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Abstract   A  series  of  Diels-Alder  reaction  cross-linked  thermosets  with  recyclability  and  healability  were  prepared  from  furan-containing

aromatic polyamide and bismaleimides with different chemical structures.  The structures of synthesized bismaleimides were confirmed by 1H

nuclear magnetic resonance (1H-NMR) spectroscopy; their reversible cross-linking with the furanic polyamide was further detected by 1H-NMR

technique  and  sol-gel  transition  behavior.  The  dynamic  mechanical  analysis  and  tensile  test  revealed  the  variable  thermal  and  mechanical

properties of thermosets cross-linked by different bismaleimides and with different molar ratios of maleimide group to furan group (Ima/fur). The

tensile test also demonstrated that the better recyclability and solvent-assisted healability of thermosets cross-linked could be achieved by more

flexible bismaleimides. This work is expected to provide valuable information for design of recyclable and healable high-performance thermosets

with desired properties.
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INTRODUCTION

Thermosets  are  famous  for  their  distinguished  chemical  and
creep resistance, dimensional stability, and good thermomech-
anical  properties  due  to  the  covalently  crosslinked  networks,
and  thus  have  been  used  widely  in  the  last  few  decades.[1−4]

However,  the  insoluble  and  infusible  characters  have  greatly
restricted their reprocessability once they are subject to damage
or  failure,  which  raises  serious  environmental  and  economic
problems.[5,6] This  situation  stimulates  the  urgent  demands  for
establishing  new  kinds  of  thermosets  with  prolonged  service
lifetime and facile healability or recyclability.[7−13]

In  the  last  years,  great  efforts  have  been  devoted  world-
wide  to  addressing  this  issue,  and  the  employment  of  re-
versible  chemical  reactions  to  construct  dynamically  cross-
linked  networks  has  attracted  broad  attention.[14−19] Com-
pared with traditional  thermo-curing,  the dynamic reactions,
such as Diels-Alder (D-A) reaction,[20−22] disulfide exchange re-
action,[23−25] transesterification,[5,26] and  so  on,  could  gener-
ate dynamic bonds that behave as traditional covalent bonds
at  ambient  condition  but  dissociate/re-associate  under  cer-
tain stimuli. Among them, the D-A reaction is particularly im-
pressive for its unparalleled merits such as the highly purified
products, the mild process without any catalysts or initiators,

and the good tolerance to other functional groups.[27,28] Thus,
considerable work has been done to design healable or recyc-
lable  thermosets  from  furan  or  maleimide  containing  poly-
mers  such  as  polyurethane,[29−31] polyether,[32,33] synthetic
rubber,[34,35] silicon elastomer,[36] and so on. Nevertheless, the
high-performance  polymers,  including  aromatic  polyamide,
have been much less investigated in D-A reaction-based ma-
terials,  which  is  in  confliction  with  their  crucial  roles  in  the
fields  of  aerospace,  automotive,  cable,  electronics,  and  so
on.[37−39] This  discrepancy  might  be  attributed  to  the  rigid
backbone  and  multiple  interchain  interactions  of  aromatic
polymers,  which  endow  them  with  notorious  insoluble  and
infusible  features  that  hamper their  facile  post-functionaliza-
tion  with  cross-linkable  furan  or  maleimide  groups.  In  previ-
ous  work,  we  have  designed  and  synthesized  a  new  class  of
aromatic  polyamide  with  pendent  furan  groups.  This  poly-
amide possessed good processability and could readily react
with bismaleimide to afford crosslinked thermoset.[40] The re-
versible  D-A  reaction  between  furan  and  maleimide  groups
also allowed this thermoset to be recycled and reprocessed in
solution, which provided a new pathway to synthesize recyc-
lable and high-performance thermosets.

On  the  other  hand,  it  is  well  known  that  the  macroscopic
properties  of  thermosets  are  generally  determined  by  the
structure of molecular chains as well  as the crosslinked poly-
mer  networks.  Therefore,  the  structure  of  crosslinker  could
make  a  big  difference  in  the  final  performance.  While  many
researchers  utilized  commercialized  bismaleimide  (N,N′-4,4′-
diphenylmethane-bismaleimide,  BMI)  as  the  crosslinker  to
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crosslink furan containing polymers, few have focused on the
structure  of  crosslinkers,  let  alone  to  make  a  comparison  in
detail.[31,41−43] In  fact,  the  length and flexibility  of  bismaleim-
ides would directly affect the structure of network and mech-
anical  performance  of  substrate.  The  motion  ability  of  seg-
ments  is  also crucial  to  the healing and recycling of  the net-
work.  In our previous study,  we have also used BMI to cross-
link  our  furanic  polyamide  and  demonstrated  the  improved
mechanical  properties.  However,  the  crosslinking  of  an  aro-
matic matrix with short and benzene ring abundant BMI res-
ulted in relatively brittle material because of the dense cross-
linked network and rigid molecular backbone. Moreover,  the
crosslinked network can only be recycled and reprocessed in
solution, but can hardly be healed in solid state. Therefore, it
is important to tune the mechanical behavior and realize the
facile healing of polyamide-based thermoset for wider applic-
ations.

Given the above consideration, herein, we reported a series
of furanic polyamide-based thermosets by using different bis-
maleimides as crosslinkers via D-A reaction. The effects of the
molecular structures of bismaleimides on thermal, mechanic-
al,  and recycling properties  of  the resulting thermosets were
thoroughly investigated. The possibility to heal the damaged
thermosets in solid state was also evaluated.

EXPERIMENTAL

Materials
Furfural, 5-aminoisopathalic acid, anhydrous sodium sulfate, gla-
cial acetic acid, sodium borohydride, methanol, pyridine, and tri-
phenyl  phosphate (TPP) were commercially  available and used
directly as received. The aromatic diamine 4,4-diaminodiphenyl
ether  (ODA)  was  purchased  from  J&K.  Aliphatic  diamine  poly-
(propylene glycol) bis(2-aminopropyl ether) (D230) was purcha-
sed  from  Sigma-Aldrich.  1,6-Hexanediamine  and  ethylenedi-
amine  were  obtained  from  Sinopharm  Chemical  Reagent  Co.,

Ltd. All diamines were used without any treatment. The solvent
N-methyl-2-pyrrolidinone  (NMP)  was  stored  over  4Å  activated
molecular  sieves  for  at  least  one  week  before  use.  Lithium
chloride was dried overnight in muffle furnace under 400 °C for
6 h prior to use.

Synthesis of Different Bismaleimides
The  general  method  for  the  preparation  of  bismaleimides  is
shown in Fig. 1. Three kinds of diamines with different structures
were  firstly  reacted  with  maleic  anhydride  to  acquire  an  inter-
mediate and then dehydrated to obtain the final products.

Synthesis of 1,1-(ethane-1,2-diyl)bis(1H-pyrrole-2,5-dione)
(EBM)
EBM  was  prepared  as  follows.  Ethylene  diamine  (20  mmol)  in
chloroform  (50  mL)  was  added  drop-wise  into  the  solution  of
maleic  anhydride  (50  mmol)  in  chloroform  (100  mL)  at  0  °C
under the protection of nitrogen. The slurry was then stirred for
2  h  at  room  temperature  to  obtain  the  corresponding  inter-
mediate  bismaleimide  acid;  the  intermediate  was  filtrated  and
dried  for  4  h  at  60  °C.  Next,  the  bismaleamic  acid  (4.35  g)  and
sodium  acetate  trihydrate  (1.07  g)  were  dissolved  in  acetone
(100  mL),  followed  by  the  addition  of  triethylamine  (1.52  mL)
and acetic anhydride (10.21 mL). Then, the mixture was refluxed
at  70  °C  for  6  h  and  rotary  evaporated  to  remove  the  solvent.
The resulting crude product was washed with deionized water
for three times to give the final product.

Synthesis of 1,1-(hexane-1,6-diyl)bis(1H-pyrrole-2,5-dione)
(HBM)
HBM was prepared in a similar way as described above. In detail,
1,6-hexanediamine  (20  mmol)  was  first  dissolved  in  anhydrous
ether  (50  mL)  and  added  dropwise  into  the  solution  of  maleic
anhydride (50 mmol) in anhydrous ether (100 mL) at 0 °C under
the protection of nitrogen. The slurry was then stirred for 2 h at
room temperature to give the corresponding intermediate bis-
maleamic acid; the intermediate was filtrated and dried for 4 h
at  60  °C.  Next,  the  intermediate  bismaleamic  acid  (5.31  g)  and
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Fig. 1    Synthetic procedures of different bismaleimides and their reversible reactions with POF.
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sodium  acetate  trihydrate  (1.07  g)  were  dissolved  in  acetone
(100  mL),  followed  by  the  addition  of  triethylamine  (1.52  mL)
and acetic anhydride (10.21 mL); the mixture was then refluxed
at  70  °C  for  6  h  and  rotary  evaporated  to  remove  solvent.  The
resulting  crude  product  was  washed  with  deionized  water  for
three times to give the final product.

Synthesis of 1-(1-((1-((1-(2-(2,5-dioxo-2,5-dihydro-1H-
pyrrol-1-yl) propoxy) propan-2-yl)oxy)propan-2-
yl)oxy)propan-2-yl)-1H-pyrrole-2,5-dione (OBM)
OBM  was  prepared  as  follows.  D230  (20  mmol)  in  anhydrous
ether  (50  mL)  was  added  drop-wise  to  maleic  anhydride  (50
mmol) in anhydrous ether (100 mL) over 1 h under the protec-
tion of nitrogen at 0 °C. The mixture was stirred for 2 h at room
temperature.  The  solvent  was  then  replaced  with  fresh  anhy-
drous  ether  (150  mL  ×  3)  and  subsequently,  sodium  acetate
(1.26  g),  triethylamine  (1.79  mL),  and  acetic  anhydride  (12  mL)
were added in turns. After 8 h reaction at 40 °C, the solvent was
rotary  evaporated  to  give  crude  product,  which  was  washed
with water for three times to obtain a yellow viscous product.

Polymerization Procedure of Furanic Pendent
Polyamide (POF)
The  synthetic  route  to  aromatic  furanic  polyamide  was  deve-
loped by our group previously[40] and could be described briefly
as follows. Furfural and 5-aminoisopathalic acid were dissolved
in  methanol  with  anhydrous  sodium  sulfate  as  the  water  ab-
sorbent and glacial  acetic  acid as the catalyst  to form unstable
intermediate,  and  then  quadruple  amount  of  sodium  boro-
hydride was added in batches to reduce the double-bond. The
obtained  furan-containing  diacid  monomer  was  reacted  with
4,4-diaminodiphenyl ether (ODA) at 130 °C in NMP solution with
the  aid  of  pyridine,  TPP,  and  LiCl  to  give  the  final  furanic
polyamide,  whose structure is  shown in Fig.  1 and was named
as POF.

Cross-linking of POF with Different Bismaleimides
POF  was  dissolved  in  NMP  (solid  content  of  8  wt%)  to  form  a
polymer  solution and mixed with  different  bismaleimides  with
variable molar ratio of maleimide/furan (Ima/fur = 0.1, 0.2, 0.3, 0.4,
0.5, and 0.6). The mixtures were casted on glass plates and dried

at 60 °C for 3 days to obtain the corresponding crosslinked films
(named as  POF-X-Y,  where X is  the  value  of Ima/fur,  and Y is  the
kind of bismaleimides).

Characterizations
1H-NMR  spectra  were  obtained  under  298  K  in  DMSO-d6 or
CDCl3 with  tetramethylsilane  (TMS)  as  an  internal  reference  by
a  Bruker  600-MHz  NMR  spectrometer.  The  dynamic  thermal-
mechanical  properties  were  tested  on  a  dynamic  mechanical
thermal  analyzer  (DMA  Q800,  TA  instruments,  Co.,  Ltd.  USA)
with rising temperature from 40 °C to 180 °C, during which the
frequency  was  maintained  at  1.0  Hz  and  the  heating  rate  was
set at 10 °C/min. The mechanical properties of samples (30 mm
× 6 mm × 0.06−0.18 mm) were measured on MTS model  C44-
104 electronic  universal  testing machine.  The crosshead speed
was  fixed  at  5  mm/min  with  an  initial  length  of  15  mm  under
room temperature  and humidity  of  about  65%.  To test  the  re-
cyclability of crosslinked films, the samples were cut into pieces
and re-dissolved in NMP at 130 °C to unlock the reversible link-
age.  Subsequently,  the  homogenous  solution  was  casted  on
glass  plate  and  dried  at  60  °C  for  3  days  to  obtain  the  repro-
cessed  films,  which  were  then  characterized  by  tensile  test.
Polarized optical microscopy (LWT300LPT) and tensile test were
also employed to observe the repairing efficiencies of  the bro-
ken samples.

RESULTS AND DISCUSSION

Structural Characterizations of Different
Bismaleimides
The  structures  of  obtained  bismaleimides  were  confirmed  by
1H-NMR  spectroscopy  and  the  results  are  shown  in Fig.  2.  The
signals  around  7.0  ppm  appearing  in  all  three  kinds  of  bisma-
leimides  were  attributed  to  the  protons  in  maleimide  groups,
indicating  the  successful  conversion  of  amine  groups  into
maleimide  groups  in  all  diamines.  The  signals  of  methylene
under  different  chemical  environments  in  EBM  and  HBM  were
marked as b, B, C, and D, while the protons ascribed to methyne,
methylene, and methyl in OBM were labeled as 2, 3, 4, 5, 6, and
7,  respectively.  Combining  the  characteristic  signals  with  their
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Fig. 2    1H-NMR spectra of different bismaleimides.
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integral  areas  (Ia:Ib =  1.00:1.03; IA:IB:IC:ID =  1.00:1.16:1.08:1.06;
I1:I2:I3:I4:(I5 + I6 + I7) = 1.00:1.62:1.74:0.45:2.89), the chemical struc-
tures of these bismaleimides could be evidently confirmed.

Reversible D-A Reaction between POF and
Bismaleimides
The presence of side furan group in POF not only improved its
solubility in common solvents, but also offered abundant reac-
tive sites for the subsequent crosslinking with bismaleimides to
obtain enhanced polymer networks.  Moreover,  the thermal re-
versibility of D-A reaction proposed a potential way for our ther-
mosets to be used as recyclable materials. The D-A reaction be-
tween  POF  and  bismaleimides  was  detected  by 1H-NMR  spec-
troscopy and the  results  are  shown in Fig.  3(A).  Due to  the  re-
versibility  of  D-A  reaction,  the  content  of  maleimide  groups  in
bismaleimides was six-fold to that of furan groups in POF, so as
to  prompt  the  forward  reaction  and  the  accumulation  of  D-A
adduct as much as possible. As can be seen, the signals marked
as  j,  h,  and  i  attributed  to  the  protons  in  furan  ring  were  ob-
viously decreased, and new signals ascribed to the D-A adduct
(labeled as j′,  h′,  i′,  o, and p) appeared after reaction. Moreover,
the newly emerging signals in green box were considered to be
caused by the stereoisomerism of D-A adduct. Taking the above
changes into consideration, a conclusion could be easily drawn

that our POF could readily react with all bismaleimides. The re-
versible  processes  of  D-A  and  retro  D-A  reactions  were  evalu-
ated  by  using  POF/EBH  mixture  as  a  model  due  to  the  simple
structure of EBH. In this set of experiment, the mixture was pla-
ced at 60 °C for 24 h to ensure the completion of D-A reaction
and  subsequently  heated  at  130  °C  for  half  an  hour  to  unlock
the D-A linkage, and then the cycle was repeated once more. As
could  be  seen  in Fig.  3(B),  compared  with  the  de-crosslinked
state (2 and 4), there was a significant decrease in the intensity
of signals as h, i, and j in the cross-linked state (1 and 3), demon-
strating  the  consumption  of  furan  groups.  Moreover,  the  new
signals  attributed  to  D-A  adduct  (signed  as  h′,  i′,  j′,  o,  and  p)
appeared in crosslinked state and disappeared in de-crosslinked
state regularly,  making it  clearly that the D-A and retro D-A re-
actions indeed proceeded and could be repeated.

At the same time, the reversible crosslinking between POF
with bismaleimides was also investigated from a macroscop-
ic  view by the sol-gel  transition using POF-0.4-EBM as an ex-
ample, as shown in Fig. 4. The sample displayed excellent re-
sistance to solvent and was only swollen in NMP after 24 h at
room  temperature,  while  virgin  POF  was  completely  dissol-
ved in NMP, proving the crosslinking between POF and EBM.
Under  the  assistance  of  external  stimulus  (130  °C  for  0.5  h),
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Fig. 3    1H-NMR spectra of (A) the D-A crosslinking reactions of POF with different bismaleimides and (B) the cyclic
process of D-A and retro-D-A reaction performed on POF-EBH for its simple structure: (1) placed at 60 °C for 24 h; (2)
exposed to 130 °C for 0.5 h; (3) re-placed at 60 °C for 24 h; (4) re-exposed to 130 °C for 0.5 h.
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Fig. 4    Solvent resistance test of POF and the crosslinked film (POF-0.4-EBM), and the changes of
phase  behavior  for  POF-0.4-EBM  in  NMP:  L-1  and  S-1correspond  to  POF-0.4-HBM  film  treated  at
130 °C for half an hour and then cooled at 60 °C for 24 h; L-2 and S-2 stand for the second cycle
while L-3 and S-3 for the third cycle.
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the  network  in  POF-0.4-EBM  was  de-crosslinked  and  homo-
genous  solution  with  low-viscosity  was  formed  (L-1).  How-
ever,  its  viscosity  increased  gradually  within  2  h  and  then  it
became a block of solid without fluidity after 24 h at 60 °C (S-
1), which could be explained by the regeneration of the cross-
linking.  This  cycle  could  be  repeated  for  at  least  three  times
(L-2, S-2 and L-3, S-3). The sol-gel transition test between POF
and other bismaleimides gave the same results. 1H-NMR and
sol-gel transition tests demonstrated the good reversibility of
D-A reaction between POF and all bismaleimides.

Mechanical Properties of Crosslinked Films
The dynamic mechanical properties of POF crosslinked by diffe-
rent bismaleimides as a  function of Ima/fur were investigated by
DMA, as shown in Fig. 5. The storage modulus (G′) at 50 °C and

glass transition temperature (Tg) of all samples are listed in Table
1.  It  was  clearly  seen  that  the  storage  modulus  rose  gradually
with  the  increasing Ima/fur and  reached  a  maximum  value  of
2286, 2280, and 1710 MPa, corresponding to 87.4%, 86.9%, and
40.2% increment as compared to that of virgin POF (1220 MPa).
It indicates that the increased stiffness was largely attributed to
the increase of cross-linking density. The values of storage mo-
dulus started to decrease with increasing Ima/fur when it surpas-
sed the critical point, indicating a decrease of cross-linking den-
sity. Moreover, the variation of storage modulus depending on
the  molecular  chains  of  cross-linkers  demonstrated  that  chain
mobility  also made a big difference and that  the ultima values
were  determined  by  the  synergistic  effect  of  cross-linking
density  and chain mobility.  The variation trend of Tgs  reflected
by the peaks of tanδ was similar to that of storage modulus and
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Fig. 5    (a, c, e) Storage modulus and (b, d, f) tanδ of cross-linked films with crosslinkers of (a, b) EBM, (c, d) HBM, and (e, f) OBM
as a function of Ima/fur.
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increased  with  the  increase  of Ima/fur to  some  extent  and
subsequently  decreased  from  the  maximum  values,  except  for

POF-Ima/fur-OBM,  whose Tgs  continuously  decreased  along  with
the increase of Ima/fur.  The rising Tgs  were attributed to the res-
triction  of  chain  mobility  resulting  from  the  cross-linking  and
the  linkage  density  decreased  when Ima/fur reached  its  peak
which  resulted  in  negative  effect  on  the  increase  of Tgs.  How-
ever,  because of the longer chain and righer flexibility of OBM,
the positive effect of extensibility surpassed the restriction effect
of  cross-linking  and  led  to  a  decrease  of Tgs  along  with  the
increase of Ima/fur (from 128.8 °C of virgin POF to 116.8 °C of POF-
0.60-OBM). In fact, the melting point of bismaleimide OBM was
so  low  (below  50  °C)  that  the  thick  liquid  decreased Tgs  signi-
ficantly,  if  they were not for the assistance of cross-linking net-
work.
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Fig. 6    (a−c) Typical stress-strain curves of POF-Ima/fur-Y and (d−f) the comparison of mechanical properties.

Table 1    Effects of cross-linkers on DAM properties as a function of Ima/fur.

0 0.10 0.20 0.30 0.40 0.50 0.60

GE′ (MPa) 1220 1548 1657 2286 2215 2060 1795
Tg,E (°C) 128.6 137.3 143.1 148.6 154.5 151.0 149.3

GH′ (MPa) 1220 1465 1670 2130 2280 2115 1984
Tg,H (°C) 128.6 132.8 137.6 140.2 141.6 138.1 134.3

GO′ (MPa) 1220 1325 1396 1518 1576 1710 1565
Tg,O (°C) 128.6 127.5 125.6 123.2 120.7 118.6 116.8

Note:  E,  H,  and  O  are  shorts  for  the  corsslinkers  of  EBM,  HBM,  and  OBM,
respectively.
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The influence of cross-linkers and their contents (Ima/fur) on
mechanical  properties  was  investigated  by  tensile  test,  and
the  typical  stress-strain  curves  and  the  corresponding  line
charts are shown in Fig. 6. The three key indexes for polymer-
ic materials, including the Young′s modulus (E), tensile streng-
th (σ), and elongation at break (ε), are extracted in Table 2. As
can be seen, the final mechanical properties were dependent
on the kinds of bismaleimides and could be tailored through
the variation of Ima/fur.  While  the elongation at  break of  POF-
Ima/fur-EBM increased at lower bismaleimide contents (Ima/fur <
0.20) and then decreased as Ima/fur further increased, the ones
of  POF-Ima/fur-HBM  and  POF-Ima/fur-OBM  still  rose  with  the  in-
crease of Ima/fur to  a  higher  value.  The initial  increasing stage
was  considered  to  be  caused  by  the  linking  of  polymeric
chains  to  increase  the  molecular  weight  and  to  form  loosely

cross-linked  network. ε should  be  decreased  for  all  cross-
linkers  along  with  the  increase  of Ima/fur as  the  restriction  ef-
fect  of  chain  mobility  by  dense  cross-linking  surpassed  the
positive effect on extensibility, while the results of POF-Ima/fur-
HBM  and  POF-Ima/fur-OBM  were  on  the  contrary.  It  was  not
surprising  at  all  because  the  un-reacted  one  side  of  bis-
maleimide would hang on the backbone to form branch that
served  as  internal  plasticizer,  and  the  longer  and  softer  the
cross-linkers  were,  the  looser  the  network  formed  would  be.
However,  the  variation  of  strengths  was  similar  for  all  three
types of  polymers,  with the tendency of  first  rising and then
dropping.  The  strength  increased  sharply  from  41.3  MPa  for
virgin POF to 81.6 MPa for POF-0.4-EBM, 77.6 MPa for POF-0.3-
HBM, and 67.7 MPa for POF-0.2-OBM, corresponding to an in-
crement of 97.5%, 87.9%, and 63.9%, respectively. While Ima/fur
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Fig. 7    (a−c) Typical stress-strain curves of recycled films cross-linked by different bismaleimides; (d) Recovery efficiencies of strength
and elongation.

Table 2    Mechanical properties of polymer films as a function of Ima/fur.

0 0.10 0.20 0.30 0.40 0.50 0.60

EE (MPa) 872 ± 77 1028 ± 65 1220 ± 95 1500 ± 130 1785 ± 115 1720 ± 96 1680 ± 113
σE (MPa) 42.5 ± 2.1 55.3 ± 2.6 68.0 ± 4.5 75.7 ± 2.1 81.6 ± 3.0 75.4 ± 2.7 66.3 ± 2.3

εE (%) 9.6 ± 0.6 11.6 ± 1.1 12.8 ± 0.9 11.5 ± 1.4 9.8 ± 1.2 8.9 ± 0.9 8.4 ± 0.8
EH (MPa) 872 ± 77 993 ± 73 1292 ± 98 1561 ± 85 1685 ± 106 1580 ± 91 1385 ± 80
σH (MPa) 42.5 ± 2.1 62.2 ± 2.6 73.1 ± 3.8 77.6 ± 4.1 70.7 ± 3.0 62.6 ± 2.8 60.6 ± 3.6

εH (%) 9.6 ± 0.6 12.9 ± 0.9 16.7 ± 0.8 16.9 ± 1.1 18.2 ± 1.3 16.7 ± 1.0 14.9 ± 0.8
EO (MPa) 872 ± 77 1040 ± 113 1250 ± 85 1135 ± 102 982 ± 94 860 ± 127 660 ± 56
σO (MPa) 42.5 ± 2.1 56.3 ± 2.3 67.7 ± 2.5 64.9 ± 1.6 59.1 ± 2.9 55.5 ± 1.2 55.2 ± 1.3

εO (%) 9.6 ± 0.6 12.2 ± 1.3 14.5 ± 1.2 19.3 ± 1.6 25.9 ± 1.0 27.1 ± 1.3 28.2 ± 1.2
Note: E, H, and O are shorts for the corsslinkers of EBM, HBM, and OBM, respectively.

274 Luo, K. J. et al. / Chinese J. Polym. Sci. 2020, 38, 268–277  

 
https://doi.org/10.1007/s10118-019-2328-7

 

https://doi.org/10.1007/s10118-019-2328-7


for  the  maximal  strengths  differed  from  each  other, σ in  the
ranging of 0.2 to 0.4 was almost the same. As a consequence,
the  tensile  results  demonstrated  that  our  furanic  polyamide
POF  could  be  effectively  cross-linked  by  bismaleimides  and
the  overall  mechanical  properties  varied  easily  with  the
change of Ima/fur.

Recyclability of Crosslinked Films
Due  to  the  thermally  reversible  character  of  D-A  reaction,  our
crosslinked  films  could  also  be  recycled  after  failure.  To  probe
the  effects  of  bismaleimides  on  the  recyclability  of  crosslinked
films,  we  carried  out  tensile  test  on  the  reprocessed  samples
crosslinked  by  different  bismaleimides  with Ima/fur =  0.3,  as
shown  in Fig.  7.  It  was  found  that  after  the  first  cycle  of  re-
processing, σ of POF-0.3-OBM and POF-0.3-HBM could return to
about 82.5% with ε increased to around 120% due to the lower

crosslinking density in reprocessed samples. However, σ of POF-
0.3-EBM decreased to 70% and ε increased to around 150%. The
relatively low recovery in strength and increase in elongation at
break of  POF-0.3-EBM were thought  to  be originated from the
shorter  length  of  EBM  as  compared  to  HBM  and  OBM,  which
made the linking of two separated polymer chains more difficult
and thus resulted in further decrease of crosslinking density. The
recovery ratio of σ and ε of EBM, HBM, and OBM crosslinked POF
samples  after  the  second  cycle  of  reprocessing  were  similar  to
those of the first reprocessed ones, suggesting the good recyc-
lability.

Healability of Crosslinked Films
The healability is of crucial importance in polymer materials for
the  sake  of  safety,  durability,  and  extended  lifetime.  However,
most  attention  for  the  repairable  materials  was  paid  to  soft
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Fig. 8    The healing properties of cross-linked materials with different bismaleimides: (a−c) the polarized light micrographs
of rejoined blocks after repairing; (d−f) the healing of overlapped cross-linking films.
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elastomers  and  few  literatures  were  focused  on  the  healing  of
high-performance  polymers  because  of  their  tough  molecular
structure.  To investigate the healing performance of  our cross-
linked POF, three kinds of crosslinked blocks (Ima/fur = 0.3) were
cut  into  two  pieces  and  the  two  counterparts  were  subsequ-
ently rejoined by certain pressure. The blocks were then heated
at  130  °C  for  1  h  to  de-crosslink  the  D-A  linkage  and  stored  at
60  °C  for  3  days  to  allow  the  re-crosslinking.  However,  it  was
found  that  there  was  nearly  no  healing  effect  in  this  set  of
experiments, which was attributed to the limited chain mobility
of  POF.  In  addition,  the large fraction of  POF chains  could also
prevent  the  free  motion  of  bismaleimide  molecules  despite
their flexible feature. Therefore, we employed solvent (NMP) to
assist  the  healing  of  crosslinked  POF.  In  the  healing  process,  a
drop of solvent was used to wet the fracture surfaces, and then
the fracture surfaces were pressed together and heated at 60 °C
for 3 days. As can be seen from Fig. 8, all the broken blocks were
clearly healed after these treatments, indicating that the healing
process  was  activated  by  the  swelling  and  motion  of  polymer
chains  around  the  cracks  to  offer  more  opportunity  for  the
rejoining  of  furan  and  maleimide  groups.  In  addition,  POF-0.3-
OBM  exhibited  the  best  healing  performance  because  only
slight trace was left on surface after healing process, while POF-
0.3-HBM  and  POF-0.3-EBM  exhibited  inferior  healing  efficiency
with  more  obvious  scar  left  on  the  surface.  Moreover,  the  re-
pairing  efficiencies  were  also  investigated  by  tensile  test.  The
overlapped films were heated at 130 °C for 1 h and then healed
for 3 days at 60 °C under the assistance of solvent and pressed
to  avoid  wrinkle  in  the  process.  The  resultant  films  and  the
typical  stress-strain curves are shown in Figs.  8(f) and 8(d) with
efficiencies in strength Fig.  8(e) of  32%, 35%, and 42%, respec-
tively.

CONCLUSIONS

Three bismaleimides were synthesized and applied as reversible
cross-linkers  to  build  thermosets  with  comb-shaped  aromatic
polyamide  by  Diels-Alder  reaction. 1H-NMR  spectroscopy  con-
firmed the structures and their reaction with furanic polyamide.
The reversibility of our cross-linked network was demonstrated
by  both 1H-NMR  technique  from  molecular  level  and  gelation
testing from macroscopic  view.  Although the variation of  stor-
age modulus, Tg, tensile strength, and elongation at break of all
three  kinds  of  cross-linked  POF  showed  similar  tendency,  the
impacts  of  cross-linking  on  the  thermal  and  mechanical  pro-
perties  of  thermosets  were  dependent  on  the  chemical  struc-
tures  of  bismaleimides  as  demonstrated  by  DMA  and  tensile
tests. Our cross-linked networks exhibited good recyclability by
triggering the retro D-A reaction in NMP at high temperature to
re-form  integrated  films  for  at  least  three  times  with  recovery
efficiency  around  80%.  Moreover,  the  thermosets  also  showed
solvent-assisted  healability  with  healing  efficiency  varied  from
32%  to  42%  depending  on  the  chemical  structure  of  bismale-
imides.  This  work  is  expected  to  provide  new  opportunity  for
recyclable and repairable high-performance thermosets.
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