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Abstract   In this study, a phthalonitrile monomer containing a maleimide group (MPN) with a melting point of 106.8 °C was successfully synthe-

sized.  Differential  scanning  calorimetry  (DSC)  showed  that  the  MPN  resin  can  act  as  an  autocatalyzed  resin  without  any  curing  agent.  The

monomer was then cured using diallyl bisphenol A (DABA) as the curing agent. Based on the results of FTIR analysis, a suitable curing cycle was

established. Given the dual-stage curing behavior of the monomer, three composite samples were fabricated using three different curing cycles

to investigate the relationship between the polymer structure and final properties. Interlaminar shear strength (ILSS) tests showed that samples

with approximately 95% curing degree for the phthalonitrile part of this resin exhibited an ILSS of approximately 37.5 MPa. Dynamic mechanical

thermal analysis (DMTA) confirmed the formation of a thermally stable and rigid crosslinked network in the synthesized composite. The storage

modulus  (E′)  exhibited  relatively  high  values  even  at  incomplete  curing  stages,  maintaining  significant  stiffness  up  to  approximately  100  °C,

which highlights the early formation of a semi-crosslinked structure. Thermogravimetric analysis (TGA) revealed that the fabricated composite

had good thermal resistance with T5% and T10% of 484 and 584 °C, respectively, with a char yield of 84% at 900 °C.
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INTRODUCTION

High-performance resins have attracted significant attention in
recent  decades  owing  to  their  critical  role  in  advanced  tech-
nologies  that  require  materials  with  superior  thermal  and  me-
chanical properties. Their combination of high thermal stability,
outstanding mechanical strength, and excellent processing per-
formance  makes  them  indispensable  in  sectors  such  as
aerospace, defense, electronics, energy, and advanced compos-
ites.[1−3] In  these  areas,  where  the  operational  conditions  often
involve extreme temperatures, mechanical stresses, and chemi-
cally  aggressive  environments,  the  choice  of  structural  materi-
als  can  determine  the  safety,  durability,  and  cost-effectiveness
of the system.

Within  the  broad  category  of  thermosetting  polymers,
many  classes  of  heat-resistant  resins  have  been  developed
and commercialized,  each with distinct advantages and limi-
tations.  Benzoxazines,[4−6] epoxies,[7−9] propargylated  and  al-
lylated  phenolics,[10−15] cyanate  esters,[16−19] bismalei-

mides,[20−23] and  phthalonitriles[24−27] represent  prominent
examples  of  such  systems.  These  resins  share  common  fea-
tures such as high glass-transition temperatures, chemical re-
sistance,  and  stable  crosslinked  networks.  However,  differ-
ences in their molecular structures dictate their performance
envelopes  and  processabilities.  Among  them,  phthalonitrile
(PN) resins stand out due to their  unique ability to form het-
eroaromatic  triazine and phthalocyanine ring structures  dur-
ing  polymerization,  imparting  remarkable  flame  retardancy,
outstanding  thermal  resistance,  and  superior  mechanical  in-
tegrity.[28,29] These  features  have  positioned  PN  resins  as
promising candidates for use in aerospace, shipbuilding, ma-
rine engineering, and microelectronics, where both high reli-
ability and long service lifetimes are required.[30,31]

However, despite these advantages, the industrial applica-
tion of PN resins faces significant challenges. The most impor-
tant  of  these  is  their  poor  processability,  which  is  a  conse-
quence  of  the  inherent  inertness  of  the  nitrile  group.  Poly-
merization typically requires extremely high curing tempera-
tures and prolonged processing cycles,  which not only limits
efficiency, but also increases costs and restricts compatibility
with  other  matrix  materials.[32] Considerable  research  efforts
have been directed towards overcoming these shortcomings.
One approach involves the use of curing accelerators such as
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metal  salts,[33] phenolic  compounds,[34] aromatic  amines,[35]

and  strong  organic  acids,[35] which  can  lower  the  activation
energy for curing and reduce cycle times.

Another  strategy  is  molecular  modification,  where  flexible
linkages,  such  as  aryl[36] or  alkyl  ethers,[37] are  introduced  to
reduce  melting  points  and  enhance  processability.  While  ef-
fective,  these  modifications  can  negatively  impact  thermal
stability,  diminishing one of  PN’s  most  valuable  attributes  of
PN. Recent advances have focused on incorporating reactive
functional groups, such as amino or hydroxyl moieties, direct-
ly  into  PN  monomers.  These  groups  promote  autocatalytic
curing  and  enable  the  formation  of  highly  crosslinked  net-
works  without  additional  curing  agents,  representing  a
promising  path  for  balancing  processability  and  perfor-
mance.[38]

Along  with  these  developments,  maleimide-based  resins
have  emerged  as  an  important  class  of  high-performance
thermosets. Bismaleimide (BMI) resins, in particular, are wide-
ly recognized for their excellent thermal resistance, mechani-
cal strength, low coefficients of thermal expansion, and inher-
ent  flame  retardancy.[39−43] These  features  have  driven  their
applications  in  aerospace,  advanced  electronics,  and  renew-
able energy technologies.  However,  their high crosslink den-
sity  leads  to  brittleness  and  reduced  toughness,  and  limits
their  use  in  applications  involving  dynamic  loading  or
impact.[20] To  overcome  this  shortcoming,  numerous  modifi-
cation strategies have been investigated, including the intro-
duction of flexible ether linkages into BMI monomers,  use of
diamine chain extenders to increase segmental mobility, and
copolymerization  with  allyl  compounds  to  improve  tough-
ness.  These  approaches  highlight  the  importance  of  struc-
tural  design  for  balancing  the  mechanical  robustness  and
processability of maleimide systems.

Recent research has explored the synergistic integration of
BMI  units  into  PN  molecular  structures.  This  hybridization
aims  to  combine  the  outstanding  thermal  and  mechanical
properties  of  PN  with  the  enhanced  processability  and  reac-
tivity  of  the BMI.  Studies  have demonstrated that  BMI-modi-
fied PN resins  can exhibit  improved curing efficiency,  higher
crosslink densities, and superior moisture resistance, expand-
ing their potential for high-performance applications.[44−46]

For  instance,  Kaliavaradhan et  al.[47] synthesized  BMI-con-
taining  PN  systems  using  different  phenylene  diamine  iso-
mers and demonstrated excellent thermal stability and mois-
ture resistance. Similarly, Nechausov et al.[48] reported the de-
velopment of maleimide-capped PN compounds via the reac-
tion  of  aminophenoxy  PN  with  maleic  anhydride.  However,
the  resulting  para- and  ortho-isomers  exhibited  relatively
high melting points (210 and 200 °C, respectively), necessitat-
ing  further  structural  optimization  and  the  use  of
comonomers  to  improve  their  processability.  These  findings
highlight  both  the  promise  and  limitations  of  current  ap-
proaches,  emphasizing  the  need  for  new  molecular  designs
that can lower melting points without compromising perfor-
mance.

In this context, the present study addresses this critical gap
by  focusing  on  the  design  and  synthesis  of  a  phthalonitrile
resin containing a maleimide group with a low melting point.
This  design  strategy  is  intended  to  expand  the  processing
window  of  PN  resins,  thereby  enhancing  their  processability

in industrial applications. To evaluate the performance of the
synthesized  resin,  the  monomer  was  cured  with  diallyl
bisphenol A (DABA), and the resulting materials were system-
atically  investigated for  their  thermal  stability,  curing behav-
ior,  and  mechanical  properties.  By  combining  the  favorable
attributes of PN and BMI chemistries, this study seeks to pro-
vide  new  insights  into  the  development  of  next-generation
high-performance resins for aerospace, electronics, and other
demanding applications.

EXPERIMENTAL

Materials
4-Nitrophthalonitrile  (NPN),  3-aminophenol,  potassium carbon-
ate  (K2CO3),  magnesium  sulfate  (MgSO4),  dimethylformamide
(DMF),  sodium  hydroxide  (NaOH),  maleic  anhydride,  acetone,
sodium sulfate (Na2SO4),  acetic anhydride, sodium acetate, and
diallyl  bisphenol  A  (DABA)  were  purchased  from  Merck  and
used  without  further  purification.  Carbon  fibers  with  an  areal
weight of 200 g/m2 were used as the reinforcement material for
the preparation of the composite.

Synthesis of 4-(3-Aminophenoxy) Phthalonitrile
(APPN)
In  a  two-necked  round-bottom  flask,  3.78  g  (0.035  mol)  of  3-
aminophenol, 6 g (0.035 mol), and DMF (25 mL) were added to a
two-necked round-bottom flask.  The mixture was magnetically
stirred until a homogeneous solution was obtained. Then, 7.81 g
(0.052 mol)  of  potassium carbonate was added to the reaction
mixture.  The  reaction  was  carried  out  under  a  nitrogen  atmo-
sphere at 85 °C for 5 h. After cooling to room temperature, the
resulting brown product was poured into 0.1 mol/L sodium hy-
droxide solution. The solid was separated, washed with distilled
water until neutralized, and dried in a vacuum oven at 80 °C. A
brown powder was obtained in a 90% yield.

Synthesis of the 4-(3-Maleimidophenoxy)phthalonitrile
Monomer (MPN)
A total of 2.93 g (0.03 mol) of maleic anhydride was dissolved in
40 mL of dry acetone and transferred to a 250 mL two-necked
round-bottom flask.  Then,  6.42 g  (0.027 mol)  of  APPN was dis-
solved  in  50  mL  of  dry  acetone  and  added  dropwise  to  the
maleic anhydride solution under magnetic stirring over 30 min
using  a  dropping  funnel.  The  temperature  of  the  oil  bath  was
then  increased  to  60 °C  and  the  reaction  mixture  was  refluxed
under a nitrogen atmosphere for 1 h. At this stage, a brown in-
termediate  insoluble  in  acetone,  referred  to  as  amic  acid,  was
formed.

Subsequently, 3.37 mL (0.036 mol) of acetic anhydride and
0.22 g (0.003 mol) of sodium acetate were added to the reac-
tion mixture. The mixture was refluxed for 4 h under the same
conditions as in the previous step. After the completion of the
reaction, the resulting brown solid was precipitated by a sol-
vent/non-solvent  method  using  ice-cold  water.  Finally,  the
supernatant  was  decanted,  and  the  obtained  solid  was
washed several times with distilled water, followed by several
washes with 10 wt% aqueous sodium carbonate solution, and
then dried in an oven at 50 °C.

Curing of MPN Resin with Diallyl Bisphenol A
To curing of the monomer, 4 g of the MPN monomer was heat-
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ed at 120 °C under magnetic stirring for 10 min until fully melt-
ed. Then, diallyl bisphenol A (DABA) was added at 21 wt% rela-
tive to the resin, and stirring was continued for an additional 5
min  to  obtain  a  homogeneous  solution  with  the  appropriate
viscosity. The curing cycles are listed in Table 1.

 
 

Table 1    Curing cycles codes applied for curing of MPN resin.
 

Symbol Curing cycle

(a) Before curing
(b) 30 min @ 200 °C
(c) 1 h @ 200 °C
(d) 2 h @ 200 °C
(e) 2 h @ 200 °C + 4 h @ 315 °C
(f) 2 h @ 200 °C + 6 h @ 315 °C
(g) 2 h @ 200 °C + 8 h @ 315 °C
(h) 2 h @ 200 °C + 10 h @ 315 °C
(i) 2 h @ 200 °C + 10 h @ 315 °C + 2 h @ 350 °C
(j) 2 h @ 200 °C + 10 h @ 315 °C + 6 h @ 350 °C

 
Preparation of Carbon/Phthalonitrile Composite
A  carbon  fiber  mat  with  a  density  of  1.78  g/cm3 and  nominal
thickness  of  0.25  mm  was  used  as  the  reinforcement  material.
Composite laminates were fabricated using a hand-lay-up pro-
cess. During fabrication, the carbon fiber mats were impregnat-
ed with the MPN/DABA resin system and stacked layer by layer
to obtain the desired laminate structure. To fabricate a 10-layer
carbon/MPN composite, 1.26 g of resin was required. However,
considering the resin loss during the hand lay-up process, 4 g of
the resin was used for impregnation. The Impregnation was car-
ried out by the melt method on a hot plate at a resin’s melting
temperature,  approximately  120 °C.  After  complete  impregna-
tion of the carbon fibers with the MPN resin, the prepreg fabric
was  allowed to  cool  to  room temperature  to  solidify  the  resin.
The fabric was then cut into ten equal pieces with dimensions of
5 cm × 4 cm. The lay-up process was performed at 150 °C to en-
sure interlayer resin flow and bonding, and the sample was then
placed in a mold and prepared for curing.

Characterization

FTIR analysis
FTIR  analysis  was  performed  using  a  Thermo  Fisher  Scientific
(USA)  spectrometer  in  the  range  4000−400  cm−1.  This  tech-
nique was employed for both identification and structural anal-
ysis  during  monomer  synthesis,  and  for  monitoring  the  curing
behavior  of  the  synthesized  resin.  The  degree  of  curing  (DOC)
was calculated from the area under the peak, using Eq. (1):

DOC = ( (Areactivebond)0 − (Areactivebond)t(Areactivebond)0 (1)(Areactivebond)t (Areactivebond)0In Eq. (1),  and  are the areas un-
der the peaks at 700 and 2223 cm−1, which are the main char-
acteristic peaks of the maleimide and cyanide groups at time
t and t = 0, respectively.

Elemental analysis
Elemental  analysis  (CHN)  was  performed  using  a  Perkin-Elmer
2400 II instrument (USA) to confirm the elemental composition
of the MPN monomer.

NMR analysis
Proton nuclear magnetic resonance (1H-NMR) analysis was per-
formed using a Bruker Ultra Shield 400 MHz spectrometer (Bruk-
er,  Germany).  To  further  evaluate  the  synthesized  MPN
monomer, carbon nuclear magnetic resonance (13C-NMR) anal-
ysis  was  performed  using  a  400  MHz  Bruker  UltraShield  spec-
trometer  (Bruker,  Germany).  The  synthesized  resin  was  charac-
terized  using  deuterated  dimethyl  sulfoxide  (DMSO-d6)  as  sol-
vent.

Differential scanning calorimetry (DSC)
DSC  analysis  was  conducted  using  a  NETZSCH  200  F3  instru-
ment (Germany) to investigate the curing behavior of the MPN
resin.  The  analysis  was  performed  from  room  temperature  to
350 °C, at a heating rate of 10 °C/min.

Thermogravimetric analysis (TGA)
TGA was performed using a Mettler-Toledo (Switzerland) instru-
ment to evaluate the thermal stability and weight loss behavior
of  the carbon fiber/phthalonitrile  composite.  The test  was per-
formed from room temperature up to 900 °C at a heating rate of
10 °C/min under an argon atmosphere.

Interlaminar shear strength (ILSS)
ILSS of the MPN/carbon fiber composite was measured using an
ILSS testing machine at a crosshead speed of 2 mm/min accord-
ing to ASTM D-2344.[49]

Dynamic mechanical thermal analysis (DMTA)
To  investigate  the  dynamic  mechanical  thermal  properties  of
the  cured  MPN  resin  and  the  carbon  fiber/MPN  composite,  a
DMTA device (model DMA8000, PerkinElmer, USA) was used in
the bending mode, ranging from room temperature to 250 °C at
a heating rate of 5 °C/min and a frequency of 1 Hz.

RESULTS AND DISCUSSION

Synthesis and Characterization of APPN
The  synthetic  route  of  the  APPN  compound  is  illustrated  in
Fig. 1.

According  to  the  FTIR  spectrum  of  APPN  (Fig.  2a),  the  ab-
sorption band at 2223 cm–1 corresponds to the nitrile group,
confirming  the  phthalonitrile  moiety  in  3-aminophenoxyph-
thalonitrile.  The most important structural  modification of  3-
aminophenoxyphthalonitrile,  compared  to  4-nitrophthaloni-
trile,  is the introduction of an amino group. This was verified
by the appearance of primary amine peaks at 3448 and 3365
cm–1.  Furthermore,  the  absorption  peak  at  1251  cm–1 con-
firmed the  formation of  an  aryl  ether  group.  Based on these
wavenumbers, it can be concluded that APPN was successful-
ly synthesized.

Further  characterization  of  APPN  was  performed  by 1H-
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Fig. 1    The synthesis route for APPN.

  Fattahi, H. et al. / Chinese J. Polym. Sci. 3

 
https://doi.org/10.1007/s10118-026-3798-z

 

https://doi.org/10.1007/s10118-026-3798-z
https://doi.org/10.1007/s10118-026-3798-z
https://doi.org/10.1007/s10118-026-3798-z
https://doi.org/10.1007/s10118-026-3798-z
https://doi.org/10.1007/s10118-026-3798-z
https://doi.org/10.1007/s10118-026-3798-z
https://doi.org/10.1007/s10118-026-3798-z


NMR  spectroscopy.  As  shown  in Fig.  2(b),  aromatic  protons
adjacent  to  the  two  cyano  groups  were  observed  in  the
downfield regions because of the inductive and resonance ef-
fects  of  the  cyano  and  ether  groups.  The  H8 proton  was  ob-
served  at  7.65  ppm.  The  H7 proton  appears  at  8.05  ppm,
which is attributed to ortho-coupling. The signal correspond-
ing  to  H6 appears  at  7.3  ppm,  arising  from  ortho-coupling
with  its  neighboring  proton.  The  resonance  effects  of  the
cyano  groups  have  a  stronger  influence  on  H7 and  H8 be-
cause they are in closer proximity than H6.

The aromatic protons adjacent to the primary amine group
are  shifted  upfield  relative  to  those  influenced  by  the  cyano
groups  owing  to  the  electron-donating  and  resonance  ef-

fects  of  the  amino  substituent.  The  chemical  shift  of  the  H2

proton appears at 6.3 ppm, corresponding to ortho-coupling
with  an  adjacent  amino group.  The H3 proton was  observed
at  6.5  ppm  as  a  doublet  owing  to  coupling  with  two  ortho-
positioned neighbors. The H5 Proton appears at 6.2 ppm as a
doublet  peak.  In  addition,  the  H1 protons,  which  were  at-
tached  to  the  nitrogen  atom,  appeared  as  a  broad  signal  at
5.4 ppm.

Synthesis and Characterization of MPN Monomer
The synthesis of the MPN monomer is illustrated in Fig. 3. In the
first step, the APPN reagent reacts with maleic anhydride in the
presence  of  potassium  carbonate  to  form  the  amic  acid  inter-
mediate. Subsequently, amic acid undergoes an intramolecular
cyclization reaction, yielding the desired MPN monomer.

According  to  the  FTIR  spectrum  of  the  synthesized
monomer  (MPN)  (Fig.  4a),  the  absorption  bands  at  698  and
828  cm–1 corresponded  to  the  bending  vibrations  of  the
maleimide  C―H  bonds,  indicating  the  formation  of  the
maleimide  moiety  in  the  monomer  structure.  Additionally,
the peak observed at 3101 cm–1 was attributed to the stretch-
ing vibrations of the maleimide double bond, further confirm-
ing  the  presence  of  the  maleimide  group.  The  absorption
band at 1147 cm–1 corresponds to the C―N bond within the
maleimide ring, which is clearly visible in the FTIR spectrum of
the  monomer.  Moreover,  the  peaks  at  1717  and  1776  cm–1

were  assigned  to  the  stretching  vibrations  of  the  imide  car-
bonyl  groups,  providing  strong  evidence  for  the  successful
synthesis of the maleimide moiety.

The cyanide groups present in the monomer are observed
at  2223  cm–1,  confirming  the  presence  of  the  phthalonitrile
segment within the monomer structure.

According  to Fig.  4(b),  which  presents  the 1H-NMR  spec-
trum of the MPN compound, the H7 proton appears at a high-
er chemical shift than the other protons and is observed as a
doublet at 8.1 ppm. This splitting arises from the anisotropic
effect  and electron density surrounding this  proton.  The sig-
nals  of  protons  H8,  H1,  and  H2 overlapped  and  appear  at  7.8
ppm. The H4 proton appeared as a well-resolved triplet at 7.6
ppm,  attributable  to  its  neighboring  protons  H6 and  H5.  The
H9 proton also appeared as a doublet at 7.5 ppm, split by H7.
The H5 proton is observed as a doublet at a chemical shift of
7.3 ppm, split by H4. The H3 proton resonates at 7.2 ppm, and
finally,  the  H6 proton  is  clearly  observed  at  7.15  ppm  in  the
spectrum.

Fig. 5 shows the 13C-NMR of the MPN monomer. As shown
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Fig. 2    (a) FTIR spectrum and (b) 1H-NMR spectrum for the APPN.
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Fig. 3    Synthesis route of MPN monomer.
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in Fig. 5, this resin has some characteristic peaks, such as car-
bonyl groups, double bonds, and CN functional groups. In the
13C-NMR  spectrum,  C14 appeared  at  a  chemical  shift  of  170
ppm, which is characteristic of a carbonyl group, thereby con-
firming the presence of this functional group in the monomer
structure.  C8 and  C6,  which  are  not  directly  bonded  to  pro-
tons, resonated at 160 and 150 ppm, respectively. C4 appears
at  a  relatively  higher  chemical  shift  than  the  other  carbons,
which can be attributed to the electron-withdrawing effect of
the  cyano  groups.  C15,  owing  to  the  presence  of  a  double
bond,  resonates  at  135 ppm,  which is  a  characteristic  region
for double-bonded carbons and confirms the presence of the
maleimide moiety in the structure. The remaining signals are
shown  in Fig.  5,  further  supporting  the  successful  formation
of the MPN monomer.

The  results  of  the  CHN  elemental  analysis  of  the  MPN
monomer are presented in Table 2. The molecular formula of
the  MPN  monomer  is  C18H9N3O3 and  it  has  a  molecular
weight of 315 g/mol. The calculated C, H, N, and O contents in
the MPN monomer were 68.62%, 2.88%, 13.33%, and 19.23%,
respectively. Based on the CHN elemental analysis, the actual
values  of  C,  H,  N,  and  O  are  65.33%,  2.85%,  12.63%,  and
15.23%, respectively. A comparison of the theoretical and ex-
perimental  values  for  the  C,  H,  N,  and  O  percentages  indi-

cates the successful synthesis of the MPN monomer.

Curing Behavior and Curing Mechanism of MPN with
DABA Curing Agent
The  curing  reaction  between  the  DABA  and  MPN  is  shown  in
Fig. 6. The allylic part of DABA undergoes an Ene-Alder reaction
with  the  maleimide  part  of  MPN.  After  the  reaction  was  com-
plete,  the  cyanide  group  of  the  MPN  resin  participated  in  the
curing process, yielding phthalocyanine.

DSC  analysis  (Fig.  7a)  of  the  neat  synthesized  monomer
(MPN) provides valuable insight into its thermal behavior and
curing mechanism. The first endothermic transition observed
at 106.8 °C corresponds to the melting of the monomer, indi-
cating good processability and confirming that the monomer
exists  in  a  crystalline  state  at  room  temperature  with  fusion
enthalpy of 51.2 J/g. Such a relatively low melting point is ad-
vantageous  because  it  enables  the  efficient  impregnation  of
reinforcing  fibers  and  uniform  resin  flow  during  composite
fabrication.  Conventional  phthalonitrile  monomers  are  char-
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Fig. 4    (a) FTIR spectrum and (b) 1H-NMR spectrum of MPN monomer.

 

175180 170 165 160 155 150 145 140 135 130 125 120 115 110 105 45 40 35 30

Chemical shift (ppm)

C14

C8 C6

C4 C12

C2

C15

C10
C11 C5

C7
C9

C1
C13 C3NC O

O

1

1

3
2

4

5
6

7 9

8
13

10
11

12
14

14

15

15

NC

O

N

124 122 120 118 116

DMSO

 
Fig. 5    13C-NMR spectrum of MPN monomer.

 

Table 2    CHN analysis for MPN monomer.
 

Element C (%) H (%) N (%) O (%)

Theoretical value 68.62 2.88 13.33 19.23
Experimental value 65.33 2.85 12.63 15.23
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acterized  by  high  crystalline  melting  temperatures,  typically
exceeding  180  °C,  which  is  close  to  their  polymerization  on-
set temperature.  This limitation forces processing into a very
narrow thermal window, which severely limits its practical ap-
plications.  In  contrast,  the  DSC  thermogram  for  the  MPN
monomer  shows  the  first  endothermic  melting  transition  at
106.8 °C, which is significantly lower than that of standard ph-
thalonitriles.  This  substantial  melting-point  depression arises
from  molecular  design;  the  incorporation  of  the  maleimide
moiety  disrupts  the  molecular  symmetry  and  reduces  the
crystalline packing efficiency.

Upon further heating, a distinct exothermic peak centered
at 304.9 °C was observed with enthalpy of −157.9 J/g,  which
can  be  attributed  to  the  radical  homopolymerization  of  the
maleimide  double  bonds.  This  reaction  leads  to  the  forma-
tion  of  succinimide  structures,  which  serve  as  the  first-stage
curing network  within  the dual-curing system.  The tempera-
ture  of  this  exothermic  event  aligns  well  with  reported  data
for  maleimide-based systems,  confirming that  the initial  cur-
ing  step  predominantly  involves  maleimide  addition  reac-
tions.

Interestingly, a second exothermic peak at 331.4 °C was de-
tected with an enthalpy of −170.2 J/g, signifying the onset of

phthalonitrile  polymerization.  The  occurrence  of  this  sec-
ondary polymerization in the absence of an external  catalyst
implies  that  the  system  exhibits  autocatalytic  behavior.  This
phenomenon  can  be  explained  by  considering  the  partial
thermal decomposition of the succinimide structures formed
during maleimide polymerization. Previous studies,[50,51] have
demonstrated  that  succinimide  groups  can  undergo  minor
degradation at approximately 300 °C, generating trace quan-
tities of amine species. Although the extent of this decompo-
sition  is  limited,  even  small  amounts  of  liberated  amines  act
as  strong  nucleophilic  initiators  for  phthalonitrile  trimeriza-
tion.

A  comparison  of  the  processing  temperatures  of  the
Maleimide-containing  phthalonitrile  dual-curing  resin  sys-
tems is listed in Table 3.

The  dual  exothermic  transitions  summarized  in Table  4
clearly  illustrate  this  two-step  curing  mechanism:  (1)
maleimide  homopolymerization,  forming  a  pre-crosslinked
intermediate,  and  (2)  phthalonitrile  self-polymerization,  in-
duced  by  thermally  generated  amines,  leading  to  a  highly
aromatic,  crosslinked  network.  This  mechanism  not  only  ex-
plains  the  autocatalytic  behavior  observed  in  DSC  but  also
highlights the chemical synergy between the maleimide and
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Fig. 6    Curing reaction between DABA and MPN monomer.
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Fig. 7    (a) The DSC curve of the monomer in the absence of a curing agent; (b) Enthalpy of curing based on maleimide and phthalonitrile part; (c)
Degree of conversion and rate of polymerization versus temperature; (d) The rate of polymerization versus degree of conversion.

 

Table 3    Processing windows of reported different MPN monomers.
 

Structure Melting temp. (°C) First curing temp. (°C) Second curing temp. (°C) Ref.
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phthalonitrile  functionalities  within  the  MPN  structure  (Fig.
7b).

Kinetic  analysis  (Fig.  7c)  provides  quantitative  insight  into
the reaction mechanism. The degree of conversion (α) initial-
ly increased slowly up to approximately 270 °C, followed by a
rapid  acceleration  between  280–330  °C,  coinciding  with  the
onset  of  maleimide  polymerization.  The  rate  of  polymeriza-
tion  (dα/dt)  reaches  a  maximum  at  about  310  °C,  corre-
sponds to the point where radical  concentration and mobili-
ty  are  optimal.  Beyond  this  temperature,  the  rate  decreased
because of  the diffusion-controlled nature  of  the reaction as
the system was cross-linked. A secondary increase in the con-
version  rate  was  observed  near  330–340  °C,  confirming  the
self-catalyzed polymerization of the phthalonitrile fragments,
likely  promoted  by  trace  amine  species  generated  from  the
minor  decomposition  of  succinimide  structures  around  300
°C.

The plot of the rate of polymerization versus the degree of
conversion  (Fig.  7d)  exhibits  the  characteristic  autocatalytic
behavior  of  thermosetting systems,  where the rate increases
with conversion up to a critical point (α≈0.55) before decreas-
ing  sharply  as  network  rigidity  restricts  molecular  motion.
This  kinetic  profile  supports  the  presence  of  a  dual-curing
mechanism,  with  the  maleimide  segment  initiating  network
formation  and  the  phthalonitrile  component  subsequently
contributing to high-temperature crosslinking.

To ensure complete curing of  the phthalonitrile  resin with
DABA as  the  curing agent  and to  define  an  appropriate  cur-
ing  cycle,  a  sample  containing  21  wt%  DABA  was  cured  at
three  temperatures  (200,  315,  and  350 °C)  for  different  dura-
tions.  The  curing  process  was  monitored  using  FTIR  spec-
troscopy  to  observe  the  decrease  in  nitrile  group  intensity
and the increase in the intensities of isoindoline, triazine, and
phthalocyanine groups, indicating the progress of curing.

As  shown  in Fig.  8,  the  absorption  bands  at  700  and  830
cm–1,  attributed  to  out-of-plane  bending  vibrations  of  the
＝C―H group of the maleimide moiety, gradually decreased
in intensity during the curing process, indicating curing of the
maleimide  group.  Moreover,  the  gradual  reduction  in  the
peak  at  2223  cm–1,  corresponding  to  cyanide  group  stretch-
ing  vibrations,  demonstrates  progressive  curing  of  the  ph-
thalonitrile group.

To calculate the DOC, Eq. (1) was used for the two reactive
parts  of  MPN,  maleimide,  and  cyanide,  and  the  results  are
shown  in Fig.  9.  The  maleimide  part  (blue  dashed  curve)  ex-
hibits  a  higher  degree  of  conversion  at  lower  temperatures
(around 200–315 °C), which aligns with the well-documented
radical  polymerization  behavior  of  maleimide  groups.  The
curing  of  this  group  progressed  rapidly  during  the  initial
stage,  reaching  approximately  95%  completion  at  350  °C.  In
contrast, the phthalonitrile part (green dashed curve) demon-
strated  a  delayed  curing,  with  significant  advancement  only
above 300 °C. This behavior is consistent with the high activa-
tion  energy  required  for  phthalonitrile  trimerization  and  the

formation of thermally stable heterocyclic networks.[53]

Mechanical and Thermal Properties of
MPN/DABA/Carbon Fiber Composites
The  interlaminar  shear  strength  (ILSS)  results  of  the
MPN/DABA/carbon  fiber  composite  directly  reflect  the  influ-
ence of  the curing cycle on the degree of  crosslinking and the
resulting  mechanical  properties  of  the  composite  of  the  resin
matrix and carbon fibers. As shown in Table 5, three distinct cur-
ing  cycles  were  applied  to  cure  the  MPN/DABA/carbon  fiber
composite to investigate the effect of curing cycles on the me-

 

Table 4    DSC results of neat MPN monomer.
 

Sample parts Ti (°C) Tp (°C) ΔH (J/g)

Maleimide part 211.4 304.9 –157.9
Phthalonitrile part 325.9 331.4 –170.2
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Fig.  8    FTIR  spectra  of  MPN  resins  during  the  curing  process.  (a)
Before curing, (b) 30 min @ 200 °C, (c) 1 h @ 200 °C, (d) 2 h @ 200 °C,
(e) 2 h @ 200 °C + 4 h @ 315 °C, (f) 2 h @ 200 °C + 6 h @ 315 °C, (g) 2 h
@ 200 °C + 8h @ 315 °C, (h) 2h @ 200°C + 10 h @ 315 °C, (i) 2 h @ 200
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6 h @ 350 °C.
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Fig.  9    Curing  cycle  and  degree  of  curing  of  MPN  with  the
presence of DABA curing agent.
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chanical properties of the dual-curing MPN resin.
The ILSS results are shown in Fig. 10. In the MPN-DABA 200

sample cured for  only  30 min at  200 °C,  the ILSS value of  25
MPa  indicates  incomplete  polymerization  of  both  reactive
sites.  At this temperature and short curing time, only limited
addition  reactions  occurred  in  the  maleimide  domains,
whereas  the  phthalonitrile  moieties  remained  largely  unre-
acted.  Consequently,  the  matrix  exhibited  a  relatively  low

crosslink  density  and  weaker  fiber-matrix  adhesion,  leading
to a lower shear strength.

In  the  MPN-DABA  315  sample  cured  for  2  h  at  200  °C  fol-
lowed  by  4  h  at  315  °C,  the  ILSS  increased  to  36.4  MPa.  Ac-
cording to the FTIR results,  approximately 63% of maleimide
and 43.8% of phthalonitrile groups were cured. At this stage,
the  polymer  network  became  more  integrated  as  the
maleimide  units  underwent  further  addition  polymerization,
and  partial  phthalonitrile  curing  began.  The  enhanced
crosslinking  improves  matrix  rigidity  and  fiber-matrix  bond-
ing,  although  the  incomplete  polymerization  of  the  ph-
thalonitrile units still limits the overall load transfer efficiency.

The MPN-DABA 350 sample, which underwent the most ex-
tensive curing cycles, achieved the highest ILSS value of 37.5
MPa.  At  these  elevated  temperatures,  nearly  95%  of
maleimide and 80% of phthalonitrile segments were convert-
ed.  The  formation  of  a  highly  crosslinked  aromatic  hetero-
cyclic network significantly enhances the matrix modulus and
thermal  stability.  Moreover,  the  improved  crosslink  density
reduces  the  mobility  of  the  polymer  chains  at  the  interface,
thereby  increasing  the  frictional  resistance  to  interlaminar
shear and preventing microcrack propagation under loading.
The  incremental  increase  in  ILSS  with  progressive  curing
demonstrated a clear correlation between the degree of cure
and  mechanical  integrity.  Complete  polymerization  of  the
maleimide  phase  establishes  a  rigid  backbone,  whereas  ad-
vanced  phthalonitrile  crosslinking  contributes  to  high  ther-
mal resistance and mechanical strength. The overall  ILSS val-
ues fell within the expected range for phthalonitrile- and bis-
maleimide-based  composites,  confirming  that  the  synthe-
sized MPN-DABA resin system achieved a mechanical perfor-
mance intermediate between those of conventional BMI and
phthalonitrile  matrices. Table  6 compares  the ILSS values  re-
ported  in  the  literature  for  composites  based  on  the  PN

 

Table  5    Different  curing  cycles  applied  for  curing  of  MPN/DABA/
carbon fiber composite.
 

Sample code Curing cycle

MPN-DABA 200 30 min @ 200 °C
MPN-DABA 315 2 h @ 200 °C + 4 h @ 315 °C
MPN-DABA 350 2 h @ 200 °C + 4 h @ 315 °C + 6 h @ 350 °C
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Fig. 10    ILSS values for MPN-DABA systems.

 

Table 6    Reported ILSS values for PN resins composites in the literature.
 

Structure Fiber type ILSS value (MPa) Ref.
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resins. [54−57]

DMTA analysis provides critical insight into the viscoelastic
behavior and degree of curing of the synthesized MPN-DABA
resin system. As illustrated in Fig. 11, the MPN-DABA 200 sam-
ple  exhibited  a  glass  transition  temperature  below  100  °C,  a
value  which  was  markedly  lower  than  fully  cured  phthaloni-
trile and bismaleimide resins. This substantial reduction in Tg

directly  reflects  the  insufficient  crosslinking  density  of  the
polymer  matrix  owing  to  incomplete  curing  reactions  under
the  mild  thermal  conditions  applied  (30  min  at  200  °C).  It
should also be noted that the composite exhibited a relative-
ly  high  storage  modulus,  even  under  incomplete  curing,  up
to temperatures close to 100 °C. This behavior indicates that a
partially  crosslinked  network  was  already  formed  during  the
early  stages  of  curing,  providing  sufficient  stiffness  and  di-
mensional stability to the material before full curing occurred.

From a molecular perspective, the low Tg indicates that the
polymer  chains  remain  highly  mobile,  suggesting  the  pre-
dominance  of  unreacted  or  partially  reacted  maleimide  and

phthalonitrile moieties. The FTIR analysis confirmed this inter-
pretation,  revealing  that  only  approximately  30%  of  the
maleimide  double  bonds  and  approximately  9%  of  the  ph-
thalonitrile  groups  underwent  conversion  during  the  initial
curing stage (Fig. 9). Such limited reaction extents are expect-
ed, as maleimide addition polymerization can initiate at mod-
erate  temperatures,  whereas  phthalonitrile  curing  requires
substantially  higher  activation  energies,  typically  occurring
above  300  °C.  Consequently,  the  polymer  network  at  this
stage  was  dominated  by  a  loosely  crosslinked  maleimide
structure  with  minimal  phthalonitrile  contribution,  resulting
in a soft, low-modulus matrix.

The results conclusively demonstrate that under these con-
ditions,  phthalonitrile  curing  remains  largely  inactive,  con-
firming the stepwise curing behavior of the dual-curing MPN
resin.  This  finding  aligns  with  the  observed  FTIR  data,  which
show  that  the  degree  of  maleimide  conversion  is  approxi-
mately  three  times  higher  than  that  of  the  phthalonitrile
monomer, reflecting the inherently distinct thermal reactivity
of the two functional groups.

Further  comparison with  the DMTA profiles  of  MPN-DABA
315 and MPN-DABA 350 revealed a  systematic  shift  in Tg to-
ward  higher  temperatures  with  increasing  curing  tempera-
ture and duration. This shift signifies progressive network for-
mation  through  the  simultaneous  completion  of  maleimide
addition  reactions  and  the  onset  of  phthalonitrile  trimeriza-
tion and ring closure,  leading to a  denser  aromatic  structure
with reduced chain mobility.  The disappearance of Tg within
the  25−250  °C  range  for  these  advanced  composites  indi-
cates that the glass transition has moved beyond the measur-
able  window,  confirming  the  formation  of  a  highly
crosslinked, thermally stable polymer. To provide a better un-
derstanding of the intrinsic properties of the MPN/DABA ma-
trix, the thermomechanical and thermal properties of the cor-
responding neat resin previously reported in the literature[48]

are  summarized  in Table  7.  As  shown,  the  neat  MPN/DABA
resin  exhibited  a  high  glass  transition  temperature  (Tg)  of
368.4  °C,  indicating  the  formation  of  a  highly  crosslinked
polymer  network  with  excellent  thermal  resistance.  DMTA
further revealed a storage modulus of 4243 MPa at room tem-
perature, which remained as high as 2521 MPa at 300 °C, indi-
cating remarkable retention of stiffness at elevated tempera-
tures.

The  neat  resin  also  exhibited  satisfactory  mechanical  per-
 

Table  7    Thermo-mechanical  and  thermal  properties  of  the  neat
MPN/DABA resin.[48]
 

Property Value

Tg (°C) 368.4
E' at room temperature (MPa) 4243

E' at 300 °C (MPa) 2521
Flexural strength (MPa) 90
Flexural modulus (GPa) 4.38
Impact strength (kJ/m2) 11.81

T5% in N2 (°C) 456
T10% in N2 (°C) 505

Char yield in N2 (%) 75.9
T5% in air (°C) 458.8
T10% in air (°C) 507.9
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Fig.  11    DMTA  curves  for  composites  cured  with  the  different
curing cycles: (a) storage modulus, (b) loss modulus and (c) tanδ.
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formance  with  a  flexural  strength  of  90  MPa,  flexural  modu-
lus  of  4.38  GPa,  and  impact  strength  of  11.81  kJ/m2.  TGA
demonstrated  excellent  thermal  stability  under  both  nitro-
gen  and  air  atmospheres.  Under  nitrogen,  the  temperatures
corresponding  to  5%  and  10%  weight  losses  were  456  and
505 °C, respectively, with a char yield of 75.9%. Similarly, in air,
the T5% and T10% values  reached  458.8  and  507.9  °C,  respec-
tively,  confirming  the  outstanding  thermal  stability  of  the
cured MPN/DABA resin. These data provide the intrinsic ther-
momechanical  characteristics  of  the  MPN/DABA  matrix  and
support  the  interpretation  of  the  composite  results  present-
ed herein. The high thermal stability and stiffness of the neat
resin  indicate  that  the  observed  performance  of  the  carbon
fiber-reinforced composites originates not only from the rein-
forcing effect of the carbon fibers but also from the excellent
inherent properties of the MPN/DABA matrix.

To  further  investigate  the  thermal  properties  of  the
MPN/DABA/carbon  fiber  composite,  TGA  was  performed  on
the MPN-DABA 350 sample.  The selection of  MPN-DABA 350
for thermal analysis was based on its superior mechanical and
thermal performances, as demonstrated by the ILSS and DM-
TA analyses, respectively, which indicated that the optimized
curing  cycle  resulted  in  a  well-developed  crosslinked  struc-
ture.  The  high  degree  of  curing  (approximately  95%  for  the
maleimide segment and 80% for the phthalonitrile segment)
strongly  indicates  that  this  sample possesses  a  robust  three-
dimensional polymer network, making it a suitable candidate
for evaluating the thermal behavior via TGA (Fig. 12).

As  shown  in  the  corresponding Fig.  12,  the  initial  decom-
position temperature (Tid)  for  this  system was approximately
340  °C,  while  the  final  decomposition  temperature  (Tfd)  oc-
curs  at  675  °C. Tid represents  the  onset  of  significant  mass
loss,  which  corresponds  to  the  initial  cleavage  of  thermally
unstable groups within the polymer network. In this tempera-
ture  range,  minor  degradation  of  aliphatic  linkages,  residual
solvent removal,  or  partial  scission of  less  stable succinimide
structures may occur. This initial event signifies the transition
from thermal stability to the beginning of the polymer back-
bone  degradation. Tfd marks  the  completion  of  decomposi-
tion, which corresponds to the breakdown of the highly aro-
matic  crosslinked  network  formed  during  the  final  curing
stage.  This  elevated  decomposition  limit  is  characteristic  of
phthalonitrile-derived  polymers,  which  decompose  through
stepwise  bond  scission  and  carbonization  rather  than  rapid

volatilization. The high Tfd value, combined with the substan-
tial char residue observed beyond this temperature, confirms
the  formation  of  a  thermally  stable  carbon  structure  upon
heating, indicative of efficient crosslinking and a high aromat-
ic content within the polymer backbone. As shown in Table 8,
the T5% of  the  MPN-DABA  350/carbon  fiber  composite  was
slightly lower than that of the pure phthalonitrile-based com-
posite,[58] yet approximately 80 °C higher than that of the bis-
maleimide-based composite.[23] This observation can be ratio-
nalized  in  terms  of  the  chemical  structure  of  the  MPN  resin.
The  incorporation  of  maleimide  groups  introduces  aliphatic
linkages  that  may  begin  to  thermally  degrade  at  relatively
lower  temperatures  than  the  highly  aromatic  phthalonitrile
framework, thereby slightly reducing the onset of the weight
loss.  Nevertheless,  the  presence  of  the  phthalonitrile  back-
bone  imparts  considerable  thermal  resistance  through  the
formation of stable triazine and isoindoline structures during
curing,  which  effectively  elevates  the  overall  decomposition
temperature compared with BMI systems.

  
Table 8    TGA results of MPN, PN, and BMI with carbon fiber. 

Sample
Argon atmosphere

T5% (°C) T10% (°C) Char yield at 900 °C (%)

MPN/Carbon fiber 484 584 84
PN/Carbon fiber 502 597 87
BMI/Carbon fiber 407 423 37

 
The char yield at 900 °C, which shows only a 3% reduction

relative to the phthalonitrile-based composite, but a substan-
tial  improvement  over  the  BMI-based  system,  further  sup-
ports the formation of a highly condensed aromatic structure
upon  pyrolysis.  The  high  char  residue  indicates  efficient  car-
bonization  and  suggests  that  the  polymer  network  retains
significant  aromatic  character  despite  the  inclusion  of  the
maleimide units. This behavior is consistent with the thermal-
ly  stable  crosslinked  structures  typically  observed  in  ph-
thalonitrile  systems,  where  extensive  cyclization  and  ladder-
type structures contribute to the excellent thermal resistance.

From  a  structural  chemistry  perspective,  the  synthesized
phthalonitrile monomer containing a maleimide group repre-
sents  a  rational  design  that  bridges  the  processing  advan-
tages  of  BMI  resins,  such  as  a  lower  curing  temperature  and
improved  flowability,  with  the  superior  thermal  stability  of
the  phthalonitrile  networks.  The  introduction  of  maleimide
moieties  lowers  the  initial  curing temperature  by  promoting
addition  reactions  at  lower  activation  energies,  thereby
widening  the  processing  window  and  enhancing  manufac-
turability  without  compromising  the  high-temperature  per-
formance.

CONCLUSIONS

In  this  study,  a  maleimide-functionalized  phthalonitrile
monomer (MPN) with a melting point of 106.8 °C was success-
fully synthesized, offering improved processability over conven-
tional  phthalonitriles.  DSC  analysis  confirmed  that  the  resin
could polymerize autocatalytically, while FTIR results guided the
design  of  an  optimized  dual-stage  curing  cycle  using  21  wt%
DABA as a curing agent.  The curing schedule affected the me-

 

Temperature (°C)

100 200 300 400 500 600 700 800 900

R
e

si
d

u
a

l w
e

ig
h

t 
(%

)

100

90

80

Tid=340 °C

T5%=484 °C

Char yield=84%

T10%=584 °C

Tfd=675 °C

 
Fig. 12    TGA curve of the MPN-DABA 350 composite.
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chanical  and  thermal  properties  of  the  fabricated  composites.
As the curing progressed, the formation of a highly crosslinked
aromatic  heterocyclic  network  markedly  enhanced  the  matrix
modulus  and  thermal  stability.  The  increased  degree  of
crosslinking further  improved the matrix  rigidity  and the fiber-
matrix interfacial bonding.

Mechanical testing revealed that increasing the curing de-
gree significantly enhanced interlaminar shear strength (ILSS)
of  the  fully  cured  MPN-DABA  350  sample.  DMTA  analysis
showed a corresponding increase in Tg, confirming the forma-
tion  of  a  highly  crosslinked  network.  The  DMTA  results
demonstrate that the composite exhibits strong thermal-me-
chanical  stability,  efficient  energy  dissipation  behavior,  and
effective  curing  evolution,  leading  to  a  well-developed
crosslinked  polymer  structure.  The  TGA  results  demonstrate
excellent  thermal  stability,  indicating a  thermally  robust  aro-
matic structure. Overall, the synthesized MPN/DABA compos-
ite  exhibited  intermediate  thermal  and  mechanical  proper-
ties  between  those  of  the  traditional  bismaleimide  and  ph-

thalonitrile  systems.  This  hybrid  design  effectively  combines
the  ease  of  processing  BMI  resins  with  the  thermal  en-
durance  of  phthalonitriles,  making  it  a  promising  candidate
for high-temperature structural and aerospace applications.
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