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Abstract   Hydrogen-bonded polymer complex fiber of poly(ethylene oxide) (PEO) and poly(acrylic acid) (PAA) shows rubber elasticity in ambient
environment, but the fiber has relatively low strength and weak stability. We apply the catechol chemistry and metal coordination to stabilize and
strengthen the PEO/PAA fiber. PAA is grafted with dopamine (Dopa), and then combines with PEO to prepare fiber. PAA-Dopa in the fiber is cross-
linked  through  oxidation  induced  dismutation  and  the  metal  ions  are  introduced  through  coordination.  The  cross-linking  and  coordination
greatly improve the stability of the fiber against the erosion of alkaline water. Among four different metal coordination fibers, PEO/PAA-Dopa/Cu
fiber keeps the excellent extensibility (~1000%) and presents much higher initial modulus (~7 MPa), ultimate strength (~20 MPa), and toughness
(~60  MJ/m3)  than  its  precursor  PEO/PAA  fiber.  In  addition,  PEO/PAA-Dopa/Cu  fiber  shows  quick  recovery  and  large  energy  dissipation  ratio
compared with the PEO/PAA fiber. The distinct mechanical properties enhancement of the hydrogen-bonded complex fiber is attributed to the
synergy of hydrogen bonds, coordination and covalent bond cross-linking.
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INTRODUCTION

Elastomers are used as tires, seals, dampers, gloves, and special
clothes,  and  are  essential  materials  for  modern  technologies
and our daily life.[1−7] The structure requirements of elastomers
include the flexible and amorphous segments which save large
entropy and cross-linkages which resist the permanent flow and
creep.[8,9] Elastomers  are  cross-linked  by  covalent  bonds  or
secondary  interaction  such  as  glass  domains,  crystallization
domains,  ionic  aggregates,  and  hydrogen  bonding  comple-
xes.[10−19]

Shaping elastomers into fibers greatly broaden their appli-
cation territory.[20−29] The fiber of natural rubber was realized
with  intricate  emulsion  spinning.[24,25] Polyolefin  and  poly-
ester-ether  based  elastic  fibers  are  industrialized  with  small
scale.[5,26,27] The  most  commercially  successful  elastic  fiber  is
polyurethane  Spandex  fiber.[20,28,29] Hydrogen-bonded  poly-
mer complex elastic fiber not only show the mechanical pro-
perties  similar  with  traditional  elastomer  materials  but  also
exhibit  special  dynamic  properties,  such  as  self-healing,
shape-memory,  and stimuli-response.[30−33] Our  group repor-
ted  a  highly  elastic  fiber  from  hydrogen-bonded  polymer

complex  of  poly(ethylene  oxide)  (PEO)  and  poly(acrylic  acid)
(PAA).[30] The  hydrogen  bonding  complexation  is  restricted
first to obtain spinnable fluid, and in the coagulation bath the
reconstruction  of  interchain  hydrogen  bonding  make  the
fiber formation. Hydrogen-bonded PEO/PAA fiber shows high
extensibility  and  good  recovery.  However,  the  modulus,
strength,  and  toughness  of  PEO/PAA  fiber  are  relatively  low,
and  PEO/PAA  fiber  is  not  stable  at  high  pH  value.  Therefore,
hydrogen-bonded  PEO/PAA  fiber  needs  to  be  stabilized,
strengthened, and toughened for further application explora-
tion.

Adding  fillers,  such  as  carbon  black  or  fine  silica  particles,
are  widely  used  in  industry  to  strengthen  rubber
materials.[34,35] Interpenetrating network, such as double net-
work and triple network,  are dedicated designed to produce
tough elastic materials.[10,13,36−42] The reversible and sacrificial
bonds, including metal coordination, hydrogen bonding, and
electrostatic  interaction,  are intentionally combined with the
basic  covalent  network  to  enhance  toughness.[12−15,43,44] The
covalent cross-linkages bridge the micro-cracks and maintain
the intact of the whole system while the breakage of non-co-
valent  interactions  adsorbs  and dissipates  the energy,  which
greatly improving the toughness.[45,46]

Catechol and its derivatives present various chemical reac-
tions and secondary interaction modes,  and have intensively
studied  and  utilized  for  functional  materials  design  and  pre-
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paration.[47−52] For example,  Filippidi et  al.  applied mussel  in-
spired  iron-catechol  complexes  to  tough  epoxy-based  elas-
tomer.[50] They  prepared  loosely  cross-linked  amorphous
epoxy  network  with  ~14  mol%  catechol  content  and  sub-
sequently  treated  with  iron  to  form  dynamic  iron-catechol
cross-links,  resulting  in  modulus  184  MPa  and  keeps  the
elongation strain 150%.

In this work, we graft dopamine (Dopa) to PAA. PAA-Dopa
is  combined  with  PEO  to  prepared  hydrogen-bonded  poly-
mer complex fiber.  The pristine PEO/PAA-Dopa fibers are ox-
idized by NaIO4 to form covalent bonds between PAA-Dopa,
which increases  the stability  of  the fiber.  The covalent  cross-
linked fibers are further immersed into the metal salt solution
to introduce coordination. Four kinds of metal ions, Al3+, Fe3+,
Zn2+ and  Cu2+,  have  been  successfully  incorporated  into  the
fiber separately, and hence the stiffness of the fiber is greatly
improved.  Among  these  four  fibers,  PEO/PAA-Dopa/Cu  fiber
keeps excellent  extensibility  like its  precursor  PEO/PAA fiber,
while  shows  much  higher  strength  and  toughness.  The  syn-
ergy of hydrogen bonding, coordination, and covalent cross-
linking make the fibers have featured mechanical properties,
rubber  elasticity,  self-healing  and  environmental  adaptivity.
The  work  will  enlighten  us  to  design  and  prepare  the  high-
performance elastomer with dedicated combination and syn-
ergy  of  various  secondary  interactions  and  covalent  bond
cross-linking.

EXPERIMENTAL

Materials
Poly(acrylic  acid)  (PAA, Mw~4.5×105 g·mol−1),  poly(ethylene
oxide)  (PEO, Mw~6×105 g·mol−1),  dopamine  hydrochloride
(Dopa, >98%), 1-ethyl-3(3-(dimethylamino)propyl) carbodiimide
(EDC, >98%), and sodium periodate (NaIO4, AR) were purchased
from Sigma-Aldrich. Sodium hydroxide (NaOH, AR), hydrochloric
acid (HCl, AR), copper chloride dihydrate (CuCl2·2H2O, AR), ferric
chloride (FeCl3, AR), aluminum chloride (AlCl3, AR), zinc chloride
(ZnCl2, AR), sodium dihydrogen phosphate dihydrate (NaH2PO4·
2H2O,  AR),  and  disodium  hydrogen  phosphate  dodecahydrate
(Na2HPO4·12H2O,  AR)  were  obtained  from  Shanghai  Lingfeng
Chemical Reagent. All chemicals were used as received without
further purification. Dopa was linked as side group of PAA, and
the  product  was  marked  as  PAA-Dopa.  The  graft  degree  was
mainly  controlled  at  5%.  The  synthesis  and  characterization  of
PAA-Dopa  was  described  in  the  electronic  supplementary
information (Scheme S1 and Figs. S1−S3 in ESI).

PEO/PAA Fibers Preparation
PEO/PAA  fibers  were  prepared  by  the  method  similar  to  wet-
spinning.  Briefly,  PAA  solution  and  PEO  solution  were  mixed
with  presence  of  hydroxide  solution  at  a  molar  ratio  of  1:1
(accounted  with  repeating  unit)  to  obtain  homogenous
spinning solution (concentration 6.5  wt%).  After  removal  of  air
bubbles,  the  solution  was  extruded  through  a  0.21  mm
spinneret (single hole) into a 2.0 mol/L HCl coagulation bath to
obtain  fiber.  The  PEO/PAA  fibers  were  spontaneously  dried  in
ambient  environment.  The  diameter  of  PEO/PAA  fiber  is  126±
3 μm.

PEO/PAA-Dopa Fibers Preparation
PAA-Dopa (4.6 g) was dissolved in 50 mL of deionized water at

room  temperature  under  nitrogen  atmosphere  for  5  h.  PEO
(2.2 g) was dissolved in 60 mL of NaOH solution (0.75 mol·L−1) at
room  temperature  for  5  h.  The  PEO  solution  was  added
dropwise into the PAA-Dopa solution and stirred for 5 h under
the nitrogen atmosphere (concentration 6.5 wt%). After removal
of  air  bubbles,  the  solution  was  extruded  through  a  0.21  mm
spinneret (single hole) into a 2.0 mol·L−1 HCl coagulation bath to
obtain  fibers.  The  fibers  were  immersed  into  the  acidic  1.0
mmol·L−1 NaIO4 solution (pH 2.0) for 6 h, then rinsed with acidic
water (pH 2.0) to remove NaIO4,  and finally the PEO/PAA-Dopa
fibers  were  spontaneous  dry  in  ambient  environment.  The
diameter of PEO/PAA-Dopa fiber is 151±5 μm.

PEO/PAA-Dopa/Cu (Zn, Al or Fe) Fibers Preparation
The PEO/PAA-Dopa fibers were immersed in 1.5 mmol·L−1 CuCl2
solution (pH 3.0)  for  3  h  to  form coordination bonds  and then
washed  with  acidic  water  to  remove  residual  CuCl2.  The  fiber
was  dried  in  ambient  environment  oven  for  12  h.  The
preparation of PEO/PAA-Dopa/Zn, PEO/PAA-Dopa/Al, and PEO/
PAA-Dopa/Fe  fibers  were  prepared  by  immersing  PAO/PAA-
Dopa  fibers  into  the  corresponding  solutions  of  zinc  chloride
(pH 3.0), aluminum chloride (pH 3.0), and ferric chloride (pH 2.0)
solution with the concentration 1.5 mmol·L−1,  respectively.  The
flowing rinsing and drying processes  were the same as  that  of
PEO/PAA-Dopa/Cu  fiber.  The  diameters  of  PEO/PAA-Dopa/Cu,
PEO/PAA-Dopa/Zn,  PEO/PAA-Dopa/Fe,  and  PEO/PAA-Dopa/Al
fibers are 143±5, 140±6, 133±4, and 135±2 μm, respectively.

Characterization and Testing
Fourier  transform  infrared  (FTIR)  spectra  were  recorded  using
Nicolet  8700  FT-IR  spectrometer.  PAA  and  PEO  solid  powder
samples were mixed with KBr  powder to press  into a  standard
disk  for  FTIR  measurements.  The fiber  samples  were measured
directly  with  attenuated  total  reflection  (ATR,  Single-Bounce)
attachment. Metal ions (Al3+, Fe3+, Zn2+ and Cu2+) content in the
fibers  is  measured  with  by  inductively  coupled  plasma  atomic
emission spectrometry (ICP-AES, Prodigy Plus, Teledyne Leeman
Labs).

Differential  scanning calorimeter (DSC) was carried out us-
ing a 204 F differential scanning calorimeter manufactured by
NETZSCH.  The samples were heated from room temperature
to 120 °C at a rate of 15 °C·min−1,  then cooled to −10 °C and
heated  again.  The  second  heating  curve  was  used  to  deter-
mine glass transition temperature.

The mechanical  tensile  testing of  the single  fiber  was  per-
formed  with  a  machine  (XS(08)XG-3,  mechanical  sensor  50
cN) with a gap of 10 mm under relative humidity (RH) 65% at
25 °C. Before testing, all the fibers were incubated for 12 h to
reach an equilibrium state in an automatically controlled hu-
midity chamber (Testsky, Nanjing, China) at a designated hu-
midity  and  temperature.  During  testing,  different  stretching
rates  were  applied  including  12,  40,  100,  200  and  400
mm·min−1 (strain rates: 0.02, 0.07, 0.17, 0.33 and 0.66 s−1). For
the  hysteresis  testing,  the  consecutive  loading-unloading
cycles were performed from strain 100% to 800% with incre-
ment  of  100%  at  a  constant  stretching  rate  60  mm/min.  For
elastic  recovery  testing,  the  fiber  was  initially  stretched  to  a
predetermined strain (300%) and then unloaded at the same
rate. After each cycle, the samples were relaxed at room tem-
perature  for  different  period  (10  s−240  min)  before  the  next
loading process. The permanent set was defined by the ratio

  Liu, Z. X. et al. / Chinese J. Polym. Sci. 2023, 41, 1846–1855 1847

 
https://doi.org/10.1007/s10118-023-2992-5

 

https://doi.org/10.1007/s10118-023-2992-5


of the residual length along the direction of the force and the
original length of the fiber.

RESULTS AND DISCUSSION

PAA  and  PEO  can  form  hydrogen-bonded  polymer  complex
which  exhibits  rubber  elastic  behavior  and  mendable
capacity.[18,30,53,54] PEO is semi-crystalline polymer and its chain is
very  flexible.[55] The  glass  transition  temperature  (Tg)  of  PEO  is
−60 °C.[56] Generally,  PEO would not  present  rubber-like  elastic
properties due to high crystallization degree. PAA is amorphous
polymer, Tg of  PAA  is  reported  to  106−147  °C  dependent  on
characterization  methods.[18] PEO/PAA  complex  shows  rubber-
like  behavior  in  ambient  environment  owing  to  hydrogen
bonding  complexation  restricts  the  crystallization  of  PEO,
hydrogen  bonds  provide  dynamic  cross-linking  points,  and
water  adsorption  from  the  environment  further  improves
polymer chain mobility.[30]

PEO/PAA  complex  has  been  shaped  into  fibers.[30,53]

PEO/PAA  complex  fibers  show  highly  elastic  behaviors.
However,  PEO/PAA  fibers  are  not  stable.  The  fibers  swell  in

neutral  water  and  quickly  dissolve  in  high  pH  solution  (Fig.
S4a  in  ESI).  Here  we  apply  catechol  chemistry  and  coordina-
tion  to  stabilize  and  strengthen  PEO/PAA  fibers.  Dopamine
molecules  are  linked  as  side  groups  of  PAA,  and  then  it  is
combined  with  PEO  to  prepare  the  fibers  which  are  treated
with  NaIO4 to  realize  cross-linking  of  Dopa.  These  PEO/PAA-
Dopa  fibers  are  further  immersed  into  CuCl2,  ZnCl2,  AlCl3,  or
FeCl3 solution  to  introduce  coordination.  Compared  with
PEO/PAA  fibers,  PEO/PAA-Dopa  fibers  and  PEO/PAA-
Dopa/Metal  fibers  do not  dissolve in  pH 14 and only  slightly
swollen after soaking for 7 days (Fig. S4b in ESI), indicating the
improvement of stability.

Dopamine (Dopa) is a kind of catechol and has two phenol
groups.  Phenol  can  form  hydrogen  bond  with  PEO  chain.[57]

The  linked  Dopa  can  be  further  cross-linked  through  oxida-
tion  induced  dismutation.[58] Moreover,  carboxylate  and  cat-
echol  both  have  coordination  capacity  with  different  metal
ions.[59] The resulting PEO/PAA-Dopa/metal fibers contain hy-
drogen  bonds,  coordinate  bonds  and  covalent  bonds  cross-
linkage, as shown in Fig. 1(a).

FTIR spectra of  PAA, PEO and different fibers are shown in
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Fig. 1    (a) The network structure of the PEO/PAA-Dopa/metal fibers. The FTIR spectra of (b) PEO/PAA fibers, PAA powder, PEO powder and (c)
PEO/PAA-Dopa/Al,  PEO/PAA-Dopa/Fe, PEO/PAA-Dopa/Zn, PEO/PAA-Dopa/Cu, and PEO/PAA-Dopa fibers (the spectra are intentionally overlaid
for clarity).
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Figs.  1(b)  and  1(c).  The  C＝O  band  of  neat  PAA  appears  at
1704 cm−1 and C―O―C band of neat PEO is at 1105 cm−1.[53]

The band of C＝O from PEO/PAA fiber is located at 1718 cm−1

and  the  band  of  C―O―C  is  1090  cm−1.  For  PEO/PAA  fiber,
there is hydrogen bonding between COOH and ether oxygen,
which  makes  the  absorbance  band  of  C―O―C  shift  to  the
low  wavenumber  compared  with  PEO.[30] The  C＝O  band  of
COOH in the PEO/PAA fiber  moves to the high wavenumber
in the contrast  with pure PAA bulk because hydrogen bond-
ing between COOH and ether oxygen completes with the hy-
drogen bonding among COOH for certain degree.[53]

νs(COO−)
νas(COO−)

FTIR  spectrum  of  PEO/PAA-Dopa  fiber  shows  difference
compared  with  that  of  PEO/PAA  fiber.  The  C＝O  band  of
PEO/PAA-Dopa is at 1706 cm−1 and the band of C―O―C is at
1078  cm−1.  In  the  PEO/PAA-Dopa  fiber,  there  are  phenol
groups  which  are  hydrogen  bonding  donor  too.  Therefore,
PEO/PAA-Dopa  fiber  present  more  hydrogen  bonding  inter-
action  modes  than  PEO/PAA  fiber  does.  When  compared
PEO/PAA-Dopa  fiber  with  PEO/PAA-Dopa/Metal  fibers,  the
major  difference  presents  in  the  region  of  1650−1500  cm−1.
The metal ions have coordination with carboxylate and phen-
ol  group,  which would interrupt the hydrogen bonding,  and
hence  IR  adsorption  band  of  the  corresponding  groups
shift.[60] The  spectra  also  reveal  the  carboxylate  symmetric
stretch  ( )  at  1415−1410  cm−1,  and  the  carboxylate
asymmetric stretch ( )  at 1594−1545 cm−1.  This is  due
to  the  ionization  of  carboxylic  acid  group  during  the  comp-
lexation of Al,  Fe,  Cu, and Zn with PAA-Dopa.[61,62] The metal
ion  content  in  the  fiber  was  determined  by  ICP-AES.  The
weight  contents  of  Cu,  Zn,  Fe  and  Al  in  the  corresponding

fibers  are  3.3  wt%,  3.1  wt%,  3.4  wt%  and  2.9  wt%,  respec-
tively.

The  stress-strain  curves  of  PEO/PAA,  PEO/PAA-Dopa,
PEO/PAA-Dopa/Cu,  PEO/PAA-Dopa/Zn,  PEO/PAA-Dopa/Fe
and PEO/PAA-Dopa/Al fibers are shown in Fig. 2(a). The mech-
anical  parameters,  initial  modulus,  tensile  strength,  ultimate
strain,  and  toughness  of  these  fibers  are  listed  in Table  1.
The pristine PEO/PAA fiber is soft and shows excellent stretch-
ability.  The  initial  modulus  of  PEO/PAA  fiber  is  about  4  MPa.
The ultimate strain of PEO/PAA fiber is about 1000%, which is
higher than traditional elastomers, such as natural rubber and
polyurethane.[20] Compared  with  PEO/PAA  fiber,  PEO/PAA-
Dopa fiber remains soft,  with low modulus and high elonga-
tion.  These  two  curves  diverge  at  the  elongation  strain
around 500%. Before the failure, the PEO/PAA-Dopa fiber ex-
perienced  distinct  stiffening.  Here,  the  stiffening  is  not  only
owning to  the  orientation induced hardening but  also  Dopa
dismutation induced cross-linkage which resist the stress. The
ultimate  stress  of  the  PEO/PAA-Dopa  fiber  is  about  12  MPa
while that of PEO/PAA fiber is only 3.5 MPa.

Four  different  metal  ions  are  introduced  into  PEO/PAA-
Dopa  fibers  separately.  At  25  °C,  RH  65%,  PEO/PAA-Dopa/Al
fiber shows brittle mechanical  behavior,  high initial  modulus
(~GPa),  low  ultimate  strain  (~8%),  and  failure  without  yield-
ing.  PEO/PAA-Dopa/Fe  fiber  shows  yielding,  but  after  yield-
ing, the fiber quickly breaks. PEO/PAA-Dopa/Zn fiber exhibits
ductile  behavior.  After  yielding  the  stress  of  PEO/PAA-
Dopa/Zn fiber suddenly decreases to the minimum value and
then  is  followed  with  an  obvious  hardening.  Among  these
four metal-ion-involved fibers, PEO/PAA-Dopa/Cu fiber is spe-

 

Table 1    Mechanical properties of different fibers (25 °C, RH 65%).
 

Sample Initial modulus (MPa) Tensile strength (MPa) Ultimate strain (%) Toughness (MJ·m−3)

PEO/PAA 4.1±0.2 3.5±0.1 960.2±15.5 15.0±1.2
PEO/PAA-Dopa 2.9±0.1 12.0±0.3 917.6±12.3 30.0±0.9

PEO/PAA-Dopa/Cu 7.0±0.7 19.4±0.4 845.9±20.4 57.0±1.5
PEO/PAA-Dopa/Zn 429.0±3.3 17.0±0.3 293.6±7.3 34.0±1.1
PEO/PAA-Dopa/Fe 678.0±4.2 18.5±0.5 60.1±5.2 10.0±0.7
PEO/PAA-Dopa/Al 1049.0±3.7 31.0±0.6 8.6±1.0 1.7±0.2
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Fig.  2    (a)  Stress-strain  curves  and  (b)  the  second  heating  DSC  curves  of  PEO/PAA,  PEO/PAA-Dopa,  PEO/PAA-Dopa/Cu,  PEO/PAA-Dopa/Zn,
PEO/PAA-Dopa/Fe, and PEO/PAA-Dopa/Al fibers (stretching rate: 40 mm·min−1, at 25 °C, RH 65%).
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cial. PEO/PAA-Dopa/Cu fiber keeps the elastic behavior like its
precursor  fiber,  but  has  the  higher  initial  modulus  and  ulti-
mate  strength.  The  toughness  of  PEO/PAA-Dopa/Cu  fiber  is
the  highest  among  all  these  fibers,  including  its  precursor
fibers  (PEO/PAA  and  PEO/PAA-Dopa)  and  its  metal-involved
counterpart  fibers  (PEO/PAA-Dopa/Zn,  PEO/PAA-Dopa/Fe,
and  PEO/PAA-Dopa/Al),  as  shown  in Table  1.  In  PEO/PAA-
Dopa/Cu  fiber,  interchain  hydrogen  bonding,  covalent  bond
cross-linking,  and  coordination  have  good  synergy,  which
provide  the  mechanism  of  energy  dissipation  at  different
stretch  stage  and  make  the  fiber  be  endowed  with  high
toughness.

Glass transition temperature (Tg) is an indicator to the poly-
mer  segment  mobility.  To  correlate  the  mechanical  proper-
ties of the fibers with chain segment mobility, we used DSC to
measure Tgs  the  of  these  fibers  in  dry  state  (Fig.  2b).  Dry
PEO/PAA  fiber  shows Tg at  30  °C.  The  detected Tg of  the  dry
PEO/PAA-Dopa  fiber  is  42  °C,  which  is  higher  than  that  of

PEO/PAA fiber,  due to the cross-linking of  Dopa.  DSC do not
detect  the  glass  transitions  of  PEO/PAA-Dopa/Fe  and
PEO/PAA-Dopa/Al  fibers  until  to  120  °C.  These  two  fibers
present the brittle mechanical behaviors at the room temper-
ature. Tgs  of  the  dry  PEO/PAA-Dopa/Cu  and  PEO/PAA-
Dopa/Zn  fibers  are  53  and  62  °C,  respectively.  At  25  °C  RH
65%,  PEO/PAA-Dopa/Zn  fiber  shows  ductile  behavior  while
PEO/PAA-Dopa/Cu  fiber  presents  rubber  behavior,  owing  to
the adsorbed water from the environment acted as the plasti-
cizer in the fibers.

The mechanical behaviors of PEO/PAA-Dopa/Cu fiber at dif-
ferent humidities are shown in Fig. 3(a). The water content is
the  water  absorption  weight  of  fiber  versus  wet  weight  of
fiber, and water contents in the fibers after incubation in rel-
ative humidity (RH) 40%, 55%, 65% and 90% at 25 °C are 2.7%,
5.2%,  7.3%  and  16.0%,  respectively.  The  completely  dry
PEO/PAA-Dopa/Cu fiber  is  brittle.  As  the  humidity  increased,
PEO/PAA-Dopa/Cu  fiber  transfers  from  rigid  glass  to  flexible
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elastomer.  At  RH  90%,  the  ultimate  strain  and  stress  of
PEO/PAA-Dopa/Cu  fiber  are  about  1200%  and  5.7  MPa,  re-
spectively.  PEO/PAA-Dopa/Cu  fiber  inherits  mendable  capa-
bility from PEO/PAA complex. After being cut into two pieces,
PEO/PAA-Dopa/Cu  fiber  can  partially  recover  its  mechanical
strength. After bringing two surfaces of the freshly cut fiber to
contact at humid environment (RH 90% at 25 °C),  the fiber is
able  to  support  a  stress  of  2  MPa  after  15  min,  and  shows  a
tensile  strength  of  4  MPa  after  6  h  (Fig.  S5  in  ESI).  Cutting
breaks  both  covalent  bonds  and  non-covalent  bonds.  Non-
covalent bonds can recover under proper condition while the
covalent  bonds  cannot.  For  PEO/PAA-Dopa/Cu  fiber,  though
the  covalent  cross-linkages  does  not  self-healing,  hydrogen
bonding and coordination can re-form at the contacted inter-
face, and hence the fiber remains certain mendable capacity.

We  further  investigated  the  mechanical  properties  of
PEO/PAA-Dopa/Cu  fiber  with  different  Cu2+ ions  concentra-
tions (Fig. 3b) or different Dopa grafting ratios (Fig. 3c). Either
as  Cu2+ content  or  dopamine  grafting  degree  increases,  the
ultimate  strength  and  initial  modulus  of  the  fiber  will  im-
prove. As more Cu2+ ion introduced into fiber, more coordina-
tion  cross-linking  points  will  produce.  As  Dopa  grafting  de-
gree increases,  that  more covalent  bond cross-linking points
will  form.  It  illustrates  that  the  modulus  and  the  strength  of
polymeric  network  show  dependency  on  the  cross-linking
density.[45]

Figs.  3(a)−3(c)  clearly  demonstrate  that  the  mechanical
properties  of  PEO/PAA-Dopa/Cu  fiber  can  be  finely  adjusted
by  the  environmental  humidity,  Cu2+ ion  content,  and  Dopa
grafting  degree.  PEO/PAA-Dopa/Cu  fiber  has  the  synergy  of
hydrogen  bonds,  coordination  bonds  and  covalent  bonds,
and  shows  capacity  to  adjust  its  mechanical  properties  in
wide range. The Ashby diagram of toughness versus ultimate
tensile strength of  PEO/PAA-Dopa/Cu fiber is  constructed,  as
shown  in Fig.  3(d).  The  ultimate  strength  of  PEO/PAA-
Dopa/Cu  fiber  ranges  from  6  MPa  to  41  MPa,  and  its  tough-
ness varies from 7 MJ·m−3 to 64 MJ·m−3. Other reported elast-
omer or hydrogel systems are also exhibited in the Ashby dia-
gram  (Fig.  3d).  The  toughness  of  double  reversible

network,[63−66] sliding cross-linking,[67] and covalent bond and
dynamic bond,[50,68−73] are reported as 33,  19 and 47 MJ·m−3,
respectively.  PEO/PAA-Dopa/Cu  fiber  will  present  toughness
more than 60 MJ·m−3 under proper condition, which are high-
er than these reported elastomers and hydrogels.

Strain Rate Dependency
To  further  study  the  dynamic  network  of  PEO/PAA-Dopa/Cu
fiber,  the  tensile  tests  with  different  stretching  rate  were
performed,  as  shown  in Fig.  4(a).  Through  the  slope  (i.e.,
modulus)  of  the  stress-strain  curve  of  PEO/PAA-Dopa/Cu  fiber,
the  tensile  curve  is  divided  into  three  regions,  initial  linear
region  (I),  rubber  plateau  (II),  and  hardening  region  (III),  as
shown  in  Fig.  S6  (in  ESI).  The  fiber  shows  different  modulus  at
these three regions.  The region I  has the highest  modulus,  the
region  II  has  the  lowest,  and  the  region  III  has  the  medium
(Fig. 4b).

The  modulus  of  the  region  I  and  the  region  II  both  show
dependence  on  the  strain  rate  while  the  region  III  does  not.
These strain rate dependent behaviors reflect different relaxa-
tion time scales of the network in PEO/PAA-Dopa/Cu fiber.[42]

In initial elastic region (I) and rubber plateau (II) the breakage
of hydrogen bonds and coordination support the elongation
of the fiber, the related relaxation processes match the exper-
imental  strain  rate,  and  hence  the  modulus  in  these  two  re-
gions  exhibit  the  dependence  on  strain  rate.  At  the  large
strain,  the  fiber  bears  the  higher  stress.  The  covalent  cross-
linkages resist the stress in this hardened zone, and the mod-
ulus does not show dependence on the strain rate. Hydrogen
bonds  play  a  leading  role  in  initial  elastic  region  I,  the  co-
ordination  bonds  enhance  the  modulus  in  rubber  plateau  II,
and  covalent  bonds  resist  the  stress  in  hardening  region  III.
The synergy of the three interactions ensures the mechanical
strength and toughness of the fiber.

Hysteresis
The three-dimensional  network  containing hydrogen bonding,
coordination bond, and covalent cross-linking allows the fiber to
resist  the stress  and dissipate energy at  different length scales.
To  quantify  the  efficiency  of  energy  dissipation of  these  fibers,
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Fig.  4    (a)  Stress-strain  curves  of  PEO/PAA-Dopa/Cu  fibers  at  different  strain  rates;  (b)  Young’s  modulus  of  the  PEO/PAA-Dopa/Cu  fiber  at
different strain rates in three different regions.
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we performed cyclic tensile tests with different strain,  stepwise
increasing  from  100%  to  800%.  PEO/PAA,  PEO/PAA-Dopa,  and
PEO/PAA-Dopa/Cu fibers all show obvious hysteresis in loading-
unloading cycle, as shown in Fig. 5. Hysteresis is due to energy
dissipation.  The  energy  dissipation  ratio  is  defined  as  the
integrated area in the hysteresis loop versus the area under the
loading  curve.[14] As  the  strain  becomes  large,  the  energy
dissipation ratio of PEO/PAA-Dopa fiber will  increase. However,
the  energy  dissipation  ratio  of  PEO/PAA  or  PEO/PAA-Dopa/Cu
fiber  does  not  sensitive  to  the  strain  increasing.  Among  these
three fibers, PEO/PAA-Dopa/Cu fiber exhibits the highest energy
dissipation ratio, about 60%. The energy dissipation of PEO/PAA
fiber  is  about  30%.  It  demonstrated  that  introducing
coordination can significantly enhance the energy dissipation.

Permanent Set and Recovery
The fibers are performed with loading-unloading cycles with the
fixed  strain  (300%).  We  gradually  increased  the  resting  time
between  the  two  successive  cycles.  The  loading-unloading

curves  of  PEO/PAA  fiber,  PEO/PAA-Dopa  fiber  and  PEO/PAA-

Dopa/Cu fiber are shown in Figs. 6(a)−6(c). All three fibers show

recovery, and as the resting time prolongs the recovery degree

will  increase.  The  permanent  set  is  defined  the  ratio  of  the

unrecovered  the  residual  length  versus  the  original  length  of

the fiber. As shown in Fig. 6(d), the permanent set will become

smaller as the resting time prolongs.

PEO/PAA-Dopa/Cu  fiber  shows  much  quicker  reduction  of

the  permanent  set  than  PEO/PAA  or  PEO/PAA-Dopa  fiber

does.  With  10  min  resting,  the  permanent  set  of  PEO/PAA-

Dopa/Cu fiber is close to 0. However, PEO/PAA and PEO/PAA-

Dopa  fiber  need  at  least  4  h.  It  means  that  after  removing

loading force,  PEO/PAA-Dopa/Cu fiber can almost recover its

original length in 10 min while PEO/PAA and PEO/PAA-Dopa

fiber  recover  more  than  4  h.  It  demonstrates  that  introduc-

tion  of  the  coordination  can  accelerate  the  length  recovery

for the fiber.
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Fig. 5    (a) PEO/PAA fibers, (b) PEO/PAA-Dopa fibers and (c) PEO/PAA-Dopa/Cu fibers in cyclic tensile loading-unloading curves under different
strains (100%−800%) at room temperature (stretching rate:  60 mm·min−1),  and (d) energy dissipation ratio of different fibers as function of the
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1852 Liu, Z. X. et al. / Chinese J. Polym. Sci. 2023, 41, 1846–1855  

 
https://doi.org/10.1007/s10118-023-2992-5

 

https://doi.org/10.1007/s10118-023-2992-5


CONCLUSIONS

In  summary,  catechol  chemistry  and  coordination  successfully
stabilize  and  strengthen  the  hydrogen-bonded  polymer
complex  fiber  of  PEO  and  PAA.  Compared  with  the  precursor
PEO/PAA  fiber,  PEO/PAA-Dopa/Cu  fiber  keeps  extensibility,
certain  mendable  ability  and  humidity  sensitivity.  More
importantly,  PEO/PAA-Dopa/Cu  fiber  has  the  higher  stiffness,
strength  and  toughness,  and  faster  recovery  with  its  precursor
fibers.

Modification using Dopa and metal ions, the fibers contain
hydrogen bonds, coordination and covalent cross-linking. Hy-
drogen-bonding  and  coordination,  which  are  dynamic  and
reversible, effectively dissipate the applied energy during the
deformation  process,  while  covalent  cross-linking  resists  the
stress at large strain and provides enough recovery force after
removing  stress.  The  synergy  of  hydrogen  bonds,  coordina-
tion  and  covalent  cross-linking  endows  the  fiber  with  stabil-
ity, rubber elasticity and toughness.
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