosslinking, leading to improved thermal stability. The
high char yield of (Poly2)*..in suggests the formation of a robust
crosslinked network, which enhances its thermal resistance. These
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Figure 2. (a) DSC and (b) TGA curves of (Poly1)main under thermal treatment to form (Poly2)* main.

Table 2. TGA data for samples cured at different temperatures to
transform (Poly1)main into (Poly2)* nain

Curing temperature (°C) Tas (°C) Ta10 (°C) Char yield (%)
Uncured 232 292 35

110 274 292 32

150 274 293 32

180 275 319 14

210 304 354 53

250 373 435 61

findings demonstrate that the curing process effectively rein-
forces the polymer structure, resulting in superior thermal stability
compared to its uncured counterpart (Poly1)main.

Morphological study

The provided SEM images (Fig. 3) offer insightful visualizations of
the structural characteristics of the main-chain benzoxazine-
based polymers (Poly1)main and (Poly2)* ain. In the first set of
images (Fig. 3(a)), the SEM micrographs of (Poly1)in at various
magnifications reveal a relatively uniform and porous morphol-
ogy. The polymer exhibits an interconnected network of irregular,
globular structures with a rough surface texture. This morphology
is likely a result of the Mannich condensation reaction between
bis-OHOMe and 4,4’-diaminodiphenylmethane, which led to the
formation of (Poly1)main- The second set of images (Fig. 3(b))
focuses on the SEM micrographs of (Poly2)* ain, also captured at
different magnifications. These images show a more consolidated
and dense morphology compared to (Poly1)main. (POIY2)main
polymer exhibits a compact, layered structure with fewer porous
features. This distinct morphological change can be attributed
to the thermal polymerization of (Poly1)main at 210 °C, which
induced the ring opening and crosslinking of the benzoxazine
units, resulting in the formation of the highly crosslinked
(Poly2) main- The observed structural differences between
(Poly1)main @and (Poly2)*ain provide valuable insights into the
impact of the thermal polymerization process on the polymer
morphology. The transition from a more porous, irregular

structure in (Poly1)n.in to a denser, layered morphology in
(Poly2)* main suggests that the thermal treatment significantly
alters the polymer microstructure. These SEM analyses comple-
ment the information provided in the earlier sections, which
detailed the synthesis of these main-chain benzoxazine-based
polymers and the thermal characterization techniques used to
study their behavior. The combination of these analytical tech-
niques offers a comprehensive understanding of the structural
and morphological changes that occur during the transformation
from (Poly1)main to (Poly2)* main.

X-ray diffraction

The XRD patterns of the main-chain benzoxazine-based polymers
(Poly1)main  and  (Poly2)main are shown in Fig. 4. Both
polymers exhibit primarily amorphous characteristics, as indi-
cated by the broad, diffuse halo-like features centered around
260 = 20°. However, the presence of a few sharp, well-defined
peaks superimposed on the amorphous halos suggests the exis-
tence of some minor crystalline regions or ordered domains
within the predominantly amorphous polymer structures. For
(Poly1)main in Fig. 4(a), the slightly sharp peaks imply the possible
presence of little localized areas of short-range order within the
overall amorphous matrix. Similarly, the XRD pattern of
(Poly2)* main in Fig. 4(b) displays a combination of the broad, amor-
phous halo and sharper crystalline-like peaks, indicating that the
thermal polymerization process did not completely eliminate
the amorphous character of the material. Rather, it may have
introduced a more complex structural organization, with a mix-
ture of amorphous and partially ordered regions, rather than a
clear transition from a fully amorphous to a highly crystalline
structure. These observations provide valuable insights into the
structural features of these main-chain benzoxazine-based poly-
mers and the impact of the thermal treatment on their overall
morphological characteristics.

Absorption, excitation and emission

Due to the insoluble nature of (Poly2)*ain in organic solvents, the
photophysical properties such as absorption, excitation and emis-
sion spectra could not be measured in solution. The insolubility of
(Poly2)* nain is likely associated with the higher degree of
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Fig. 3. SEM images of the polymers: (@) (Poly1)main: (b) (POIY2) 1 ain-

(@

Intesisty (a.u.)

(b)

Intesisty (a.u.)

T T T T T T

—_— .
10 20 30 40 50 60

20 (deg.)

Figure 4. XRD patterns of polymers: (a) (Poly1)main; (b) (POlY2) main-

crosslinking and structural changes introduced by the thermal
polymerization process. However, (Poly1)main was found to be sol-
uble in DMSO, allowing for the characterization of its solution-
phase photophysical behavior, as shown in Fig. 5. The absorption
spectrum of (Poly1)main solution exhibits a maximum absorption
peak at 400 nm, indicating the electronic transitions associated
with the conjugated structure of the polymer that influence the
m-m* transitions (Fig. 5(a)). The absence of significant absorption
beyond 500 nm implies that the polymer is transparent in the vis-
ible region beyond this point, aligning with its potential applica-
tions in optoelectronic devices or as a matrix material. The
extinction coefficient of 2 x 10* suggests a moderately strong
ability to absorb light at the observed wavelength.

The excitation spectrum provides insights into the wavelengths
of light that efficiently promote a polymer from its ground state to

T T T T T

10 20 30 40 50 60
20 (deg.)

an excited state, subsequently leading to fluorescence. For
(Poly1)mains the maximum excitation at 330 nm, with a minor
shoulder at 295 nm, indicates that the polymer can absorb
higher-energy UV light and convert it into an emissive state
(Fig. 5(b)). The slightly different shape of the excitation spectrum
compared to the absorption spectrum highlights that the emit-
ting species might involve a subset of electronic transitions or
specific molecular conformations within the polymer. This differ-
ence also suggests that the electronic transitions responsible for
the absorption and excitation processes are not entirely identical,
potentially due to the complex molecular structure and interac-
tions within the polymer.

The emission spectrum of (Poly1)main reveals an interesting
photoluminescent behavior (Fig. 5(c)). The polymer shows mini-
mal emission at wavelengths below 450 nm, followed by a
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Figure 5. Photophysical properties of (Poly1)main DMSO solution (1 X 10~ mol L™"): (a) absorption spectrum; (b) excitation spectrum at 522 nm;
(c) emission spectrum at 330 nm (inset is a photo under UV illumination at 365 nm); (d) CIE chromaticity diagram.

gradual increase in intensity, reaching a maximum at 522 nm. The
emission then decreases in intensity at higher wavelengths, but
the polymer remains emissive across a broad spectral range. This
broad emission profile suggests a combination of radiative decay
processes from excited states, possibly involving multiple elec-
tronic transitions or a range of molecular conformations. The
Commission Internationale de I'Eclairage (CIE) color coordinates
calculated for the (Poly1)main €mission spectrum are (0.39, 0.48),
indicating a yellowish-green color (Fig. 5(d)). The observed
yellow-green color implies that the emitted light is centered
around the green part of the visible spectrum, with contributions
from yellow. This observation is consistent with the visual appear-
ance of the polymer under UV illumination, as shown in the inset
of Fig. 5(c). The photophysical behavior of (Poly1)main likely arises
from its aromatic backbone and the presence of functional groups
formed during the Mannich condensation step. The interplay
among conjugation, inter- or intramolecular interactions and the
electronic nature of substituents affects the absorption and emis-
sion characteristics. In particular, molecular packing and the poly-
mer structural flexibility in solution influence the transition to the
excited state (indicated by the absorption and excitation peaks)

and subsequent radiative decay (manifested in the emission spec-
trum). The combination of the strong light absorption, broad
emission spectrum and the resulting yellowish-green color sug-
gest that (Poly1)main may have potential applications in optoelec-
tronic and photonic devices, such as fluorescent probes, light-
emitting diodes or luminescent materials.

The photophysical properties of (Poly1)main and (Poly2)*ain
were further investigated in their powder forms, as shown in
Fig. 6. In the powder form, the excitation spectra of both
(Poly1)main and (Poly2)*main are identical, with a sharp maximum
at 330 nm, indicating that the electronic environment in the solid
state is primarily governed by the polymer backbone, with mini-
mal influence from structural differences introduced during ther-
mal polymerization (Fig. 6(a)). The sharp excitation spectrum of
the powder polymers indicates a homogeneous and rigid elec-
tronic environment. The absence of solvent effects may lead to
a uniform electronic excitation. In contrast, the excitation spec-
trum of (Poly1)main in solution exhibits a broader profile with a
maximum at 330 nm and a shoulder at 295 nm, reflecting the
influence of solvent interactions and molecular flexibility, which
stabilizes certain molecular conformations, leading to slightly
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Figure 6. (a) Excitation spectra at 658 nm for powders of (Poly1)main and (Poly2)*..in. (b) Emission spectra at 330 nm for powders of (Poly1)main and
(Poly2)*main- (€) CIE chromaticity diagram to compare the emission color from powders of the two polymers (blue circle, both polymers have the same
coordinates) and the emission color from the solution of (Poly1) i, (black circle).

varied excitation pathways (Fig. 5(b)). Interestingly, the emission
spectra of the two polymer powders are also identical, with a
sharp, intense peak centered at 658 nm (Fig. 6(b)). This narrow
red emission of the powder polymers suggests strong radiative
decay from a well-defined excited state, likely influenced by the
exciton coupling, rigid molecular packing and restricted motion
in the solid state. The observed red shift in the emission spectra
of the powder polymers (maximum at 658 nm) compared to solu-
tion (maximum at 522 nm; Fig. 6(c)) is common for organic mate-
rials. It suggests aggregation effects or z—z stacking interactions
that alter the radiative decay pathway, favoring red emission.
The red shift also indicates that the emissive properties are influ-
enced by the solid-state packing and intermolecular interactions
within the molecular aggregation of the powder samples. The
CIE color coordinates calculated for the polymer powders are
(0.72, 0.27), corresponding to a deep red color. This red emission
is in stark contrast to the yellowish-green color observed for
(Poly1)main in solution (CIE coordinates of 0.39, 0.48) (Fig. 6(c)).
The differences in the photophysical properties between the
polymer solution and powder highlight the significant impact of
the solid-state environment on the optical and luminescent char-
acteristics of these main-chain benzoxazine-based materials. The
similarities in the excitation and emission spectra of (Poly1)main
and (Poly2)* main Powders suggest that the thermal polymeriza-
tion process does not drastically alter the underlying electronic
structure and transitions responsible for the photophysical behav-
ior, despite the observed changes in the polymer morphology
and solubility.

CONCLUSION

Two luminescent main-chain polybenzoxazine polymers,
(Poly1)main and (Poly2)*.in, Were synthesized and extensively
characterized to evaluate their structural, thermal, morphological
and photophysical properties. The catalyst-free Mannich conden-
sation reaction used to synthesize (Poly1)main, followed by ther-
mal polymerization to form (Poly2)* ain, resulted in polymers
with distinct morphologies and photophysical characteristics.
XRD analysis revealed that both polymers are primarily amor-
phous with minor crystalline regions. At the same time, SEM imag-
ing showed a significant transformation from the porous structure
of (Poly1)main to the denser, layered morphology of (Poly2)* .in.
Thermal analysis demonstrated the enhanced thermal stability
of (Poly2) main, attributed to its high degree of crosslinking.

Photophysical investigations highlighted the state-dependent
emission behavior of these polymers. In solution, (Poly1)main
exhibited yellow-green luminescence (emission maximum at
522 nm), whereas in powder form, both polymers displayed sharp
red luminescence (emission maximum at 658 nm), driven by
molecular packing and exciton coupling effects. These findings
underscore the tunable optical and morphological properties of
main-chain polybenzoxazines, offering insights into their poten-
tial applications in optoelectronic devices, sensors and lumines-
cent materials. Additionally, the results highlight the importance
of catalyst-free synthesis and thermal processing in tailoring the
properties of luminescent polymers.
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