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Abstract Two new imide-functional benzoxazine monomers, IBZ-EDA and IBZ-PHDA, with distinct molecular architectures, were synthesized
via a one-pot Mannich condensation reaction using ortho-phthalimide-functional phenol, paraformaldehyde, and either ethylenediamine or
para-phenylenediamine as flexible and rigid bridging units, respectively. The chemical structures of the synthesized monomers were confirmed
by Fourier transform infrared spectroscopy (FTIR), proton nuclear magnetic resonance spectroscopy ("H-NMR), Carbon-13 (3C)-NMR, distortion-
less enhancement by polarization transfer (DEPT-135), correlation spectroscopy (COSY), heteronuclear single quantum coherence (HSQC), het-
eronuclear multiple bond correlation (HMBC), and mass spectrometry analyses. Thermal ring-opening polymerization of the monomers pro-
duced highly crosslinked polybenzoxazine networks, Poly(IBZ-EDA) and Poly(IBZ-PHDA), whose curing behaviors were investigated using DSC
and FTIR. The flexible IBZ-EDA monomer exhibited a lower polymerization temperature owing to the proximity of the oxazine rings and favor-
able intramolecular interactions, whereas the rigid aromatic IBZ-PHDA structure required a higher curing temperature. Thermogravimetric anal-
ysis demonstrated substantial improvements in thermal stability after curing, with Poly(IBZ-PHDA) exhibiting outstanding performance, includ-
ing Ty values up to 559 °C, a char yield of 79%, and a limiting oxygen index of 49.1%, reflecting its highly flame-retardant nature. Scanning elec-
tron microscopy (SEM) analysis revealed dense and highly crosslinked morphologies with structural differences arising from the flexibility of the
diamine spacer. Photophysical investigations in the solution and solid states revealed complex excitation-dependent fluorescence behaviors for
both monomers and polymers. The emission properties were strongly influenced by concentration, excitation wavelength, molecular packing,
and polymer network formation. Dual-emission characteristics, broad chromaticity tunability, and multiple emissive states are observed, indicat-
ing the coexistence of locally excited, aggregated, and cluster-associated emissive species. Polymerization further alters the excited-state land-
scape through enhanced intermolecular interactions and restricted molecular motion. The results demonstrate that linker rigidity plays a critical
role in controlling both the thermal and photophysical properties, providing an effective strategy for designing multifunctional polybenzox-
azines with exceptional thermal stability, flame retardancy, and tunable luminescence.
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INTRODUCTION

Recent advances in sustainable polymer chemistry have further
expanded the design space for high-performance thermosets,
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with emerging strategies focusing on renewable feedstocks, dy-
namic covalent chemistry, and multifunctional material plat-
forms.['=! Polybenzoxazines (PBZs) are a class of advanced ther-
mosetting polymers renowned for their exceptional thermal
stability, mechanical strength, and versatile application poten-
tial. Their advantageous properties, including low water uptake,
excellent dimensional stability, and remarkable chemical resis-
tance, make them particularly attractive for aerospace, electron-
ics, and sustainable material applications.*~'# Recent research
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has further expanded their utility through novel formulations
targeting sustainability, nanocomposites, enhanced thermal
and mechanical performance, shape-memory behavior, and
smart materials.'>~'”) PBZs were synthesized by ring-opening
polymerization (ROP) of benzoxazine monomers upon thermal
curing. This process vyields highly crosslinked networks
renowned for their exceptional thermal stability, inherent flame
resistance, and superior mechanical strength.l'®'?] During the
polymerization of 3,4-dihydro-1,3-benzoxazines, two distinct
polymer architectures can emerge, depending on the nucle-
ophilic atom that attacks the electrophilic methylene group
(NCH,0). If the phenolic oxygen initiates the attack, N,O-acetal
linkages corresponding to phenoxy-type structures are formed
first. These intermediates may then undergo rearrangement to
yield Mannich-type structures featuring free phenolic groups,
known as phenol-type structures.[2"]

The ROP of benzoxazines typically generates phenolic
species via nucleophilic or electrophilic attacks at the ortho or
para positions relative to the oxygen atom.['920 The resulting
polybenzoxazine networks were characterized by extensive
intra- and inter-molecular hydrogen bonding involving phe-
nolic —OH groups, amine nitrogens, ether oxygens, and aro-
matic m-systems. This hydrogen-bonded architecture under-
pins the outstanding thermal stability, mechanical robust-
ness, and long-term durability of the materials.[21-25]

Therefore, considerable research has focused on molecular
design strategies that introduce functional groups or poly-
merizable moieties into benzoxazine structures. Among
these, the incorporation of imide rings has proven particular-
ly effective because of the rigid aromatic character, high ther-
mal stability, and strong intermolecular interactions impart-
ed by the imide groups. Imide-containing benzoxazines ex-
hibit enhanced glass transition temperatures (Tg), improved
char yields, and superior flame retardancy.l??! However, most
reported systems are either monofunctional or exhibit limit-
ed structural diversity, which restricts their capacity to form
highly crosslinked networks and achieve a balanced multi-
functional performance. This limitation is increasingly signifi-
cant, given the growing demand for multifunctional materi-
als that integrate thermal resistance, flame retardancy, and
optical functionality, particularly for applications in optoelec-
tronics, high-temperature sensors, and flame-resistant coat-
ings.27]

Recent advances have yielded a new class of highly stable
PBZs derived from the thermal conversion of ortho-function-
al benzoxazines.l?8-301 Compared to conventional polyben-
zoxazines based on para-functional analogs, these ortho-
functional polymers exhibit superior thermal properties, in-
cluding higher glass transition temperatures and enhanced
thermal stability. Several studies have described the synthe-
sis of ortho-functional polybenzoxazines containing amic
acid, amide, imide, and amide-imide groups.3'-34 These ma-
terials typically combine high thermal stability with outstand-
ing molecular design flexibility and cost-effectiveness. Fur-
thermore, incorporating benzoxazine moieties into poly-
imides can enhance dimensional stability, glass transition
temperatures, surface hydrophobicity (as reflected in contact
angles), and overall thermal stability.3>] Novel 1,3-benzox-
azine monomers containing ortho-imide and benzocy-
clobutene functionalities (oHPNI-abcb and oPP-abcb) were

synthesized.[28]

Notably, poly(oHPNI-abcb) demonstrated excellent ther-
mal stability with decomposition temperatures Tys; of 405 °C
and Ty,, of 448 °C, whereas poly(oPP-abcb) exhibited a char
yield (Yc @800°C) exceeding 60%. More recently, a novel or-
tho-phthalimide-functionalized benzoxazine monomer bear-
ing an ortho-nitrile group was developed to investigate the
thermally induced transformation of a benzoxazine resin into
crosslinked polybenzoxazole.[! The resulting material exhib-
ited outstanding thermal performance, Ty; of 550°C, char
yield of 70%, and a remarkably low total heat release
(7.6 kJ/g), demonstrating its potential as a high-performance,
flame-resistant material. Although relatively unexplored, fluo-
rescent polybenzoxazines offer significant promise for appli-
cations, such as nondestructive damage sensing, anticounter-
feiting, and structural health monitoring. Nevertheless, simul-
taneously optimizing the thermal, flame-retardant, and pho-
tophysical properties within a single PBZ platform remains a
considerable challenge.[*36-38]

Despite the remarkable progress achieved in benzoxazine
chemistry and other optical materials,3-%3 studies integrat-
ing imide-functionalized benzoxazines with comprehensive
investigations of their thermal, morphological, and photo-
physical properties remain relatively scarce. In particular, the
influence of molecular flexibility and rigidity on polymeriza-
tion behavior, thermal stability, flame-retardant performance,
and excitation-dependent luminescence has not been sys-
tematically explored. To address this gap, two new difunc-
tional imide-functional benzoxazine monomers, IBZ-EDA and
IBZ-PHDA, were synthesized using ethylenediamine and
para-phenylenediamine (PHDA) linkers, respectively. The re-
sulting monomers were structurally characterized by Fourier
transform infrared spectroscopy (FTIR), nuclear magnetic res-
onance (NMR), and mass spectrometry and subsequently
converted into their corresponding polybenzoxazines
through thermal ring-opening polymerization. The effects of
the linker structure on the curing behavior, thermal stability,
flame retardancy, and microstructural morphology were in-
vestigated using FTIR, thermogravimetric analysis (TGA), dif-
ferential scanning calorimetry (DSC), and scanning electron
microscopy (SEM) analyses. Furthermore, detailed solution-
state and solid-state photophysical studies were conducted
to elucidate the role of the molecular architecture and poly-
mer network formation in the generation of emissive states
and excitation-dependent fluorescence. This study provides
valuable insights into the design of multifunctional imide-
containing polybenzoxazines that combine exceptional ther-
mal performance with tunable luminescence.

EXPERIMENTAL

Materials and Characterization Techniques
ortho-Phthalimide functional phenol (O-PP) was synthesized in
our laboratory following a previously reported procedure.l*!
Ethylenediamine (EDA, 98%) and para-phenylenediamine (99%)
were obtained from Thermo Fisher Scientific (Germany) and
were used as received. All solvents, including toluene, ethanol,
hexane, ethyl acetate, methanol, and chloroform, were used as
received without further purification.

TH, 13C, and DEPT-135 NMR spectra were obtained on a
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Bruker Avance-lll 500 MHz spectrometer in dimethyl sulfox-
ide (DMSO-dg) at 25 °C, with tetramethylsilane (TMS) as the in-
ternal standard. FTIR spectra were recorded on a Mattson
1000 spectrometer over the range of 400-4000 cm-! to iden-
tify characteristic functional groups. The thermal stability of
the prepared samples was evaluated by TGA using a Netzsch
STA 409 PG/PC instrument under nitrogen atmosphere. The
measurements were carried out at a heating rate of 10 °C/min
from room temperature to 800 °C. Polymerization behavior
was evaluated using DSC-TA Instruments Q2000). Each test
specimen was subjected to two heating—cooling cycles from
0 °C to 350 °C at a heating rate of 10 °C/min under a nitrogen
atmosphere.

High-resolution mass spectrometry (HRMS) measurements
were carried out in the positive electrospray ionization (ESI*)
mode using a Bruker APEX-IV (7 T) mass spectrometer. The
surface morphology was examined by SEM (Hitachi), and the
crystallinity was investigated by X-ray diffraction (XRD) using
a Rigaku D, diffractometer with Cu Ka radiation (A=1.5404
A). Ultraviolet-visible (UV-Vis) absorption spectra were record-
ed using an Agilent 8453 spectrophotometer.

Steady-state photoluminescence (PL) spectra were ob-
tained using an Eclipse fluorescence spectrophotometer
equipped with a xenon lamp excitation source, automatic fil-
ter wheels, and a reference detector for real-time correction
of excitation-source intensity fluctuations. Long-pass filters
were used in the emission path to block the scattered excita-
tion light. The emission spectra were corrected for the wave-
length-dependent sensitivity of the detection system using a
calibrated standard lamp, and the instrument software auto-
matically applied correction factors. Control measurements
on neat N,N-dimethylformamide (DMF, for solution samples)
and bare quartz slides (for solid-state samples) showed no de-
tectable emissions, confirming that the observed signals orig-
inated from the materials under investigation.

All PL solid-state measurements were performed on pow-
der samples placed on quartz slides using long-pass filters in
the emission path to block scattered excitation light. The con-
trol measurements on bare quartz slides showed no de-
tectable emissions under identical conditions. Measurements
were performed in DMF solution for the monomeric samples
and in the solid state for both monomers and the correspond-
ing polymer.

For PL measurements of samples with high absorbance
(10 mol/L), a triangular (front-face) fluorescence cell was
used to minimize the inner-filter effects and reabsorption. In
this geometry, the excitation beam is directed at a small an-
gle to the sample surface, and the emitted light is collected
from the same side (front-face detection), thereby significant-
ly reducing the effective path length through the sample. The
Commission Internationale de I'Eclairage (CIE) chromaticity
coordinates were calculated from the emission spectra that
were corrected for the wavelength-dependent sensitivity of
the detection system using a calibrated standard lamp. Cor-
rection factors were applied automatically using instrument
software.

Synthesis of 2,2'-(Ethane-1,2-diylbis(3,4-dihydro-2H-
benzole][1,3]oxazine-3,8-diyl))bis(isoindoline-1,3-
dione) (IBZ-EDA)

The IBZ-EDA monomer was prepared according to a previously

reported procedure with minor modifications.** A mixture of
ethylenediamine (0.120 g, 2 mmol), O-PP (0.957 g, 4 mmol),
paraformaldehyde (0240 g, 8 mmol), and 30 mL of a
toluene/ethanol mixture (2/1, V/V) was placed in a 100 mL one-
necked round-bottom flask. The mixture was heated under re-
flux at 90 °C with continuous stirring. The reaction progress was
monitored by thin-layer chromatography (TLC) using
hexane/chloroform (5/2, V/V) as the eluent. After 7 h, the reac-
tion mixture was cooled to room temperature, filtered, and
washed again with cold methanol. The resulting solid was dried
to obtain the difunctional benzoxazine monomer, hereafter
designated as IBZ-EDA.

Yield: 83%. Appearance: off-white. FTIR (cm~"): 915, 1112,
1226,1721,1768. 13C-NMR (500 MHz, DMSO-d, 6, ppm): 49.45
(s, 2C, methylene amine chain), 49.54 (s, 2C, —N—CH,—Ar—),
79.62 and 83.64 ppm (s, 2C, —N—CH,—0), 119-135 and
150.6 (S, 24C, aromatic C), 167.3 (s, 4C, C=0 imide). "H-NMR
(500 MHz, DMSO-dg, 6, ppm): 3.41(s, 4H, methylene amine
chain), 4.61 (s, 4H, —N—CH,—Ar), 5400 (s, 4H,
—N—CH,—0—), 7.5-8.8 (s, 12H, aromatic H). HRMS (ESI):
m/z 609.17446 (IM+Nal*), calcd for C34H,sN;NaOg: 609.17446
(mass error: 0 ppm).

Synthesis of 2,2'-(1,4-Phenylenebis(3,4-dihydro-2H-
benzole][1,3] oxazine-3,8-diyl))bis(isoindoline-1,3-
dione)(IBZ-PHDA)

The IBZ-PHDA monomer was synthesized according to a previ-
ously reported procedure with minor modifications.”* In a 100
mL one-necked round-bottom flask, a mixture of PHDA (0.216 g,
2 mmol), O-PP (0.957 g, 4 mmol), and paraformaldehyde (0.240
g, 8 mmol) was dissolved in a toluene/ethanol mixture (2/1, V/V).
The solution was heated under reflux at 90 °C with continuous
stirring. The reaction progress was monitored by thin-layer
chromatography (TLC) using hexane/chloroform (5/2, V/V) as
the eluent. After 24 h, the reaction mixture was cooled to room
temperature, filtered, and washed again with cold methanol.
The resulting solid was dried to obtain the difunctional benzox-
azine monomer, hereafter designated as IBZ-PHDA.

Yield: 75%. Appearance: dark yellow. FTIR (cm-1): 923, 1064,
1228, 1712, 1774. 3C-NMR (500 MHz, DMSO-dg, 8, ppm):
50.60/49.07 (w, 2C, —N—CH,—Ar—), 82.42/80.06 (s, 2C,
—N—CH,—0), 117-154 (S, 30C, aromatic), 167.2-167.6 (s, 4C,
C=0 imide). "TH-NMR (500 MHz, DMSO-d,, &, ppm): 4.63 (w,
4H, —N—CH,—Ar), 5.32 (s, 4H, —N—CH,—0—), 6.4-8.0 (s,
18H, aromatic H). HRMS (ESI): m/z 673.14839 ([M + K]*), calcd
for C3gH,6N4KOg: 673.14839 (mass error: 10.80 ppm).

Synthesis of Poly(IBZ-EDA) and Poly(IBZ-PHDA)

The synthesis of Poly(IBZ-EDA) and Poly(IBZ-PHDA) proceeds
via the ROP of the corresponding benzoxazine monomers dur-
ing thermal curing, as illustrated schematically in Scheme 1. The
proposed network structures shown in Scheme 1 are schematic
representations of the expected phenolic Mannich-type
crosslinked architectures. The monomeric solids were placed on
stainless steel and gradually heated in a forced air oven. The
curing protocol consisted of sequential heating at 70, 100, 150,
and 200 °C for IBZ-EDA and at 100, 150, 200, and 250 °C for IBZ-
PHDA, with each step maintained for 2 h. The color change
photographs obtained after this curing process are shown in
Fig. S1 (in the electronic supplementary information, ESI), con-
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ROP to produce Poly(IBZ-EDA) and Poly(IBZ-PHDA). The cured network structures are depicted as schematic representations of the proposed

phenolic Mannich-type crosslinked architecture.

firming progressive cross-linking and the formation of a pheno-
lic Mannich-bridge network.

RESULTS AND DISCUSSION

Structural Characterization of IBZ-EDA and IBZ-PHDA
Soft and rigid imide-functional benzoxazine monomers with ro-
bust thermal stability were synthesized via a one-pot Mannich
condensation (Scheme 1). The soft analog (IBZ-EDA) was pre-
pared using ethylenediamine (EDA), while the rigid counterpart
(IBZ-PHDA) was obtained using para-phenylenediamine. Both
monomers were synthesized by reacting the corresponding di-
amines with ortho-phthalimide functional phenol (O-PP) and
paraformaldehyde in a toluene/ethanol co-solvent mixture (2/1,
Viv).

The longer reaction time required for IBZ-PHDA (24 h)
compared to IBZ-EDA (7 h) is attributed to the lower nucle-
ophilicity and reduced reactivity of aromatic para-phenylene-
diamine (PHDA) relative to aliphatic ethylenediamine (EDA).
In PHDA, the amino groups are directly attached to an aro-
matic ring, resulting in electron delocalization through conju-
gation, which decreases the electron density on the nitrogen
atoms and thus diminishes their nucleophilicity toward the
electrophilic iminium intermediates formed during Mannich
condensation. Additionally, the rigid and sterically demand-
ing aromatic structure of PHDA imposes greater steric hin-
drance, further slowing condensation kinetics. In contrast, the
aliphatic ethylenediamine in IBZ-EDA possesses highly nucle-
ophilic primary amine groups with enhanced reactivity, en-
abling the faster formation of the bis-benzoxazine product.
The progress of the reaction was monitored by TLC, and com-
plete conversion of the less reactive PHDA required an ex-
tended reflux time to achieve comparable yields.

NMR for the Structural Characterization of IBZ-EDA
and IBZ-PHDA
The chemical structures were confirmed through comprehen-

sive NMR analysis, including one-dimensional ('H, '*C, DEPT-
135) and two-dimensional (COSY, HSQC, and HMBC) experi-
ments.

IBZ-EDA. The 'H-NMR spectrum of IBZ-EDA (Fig. 1) dis-
plays aromatic proton signals in the range of 6=7.5-8.87 ppm,
characteristic of the conjugated phenyl rings. Two equivalent
signals at 6=4.6 and 5.4 ppm are assigned to the oxazine ring
protons, corresponding to the Ar—CH,—N and O—CH,—N
moieties, respectively. The signal at 6=3.4 ppm is attributed
to the methylene protons of the ethylenediamine linker.*!
The 3C-NMR spectrum displays aromatic carbon resonances
in the range of 6=119-150 ppm and a sharp carbonyl signal
at 6=167 ppm, confirming the presence of imide functionali-
ty. The methylene carbons of the oxazine ring appear at
6=83.6 ppm (O—CH,—N) and 6=49.5ppm (Ar—CH,—N),
while an additional signal at §=49.45 ppm is assigned to the
CH, groups of the diamine linker.2¢! The DEPT-135 spectrum
further supported these assignments, showing negative sig-
nals characteristic of the CH, groups.

Further validation was performed using 2D NMR analyses.
The correlation spectroscopy (COSY) spectrum revealed cou-
pling correlations between the oxazine methylene protons
and adjacent aromatic protons. HSQC experiments con-
firmed the direct "TH-'3C connectivity for the Ar—CH,—N and
O—CH,—N carbons. HMBC long-range correlations between
the methylene protons and aromatic carbons provided con-
clusive evidence for successful oxazine ring closure.

IBZ-PHDA. The 'H-NMR spectrum of IBZ-PHDA (Fig. 2) dis-
plays characteristic aromatic proton signals as multiplets in
the region of 6=6.3-8.0 ppm. The methylene protons of the
oxazine ring appear as distinct broad signals at §=5.32 ppm,
corresponding to the O—CH,—N moiety, and at §=4.63 ppm,
assigned to the Ar—CH,—N group.®! The 3C-NMR spec-
trum reveals carbonyl carbon resonances at 6=167 ppm and
aromatic carbon signals in the range 6=117-152 ppm. The
oxazine ring methylene carbons were observed at 6=82/80
ppm (O—CH,—N) and 6=50/49 ppm (Ar—CH,—N). The pres-
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ence of two distinct carbonyl signals at 6=167.6 and 167.2
ppm, along with the non-equivalent methylene environ-
ments, confirms the asymmetric nature of the benzoxazine
unit. In the DEPT-135 spectrum, the absence of negative sig-
nals for methylene carbons may be attributed to the limited
solubility of the compound, likely due to its high aromatic
content. Collectively, the 1D and 2D (Figs. S2-57 in ESI) NMR
data were fully consistent with the proposed molecular struc-
tures, confirming the successful synthesis of both difunction-
al imide-based benzoxazine monomers.

FTIR for Structural Characterization of IBZ-EDA and
IBZ-PHDA

FTIR spectroscopy was used to investigate the molecular struc-
tures of the synthesized monomers. Fig. 3 shows the FTIR spec-
tra of IBZ-EDA and IBZ-PHDA, recorded at room temperature
over the range of 500-3000 cm™'. Characteristic benzoxazine
ring vibrations were observed at 915, 1112, and 1226 cm™! for
IBZ-EDA, and at 923, 1064, and 1228 cm~' for IBZ-PHDA, corre-
sponding to C—O—C asymmetric stretching, C—N—C stretch-
ing, and oxazine ring modes, respectively.”! In addition, the
imide functionality was confirmed by the presence of two char-
acteristic carbonyl stretching bands, attributed to asymmetric
and symmetric C=0 vibrations, at 1768 and 1721 cm' for IBZ-
EDA, and at 1774 and 1712 cm™ for IBZ-PHDA. The positions
and intensities of these bands were in good agreement with
previously reported data for imide-based benzoxazine
monomers, confirming the successful formation of the target
structures.l'3%

IBZ-EDA

IBZ-PHDA

Transmittance

3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3 Transmittance representative FTIR spectra of IBZ-EDA and
IBZ-PHDA monomers.

Mass Spectrometry (MS) for Structural
Characterization of IBZ-EDA and IBZ-PHDA

The chemical structures of the target monomers were further
confirmed by mass spectrometry (MS) analysis. The MS spec-
trum of IBZ-EDA (Fig. S8 in ESI) exhibits a prominent molecular
ion peak at m/z=609.17, corresponding to the sodium adduct
[M + Na] * detected in positive-mode ESI-MS, which is consis-
tent with the proposed molecular formula Cs,H,sN,O¢Na.*®!
Similarly, the MS spectrum of IBZ-PHDA (Fig. S9 in ESI) displays
a prominent molecular ion peak at m/z=673.15, attributed to
the potassium adduct [M+K]*, in agreement with the expected
molecular formula C3gH,6N4O¢K. The close match between the
observed and calculated mass values confirmed the successful
synthesis of both target compounds. Additionally, the fragment
peaks observed at lower m/z values are consistent with the ex-

pected fragmentation patterns of the molecular frameworks,
providing further support for the proposed structures.

High-resolution mass spectra were acquired with excellent
mass accuracy. For IBZ-EDA, the observed m/z of 609.17446
for the sodium adduct [M+Na]* matches the calculated value
of 609.17446 for C34H,N4NaOg, with a mass error of 0.0 ppm.
For IBZ-PHDA, the observed m/z of 673.14839 for the potassi-
um adduct [M+K]* matches the calculated value of 673.14839
for C3gH,6N4KOg, also with a mass error of 0.0 ppm. These
mass errors were well within the accepted tolerance (<5 ppm)
for high-resolution mass spectrometry, confirming the high
accuracy of the measurements. Furthermore, the experimen-
tal isotope patterns for both adduct ions were in excellent
agreement with the theoretical isotopic distributions calculat-
ed for the proposed molecular formulas, providing additional
confirmation of the elemental composition.

Elemental analysis was performed for both monomers to
provide an independent assessment of purity. For IBZ-EDA
(C34H56N,40g): calculated C, 69.61%; H, 4.47%; N, 9.55%; found
C, 69.48%; H, 4.52%; N, 9.48%. For IBZ-PHDA (C35H,sN,0¢):
calculated C, 71.91%; H, 4.13%; N, 8.83%; found C, 71.82%; H,
4.18%; N, 8.76%. The excellent agreement between the calcu-
lated and found values confirms the high purity of both
monomers and supports the proposed molecular formulas.

Thermal Polymerization of IBZ-EDA and IBZ-PHDA
The polymerization behavior of the target imide-functionalized
benzoxazines, IBZ-EDA and IBZ-PHDA, were investigated us-
ing DSC and FTIR. Fig. 4(a) shows the DSC thermograms of IBZ-
EDA at different curing stages (uncured, 110, 150, 170 and
200 °C). The uncured sample exhibits a distinct exothermic peak
at approximately 189 °C, corresponding to the ROP of the ox-
azine moiety. As the curing temperature increased, this
exothermic peak progressively reduced and completely disap-
peared at 150 °C, indicating full conversion of the monomer in-
to a crosslinked polymer network. Notably, the observed poly-
merization temperature was lower than that of conventional
benzoxazine systems, a feature attributed to the ethylenedi-
amine bridge within the molecular structure.*”!

The short aliphatic chain of ethylenediamine brings the ox-
azine rings into close spatial proximity, promoting the forma-
tion of intra- and inter-molecular hydrogen bonds between
the amine groups and oxygen or nitrogen atoms of the ox-
azine rings. These hydrogen-bonding interactions weaken
the oxazine ring, thereby reducing the activation energy re-
quired for ring-opening and enabling polymerization at low-
er temperatures. This behavior is consistent with previous
studies of diamine-based benzoxazines, where ethylenedi-
amine, the shortest diamine chain, exhibited an exceptional-
ly low onset polymerization temperature, as determined by
DSC.59 The absence of any further exothermic transitions
confirmed the complete polymerization and formation of a
thermally stable poly(imide-benzoxazine) network.

Fig. 4(b) presents the FTIR spectra of IBZ-EDA recorded at
different curing temperatures (25, 100, 150 and 200 °C). The
spectrum of the uncured monomer displays characteristic
benzoxazine absorption bands at 1231 cm~! (C—O—C asym-
metric stretching), 952 and 1180 cm~' (oxazine ring vibra-
tions), and in the region 1335-1350cm~! (N—CH,—O link-
age).b These characteristic peaks gradually decreased in in-
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tensity and completely disappeared upon heating to 150 °C,
indicating the occurrence of ROP and the formation of a
cross-linked polybenzoxazine network.

It should be noted that while the disappearance of the
characteristic benzoxazine FTIR bands and the DSC exotherm
confirmed the occurrence of ring-opening polymerization
and crosslinking, the exact three-dimensional network topol-
ogy could not be unambiguously determined from these da-
ta alone. Therefore, the structures depicted in Scheme 1 are
schematic representations of the proposed phenolic Man-
nich-type network, consistent with the established polymer-
ization mechanism of benzoxazines.

The polymerization behavior of IBZ-PHDA was similarly in-
vestigated using DSC and FTIR (Fig. 5). Fig. 5(a) shows the DSC
thermograms recorded at various curing temperatures
(25-250°C), revealing a prominent exotherm in the range
247-257 °C, attributed to benzoxazine ROP. The higher rigidi-
ty and aromatic content of the para-phenylenediamine moi-
ety increase the activation energy required for ROP. The more
rigid aromatic structure restricts molecular mobility, thereby
elevating the polymerization temperature compared with the
more flexible ethylenediamine (EDA) linker in IBZ-EDA.3252
The intensity of this exotherm decreased with increasing tem-
perature and fully disappeared above 200°C, confirming
complete crosslinking. This finding is further supported by
the FTIR spectra (Fig. 5b), in which the characteristic benzox-
azine absorption bands (e.g., the bands at about 923 and
1228 cm™") disappear after curing, while a broad O—H
stretching band emerges at approximately 3200 cm~'. These
changes confirmed the successful ROP and formation of the
cross-linked Poly(IBZ-PHDA) network.
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To quantitatively evaluate the polymerization progress, the
degree of conversion at each pre-curing temperature was de-
termined by integrating the residual curing enthalpy from the
DSC thermograms using the uncured monomer as the refer-
ence (0% conversion). For IBZ-EDA, the conversion reached
42.1% at 100 °C, 87.7% at 150 °C, and 100% at 200 °C. For IBZ-
PHDA, the conversion was 7.1% at 100 °C, 28.6% at 150 °C,
73.8% at 200 °C, and 100% at 250 °C. These results confirmed
that complete polymerization was achieved at 200 °C for IBZ-
EDA and at 250 °C for IBZ-PHDA.

The conversion was further verified by quantitative FTIR
analysis, in which the characteristic benzoxazine band at
about 1230 cm~' (C—O—C asymmetric stretching) was nor-
malized against the imide C=0 band at about 1720 cm~" as
an internal reference. For IBZ-EDA, FTIR-derived conversion
values were 40.5% at 100 °C, 85.2% at 150 °C, and 100% at
200 °C. For IBZ-PHDA, the conversion was 6.8% at 100 °C,
26.5% at 150 °C, 71.2% at 200 °C, and 100% at 250 °C. The
FTIR-derived conversion values were in excellent agreement
with the DSC results, confirming the reliability of both meth-
ods and providing strong quantitative evidence for complete
polymerization upon completion of the respective curing
protocols.

Thermal Stability of IBZ-EDA and IBZ-PHDA at
Elevated Temperatures
The thermal degradation behaviors of IBZ-EDA and IBZ-PHDA
were investigated by TGA under a nitrogen atmosphere. Figs.
6(a) and 6(b) show the TGA curves of IBZ-EDA and IBZ-PHDA,
respectively, after thermal curing at various temperatures (25,
100, 150, 200, and 250 °C).

As shown in Fig. 6(a), the IBZ-EDA samples exhibited a pro-
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Fig.4 Polymerization behavior of IBZ-EDA investigated by (a) DSC and (b) FTIR at different temperatures.
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Fig.5 Polymerization behavior of IBZ-PHDA investigated by (a) DSC and (b) FTIR at different temperatures.
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Fig.6 Thermal degradation behavior investigated by TGA for (a) IBZ-EDA and (b) IBZ-PHDA at different temperatures.

gressive shift in the weight-loss profiles toward higher tem-
peratures with increasing curing temperature, indicating en-
hanced thermal stability. The uncured sample (25 °C) begins
to decompose at a relatively low temperature, whereas sam-
ples cured at elevated temperatures show delayed degrada-
tion, attributed to the formation of a more extensively
crosslinked and thermally stable polymeric network.>3!

Similarly, the IBZ-PHDA system (Fig. 6b) displayed the
same trend, but with an overall higher thermal stability com-
pared to IBZ-EDA. samples cured at 200 and 250 °C degrad-
ed at considerably higher temperatures, and their residual
char yields at 800 °C increased accordingly, reflecting the
greater rigidity and aromatic content of the para-phenylene-
diamine-based structure.

This behavior confirms that the thermal treatment pro-
motes further polymerization and ring formation, resulting in
a denser and more compact network with enhanced resis-
tance to thermal decomposition. The superior thermal stabili-
ty of the IBZ-PHDA system is attributed to its aromatic di-
amine structure, which imparts greater rigidity and thermal
resistance than the aliphatic diamine in IBZ-EDA. This obser-
vation aligns with previous reports, indicating that aromatic
diamine-based benzoxazines yield polymers with high ther-
mal stability and char yields, whereas chain ends, which are
more prevalent in aliphatic systems, serve as initiation sites
for thermal degradation.>3!

Tables 1 and 2 summarize the key thermal parameters de-
rived from the TGA data for the IBZ-EDA and IBZ-PHDA sys-
tems at various curing temperatures. These parameters in-
clude the temperatures corresponding to 5% and 10% weight
loss (Ts and Tyy), the char yield at 800 °C, and the calculated

Table 1 Thermal parameters derived from TGA thermograms of IBZ-
EDA.

Temperature Tas Ta10 cy LOI
Q) Q) Q (%)
Uncured 191 241 44 35.1
100 248 293 45 355

150 296 324 44 35.1

200 300 327 51 379

250 380 417 65 431

Tys and Ty, represent the temperatures at which 5% and 10% weight loss
occur, respectively. The char yield (CY) was measured at 800 °C, while the
limiting oxygen index (LOI) was calculated according to this equation:
LOI=17.5 + 0.4(CY).

Table 2 Thermal parameters derived from TGA thermograms of IBZ-
PHDA.

Temperature Tys Ta10 oy LOI
(°Q) Q) Q) (%)
Uncured 160 222 41 339
100 215 235 27 27.9

150 275 298 53 382

200 464 531 75 47.1

250 489 559 79 49.1

Tys and Ty, represent the temperatures at which 5% and 10% weight loss
occur, respectively. The char yield (CY) was measured at 800 °C, while the
Limiting Oxygen Index (LOI) was calculated according to this equation:
LOI=17.5 + 0.4(CY).

limiting oxygen index (LOI) values. Flame-retardant perfor-
mance was evaluated using the char yield at 800 °C, and the
LOI was calculated according to the Van Krevelen-Hoftyzer
equation.l>4

LOI = 17.5 + 0.4 (CY) 1

For the IBZ-EDA system, both T; and T,, increase progres-
sively from 191 and 241 °C for the uncured sample to 380 and
417 °C for the sample cured at 250 °C, respectively. The char
yield also increased from 44% to 65%, corresponding to an
improvement in LOI from 35.1% to 43.1%. These results
demonstrate a clear enhancement in both thermal stability
and flame resistance as the curing temperature increased.
These findings are consistent with recent studies reporting
that high char yields in PBZ systems are correlated with out-
standing thermal stability and excellent flame retardancy, in-
cluding the V-0 classification.[>5]

In the case of IBZ-PHDA, this improvement was even more
pronounced. The Ts and T,, values increase from 160 and
222 °C for the uncured sample to 489 and 559 °C after curing
at 250 °C. Similarly, the char yield reached 79% at 250 °C, cor-
responding to an LOI value of 49.1%. These results demon-
strate that IBZ-PHDA exhibits superior thermal and flame-re-
tardant properties compared with IBZ-EDA, which is attribut-
ed to its more rigid aromatic structure and the formation of a
highly crosslinked polymeric network upon curing. These val-
ues are notably higher than those reported for conventional
PBZs, which typically exhibit T;q values in the range of
400-450 °C and char yields of 50%-60% at 800 °C.[>6-58] The
aromatic core structure contributes to a more compact and
thermally stable network, thereby enhancing resistance to
thermal degradation.[>8
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Examination of the TGA profiles revealed that both poly-
mers underwent a multi-stage degradation process. The first
degradation stage, occurring in the range of 300-450 °C for
Poly(IBZ-EDA) and 450-550 °C for Poly(IBZ-PHDA), was at-
tributed to the decomposition of the Mannich bridges and
cleavage of the less stable aliphatic or aromatic linkages with-
in the polybenzoxazine network. The second degradation
stage, occurring in the range of 450-600 °C for Poly(IBZ-
EDA) and 550-700 °C for Poly(IBZ-PHDA), corresponds to
the degradation of the thermally robust imide and aromatic
moieties, which are responsible for the high char yields ob-
served. The higher degradation temperatures and greater
char-forming ability of Poly(IBZ-PHDA) were attributed to its
higher aromatic content and greater crosslink density, which
enhanced the thermal stability of the material.

The remarkably high LOI value of 49.1% achieved in this
study was primarily attributed to the incorporation of imide
and aromatic moieties within the benzoxazine framework.
These rigid, thermally stable units significantly enhanced the
thermal stability and char-forming ability of the material. This
finding aligns with recent studies on nitrogen-containing het-
erocyclic PBZ systems, in which imidazole-core structures
demonstrated enhanced flame retardancy, achieving char
yields of 65% and LOI values of 49.1% by forming protective
char layers during combustion.[>*]

It is noteworthy, the char yield of IBZ-PHDA after treatment
at 100 °C (26%) was lower than that of the uncured sample
(41%). This anomaly arises from partial curing at this tempera-
ture, at which the benzoxazine rings are only minimally
opened (7.1% conversion, as determined by DSC). The Ther-
mal treatment at 100 °C is sufficient to volatilize residual sol-
vent, unreacted monomers, and low-molecular-weight
species that have not yet been incorporated into the
crosslinked network, resulting in a transient reduction in
residual char upon pyrolysis. As the curing temperature in-
creased to 150 °C and beyond, the degree of crosslinking im-
proved substantially, resulting in a significant enhancement
of char yield (51% at 150 °C, 74% at 200 °C, and 79% at 250
°C). This behavior confirms that the thermal stability im-
proves continuously with increasing curing temperature once
a sufficient degree of network formation has been achieved.

The exceptionally high Ty;o (559 °C) and LOI (49.1%) values
exhibited by Poly(IBZ-PHDA) warrant a detailed analysis of
the structural features contributing to this outstanding per-
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— IBZ-PHDA
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formance. This exceptional performance arises from a syner-
gistic combination of several structural features. (i) High
imide density: the presence of two phthalimide groups per
repeating unit provides multiple thermally stable segments
that resist degradation and promote char formation upon py-
rolysis. (ii) High aromatic content: the rigid para-phenylene
linker introduced an additional aromatic ring, increasing the
total aromatic carbon content to 30 atoms per repeating unit.
The high aromaticity enhances the thermal stability through
strong C—C and C—N bonds and promotes the formation of
graphitic-like char structures during decomposition. (iii) Rigid
crosslinked network topology: the difunctional, rigid
monomer structure promotes the formation of a densely
crosslinked three-dimensional network with restricted molec-
ular mobility and reduced concentration of chain ends, which
are known initiation sites for thermal degradation. (iv) En-
hanced hydrogen bonding: ortho-phthalimide substitution
facilitates the formation of intramolecular hydrogen bonds
between phenolic and OH groups and imide carbonyl oxy-
gen atoms, creating a six-membered hydrogen-bonded ring
that further stabilizes the network.

The quantitative comparison between Poly(IBZ-PHDA)
and Poly(IBZ-EDA), which shares the same phthalimide and
benzoxazine units but contains a flexible aliphatic ethylenedi-
amine linker, reveals that the replacement of the flexible
aliphatic linker with the rigid aromatic PHDA linker improves
T410 by 142 °C, char yield by 14%, and LOI by 6%. This compar-
ison underscores the critical role of aromaticity and network
rigidity in determining the thermal stability and flame retar-
dancy.

XRD Investigation of Structural Ordering

XRD analysis was performed to investigate the structural char-
acteristics and ordering of the synthesized monomers and their
corresponding polymers. As shown in Fig. 7(a), the XRD pat-
terns of both monomers (IBZ-EDA and IBZ-PHDA ) displayed
several distinct, relatively sharp diffraction peaks in the 26 range
of approximately 10°-30° indicating a significant degree of
crystalline order in the monomeric state. These sharp reflec-
tions are attributed to the ordered molecular arrangement and
strong intermolecular interactions, including - stacking be-
tween the aromatic phthalimide and benzoxazine rings, and in-
termolecular hydrogen bonding,®® which promote efficient
molecular packing prior to polymerization. The presence of
multiple sharp peaks suggests a well-defined crystal lattice with
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—— Poly(IBZ-PHDA)
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Fig. 7 XRD patterns of (a) the synthesized monomers IBZ-EDA and IBZ-PHDA and (b) the corresponding cured polymers Poly(IBZ-EDA) and

Poly(IBZ-PHDA).
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specific intermolecular distances (d-spacings), which is consis-
tent with the high purity of the monomers, as confirmed by ele-
mental analysis and NMR.

Following thermal curing and ring-opening polymeriza-
tion, the XRD patterns of the resulting polymers, Poly(IBZ-
EDA) and Poly(IBZ-PHDA), exhibited profound transforma-
tions (Fig. 7b). Both polymers displayed a broad diffraction
halo centered at approximately 26 of 18°-25°, which is char-
acteristic of amorphous polymeric materials.’"! The disap-
pearance of the sharp reflections observed in the monomer
patterns and the emergence of a broad halo confirmed the
loss of long-range crystalline order upon network formation.
This transition from a crystalline monomer to an amorphous
polymer is typical of crosslinked thermosetting systems, and
arises from the disruption of ordered molecular packing dur-
ing ring-opening polymerization. Random crosslinking, re-
stricted chain mobility, and three-dimensional network topol-
ogy prevent polymer chains from reordering into crystalline
domains.

Although both polymers were predominantly amorphous,
subtle differences were observed between them. Poly(IBZ-
EDA) exhibited a slightly broader halo, suggesting a more
uniform distribution of intermolecular distances within the
amorphous network. In contrast, the halo for Poly(IBZ-PH-
DA) was slightly narrower, and the background scattering
was somewhat higher, which may indicate the persistence of
a slightly higher degree of local ordering owing to the rigid
para-phenylene linker and higher aromatic content. The rigid,
rod-like nature of the para-phenylene linker promotes
stronger 7711 stacking interactions and more efficient local
packing of the aromatic units, even within the amorphous
network.53] Nevertheless, the absence of sharp diffraction
peaks confirms that the local ordering does not extend to
long-range crystalline domains.[62

These XRD results are consistent with the thermal proper-

ties of the polymers. The amorphous, highly crosslinked na-
ture of the networks contributes to their exceptional thermal
stability by restricting chain mobility and evenly distributing
thermal stress throughout the network.®3] The lack of long-
range crystalline order, combined with the high crosslink
density, explains the remarkable Ty, values and high char
yields observed for both polymers, particularly Poly(IBZ-PH-
DA).

Microstructural Morphology of Poly(IBZ-EDA) and
Poly(IBZ-PHDA)

The surface and fracture morphologies of the cured imide-func-
tionalized PBZs, Poly(IBZ-EDA) and Poly(IBZ-PHDA), were in-
vestigated by SEM, as shown in Fig. 8. Prior to SEM observation,
the coated samples were dried under ambient conditions,
mounted on aluminum stubs using conductive carbon tape,
and sputter-coated with a thin platinum layer to improve the
surface conductivity and minimize charging effects during
imaging. SEM micrographs reveal brittle fracture characteristics
typical of highly crosslinked thermosetting polymers.[546%!

Both materials exhibited dense layered lamellar structures
with parallel ridge-like and periodic wrinkle patterns. The ob-
served wrinkle morphology was attributed to the shrinkage
and stress-relaxation processes occurring during solvent
evaporation and film formation. As the coating layer con-
tracts during drying and curing, a mismatch between the di-
mensional changes of the polymer coating and the underly-
ing substrate generates compressive stresses, which are re-
lieved by the formation of wrinkle-like surface features. Simi-
lar morphologies have been reported for PB-based and hy-
brid thermosetting coating systems. Poly(IBZ-EDA) exhibit-
ed a relatively smooth, compact morphology with uniform
fracture planes and minimal microvoids, suggesting homoge-
neous crosslinking and robust network integrity. The dense
and continuous surface further indicates efficient chain pack-

Fig.8 SEM images showing the surface morphology of (a—c) Poly(IBZ-EDA) and (d-f) Poly(IBZ-PHDA) at different magnifications.
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ing and strong intermolecular interactions, which restrict
chain mobility and contribute to the enhanced thermal stabil-
ity.¢ In contrast, Poly(IBZ-PHDA) exhibits a rougher frac-
ture surface with visible microcracks and localized debris. This
morphology is attributed to the higher rigidity and aromatic
nature of the PHDA segment, which increases the internal
stress during curing and cooling, thereby promoting a more
pronounced brittle fracture behavior. The increased back-
bone rigidity also facilitates stress concentration, resulting in
microstructural irregularities.’®’] Overall, SEM observations
confirmed the formation of densely crosslinked imide-ben-
zoxazine thermoset networks. The morphological differences
between the two polymers arise primarily from the structural
characteristics of the diamine segment, which influence chain
packing, network rigidity, stress development, and ultimately,
the thermal and mechanical performance of the resulting PBZ
materials.

The SEM micrographs revealed distinct morphological dif-
ferences between the two polymers, arising from the funda-
mentally different molecular architectures of the bridging
units. Poly(IBZ-EDA), bearing a flexible ethylenediamine link-
er, exhibited a relatively smooth, compact, and uniform sur-
face with homogeneous fracture planes and minimal mi-
crovoids. This morphology suggests efficient chain packing
and strong intermolecular interactions, which restrict chain
mobility and contribute to the enhanced thermal stability.
The flexible aliphatic linker allows greater molecular mobility
during curing, facilitating stress relaxation and reducing the
buildup of internal stresses, which would otherwise lead to
surface irregularities.

In contrast, Poly(IBZ-PHDA) bearing a rigid para-pheny-
lene linker exhibited a denser but rougher fracture surface
with visible microcracks and localized debris. This morpholo-
gy is attributed to the greater rigidity and aromatic nature of
the PHDA segment, which increases the internal stress dur-
ing curing and cooling, thereby promoting more pro-
nounced brittle fracture behavior. The increased backbone
rigidity also facilitated stress concentration, resulting in mi-
crostructural irregularities.

The denser surface observed for Poly(IBZ-PHDA) arises
from several interrelated factors. First, the rigid para-pheny-
lene linker promoted the formation of a more densely
crosslinked network, as evidenced by the significantly higher
char yield (79% versus 64%) and thermal stability (T4, of 559
°C versus 417 °C) of Poly(IBZ-PHDA) compared to Poly(IBZ-
EDA). Second, the high aromatic content facilitates 77— stack-
ing interactions and extensive hydrogen bonding between
the phenolic and OH groups and imide carbonyl oxygen
atoms, tertiary amine nitrogen atoms, and ether oxygen
atoms. These intermolecular interactions act as physical
crosslinks that pull the polymer chains into closer proximity,
increasing the overall packing density. Third, the restricted
chain mobility imposed by the rigid aromatic linker reduced
the free volume within the polymer matrix, resulting in a
more compact and tightly packed network. In contrast, the
flexible ethylenediamine linker in Poly(IBZ-EDA) allows
greater chain mobility and conformational freedom, increas-
ing the free volume and reducing the packing efficiency,
which manifests as a less dense but smoother surface mor-

phology.
Photophysical Properties

UV-visible absorption and excitation spectral properties of
IBZ-EDA and IBZ-PHDA in DMF solution

The electronic absorption properties of IBZ-EDA and IBZ-PH-
DA were investigated in DMF at concentrations ranging from
10 mol/L to 10 mol/L, and the corresponding spectra are
presented in Figs. 9(a) and 9(b). Both monomers exhibit two
characteristic absorption bands centered at approximately 260
and 283 nm, indicating that the fundamental electronic transi-
tions are governed by similar chromophoric units despite the
different bridging groups connecting the benzoxazine moieties.
The observed absorption features were primarily attributed to
mT—7T* transitions within the aromatic benzoxazine and phthal-
imide segments, with possible contributions from the n—m*
transitions associated with the carbonyl groups of the imide
functionalities. The coexistence of electron-rich benzoxazine
rings and electron-deficient phthalimide units creates a molecu-
lar framework that supports localized excited states and partial
intramolecular charge redistribution upon photoexcitation.

For IBZ-EDA, the absorption intensity increases systemati-
cally with concentration, reaching absorbance values of ap-
proximately 2.2 and 1.3 at 283 and 260 nm, respectively, at
10-4 mol/L. At 10~ mol/L, these values decrease to approxi-
mately 1.0 and 0.6, while further dilution to 10-6 mol/L results
in absorbances of about 0.12 and 0.15. A similar concentra-
tion-dependent trend was observed for IBZ-PHDA, although
the relative intensity distribution of the two absorption bands
differed slightly. At 10-* mol/L, absorbance values of approxi-
mately 1.3 and 1.2 are observed at 283 and 260 nm, respec-
tively, decreasing to 0.9 and 0.6 at 10~> mol/L and to 0.6 and
0.4 at 1076 mol/L. Importantly, neither monomer exhibits ap-
preciable absorption above approximately 325 nm, indicat-
ing that the lowest-energy electronic transitions remain con-
fined to the ultraviolet region and that any visible emission
observed in subsequent fluorescence measurements may
originate from relaxation processes occurring after excitation
into these higher-energy electronic states.

Although both compounds possess identical terminal ph-
thalimide substituents and benzoxazine units, subtle differ-
ences in their absorption profiles can be rationalized by the
nature of the bridging linkers. In IBZ-EDA, the flexible ethy-
lene spacer electronically isolates the two benzoxazine-ph-
thalimide segments to a greater extent, resulting in transi-
tions that are predominantly localized within individual aro-
matic subunits. In contrast, IBZ-PHDA contains a rigid para-
phenylene bridge that increases molecular rigidity and en-
hances through-bond electronic communication between
aromatic fragments. The resulting increase in the electronic
delocalization can alter the transition probabilities and oscil-
lator strengths, accounting for the observed differences in
the absorption intensity and band distribution between the
two monomers.

To assess the linearity of the concentration-dependent ab-
sorbance, molar absorptivity values were calculated at both
absorption maxima across the investigated concentration
range. For IBZ-EDA, the molar absorptivity at 283 nm de-
creased from 1.20 x 10° L/(mol-cm) at 10-% mol/L to 1.00x10°
L/(mol-cm) at 10~> mol/L and further to 2.20x10% L/(mol-cm)

https://doi.org/10.1007/510118-026-3833-0


https://doi.org/10.1007/s10118-026-3833-0
https://doi.org/10.1007/s10118-026-3833-0
https://doi.org/10.1007/s10118-026-3833-0
https://doi.org/10.1007/s10118-026-3833-0
https://doi.org/10.1007/s10118-026-3833-0
https://doi.org/10.1007/s10118-026-3833-0
https://doi.org/10.1007/s10118-026-3833-0

12 Mahdy, A. et al./ Chinese J. Polym. Sci.

a IBZ-EDA
——10*mol/L
——10 mol/L
——10% mol/L

Absorbance (a.u)

200 250 300 350 400 450 500
Wavelength (nm)

10k C IBZ-EDA (A.)

= —350nm

] —375nm
L) -
> 08 —400 nm
2 06l

S 0.
E
T 04r
XN
©

€ 02}

(e}
b4

0 L

220 240 260 280 300 320 340 360 380 400
Wavelength (nm)

25
b IBZ-PHDA
——10 "mol/L
2.0 _
—— 10 mol/L
——10 % mol/L

-
n

Absorbance (a.u)
P

0.5

200 250 300 350 400 450 500
Wavelength (nm)

10k d IBZ-PHDA (A.,\)
—_ —350 nm
2 08 —375nm
E S —400 nm
2 06k
g 0.

E
E 041
©
E 02}
<}
zZ

0 L

220 240 260 280 300 320 340 360 380 400
Wavelength (nm)

Fig. 9 (a) UV-Vis absorption spectra of IBZ-EDA in DMF solution at concentrations of 107, 107>, and 107 mol/L; (b) UV-Vis absorption spectra of
IBZ-PHDA in DMF solution at the same concentration range; (c) Excitation spectra of IBZ-EDA (10> mol/L in DMF) recorded at emission
wavelengths (A,,,,) of 350, 375, and 400 nm; (d) Excitation spectra of IBZ-PHDA (107> mol/L in DMF) under the same emission conditions.

at 10~ mol/L, indicating deviations from the Beer-Lambert
law at higher concentrations. A similar trend was observed for
IBZ-PHDA, where the molar absorptivity at 283 nm de-
creased from 6.00 x 10> L/(mol-cm) at 10-6 mol/L to 9.00x10*
L/(mol-cm) at 10> mol/L and 1.30x10* L/(mol-cm) at 104
mol/L. These deviations are primarily attributed to inner filter
effects and ground-state aggregation at higher concentra-
tions, where the elevated absorbance values (A>2.0) and in-
creased molecular proximity promote intermolecular interac-
tions that alter electronic transition probabilities. Importantly,
the photoluminescence measurements were predominantly
conducted at 10> and 10-¢ mol/L, where the absorbance re-
mains within a more reliable range, ensuring that the ob-
served emission behavior reflects the intrinsic properties of
the monomers.

To obtain further insight into the emissive states populat-
ed after photoexcitation, excitation spectra were recorded for
both monomers at an intermediate concentration of 10-3
mol/L while monitoring emission at 350, 375, and 400 nm
(Figs. 9c and 9d). In both systems, the excitation spectra dif-
fered significantly from the corresponding absorption spec-
tra and exhibited multiple peaks and shoulders distributed
throughout the 250-300 nm region. Nevertheless, all excita-
tion profiles consistently exhibit prominent features in the
260-270 nm and 280-290 nm ranges, which coincide with
the principal absorption bands observed in the UV-visible
spectra. This correspondence confirms that excitation into
these electronic transitions directly contributes to the forma-
tion of the emissive excited states.

A notable feature of excitation measurements is the pro-
nounced dependence of the spectral shape on the moni-
tored emission wavelength. The relative intensities of the in-
dividual excitation bands change substantially as the emis-
sion wavelength is shifted from 350 nm to 400 nm, and the
enhanced contributions from longer-wavelength excitation
components become increasingly evident at higher emission
wavelengths. This behavior indicates that the fluorescence
does not originate from a single homogeneous excited-state
population. Instead, the results suggest the presence of mul-
tiple emissive species or excited-state conformations possess-
ing distinct excitation-emission relationships. This phe-
nomenon is commonly associated with heterogeneous excit-
ed-state distributions, conformational diversity, or coexis-
tence of locally excited and charge-transfer-like states within
complex aromatic systems.

The deviation between the absorption and excitation spec-
tral profiles provides additional evidence that the excited-
state dynamics of these monomers are more complex than
those expected for simple molecular fluorophores. If the
emission originated from a single emissive center, the excita-
tion spectra would closely resemble the absorption spectra
regardless of the monitored emission wavelength. Therefore,
the observed wavelength-dependent excitation behavior
suggests a selective population of different emissive states,
depending on the excitation energy and detection wave-
length. Considering the molecular structures of IBZ-EDA and
IBZ-PHDA, this behavior may arise from variations in the elec-
tronic coupling between the benzoxazine, phthalimide, and
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bridging units, leading to multiple relaxation pathways and
distinct emissive environments in solution.

Although the absorption spectra show negligible ab-
sorbance above 325 nm, there is weak absorption, although it
is not readily visible in the conventional spectra, owing to its
low oscillator strength, which is consistent with the existence
of low-probability electronic transitions or vibrationally hot
transitions that can be populated upon excitation at longer
wavelengths. The excitation spectra (Figs. 9c and 9d) provide
further evidence for these weak absorption states, as the
emission monitored at longer wavelengths (e.g., 400 nm) ex-
hibited contributions from the excitation components in the
280-290 nm region and showed a tail extending toward
longer wavelengths. These observations confirmed that the
emission observed upon excitation at 350, 375, and 400 nm
may arise from the genuine, albeit weak, absorptive states of
the monomers.

Furthermore, the stronger wavelength dependence ob-
served in the excitation spectra implies that structural flexibil-
ity and local molecular organization may influence the excit-
ed-state evolution, even in dilute solutions. The presence of
several heteroatom-rich functionalities, including imide car-
bonyl groups, tertiary amine centers, and ether linkages, facil-
itates the formation of different excited-state configurations
through intramolecular electronic interactions. Consequently,
the photoluminescence of these monomers is expected to
exhibit excitation-dependent characteristics, which will be
further examined through the emission studies presented in
the following section.

Notably, the PL measurements used for the excitation-de-
pendent emission analysis were conducted predominantly at
10-5 mol/L, where the absorbance at the excitation wave-
lengths (350, 375, and 400 nm) was negligible. Under these
conditions, the inner filter effects and reabsorption did not
significantly affect the PL measurements. For the PL measure-
ments at 104 mol/L, a triangular (front-face) fluorescence cell
was employed to minimize inner-filter effects and reabsorp-
tion. High-concentration measurements were included to
demonstrate concentration-dependent spectral evolution,
but quantitative interpretation of these data should consider
potential inner-filter effects.

The variation in molar absorptivity with concentration may
arise from a combination of factors, including inner-filter ef-
fects at high absorbance values, molecular aggregation
through m-m stacking interactions, and instrumental limita-
tions at absorbance values exceeding 2.0. Although aggrega-
tion is a plausible explanation for the observed changes, fur-
ther experimental evidence is required to definitively confirm
the presence of aggregates.

Photoluminescence properties of the monomers in DMF
solution

The fluorescence behavior of IBZ-EDA and IBZ-PHDA was in-
vestigated in DMF through concentration-dependent and exci-
tation-dependent emission measurements, and the results are
summarized in Fig. 10. The emission characteristics revealed a
pronounced dependence on both the molecular concentration
and the excitation wavelength, indicating the coexistence of
multiple emissive states arising from the complex electronic
structures of these imide-functional benzoxazine monomers.

The concentration-dependent emission spectra of IBZ-EDA
recorded at A,,=350 nm (Fig. 10a) exhibit notable spectral
evolution as the concentration increases from 106 mol/L to
104 mol/L. At the lowest concentration (10 mol/L), the
emission was dominated by a broad band extending from ap-
proximately 370 nm to 500 nm, with a principal maximum lo-
cated at 412 nm, accompanied by two additional peaks at
393 and 435 nm of comparable intensity. The presence of
several closely spaced emission maxima suggests the exis-
tence of multiple radiative relaxation pathways originating
from the distinct excited-state configurations. Upon increas-
ing the concentration to 10-> mol/L, the same principal emis-
sion maximum at 412 nm was retained; however, the fea-
tures at 393 and 435 nm evolved into less pronounced shoul-
ders, indicating increased electronic communication among
the molecular species in solution. Simultaneously, a second
broad emission band emerged within the 500-600 nm re-
gion. Further increasing the concentration to 10~ mol/L re-
sults in a more simplified short-wavelength emission profile
dominated by the 412 nm band with a weaker secondary
peak around 425 nm, while the long-wavelength emission
component becomes substantially more intense. The pro-
gressive enhancement of the longer-wavelength emission
with increasing concentration strongly suggests the forma-
tion of emissive associated species, likely arising from inter-
molecular interactions involving aromatic benzoxazine and
phthalimide units. This behavior is consistent with the gener-
ation of aggregated excited states, excimer-like species, or
cluster-induced emissive domains, which become increasing-
ly populated at higher concentrations.

A similar concentration-dependent trend was observed for
IBZ-PHDA (Fig. 10b), although notable differences were ob-
served because of the more rigid para-phenylene bridge con-
necting the benzoxazine units. At 10-* mol/L, IBZ-PHDA ex-
hibits a distinct dual-emission profile consisting of a short-
wavelength band centered near 412 nm and a second broad
emission centered at approximately 550 nm. The appearance
of a well-developed long-wavelength band indicates -effi-
cient formation of lower-energy emissive states at elevated
concentrations. In contrast, the spectra recorded at 10-> and
1076 mol/L are characterized primarily by two emission maxi-
ma at approximately 393 and 412 nm together with a broad
tail extending toward longer wavelengths. Although this
long-wavelength tail was present at both concentrations, its
intensity was significantly greater at 10-> mol/L than at 1076
mol/L, again indicating a concentration-dependent contribu-
tion from intermolecularly generated emissive species.

The emergence and growth of longer-wavelength emis-
sion components in both monomers suggest that fluores-
cence is not exclusively governed by isolated molecular excit-
ed states. The molecular structures contain multiple electron-
rich and electron-deficient functionalities, including benzox-
azine nitrogen atoms, ether oxygen atoms, and imide car-
bonyl groups, which can participate in through-space elec-
tronic interactions, even in solution. As the molecular proxim-
ity increases with concentration, these interactions may facili-
tate the formation of stabilized excited states possessing low-
er transition energies than the locally excited states responsi-
ble for the blue emission region. Therefore, the stronger de-
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Fig. 10 (a) Emission spectra of IBZ-EDA in DMF at concentrations of 107, 107°, and 107 mol/L recorded at A,=350 nm; (b) Emission spectra of
IBZ-PHDA in DMF at concentrations of 107, 107, and 107° mol/L recorded at A.,=350 nm; (c) Excitation-dependent emission spectra of IBZ-EDA
(107> mol/L in DMF) measured at A, of 265, 300, 350, 375, and 400 nm; (d) Excitation-dependent emission spectra of IBZ-PHDA (107> mol/L in DMF)
measured at A, of 265, 300, 350, 375, and 400 nm; (e) Corresponding CIE chromaticity coordinates of IBZ-EDA derived from the spectra shown in
Fig. 10(c) and (f) corresponding CIE chromaticity coordinates of IBZ-PHDA derived from the spectra shown in Fig. 10(d).

velopment of the long-wavelength band in concentrated so-
lutions provides compelling evidence for aggregation-assist-
ed excited-state relaxation.

This excitation-dependent emission behavior further sup-
ports the existence of multiple emissive centers. As shown in
Fig. 10(c), the emission spectra of IBZ-EDA (10 mol/L) under-
went significant changes upon varying the excitation wave-
length from 265 nm to 400 nm. Excitation at 265 and 300 nm
produces relatively similar emission profiles dominated by a

single short-wavelength emission band, indicating a prefer-
ential population of higher-energy locally excited states.
However, excitations at 350, 375, and 400 nm led to the ap-
pearance of dual-emission characteristics, accompanied by a
progressive increase in the intensity of the long-wavelength
region. The systematic enhancement of the lower-energy
emission component with increasing excitation wavelength
demonstrates the selective excitation of emissive states that
are not efficiently populated under higher-energy excitation
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conditions.

An even more pronounced excitation-wavelength depen-
dence was observed for IBZ-PHDA (Fig. 10d). Unlike IBZ-
EDA, the emission profiles of IBZ-PHDA displayed distinct
spectral shapes at each excitation wavelength, indicating a
higher degree of excited-state heterogeneity. As the excita-
tion wavelength increased, the contribution of the long-
wavelength emission region became progressively more sig-
nificant, which is consistent with the preferential population
of lower-energy emissive states. The rigid para-phenylene
linker in IBZ-PHDA likely promotes more efficient electronic
communication between the two benzoxazine-phthalimide
units, resulting in a broader distribution of excited-state con-
figurations, and consequently, stronger excitation-depen-
dent fluorescence behavior.

The flexible linker in IBZ-EDA and the rigid aromatic bridge
in IBZ-PHDA created different distributions of conformation-
al and electronic states, contributing to the observed differ-
ences in spectral evolution. The strong excitation depen-
dence, together with the non-superimposable excitation
spectra discussed previously, confirms that the fluorescence
in these systems may arise from multiple emissive species
rather than a single homogeneous excited-state population.

The excitation-dependent emission observed for both
monomers is consistent with the coexistence of locally excit-
ed (LE) states and more delocalized excited states that may
possess partial charge transfer characteristics. The phthalim-
ide groups acted as strong electron acceptors, whereas the
benzoxazine framework contained electron-rich donor sites.
Therefore, photoexcitation may generate excited states with
varying degrees of charge separation depending on the exci-
tation energy and molecular conformation. However, it
should be noted that the definitive assignment of the specif-
ic electronic nature of these states (e.g., intramolecular charge
transfer (ICT) versus excimer-like versus aggregate-associat-
ed) cannot be unambiguously determined from steady-state
PL measurements alone. Therefore, the proposed assign-
ments are presented as plausible interpretations that are con-
sistent with the available data, rather than as definitive con-
clusions. Additional spectroscopic techniques, including
time-resolved photoluminescence, solvent-polarity-depen-
dent emission, and temperature-dependent measurements,
are required for more rigorous mechanistic assignment.

The PL spectra in Figs. 10(a) and 10(b) are presented in a
normalized form to facilitate the comparison of spectral
shapes. The actual emission intensities (in arbitrary units) in-
creased with increasing concentration, consistent with the
presence of concentration-dependent emissive species. How-
ever, it should be noted that normalized spectra do not allow
for the quantitative determination of relative quantum yields.
Absolute or relative PL quantum yield measurements are re-
quired to assess whether the emission efficiency increases
upon polymerization or with changes in the concentration.

The corresponding CIE chromaticity coordinates derived
from the excitation-dependent emission spectra are present-
ed in Figs. 10(e) and 10(f). For IBZ-EDA, the chromaticity coor-
dinates shift progressively from (0.16, 0.02) at 265 nm excita-
tion to (0.35, 0.46) at 400 nm excitation. This pronounced
movement across the CIE diagram reflects a substantial
change in emission color from deep blue to green-yellow as

lower-energy emissive states become increasingly dominant.
In contrast, IBZ-PHDA exhibited a moderate chromaticity
shift from (0.17, 0.01) at 265 nm to (0.26, 0.27) at 400 nm. Al-
though a clear red-shift in the emission color is still observed,
a smaller displacement indicates a comparatively narrower
distribution of emissive states. These differences highlight the
critical role of molecular architecture in controlling excited-
state relaxation pathways. The flexible ethylene linker in IBZ-
EDA appears to permit greater excited-state diversity and
stronger excitation-dependent color tunability, whereas the
rigid para-phenylene bridge in IBZ-PHDA imposes greater
structural constraints, leading to a more restricted chromatic
response.

The excitation-dependent shift in the apparent emission
maximum observed for IBZ-PHDA was attributed to changes
in the relative contributions of multiple emissive states rather
than to a direct shift of a single fluorescence band. The coex-
istence of locally excited and charge-transfer-like states, to-
gether with the excitation-selective population of different
emissive species, likely contributed to the observed spectral
evolution. As the excitation wavelength increased from 350
nm to 400 nm, the emission profile evolved systematically,
the long-wavelength emission component became progres-
sively more dominant, and the short-wavelength band dimin-
ished. This behavior arises from the selective population of
different excited-state conformations or configurations with-
in a heterogeneous ensemble. In the case of IBZ-PHDA, the
rigid para-phenylene linker restricts conformational relax-
ation, allowing excitation at longer wavelengths to preferen-
tially populate molecules that are already pre-organized in
geometries conducive to ICT from electron-rich benzoxazine
to electron-deficient phthalimide. Conversely, excitation at
shorter wavelengths results in a broader distribution of local-
ly excited (LE) and ICT states, yielding emission spectra with
contributions from both species. The systematic evolution of
the emission profiles and the corresponding CIE chromaticity
coordinates (Fig. 10f) confirmed that the observed spectral
changes reflected genuine photoluminescence from multi-
ple emissive states rather than experimental artifacts. This in-
terpretation is further supported by the concentration-de-
pendent emission behavior (Fig. 10b) and non-superimpos-
able excitation spectra (Fig. 9d), which collectively demon-
strate the coexistence of multiple emissive species with dis-
tinct excitation-emission relationships.

Overall, concentration-dependent and excitation-depen-
dent fluorescence studies demonstrated that both IBZ-EDA
and IBZ-PHDA possess complex excited-state landscapes in-
volving multiple emissive species. The observed dual-emis-
sion behavior, concentration-enhanced long-wavelength flu-
orescence, excitation-dependent spectral evolution, and sig-
nificant chromaticity modulation collectively indicate that in-
termolecular interactions and electronic communication be-
tween the benzoxazine and phthalimide units play central
roles in governing the photophysical behavior of these
monomers in solution.

Solid-state photoluminescence properties of IBZ-EDA and
IBZ-PHDA

To further elucidate the influence of molecular packing and in-
termolecular interactions on the photophysical behavior of the
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synthesized benzoxazine monomers, the solid-state photolumi-
nescence properties of IBZ-EDA and IBZ-PHDA in powder form
were investigated under different excitation wavelengths. The
resulting emission spectra and the corresponding CIE chro-
maticity coordinates are shown in Fig. 11. In contrast to the so-
lution-state measurements discussed previously, where molec-
ular species are largely isolated by the solvent environment, sol-
id-state spectra reflect the combined effects of molecular ag-
gregation, restricted intramolecular motions, through-space
electronic interactions, and crystal or amorphous packing ef-
fects.

As shown in Figs. 11(a) and 11(b), both IBZ-EDA and IBZ-
PHDA exhibit highly complex emission profiles in the solid
state. The spectra were characterized by broad, intense, and
excitation-dependent emission bands containing multiple
overlapping maxima and shoulders distributed across the vis-
ible region. Although the spectral shapes differ significantly
with the excitation wavelength, all emission profiles share a
common feature: the coexistence of two principal emissive
regions, one located in the shorter-wavelength region and a
second extending into the longer-wavelength visible region.
This dual-emission behavior is considerably more pro-
nounced than that observed in dilute solutions, indicating
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Fig. 11

that intermolecular interactions become increasingly impor-
tant upon transitioning to the condensed phase.

For IBZ-EDA, excitation at 280 nm generated a particularly
rich emission profile comprising multiple emissive compo-
nents (Fig. 11a). The spectrum contained two dominant maxi-
ma located at approximately 383 and 522 nm, together with
several less intense features centered near 363, 458, 485, and
497 nm. The appearance of numerous emission bands span-
ning a wide spectral range suggested the presence of multi-
ple radiative relaxation channels within the solid matrix. The
higher-energy emission centered in the blue-violet region is
likely associated with locally excited states that may originate
from individual benzoxazine-phthalimide segments, whereas
the lower-energy emission centered near 522 nm may arise
from intermolecularly stabilized excited states generated
through molecular clustering and electronic interactions
among neighboring chromophores. The simultaneous obser-
vation of these emissive components strongly suggests that
the excited-state landscape of IBZ-EDA became substantially
more heterogeneous in the solid state.

The strong excitation wavelength dependence observed in
the solid state is consistent with the presence of heteroge-
neous emissive domains arising from multiple molecular
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(a) Solid-state emission spectra of IBZ-EDA powder recorded at A, of 280, 300, and 325 nm; (b) Solid-state emission spectra of IBZ-PHDA

powder recorded at A, of 280, 300, and 325 nm; (c) Corresponding CIE chromaticity coordinates derived from the emission spectra of IBZ-EDA and
(d) corresponding CIE chromaticity coordinates derived from the emission spectra of IBZ-PHDA.
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packing arrangements and intermolecular interactions. The
higher-energy emission centered in the blue-violet region
was tentatively assigned to locally excited states originating
from individual benzoxazine-phthalimide segments, whereas
the lower-energy emission centered near 522 nm may arise
from intermolecularly stabilized excited states generated
through molecular clustering and electronic interactions
among neighboring chromophores. These assignments
should be considered as possible interpretations consistent
with the steady-state PL data, but definitive mechanistic con-
clusions would require additional spectroscopic validation,
including time-resolved and temperature-dependent mea-
surements.

The flexible ethylene bridge present in IBZ-EDA was ex-
pected to facilitate diverse molecular conformations and
packing arrangements within the powder sample. This con-
formational variability can generate a broad distribution of in-
termolecular distances and interaction strengths, leading to
the formation of multiple emissive microenvironments. The
resulting electronic heterogeneity provides a plausible expla-
nation for the large number of emission features observed in
the visible spectrum. Furthermore, the restriction of in-
tramolecular motions upon solidification may suppress non-
radiative relaxation pathways, thereby enhancing the contri-
bution of emissive states that remain weakly populated in the
solution.

A similar complex behavior was observed for IBZ-PHDA
(Fig. 11b), although the underlying origin is likely influenced
by its more rigid molecular architecture. The para-phenylene
linker imposes greater conformational rigidity and promotes
more efficient electronic communication between benzox-
azine-phthalimide units. Consequently, molecular packing in
the solid state is expected to be more ordered than that of
IBZ-EDA, potentially favoring stronger - interactions and
enhanced through-space conjugation between neighboring
molecules. The resulting excited-state manifold consisted of
multiple emissive species whose relative contributions varied
significantly with the excitation wavelength, producing dis-
tinct spectral profiles throughout the investigated excitation
range.

An important feature of both monomers is the strong exci-
tation wavelength dependence of the solid-state emission.
The inability to superimpose the emission spectra obtained at
different excitation wavelengths indicates that the fluores-
cence does not originate from a single emissive center. In-
stead, different excitation energies selectively populate dis-
tinct subsets of excited states, which subsequently relax via
different radiative pathways. This behavior is frequently ob-
served in systems containing heterogeneous emissive do-
mains and is commonly associated with cluster-based lumi-
nescence mechanisms, excitation-dependent fluorescence,
and through-space electronic coupling among heteroatom-
rich molecular fragments. Considering the abundance of car-
bonyl oxygen atoms, ether oxygen atoms, and nitrogen cen-
ters in both monomers, the formation of various clustered
electronic states in the solid phase is highly plausible.

Although the emission spectra of IBZ-EDA and IBZ-PHDA
exhibit certain similarities at specific excitation wavelengths
(e.g., 280 nm), these similarities arise from the common ph-

thalimide-benzoxazine chromophoric units that dominate
the electronic transitions in both compounds. The material-
dependent nature of the photophysical properties was evi-
dent when examining the full excitation-dependent evolu-
tion of the spectra. IBZ-EDA and IBZ-PHDA displayed dis-
tinct chromaticity trajectories (Figs. 11c and 11d) and differ-
ent responses to excitation wavelength changes, reflecting
the influence of the flexible ethylene versus rigid para-pheny-
lene linker on molecular packing, intermolecular interactions,
and excited-state relaxation pathways. The observed similari-
ties at selected excitation wavelengths do not undermine the
material dependence but rather highlight the contribution of
the common chromophoric framework to the emission.

The structured emission profiles observed in the solid state,
featuring multiple resolved maxima and shoulders, arise from
a combination of vibronic progression, molecular packing ef-
fects, and exciton coupling between neighboring chro-
mophores. The presence of multiple emissive bands reflects
the heterogeneous distribution of molecular conformations
and packing arrangements within the powder samples, which
is consistent with previous reports on luminescent polyben-
zoxazines. The observation of structured emission in the solid
state is a well-documented phenomenon in organic lumines-
cent materials, and does not indicate stray light artifacts. All
measurements were performed using long-pass filters in the
emission path to eliminate scattered excitation light.

The CIE chromaticity diagrams presented in Figs. 11(c) and
11(d) provide additional evidence of the remarkable excita-
tion-tunable emission characteristics of both compounds. For
IBZ-EDA, the chromaticity coordinates shift from (0.11, 0.33)
under 280 nm excitation to (0.22, 0.48) and (0.32, 0.47) under
higher excitation wavelengths. This progressive displace-
ment toward higher x and y values indicates a substantial in-
crease in the contribution of the longer-wavelength emission
components, resulting in a pronounced change in the per-
ceived emission color. The broad chromaticity range reflects
the coexistence of multiple emissive states with different
spectral signatures and demonstrates the high sensitivity of
the emission process to excitation energy.

A comparable trend is observed for IBZ-PHDA, whose
chromaticity coordinates evolve from (0.11, 0.14) at 280 nm
excitation to (0.17, 0.44) and ultimately (0.36, 0.47) at higher
excitation wavelengths (Fig. 11d). The larger chromaticity dis-
placement observed for IBZ-PHDA suggests that the rigid
aromatic linker facilitates a more efficient population of low-
er-energy emissive states upon selective excitation. This be-
havior is consistent with the enhanced electronic coupling
expected for the para-phenylene-bridged structure and sup-
ports the notion that molecular rigidity plays a critical role in
determining the excited-state evolution in these systems.

The pronounced excitation-dependent fluorescence and
broad chromaticity tunability observed for both monomers
highlight the important role of intermolecular interactions in
governing solid-state photophysical behavior. Relative to the
solution state, where emissions are dominated primarily by
isolated molecular species, the solid phase promotes the for-
mation of multiple emissive domains through molecular
packing and clustering effects. The coexistence of high-ener-
gy localized emission and lower-energy cluster-associated
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emission produces the observed dual-emission characteris-
tics and broad visible light coverage. These findings demon-
strate that the photophysical properties of IBZ-EDA and IBZ-
PHDA are strongly influenced by their molecular architecture
and solid-state organization, providing valuable insights into
the emission mechanisms operating within these imide-func-
tional benzoxazine systems.

The strong excitation-wavelength dependence and the
presence of multiple emission bands in the solid-state spec-
tra reflect the heterogeneous nature of the emissive domains
within the powder samples. This heterogeneity arises from
several packing and microstructural features.

(i) Conformational heterogeneity: the flexible ethylenedi-
amine linker in IBZ-EDA enables the molecule to adopt multi-
ple conformations in the solid state, ranging from folded
(where the two phthalimide-benzoxazine units are in close
proximity) to extended (where they are separated). Each con-
formation creates a distinct local environment for the chro-
mophores, resulting in different emission energies. For IBZ-
PHDA, the rigid para-phenylene linker imposes greater con-
formational constraints, but variations in intermolecular pack-
ing (e.g., slip angles, stacking geometries) still lead to hetero-
geneity. (ii) m-m stacking interactions: the abundant aromatic
rings in both monomers engage in extensive - stacking in-
teractions in the solid state. Different stacking geometries (H-
aggregates versus J-aggregates) and intermolecular dis-
tances lead to varying degrees of exciton coupling and elec-
tronic communication, creating a distribution of emissive
states with different energies. (iii) Hydrogen bonding net-
works: the heteroatom-rich molecular framework (imide car-
bonyl oxygen, ether oxygen, amine nitrogen, and phenolic
—OH groups) forms a complex hydrogen-bonding network
in the solid state. The diversity of hydrogen bond strengths
and geometries creates a wide range of local electronic envi-
ronments, each with distinct emission characteristics.

(iv) Coexistence of crystalline and amorphous domains: as
confirmed by XRD analysis (Fig. 7), the powder samples con-
tain both crystalline domains (ordered molecular packing)
and amorphous domains (disordered molecular packing). The
interfacial regions between these domains further contribute
to the heterogeneity. (v) Through-space electronic interac-
tions: the clustering of heteroatom-rich functionalities (car-
bonyl, ether, and amine groups) can facilitate through-space
electronic interactions, generating cluster-associated emis-
sive states with distinct excitation-emission relationships. (vi)
Microscale surface features: the wrinkle patterns observed in
the SEM images (Fig. 8) reflect microscale variations in stress
distribution and crosslink density, creating local environ-
ments with different packing arrangements and emission
properties.

Collectively, these factors generate a heterogeneous distri-
bution of the emissive domains within the solid matrix. Upon
excitation at different wavelengths, different subsets of these
domains are selectively populated, resulting in an excitation-
dependent emission behavior.

Solid-state photoluminescence properties of Poly(IBZ-EDA)
and Poly(IBZ-PHDA)

The photoluminescence properties of the thermally cured poly-
mers, Poly(IBZ-EDA) and Poly(IBZ-PHDA) were investigated in

the solid state, and the corresponding excitation-dependent
emission spectra and CIE chromaticity coordinates are present-
ed in Fig. 12. Owing to the highly crosslinked nature of the poly-
benzoxazine networks formed through thermally induced ring-
opening polymerization (ROP), both polymers were insoluble in
common organic solvents and, therefore, could only be exam-
ined in powder form. The observed emission behavior reflects
not only the intrinsic electronic properties of the original
monomeric building blocks, but also the profound structural
and electronic modifications induced by polymerization.

Thermal curing converts the benzoxazine rings into a
three-dimensional phenolic Mannich-bridge network, as illus-
trated in Scheme 1. This transformation introduces phenolic
hydroxyl groups, increases the intermolecular connectivity,
restricts molecular motion, and creates a heterogeneous dis-
tribution of local electronic environments throughout the
polymer matrix. Consequently, the photophysical properties
of the resulting polymers differ substantially from those of
their corresponding monomers.

As shown in Fig. 12(a), Poly(IBZ-EDA) exhibited pro-
nounced excitation-dependent fluorescence, characterized
by significant variations in the spectral shape and emission
distribution. Under excitation at 350 nm, the polymer dis-
plays intense short-wavelength emission below 400 nm, to-
gether with a dominant emission band centered near 480
nm, followed by a broad lower-energy emission extending
beyond this wavelength. The coexistence of these emissive
components suggests that multiple excited-state relaxation
pathways were simultaneously active within the polymer net-
work. The broad long-wavelength contribution indicated the
presence of highly stabilized emissive states generated
through intermolecular interactions and electronic coupling
within the crosslinked matrix.

Upon excitation at 375 nm, the emission profile changed
considerably, producing a dominant emission centered near
433 nm together with a secondary emission feature and a
broad band extending throughout the 520-570 nm region.
The emergence of this extended long-wavelength emission
demonstrates that excitation at lower energies selectively
populates the emissive states associated with more strongly
coupled chromophoric domains within the polymer network.
When the excitation wavelength was further increased to 400
nm, the emission evolved into a broad band spanning ap-
proximately 450-550 nm, accompanied by a substantial re-
duction in high-energy emission components. This progres-
sive shift toward longer-wavelength fluorescence suggests
that excitation at increasingly lower energies preferentially
accesses the stabilized emissive states formed through inter-
molecular electronic interactions within the cured polymer
structure.

Compared to the corresponding monomer IBZ-EDA, the
polymer exhibited a markedly different emission pattern. In
the monomeric state, the fluorescence is consistent with lo-
calized molecular excited states, together with concentration-
dependent aggregate emission. Following polymerization,
the formation of a rigid three-dimensional network signifi-
cantly restricts intramolecular motion and enhances through-
space interactions between the aromatic and heteroatom-
containing moieties. The resulting suppression of non-radia-
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Fig. 12 (a) Solid-state emission spectra of Poly(IBZ-EDA) recorded at A, of 350, 375, and 400 nm; (b) Solid-state emission spectra of Poly(IBZ-
PHDA) recorded at A, of 350, 375, and 400 nm; (c) Corresponding CIE chromaticity coordinates derived from the emission spectra of Poly(IBZ-EDA)
and (d) corresponding CIE chromaticity coordinates derived from the emission spectra of Poly(IBZ-PHDA).

tive relaxation pathways facilitated the generation of lower-
energy emissive states, leading to the broad and excitation-
dependent fluorescence observed in Poly(IBZ-EDA).

The emission behavior of Poly(IBZ-PHDA) (Fig. 12b) dif-
fered substantially from that of Poly(IBZ-EDA) and more
closely resembled the complex photophysical characteristics
observed for the corresponding monomer. The spectra con-
sisted of broad, feature-rich emission profiles with numerous
overlapping maxima and shoulders across the visible region.
The persistence of these highly structured emission patterns
after polymerization suggests that the rigid para-phenylene
linker continues to exert a strong influence on the electronic
organization of the chromophoric units, even within the
crosslinked network.

A particularly noteworthy feature of Poly(IBZ-PHDA) is the
strong enhancement of long-wavelength emission under ex-
citation at 350 nm. This behavior is reflected in the corre-
sponding CIE chromaticity coordinates (0.36, 0.47), which rep-
resent the most red-shifted emission among all the excita-
tion conditions investigated for this polymer. The enhanced
contribution of the lower-energy emission bands suggests
the efficient formation of stabilized emissive states associat-
ed with strong intermolecular interactions and extended
electronic communication within the rigid polymer architec-

ture. In contrast, excitation at 375 and 400 nm produced con-
siderably bluer emissions, yielding chromaticity coordinates
of (0.17, 0.10) and (0.17, 0.09), respectively. The substantial
chromaticity shift induced by the excitation wavelength con-
firms the coexistence of multiple emissive species with dis-
tinct excitation-emission relationships.

The markedly different photoluminescence responses of
Poly(IBZ-EDA) and Poly(IBZ-PHDA) highlight the critical role
of the molecular architecture in governing excited-state pro-
cesses after polymerization. The flexible ethylene spacer in
IBZ-EDA likely generated a broader distribution of local con-
formations during network formation, producing heteroge-
neous emissive domains with varying degrees of electronic
coupling. In contrast, the rigid para-phenylene bridge in IBZ-
PHDA promotes a more constrained arrangement of chro-
mophoric units, facilitating stronger electronic interactions
and a more pronounced dependence of the emission color
on the excitation energy.

The excitation-dependent fluorescence observed for both
polymers further supports the existence of multiple emissive
centers generated during network formation. In addition to
conventional localized excited states, cured polymers con-
tain abundant phenolic hydroxyl groups, tertiary amine cen-
ters, ether linkages, and imide carbonyl functionalities that
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can engage in extensive through-space electronic interac-
tions. Clustering of these heteroatom-rich groups within the
densely crosslinked polymer matrix can create a broad distri-
bution of emissive states with different energy levels. It
should be emphasized that while this interpretation is consis-
tent with the observed excitation-dependent behavior, the
exact nature of the emissive states cannot be unambiguously
determined from steady-state PL measurements alone. There-
fore, the proposed mechanisms are plausible interpretations
that require further validation. Consequently, selective excita-
tion at different wavelengths can preferentially populate dis-
tinct subsets of emissive centers, producing observed
changes in the spectral profile and emission color.

The corresponding CIE chromaticity diagrams (Figs. 12c
and 12d) clearly illustrate the remarkable tunability of emis-
sion properties following polymerization. For Poly(IBZ-EDA),
the chromaticity coordinates shifted from (0.24, 0.29) at 350
nm excitation to (0.22, 0.19) and ultimately (0.20, 0.16) at
higher excitation wavelengths, indicating a gradual transi-
tion toward bluer emission. In contrast, Poly(IBZ-PHDA) ex-
hibited a dramatic chromaticity change from (0.36, 0.47) at
350 nm to (0.17,0.10) and (0.17, 0.09) at 375 and 400 nm exci-
tation, respectively. Such large excitation-induced color varia-
tions demonstrate the complex excited-state landscape gen-
erated by polymerization and emphasize the strong influ-
ence of the network structure on the emissive behavior.

Overall, the solid-state photoluminescence results demon-
strated that thermal ring-opening polymerization profoundly
altered the emission characteristics of both monomers. The
formation of highly crosslinked phenolic networks intro-
duces new emissive environments, enhances intermolecular
electronic interactions, and promotes excitation-dependent
fluorescence over the broad visible range. The distinct emis-
sion behaviors of Poly(IBZ-EDA) and Poly(IBZ-PHDA) fur-
ther revealed that the flexibility and rigidity of the bridging
units play a crucial role in determining the nature of the emis-
sive states generated within the cured polybenzoxazine ma-
trices. These findings provide valuable insights into the struc-
ture—photophysical property relationships of imide-function-
al polybenzoxazines and highlight their potential as tunable
solid-state luminescent materials.

CONCLUSIONS

In this study, two novel imide-functional benzoxazine
monomers, IBZ-EDA and IBZ-PHDA, incorporating flexible
ethylenediamine and rigid para-phenylenediamine bridging
units, were successfully synthesized and comprehensively char-
acterized. Structural elucidation using FTIR, NMR spectroscopy,
and mass spectrometry confirmed the successful formation of
the target benzoxazine architectures. Subsequent thermal ring-
opening polymerization produced highly crosslinked polyben-
zoxazine networks, Poly(IBZ-EDA) and Poly(IBZ-PHDA), the
formation of which was verified by DSC and FTIR analyses.

The molecular architecture exerted a pronounced influ-
ence on the curing behavior and thermal performance of the
resulting materials. IBZ-EDA exhibited a lower polymeriza-
tion temperature because of the flexibility of the ethylenedi-
amine spacer, whereas the rigid aromatic structure of IBZ-PH-
DA promoted the formation of a thermally robust network.

Thermogravimetric analysis demonstrated remarkable im-
provements in thermal stability upon curing, particularly for
Poly(IBZ-PHDA), which achieved a T;, value of 559 °C, a char
yield of 79%, and an LOI of 49.1%, indicating exceptional
flame-retardant performance. SEM investigations further con-
firmed the formation of densely crosslinked thermoset net-
works and revealed distinct microstructural features gov-
erned by the linker rigidity.

Photophysical studies have revealed complex and highly
tunable luminescent behavior in both solution and solid
states. Concentration-dependent and excitation-dependent
fluorescence measurements demonstrated the existence of
multiple emissive states arising from the localized excited
states, intermolecular interactions, and cluster-associated
emission processes. Both monomers exhibited dual-emission
characteristics and significant chromaticity modulation,
whereas solid-state measurements highlighted the critical
role of molecular packing and through-space electronic inter-
actions. Following polymerization, the formation of highly
crosslinked phenolic networks generates new emissive envi-
ronments and enhances excitation-dependent fluorescence.
Notably, the rigid Poly(IBZ-PHDA) network displayed the
strongest long-wavelength emission contribution and the
largest excitation-induced color variation.

Overall, this study establishes clear structure-property rela-
tionships linking molecular flexibility, network architecture,
thermal stability, flame retardancy, and photophysical behav-
ior in imide-functional benzoxazine systems. The combina-
tion of the outstanding thermal performance and tunable lu-
minescence highlights the potential of these materials for ad-
vanced applications in high-performance thermosets, flame-
retardant coatings, optical materials, sensing platforms, and
luminescent functional polymers.
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