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Abstract   Easy hydrolysis in alkaline environments limits the use of polyimide fibers in environmental protection. The hydrolysis resistance levels

of polyimide fibers can be improved by crosslinking of the macromolecular chains. In this work, crosslinked polyimide fibers (CPI fibers) were pro-

duced by intrinsic carboxyl decarboxylation for the first time. The thermal stability of the polyimide fibers containing the intrinsic carboxyl groups

(PIC fibers) was studied, and the temperature of the decarboxylation-crosslinking reaction was determined to be 450 °C. The PIC fibers were hot-

drawn to initiate thermal crosslinking of the carboxyl groups and molecular chain orientation at high temperature. The CPI fibers had high tensile

strengths  (0.72−1.46  GPa)  and compressive  strengths  (401−604 MPa).  The  oriented macromolecules  and chemically  crosslinked structure  im-

proved the tightness of the molecular chains and endowed the CPI fibers with excellent hydrolytic resistance. The CPI-50 fiber did not dissolve in

a 0.5 wt% NaOH solution during heating at 90 °C for 10 h, and the tensile strength retention reached 87% when treated in 0.5 wt% NaOH solu-

tions at 90 °C for 1 h, providing a guarantee for its application in alkaline corrosive environments.
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INTRODUCTION

Air pollution has become a major environmental concern due to
the large amount of air pollutants emitted from industrial facili-
ties such as chemical plants and power plants.  Generally,  high-
temperature industrial flue gases must be filtered with high-per-
formance textiles to remove particulate matter.[1] Polyimide (PI)
fibers are known to have excellent properties, such as high me-
chanical  performance,  high  temperature  resistance,  corrosion
resistance, radiation resistance, flame retardancy, and nontoxic-
ity.[2−6] Therefore,  PI  fibers  are  an  important  high-temperature
filter material, and filter bags made by PI fibers can meet the ba-
sic  requirements  for  industrial  flue  gas  filtration.[7−9] The  high-
temperature  flue  gases  emitted  by  industry  generally  contain
sulfur  oxide,  nitrogen  oxides  or  alkaline  gases.  These  chemical
substances  easily  catalyze  the  decomposition  of  the  PI  filter,
which reduces the dust removal performance and decreases the
filtration  efficiency.[10,11] Therefore,  polyimide  has  good  corro-
sion  resistance,  which  is  important  for  ensuring  the  long-term
stable operation of dust removal equipment.

However,  polyimides  are  unstable  to  hydrolysis  caused by
the structure of anhydride, especially under heating and alka-

line conditions.[12] The alkaline hydrolysis of PI involves the at-
tack of OH− on the carbonyl carbon of imide ring to form an
unstable monoanion adduct by nucleophilic addition and de-
composition  of  the  intermediate  to  the  carboxylate  salt,
which causes breaking of the macromolecular chain and a de-
crease  in  performance.[13] This  hydrolysis  tendency  is  related
to the structure of the monomers from which the polyimide is
synthesized.  The  greater  the  activity  of  the  dianhydride,  the
easier the polyimide hydrolysis. The introduction of crosslink-
ing  into  the  PI  material  is  a  preferred  way  to  keep  the  alkali
solutions from corroding the PI fibers. This increases the inter-
actions between the molecular  chains and slows the erosion
process,  thereby  improving  the  alkali  resistance  throughout
the fiber.[14−16]

Various  approaches  have  been  used  to  build  crosslinked
structures  inside  polyimide  materials.  Chemical  crosslinking
of  polyimides via covalent  bonds  provides  excellent  resis-
tance  to  many  organic  solvents  due  to  the  rigid  structure  in
the polymer backbone.  Toh et  al.  used 1,6-hexamethylenedi-
amine to crosslink a P84 polyimide produced by Evonik Indus-
tries  and prepared nanofiltration membranes  resistant  to  or-
ganic  solvents.[17] The  results  demonstrated  that  the
crosslinked structure enhanced the solvent resistance by pre-
venting solvent intrusion into the membranes. Park et al. syn-
thesized  crosslinked  sulfonated  polyimides  with  various  gly-
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cols  with different chain lengths to control  the water uptake
and  proton  conductivity  of  the  membranes  and  found  that
excessive crosslinker chain lengths reduced the strength and
solvent resistance of the material.[18]

Nevertheless,  small-molecule  chemical  crosslinkers  have
several  shortcomings  that  cannot  be  ignored.  The  thermal
performance of  the polyimide will  be significantly  reduced if
the aliphatic segments in small-molecule crosslinkers decom-
pose and break easily  at  high temperature.[17,19] The thermal
crosslinking method is more suitable for PI filter materials that
form  network  structures,  since  it  directly  crosslinks  aromatic
rings without introducing aliphatic chains. The mechanism in-
volves aromatic ring dehydrogenation and produces free rad-
icals,  and  intermolecular  crosslinks  are  produced  when  they
are coupled.[20] In fact, all aromatic heterocyclic polymers can
be  crosslinked  by  generating  free  radicals  at  high  tempera-
ture  (above  550  °C),  but  these  process  is  usually  accompa-
nied by decomposition of the polymer, even with a PI materi-
al.

Previous studies have shown that polyimides with carboxyl
groups formed crosslinks at temperatures below the decom-
position temperatures via thermal decarboxylation. Kratochvil
et  al.  suggested a novel  crosslinking method for  a  carboxylic
acid-containing  polyimide.[21] The  polyimide  generated  free
radicals  by  decarboxylating  the  carboxyl  groups  at  405  °C,
and  these  radicals  attacked  other  portions  of  the  polyimide
for  crosslinking.  Qiu et  al.  used  3,5-diaminobenzoic  acid  to
synthesize a kind of polyimide containing side-chain carboxyl
groups.[22] Additionally,  thermal  crosslinking  of  this  poly-
imide  occurred  at  a  low  temperature  even  below  the  glass
transition temperature. Crosslinking of the polyimide by ther-
mal decarboxylation avoided degradation of the polyimide at
excessively high temperatures.

In  fact,  thermal  decarboxylation  crosslinking  is  quite  suit-
able  for  introducing crosslinked structures  into  PI  fibers.  The
PI fibers need to be drawn at high temperatures above Tg to
achieve molecular chain orientation. The thermal decarboxy-
lation  reaction  temperatures  (350−450  °C)  confirmed  in  the
above studies were consistent with the thermal drawing tem-
peratures  of  the  PI  fibers.[21−24] Therefore,  for  carboxyl  acid-

containing PI fibers, thermal decarboxylation and orientation
of  the  molecular  chain  can  occur  simultaneously  during  the
hot drawing process.

To  obtain  polyimide  fibers  with  crosslinked  structures,
polyimide  fibers  containing  inherent  carboxyl  groups  (PIC
fiber)  were  developed  in  this  work.  After  hot  drawing  at  a
temperature between 380−450 °C in the fiber processing, the
fibers developed crosslinked structures and oriented molecu-
lar  chains.  The  process  for  thermal  crosslinking  of  the  fibers
was characterized by thermal  analysis,  and the hydrolytic  re-
sistance of the crosslinked fibers was determined.

EXPERIMENTAL

Materials
3,3',4,4'-Biphenyltetracarboxylic  dianhydride  (BPDA)  and N,N-
dimethylacetamide (DMAc) were obtained from Zhengzhou Al-
pha company, and the BPDA was purified in a vacuum oven at
190  °C  for  24  h  before  use.  4,4'-Oxydianiline  (ODA),  3,5-di-
aminobenzoic  acid  (DABA), m-phenylenediamine  (mPDA)  and
NaOH (AR) were purchased from TCI.

Synthesis of Polyimide Fibers
PIC fibers were synthesized by copolymerization, and the chem-
ical  structure  is  shown  in Fig.  1(a).  The  DABA  monomer  has  a
pendent carboxyl group in the chemical structure, so PIC fibers
with different carboxyl contents were obtained by adjusting the
proportion  of  DABA  monomer.  PIC  fibers  with  DABA  molar  ra-
tios in diamines of 0 mol%−50 mol% were prepared, and these
are  referred  to  as  PIC-x,  where x represents  the  proportion  of
DABA monomer.

Taking the PIC-50 fibers as an example, the typical prepara-
tion  method was  as  follows:  DABA (3.32  g,  21.9  mmol),  ODA
(4.37  g,  21.9  mmol),  and  DMAc  (150  mL)  were  added  to  a
three-neck  flask.  The  solution  was  stirred  at  room  tempera-
ture for 1 h to dissolve the diamine,  and BPDA (12.86 g,  43.8
mmol) was added into the flask in two portions. The solution
was stirred at room temperature under N2 for another 24 h to
form  a  viscous  and  homogeneous  poly(amic  acid)  (PAA-50)
solution. The PAA-50 solution was used as the spinning dope

 

 
Fig. 1    (a) Synthetic route to the PIC fibers; (b) Hot drawing process and the initiation of the crosslinking reaction of PIC fibers.

248 Zhou, S. X. et al. / Chinese J. Polym. Sci. 2024, 42, 247–255  

 
https://doi.org/10.1007/s10118-023-3015-2

 

https://doi.org/10.1007/s10118-023-3015-2


to prepare fibers by wet spinning after defoaming. The PAA-
50 fibers were heated in a vacuum oven at 100, 200 and 300
°C for 1 h. In this process, the fibers were completely convert-
ed to the imide structure.  PIC-50 fibers were finally  obtained
after hot drawing at 320 °C.

mPI-50 fibers  without carboxyl  groups were prepared as  a
comparison  sample  of  PIC-50,  using  the  same  method  but
with mPDA instead of DABA in the copolymerization.

Thermal Crosslinking of the PIC Fibers
Crosslinked  polyimide  fibers  (CPI  fibers)  were  obtained  by  fur-
ther  hot  drawing  of  the  PIC  fibers  at  450  °C.  In  the  process  of
drawing,  the  orientations  of  the  macromolecular  chains  and
crosslinking  initiated  by  the  carboxyl  groups  occurred  simulta-
neously. For each PIC fibers, an effort was made to achieve the
maximum drawing ratio.

Hydrolysis-resistance Test
CPI fibers (0.2 g)  was placed in a nonwoven bag,  soaked in 0.5
wt% NaOH aqueous solution at 90 °C for 1 h, and then removed.
After  washing  and  drying,  the  mechanical  properties  of  the
fibers  were  tested.  The  mechanical  properties  were  compared
with  those  of  untreated  fibers  to  calculate  the  retention  rate.
This hydrolysis treatment condition can quantitatively evaluate
the alkali resistance of all samples in present work and is widely
used.

CPI-0, CPI-50 and mPI-50 (hot drawn at 450 °C) fibers were
placed  in  a  sample  bottle  with  0.5  wt%  NaOH  solution,  and
the bottle was placed in a 90 °C water bath. The bottles were
taken out at regular intervals to observe and record the fiber
status.

Characterizations
1H-NMR spectra of the PAA were collected with a nuclear mag-
netic resonance spectrometer (NMR, Bruker Avance). The struc-
tural  transitions  and  hydrogen  bonding  interaction  were  stud-
ied  with  Fourier  transform  infrared  spectroscopy  (FTIR,  Nicolet
8700).  The  morphologies  of  the  fibers  were  observed  by  SEM
(HITACHI SU8010). The inherent viscosities of the PAA solutions
were measured with an Ubbelok viscometer.  The dynamic me-
chanical properties of fibers were tested by DMA (TA Q800) with
temperature increases of 5 °C/min under N2. The thermal prop-
erties were tested by TGA (Netzsch 209F3) with temperature in-
creases of 10 °C/min under N2. TGA-IR and TGA-MS were used to
analyze the vapors released from the PIC-50 fibers during heat-
ing. The molecular weights of the released gases were obtained
with  a  Thermostar  GSD-320  mass  spectrometer  (MS,  Ther-
mostar  GSD-320).  Structures  of  the  released  gases  were  deter-
mined by FTIR (Bruker Tensor 27). Mechanical properties of the
fibers  were  obtained with  a  tensile  testing instrument  (Xinxian
XQ-1) with a drawing rate of 10 mm/min and a gauge length of
20 mm. The compressive strengths of the CPI fibers were mea-
sured with a single fiber tensile-recoil test, and the critical value
for  fiber  compressive  failure  was  considered  the  compressive
strength.[25] X-ray  photoelectron  spectroscopy  (XPS)  was  car-
ried out with an Escalab 250Xi System using a monochromat-
ic  Al  X-ray  source  (987.9  W,  1486.6  eV).  The  XRD  pattern  of
fibers  were  obtained  with  an  X-ray  diffractometer  (D/max
2550VB/PC).  The  orientation  of  fibers  was  calculated  by  Her-
mans’ orientation factor.[26]

RESULTS AND DISCUSSION

Structural Characterization of the PIC Fibers
Fig.  2(a)  shows the 1H-NMR spectra of  PAAs (precursors of  PIC)
with DABA mole ratios ranging from 0 mol% to 50 mol%, which
corresponds  to  the  PICs  with  different  contents  of  carboxyl
groups. The diamine ratios in the copolymers were verified easi-
ly by the H signals at 10.47 and 10.72 ppm, which were attribut-
ed to amide groups connected with the ODA structure and DA-
BA structure, respectively. In addition, the PAA samples exhibit-
ed a broad peak at approximately 13.20 ppm attributed to the
carboxyl groups of the polyamic acid structure and DABA moi-
ety.  The peak  distribution within  the  range of  6.5−9.0  ppm for
PAA-50  were  very  consistent  with  the  proposed  molecular
structure, indicating that the predetermined PAA structure was
successfully synthesized.

The  carboxyl  group  and  two  amine  groups  of  the  DABA
monomer were distributed in the meta positions of the ben-
zene rings.  The electron with drawing effects of the carboxyl
groups  reduces  the  reactivity  of  the  amine  groups  to  a  cer-
tain extent, so the inherent viscosity of the PAA solutions (Fig.
2b)  decreases  with  increasing  DABA  content.  Nevertheless,
the viscosities  of  the synthesized PAA solutions ranged from
1.54−3.02 dL/g, which make sure that all PAA solutions can be
successfully  utilized  to  prepare  PAA  precursor  fibers  by  wet
spinning.  The  prepared  PAA  fibers  had  uniform  and  com-
plete  morphologies  (Fig.  2d).  After  thermal  imidization,  the
characteristic  absorption  band  for  the  amide  groups  in  the
PAA  fibers  (1543  and  1660  cm−1)  completely  disappeared,
and  a  series  of  absorption  bands  for  imide  structures  ap-
peared  in  the  FTIR  spectra  of  PIC  (Fig.  2c).  PIC-50  shows  a
weak  dispersion  band  at  2900−3300  cm−1,  which  may  have
been  caused  by  the  inherent  carboxyl  groups  in  the  DABA
structure.

The hydrogen bonds formed between the carboxyl groups
and the polar groups caused the absorption band to shift to a
lower energy.[27] As shown in Figs. 2(e) and 2(f), the FTIR spec-
tra  of  PIC-50  and  mPI-50  were  measured  during in  situ heat-
ing from 30 °C to 240 °C. With the increasing temperature, the
absorption  bands  for  the  C―N―C  stretching  in  imide  ring
(1348−1367 cm−1) and the ether bond (1236 cm−1) shifted to
higher  wavenumbers.  However,  the  controlled  mPI-50  sam-
ple  did  not  show  this  phenomenon.  It  is  suggested  that  the
hydrogen  bonds  formed  between  the  carboxyl  groups  and
polar  groups  (Fig.  2g)  were  destroyed during in  situ heating,
and  this  caused  shifts  to  higher  wavenumbers  for  the  vibra-
tional  signals  of  the polar  groups.  The hydrogen bonds indi-
rectly  proved  that  the  prepared  PIC  fibers  containing  abun-
dant carboxyl groups.

Thermal Crosslinking of the PIC Fibers
Since the thermal crosslinking temperatures of the PIC fibers are
closely  related  to  the  main  chain  structures  in  which  the  pen-
dent carboxyl groups are located, the crosslinking temperature
of  the  PIC  fibers  must  be  determined  first  by  thermal  analysis.
TGA  and  DMA  tests  were  conducted  on  PIC-0,  PIC-10,  PIC-30
and  PIC-50  fibers  as  representatives  to  analyze  the  thermal
properties of PIC fibers.

The  weight-loss  curves  of  the  PIC  fibers  during  heating
showed  three  weight-loss  events,  which  were  sequentially
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caused  by  residual  solvent  removal,  decarboxylation  and
macromolecular chain decomposition (Fig. 3a). The crosslink-
ing  reaction  initiated  by  decarboxylation  occurred  at  400−

500 °C, so the weight loss of the PIC fibers was significantly in-
creased  within  this  temperature  range.  The  thermal  weight
loss  of  PIC-50  at  500  °C  was  5.4%,  which  was  significantly

 

 
Fig. 2    (a) 1H-NMR spectra of PAAs with different DABA molar ratios; (b) Inherent viscosities of the PAA solutions used for wet spinning; (c) FTIR
spectra  of  PAA-50 and PIC-50;  (d)  Surface and cross-section morphologies  of  the PAA fibers,  and the white strips  represent  10 μm; In  situ FTIR
spectra of (e) PIC-50 and (f) mPI-50 fibers as heated from 30 °C to 240 °C; (g) Schematic illustration of hydrogen bonds in the PIC fibers.
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higher  than that  of  the PI-0  (1.3%).  However,  crosslinking in-
creased the thermal stability of the main chains, so the maxi-
mum  thermal  decomposition  temperature  of  the  PIC-50
fibers was 17 °C higher than that of PIC-0.

Fig. 3(b) shows the tanδ curves of the PIC fibers with differ-
ent  carboxyl  group contents.  The obvious relaxation process
occurring  between  286  and  354  °C  was  caused  by  the  glass
transition (Tg) of the PIC fibers. Tg increased as the DABA con-
tent  increased  due  to  the  more  rigid  structure  of  the  DABA
monomer  in  comparison  to  ODA.  Another  distinct Tg ap-
peared in the PIC-30 and PIC-50 curves at approximately 410
°C.  In  fact,  the  carboxyl  group can also  be  removed at  lower
temperatures  to  initiate  crosslinking,  although  the  reaction
progresses  slowly.[22] It  is  believed  that  a  small  amount  of
cross-linked structures  were formed prior  to  reaching 400 °C
during DMA testing. These cross-linked structures exhibited a
higher  glass  transition  temperature  than  the  uncrosslinked
portions,  resulting  in  significant  shoulder  peaks  in  the  PIC
fibers. In Fig. 3(c), it is noteworthy that the storage modulus of
PIC-50  fibers  with  carboxyl  groups  showed  an  obvious  in-
crease  after  being  heated  to  440  °C  compared  to  the  PIC-0,
which  was  lower  than  its  carbonization  temperature.  There-
fore, it is believed that the increase in the storage modulus of
PIC at this temperature is due to the formation of cross-linked
structures through thermal decarboxylation reaction.

The mechanism for  PIC crosslinking initiated by the intrin-
sic  carboxyl  groups  (Fig.  3f)  involves  the  decomposition  of
carboxyl group under high temperatures to form free radicals,
and  then  free  radical  coupling  results  in  a  direct  chemical
bond between the two benzene rings.[28,29] This  process  was
confirmed  with  the  small  molecules  (CO2,  CO  and  H2O)  re-
lease  produced  by  carboxyl  removal. Fig.  3(d)  shows  the  MS
spectrum obtained during thermal decomposition of the PIC-

50  fibers.  The  signals  for  water  and  CO2 (m/z=18  and  44)
showed signal peaks within the crosslinking reaction near 450
°C,  which  obviously  differed  from  the  peaks  for  solvent  re-
moval  and  macromolecular  chain  decomposition.  The  tem-
perature  for  water  loss  was  slightly  lower  than  that  for  CO2,
which  was  related  to  the  fact  that  the  two  carboxyl  groups
first  dehydrated  to  form  an  anhydride  before  producing  the
free radicals. Due to the nitrogen purge used during the tests,
the contribution of  CO on the strength of  the m/z=28 signal
was  not  obvious.  However,  the  TGA-IR  test  (Fig.  3e)  con-
firmed that some CO released during the reaction, but its con-
tent was far  lower than that of  CO2.  Fig.  S1 (in the electronic
supplementary  information,  ESI)  shows  the  variation  of  the
absorption  intensity  at  2325  cm−1 (representing  CO2)  during
TGA-IR  test.  In  short,  the  PIC  fibers  completed  the  crosslink-
ing reaction by releasing water and CO2 at 400−500 °C.

Mechanical Properties of the PIC and CPI Fibers
Thermal  analysis  revealed  that  the  temperature  range  for
crosslinking  reaction  was  between  400−500  °C.  Therefore,  we
chose 450 °C as the post hot drawing treatment temperature for
the PIC fibers, as this temperature can induce thermal crosslink-
ing  without  triggering  the  decomposition  of  macromolecular
chains. During the heat treatment, the orientation of PIC macro-
molecular chains and crosslinking reaction occur simultaneous-
ly.

The tensile strength of PIC fibers ranges from 0.5 GPa to 1.1
GPa, with an elongation at break of 20.6%−27.1% (Fig. 4a and
Table S2 in ESI). When DABA participates in the copolymeriza-
tion reaction, it disrupts the ordered arrangement of molecu-
lar chains in the PIC fibers, thereby reducing their crystallinity
and causing the elongation at break of the fibers to increase
with  increasing  content  of  DABA  monomer.  Additionally,  it
could be observed that the strength of fibers also decreases.
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Fig. 3    (a) TGA and DTG curves of the PIC fibers; (b, c) tanδ curves and storage modulus of the PIC fibers in the DMA tests; (d) MS signals for the
gases release from PIC-50 during the TGA test with m/z=18, 28, 44 and 87; (e) 3D TGA-IR analyses of PIC-50; (f) The crosslinking process between
the pendent carboxyl groups.
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The twisted molecular chain caused by the inter-phenyl struc-
ture  of  DABA  affects  the  fiber  performance.[30] Furthermore,
the lower reactivity of DABA monomer compared to ODA re-
sults in a decrease in the intrinsic viscosity of the synthesized
PAA precursor (Fig. 2b).

Comparatively,  the mechanical  properties of  the CPI  fibers
were significantly improved after hot drawing at 450 °C, with
the tensile strengths ranging from 0.72 GPa to 1.46 GPa (Fig.
4b and  Table  S2  in  ESI).  The  improvement  in  tensile  proper-
ties may be mainly attributed to the enhancement of molecu-
lar chain orientation by hot drawing. Generally, gaseous sub-
stances,  coming  from  the  residual  solvents  and  by-products
during the fabrication process, may form some macro- or mi-
cropores in the fibers, and it is a common phenomenon espe-
cially  in  the  wet-spun  fibers,  such  as  the  carbon  fiber,  cellu-
lose  fiber, etc.  The  cross-section  morphology  of  the  CPI-50
fiber is dense and uniform as depicted in Fig.  S2 (in ESI).  The
tension  generated  by  the  hot  drawing  can  effectively  coun-
teract  the  infect  of  escaped  gas  molecules  and  make  the
fiber's structure dense.

As  illustrated  in Fig.  4(c),  the  compressive  strength  of  CPI
fibers  ranges  from  405−604  MPa,  with  CPI-50  exhibiting  a
51%  higher  compressive  strength  than  the  CPI-0.  This  is  be-
cause  the  CPI-50  contains  more  cross-linking  structures,
which  increase  the  intermolecular  interactions  between
molecular chains, thereby enhancing the fiber's cohesion and
compressive performance.[25]

Hydrolysis Resistance of the CPI Fibers
Polyimide  materials  are  known  to  be  easily  susceptible  to  hy-
drolysis,  particularly in alkaline environments.  The formation of
crosslinked structures within the materials can enhance their re-
sistance  to  hydrolysis  by  limiting  the  entry  of  solvent  into  the

material.[31,32] To  evaluate  the  improvement  in  hydrolytic  resis-
tance  resulting  from  thermal  crosslinking,  both  PIC  and  CPI
fibers were immersed in 0.5 wt% NaOH solutions at 90 °C for 1 h
to evaluate their mechanical retentions.

As  shown  in Fig.  4(d),  after  hydrolysis,  the  strength  of  PIC
fibers  decreased  significantly.  The  strength  retention  rate  of
PIC-0 fiber  was 72%,  while  that  of  PIC-50 was only  58%.  This
can be attributed to the enhanced hydrophilicity of the fibers
due to the presence of polar carboxyl groups, which resulted
in a significant decrease in strength of the PIC-50 fibers. After
hot drawing, the hydrolysis resistance of CPI fibers was great-
ly improved, especially for CPI-50 with a strength retention of
87%  (Fig.  4e).  The  strength  retention  of  CPI  fibers  increased
with  increasing  DABA  content,  indicating  that  carboxyl  re-
moval and crosslinking structure formation enhanced the hy-
drolysis resistance of the fibers. The retention rate of CPI-0 al-
so  increased from 72% to  76%,  which may be related to  the
improvement of molecular packing structure. In Fig. 4(f), oth-
er commercial high-performance fibers were also exposed to
the  same  hydrolysis  treatment  as  the  CPI-50  fibers  for  com-
parison.  Clearly,  the  CPI-50  demonstrated  an  excellent  resis-
tance to hydrolysis in of alkaline solutions.

PIC-50, mPI-50 (hot drawn at 450 °C), and CPI-50 fibers were
immersed in alkaline solution to compare their hydrolysis re-
sistances. As shown in the Fig. 5(a), these three fibers represent
different  molecular  chain  and  aggregate  structures:  PIC-50
fibers  have  a  non-crosslinked  and  low-orientation  degree
molecular chain structure, the hot-drawn mPI-50 fibers have a
higher oriented structure, and CPI-50 fibers have a crosslinked
and oriented structure. The PIC-50 fibers clearly collapsed af-
ter  5 h and were completely dissolved after 13 h in the alka-
line solution. The mPI-50 fibers curdled into a mass after 10 h
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Fig. 4    Typical tensile curves for (a) PIC fibers and (b) CPI fibers; (c) Axial compressive strengths of the CPI fibers; Retention rates for the
mechanical properties of (d) PIC fibers and (e) CPI fibers after hydrolysis for 1 h; (f) Comparison of the mechanical retention between CPI-
50 and other commercial fibers after hydrolysis for 1 h.
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and swelled obviously after 13 h. The CPI-50 fibers had a ten-
dency to collapse after soaking for 13 h, but they remained in
a stretched state. The PIC-50 fibers collapsed quickly in the al-
kaline  solution  because  the  intrinsic  carboxyl  groups  easily
forming anions in the NaOH solution, which increased the hy-
drophilicity  of  the  fibers  and  accelerated  the  penetration  of
the  NaOH  solution  into  the  fibers.  The  orientation  of  the
macromolecular  chains  in  mPI-50  fibers  made  the  aggregat-
ed structure denser, which also improved the hydrolytic resis-
tance  of  fibers.  Compared  with  the  mPI-50,  the  CPI-50  fibers
showed  a  better  hydrolytic  resistance.  Obviously,  the  im-
provement in the CPI-50 sample was mainly attributed to the
formation of  a  crosslinked structure.  To demonstrate the de-
gree of fibers orientation, XRD patterns of the PIC-50, mPI-50
and CPI-50 fibers obtained in the equatorial and meridian di-
rections  are  presented  in Figs.  5(b)  and 5(c).  The  crystallinity
and  signal  intensity  of  the  PIC-50  fibers  are  lower  compared
to those of  the mPI-50 and CPI-50 fibers. Fig.  5(d)  shows the
azimuthal  scans  at  2θ=13.6°  and  orientation  factor  of  these

fibers.  The PIC-50 fibers exhibited the lowest orientation fac-
tor  with  0.76.  The  orientation  factor  of  the  CPI-50  fibers  was
0.83,  slightly  lower  than  that  of  the  mPI-50  fibers  with  0.85,
which might have been affected by the crosslinking structure
formed during the hot drawing process.

SEM images of the three types of fibers after 1 h of hydroly-
sis  are  presented  in Fig.  6(a).  The  PIC-50  fibers  exhibited  a
rough  surface  topography  with  numerous  grooves  and
ravines, while the surface of mPI-50 fibers was smoother with
fewer signs of alkaline hydrolysis. The CPI-50 fibers, which was
crosslinked by hot  drawing at  450 °C,  showed a smooth and
complete  surface  morphology,  indicating  the  least  effect  of
hydrolysis.

Element contents of the fibers surfaces before and after hy-
drolysis are presented in Table S4 (in ESI). The content of oxy-
gen in crosslinked CPI-50 fibers increased slightly after hydrol-
ysis,  whereas  that  of  PIC-50  increased  by  5.6%.  Hydrolysis  of
the  imide  rings  in  PIC  fibers  caused  an  increase  in  oxygen
content. The O1s XPS spectra can further confirm the hydroly-

 

 
Fig. 5    (a) Digital photos of PIC-50, mPI-50 and CPI-50 fibers immersed in 0.5 wt% NaOH solution at 90 °C with different time; (b, c) XRD
patterns  of  PIC-50,  mPI-50  and  CPI-50  fibers  in  the  equatorial  and  meridian  directions;  (d)  Azimuthal  scans  (at  2θ=12.8°)  and
corresponding orientations of the PIC-50, mPI-50 and CPI-50 fibers.
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sis degree of the fibers.  In Fig. 6(b),  the O1s XPS spectrum of
the  hydrolyzed  fibers  shows  two  peaks  at  531.6  and  533.1
eV.[33] The  low  binding  energy  peak  (pink  line)  attributes  to
the  carbonyl  double-bonded  oxygen  in  the  carboxyl  and
amide  groups.  The  high  binding  energy  peak  (blue  line)  at-
tributes  to  the  hydroxyl  oxygen  in  the  carboxyl  groups  and
the single-bonded oxygen in the ether linkages. The content
of  ether  bonds  in  the  three  types  of  fibers  is  relatively  con-
stant  and  low.  Therefore,  the  peak  area  of  sing-bonded  oxy-
gen  at  533.1  eV  can  reflect  the  amount  of  carboxyl  groups
generated by hydrolysis.  The peak area at 533.1 eV of PIC-50
reached 57.3%, verifying the high degree of hydrolysis in PIC-
50  fibers.  The  peak  area  at  533.1  eV  of  CPI-50  was  24.5%,
which was lower than the 34.5% ratio for mPI-50 fibers,  indi-
cating that the CPI  fibers with the crosslinked structures had
stronger hydrolysis resistance.

CONCLUSIONS

PIC  fibers  with  various  DABA  contents  were  prepared  by  wet
spinning  and  copolymerized  with  carboxyl  groups.  Thermal
analyses  showed  that  the  carboxyl  groups  underwent  thermal
decarboxylation  and  crosslinking  reactions  under  400−500  °C,
accompanied by the release of small molecules. Based on reac-
tion rates and material degradation, a thermal drafting temper-
ature of  450 °C was found to be optimal  for  the PIC fibers.  CPI
fibers  obtained  by  thermal  drawing  have  good  mechanical
properties, with a tensile strength ranging from 0.72 GPa to 1.46
GPa.  The  crosslinked  structure  significantly  improves  the  com-
pressive  strength  of  the  fibers,  with  CPI-50  reaching  603  MPa.
Moreover,  the  crosslinked  and  highly  oriented  structures  pro-
duced  by  thermal  drawing  greatly  enhanced  the  fibers'  hy-
drolytic resistance, extending their service life.
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