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Abstract   Waterborne polyurethanes (WPUs) are increasingly valued for their low volatile organic compound emissions but suffer from poor wa-

ter resistance and weak mechanical properties. Herein, a strategy based on covalent self-crosslinking combined with ionic crosslinking was pro-

posed to construct a PU elastomer with excellent water resistance and antibacterial activity. This film exhibited dramatically enhanced tensile

strength (12.7 MPa) and toughness (43.0 MJ/m3), far exceeding those of non-crosslinked and single-crosslinked PU films. Notably, the chain seg-

ments with C＝O and N―H bonds assembled into hard-phase regions, enabling efficient energy dissipation through the rupture and reforma-

tion of reversible H-bonds. This WPU can serve as a recoverable, solvent-free adhesive, achieving lap shear strengths of 2.69 MPa (glass). More-

over, the excellent water resistance of WPU materials ensures a sustained high adhesion strength under wet conditions. In addition, the chlorinat-

ed film demonstrated satisfactory cytocompatibility and antibacterial efficiency. This high-performance and sustainable PU material holds great

promise for biomedical applications.
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INTRODUCTION

Compared  with  solvent-borne  polyurethanes,  waterborne
polyurethanes  (WPUs)  offer  unique  environmental  advantages
owing to their minimal emission of volatile organic compounds
(VOC).[1,2] The hydrophilicity of WPU is improved by incorporat-
ing  hydrophilic  components,  such  as  dimethyl  propionic  acid,
which, upon neutralization, yields a stable self-emulsified emul-
sion.  However,  the  presence  of  such  hydrophilic  groups  often
compromises the water resistance of WPU. Furthermore, in con-
trast to solvent-borne polyurethanes, WPUs typically exhibit in-
herent deficiencies in their mechanical properties, thereby limit-
ing their practical applications. In recent years, considerable ef-
fort  has  been  devoted  to  improving  the  mechanical  perfor-
mance of WPUs. There are various effective strategies, including
physical  blending  with  optimized  nanofillers,[3] introduction  of
diverse  H-bonds,[4,5] ionic  interactions,[6,7] and  metal-ligand  co-
ordination.[8,9] Among  these,  the  incorporation  of  diverse  H-
bonds  has  been  widely  exploited  to  construct  WPU  films  with
high  mechanical  performance  and  self-healing  capability  be-
cause of the directionality and stability of H-bonds.[10−12] Never-
theless,  an  increase  in  H-bonds  might  further  compromise  the
water  resistance  of  WPU  materials  because  polar  hydrogen

bonds  are  inherently  more  hydrophilic  than  polyester  or
polyether soft segments.[13] Moreover, PUs with inadequate wa-
ter resistance can provide favorable conditions for microorgan-
ism growth and proliferation, leading to mildew formation and
a consequent decline in serviceability.[14]

To overcome these limitations, one promising approach in-
volves  enhancing  the  water  resistance  of  WPU  materials  by
physically  blending  hydrophobic  compounds  or  introducing
hydrophobic  segments  into  the  WPU macromolecular  chain,
such  as  fluorinated  compounds.[15−18] However,  fluorinated
compounds cannot degrade in the environment and may ac-
cumulate  in  living  organisms.  In  recent  years,  the  introduc-
tion of organic/inorganic silicon compounds has been widely
explored  to  improve  the  water  resistance  of  WPU  materials
owing to their intrinsic hydrophobicity, nontoxicity, and envi-
ronmental  friendliness.[19,20] Among  these,  reactive  siloxanes
such as 3-aminopropyl trimethoxysilane (APTMS) can serve as
effective crosslinkers  for  polyurethanes.  Covalent crosslinked
PUs offer the dual benefits of improved water resistance and
enhanced  mechanical  properties.  Furthermore,  to  mitigate
mildew formation in WPU materials, an effective strategy is to
construct  molecular  structures  with  antimicrobial
properties.[7,21,22] To  date,  most  reported  antibacterial  WPUs
have been designed and synthesized via the incorporation of
quaternary  ammonium  salts  (QAS).[23−25] However,  the  an-
tibacterial  efficacy of QAS-functionalized materials  often falls
short of practical requirements because of their moderate an-
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timicrobial  activity.  In  contrast, N-halamine,  as  a  prominent
organic halogen-based antibacterial agent, offers distinct ad-
vantages over  other  antimicrobial  systems,  including power-
ful  antibacterial  activity,  broad  antibacterial  spectrum,  and
antibacterial renewability.[26] For example, Sun et al. prepared
antimicrobial  PU  materials  by  covalently  grafting  5,5-
dimethylhydantoin  (DMH)  onto  polyurethane  surfaces.[27]

Nevertheless,  this  approach  is  hindered  by  drawbacks,  such
as  cumbersome procedures  and the use  of  organic  solvents.
In  our  previous  work,  novel N-halamine-functionalized  an-
tibacterial WPUs were successfully designed and synthesized
using introducing 3-(2,3-dihydroxypropyl)-5,5-dimethylimida-
zolidine-2,4 dione as chain extenders.[28,29] These antibacteri-
al WPUs have been applied as functional coatings on various
fabrics.[29]

In  addition  to  functional  coatings,  WPUs  have  aroused  in-
creasing  interest  for  a  wide  range  of  applications,  such  as
foams,[30] synthetic skin,[31] and adhesives[32] to maintain sus-
tainable  development.  Despite  notable  advancements  in
WPU-based adhesives in recent years, their widespread appli-
cation  remains  constrained  by  inadequate  water  resistance
and  low  bonding  strength,  especially  in  gluing  metal  sub-
strates.  Generally,  an  adhesive  bond  strength  on  metal  sub-
strates  exceeding  1  MPa  is  considered  high-strength  bond-
ing.[32] Moreover,  compared  to  volatile  solvents  such  as  ace-
tone,  water  evaporates  quite  slowly,  often  requiring  several
days in typical bonding processes. Consequently, solvent-free
adhesives  are  attractive  alternatives.  Recently,  reversible  ad-
hesives  capable  of  debonding  and  re-bonding  with  sub-
strates have attracted considerable interest.[33,34] Solvent-free
adhesives that combine high bonding strength with reusabil-
ity  hold  significant  promise  for  emerging  applications.
Nonetheless,  achieving  solvent-free  adhesives  with  strong
adhesion  and  simultaneous  reusability  remains  a  formidable
challenge.

Herein,  after  rational  structural  design,  a  self-crosslinkable
waterborne  polyurethane  was  synthesized,  which  was  capa-
ble  of  forming  a  crosslinked  network via Si―O―Si  covalent
bonds.  Subsequently,  a  series  of  polyurethane films  with  ex-
cellent  mechanical  properties,  water  resistance,  and antibac-
terial performance were fabricated by casting the PU solution
and  immersing  it  in  CaCl2 solution  to  introduce  ionic
crosslinking,  followed  by  drying  and  chlorination.  Driven  by
multiple  H-bonds,  the  PU  films  presented  phase-separated
structures,  wherein  hard-phase  regions  were  formed  by  the
aggregation  of  H-bonds  from  the  hard  segments,  while  the
soft-phase regions were composed of  soft  segments.  The in-
troduction  of  Si―O―Si  covalent  crosslinks  between  macro-
molecular  chains  substantially  enhances  the  mechanical
properties, thermal stability, and water resistance of the WPU
material.  The  hard-phase  regions  contribute  to  energy  dissi-
pation  through  the  reversible  formation  and  dissociation  of
multiple hydrogen bonds, resulting in PU films with high me-
chanical strength and toughness. The reversibility of these H-
bonds  enabled  the  reformation  of  hard-phase  regions  upon
the  heating-cooling  process,  imparting  a  PU  adhesive  with
high  bonding  strength  and  reusability.  As  demonstrated  in
this  study,  the  adhesive  performed  effectively  across  a  wide
temperature  range  and  in  humid  environments,  broadening

its  potential  applications  in  various  fields  as  a  promising  ad-
hesive. To further explore the biomedical potential of the PU
film as a scaffold, the antibacterial efficacy and cytotoxicity of
the chlorinated PU films were evaluated.  The films exhibited
excellent  antibacterial  activity  and  satisfactory  cell  compati-
bility.

EXPERIMENTAL

Materials
Polybutylene  adipate,  ethylene  glycol  ester  diol  (PEBA-1000)
were  supplied  by  Shanghai  Gaoqiao  Chemical  Co.,  Ltd.
Isophorone  diisocyanate  (IPDI)  was  obtained  from  Bayer  (Ger-
many).  Dimethylolpropionic  acid  (DMPA),  dibutyl  tin  dilaurate
(DBTDL)  were  purchased  from  Anaiji  Chemical  Co.,  Ltd.  3-
aminopropyltrimethoxysilane (APTMS)  was  purchased from Al-
addin  Chemical  Co.,  Ltd.  3-(2,3-dihydroxypropyl)-5,5-
dimethylimidazolidine-2,4  dione (Hydantoin  diol,  HD)  was  syn-
thesized  according  to  the  previous  work.[29] Other  chemical
agents were purchased from Sinopharm Chemical Reagent Co.,
Ltd.

Synthesis Pathway of PUs
The  synthesis  pathway  for  self-crosslinkable  waterborne
polyurethanes is shown in Fig. 1(a). In step 1, a certain amount
of PEBA (Mn: 1000) was placed in a four-necked flask, and a small
amount of water in PEBA was removed by vacuum depression
vaporization  at  120  °C  for  3  h.  Then,  a  certain  amount  of  IPDI
was added when the temperature was cooled to 90 °C and the
mixture was stirred for 40 min. In step 2, DMPA and three drops
of DBTDL as a catalyst were added, and the reaction continued
for 4 h at 90 °C. Subsequently, the reaction temperature was re-
duced to 60 °C, a certain amount of HD was added, and the re-
action  continued for  2  h  (step 3).  Different  amounts  of  APTMS
were  added  and  the  reaction  was  continued  for  1  h  at  60  °C
(step 4). Afterward, TEA was added to neutralize the above DM-
PA,  and the reaction continued for  30 min when the tempera-
ture was reduced to 40 °C (step 5).  Finally,  a certain amount of
water was added dropwise under a mechanical stirring speed of
1000  r/min  to  form  the  WPU  emulsions.  To  ensure  an  anhy-
drous environment,  all  reaction processes were carried out un-
der a nitrogen atmosphere, and the reaction progress was mon-
itored  using  the  di-N-butylamine-toluene  titration  method.  A
spot  of  acetone  should  be  added  when  the  viscosity  of  the
products  is  extremely  high,  and  the  acetone  should  be  re-
moved by vacuum depression vaporization at 35 °C finally. The
PU  emulsions  could  be  stored  for  more  than  6  months  with  a
solid content  of  50%.  The synthesized PU was sequentially  de-
noted as PUx, where x (0, 1, 2, 3, or 5) is the mass ratio of APTMS.
The  detailed  components  of  PUx are  listed  in  Table  S1  in  the
electronic supplementary information (ESI).

Preparation of PU Films
A  certain  amount  of  the  WPU  emulsion  was  poured  onto  the
glass  plates.  Subsequently,  the  WPU emulsions  on glass  plates
were  placed  into  a  CaCl2 solution  for  5  h.  Afterward,  the  glass
plates  were  removed  and  washed  thoroughly  with  deionized
water.  All  samples  were  dried  in  air  for  1  day  and  then  in  an
oven at 60 °C for 2 days to induce the formation of a Si―O―Si
covalent crosslinking network within the polyurethane films. Af-
ter drying, the PU films obtained without dipping in CaCl2 solu-
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tion were designated as PUx films, where x (0, 1, 2, 3, or 5) repre-
sents  the  mass  ratio  of  APTMS.  The PUx crosslinked with  a  5%
CaCl2 solution  was  identified  as  CPUx (CPU1,  CPU2,  CPU3,  and
CPU5). The thicknesses of the films were approximately 0.3 mm.

Chlorination and Chlorine Content Measurement
First, chlorinated samples were obtained by immersion in dilute
NaClO solution (pH is about 7) at ambient temperature for 1 h.
The chlorinated films were fully washed 3 times with deionized
water and dried in an oven at 45 °C for 1 h to remove free chlo-
rine. The active chlorine (Cl+) on the chlorinated WPU films was
fully released in an acetic acid/ethanol solution (V:V, 1:9) for 1 h.
Cl+ content was measured using a modified iodometric/thiosul-
fate  titration  method.  The  Cl+ contents  of  the  WPU  films  were
calculated using the following equation:

Cl
+

content (%) = N × (V0 − V1) × 35.45

2W
× 100 (1)

where  Cl+ content  (%)  is  the  weight  percent  of  active  chlorine
on  the  sample, N is  the  normality  (equiv/L), V0 and V1 are  the
volumes (L) of the Na2S2O3 solution before and after titration, re-

spectively, and W is the weight (g) of chlorinated WPU films.

Characterization
The 1H-NMR  spectra  of  PU0  and  PU5  were  recorded  on  an
AVANCE 400 MHz spectrometer (Bruker, Germany). The particle
size  and  particle  distribution  index  (PdI)  of  the  PUs  emulsions
were tested at 25 °C using a Malvern Zetasizer Nano model ZS90
instrument  with  a  90°  scattering  angle.  The  optical  transmit-
tance of the WPU films was measured using a UV-Vis spectrom-
eter (UV-6, Shanghai Meipuda Instrument Co., Ltd., China) in the
wavelength  range  of  900–200  nm.  The  FTIR  spectra  of  the  PU
films  were  obtained  using  a  Thermo  Nicolet  Fourier  transform
infrared spectrometer (Thermo Fisher, Waltham, MA, USA) with
a scanning range of 4000–500 cm–1 and a resolution of 32 scans.
The X-ray diffraction (XRD) patterns of the PU films were record-
ed  using  a  Rigaku  Smartlab  9000  diffractometer  in  the  reflec-
tion mode at a scanning speed of 5 (o)/min at 200 mA and 45 kV.
Raman spectroscopy of the PU films was performed using a Ra-
man imaging microscope (Thermo Scientific  DXR xi,  USA)  with
an excitation laser  wavelength of  532 nm and a  spatial  resolu-
tion for Raman mappings of 200 nm. The collected spectra were

 

25.8

43.0

1/5.50 86.3

6.24

3023

12.7 

PU0

30.5

Toughness (MJ/m
3
) Toughness (MJ/m

3
) Toughness (MJ/m

3
)

Tg (°C) Tg (°C) Tg (°C)

1/Water absorption

 (1/%)

1/Water absorption

 (1/%)

1/Water absorption

 (1/%)

Hard phase region (%) Hard phase region (%) Hard phase region (%)

Cell viability (%) Cell viability (%) Cell viability (%)

Modulus (MPa) Modulus (MPa) Modulus (MPa)

Elongation (%) Elongation (%) Elongation (%)

Tensile strength (MPa) Tensile strength (MPa) Tensile strength (MPa)

30.5

86.3

25.8

1/5.50

6.24

43.0 3023

PU5
12.7 

25.8

30.5

1/5.50 86.3

6.24

3023

12.7 
CPU5

43.0

60−102 nm

Casting

WPU emulsion CPU filmCaCl2 coagulation bath

Crosslinking Washing

Annealing

b

c d e

a

1 μm

5 cm

HO

(CH2)4
(CH2)4

(CH2)4

(CH2)4O O O
O O O

O O

O O
(CH2)2(CH2)2

OH

x y

PEBA

OCN
NCO

IPDI

WPU

HO OH

OHO
DMPA: HD:

H2N Si
O

O

OAPTMS: NTEA: R: −CH3 or H

Step 1: prepolymerization

90 °C, 40 min

Step 2: DMPA, 90 °C, 4 h

Step 3: HD, 60 °C, 2 h

Step 4: APTMS, 60 °C, 1 h

Step 5: TEA, 40 °C, 30 min

+

Microphase separation Si−O−Si covalent crosslinking Ca
2+

 covalent crosslinking

NH

N

O

O

HO

OH

Si N
H

RO

OR

OR
N
H

H
N O O N

H

O

O

O

N

N
H

O

O

O
H
N

O

OO

N
H

O
PEBA

ON
H

H
N O N

H
O

O

O

O N
H

H
N

H
N

O

O

Si
OR

OR

OR
O

−
O

N
H

+

 
Fig. 1    Synthesis of WPUs and preparation of CPU films. (a) Synthesis pathway of WPUs; (b) Preparation of PU film from WPU emulsion; Radar plots
comparing physicochemical properties and bioactivities of (c) PU0, (d) PU5 and (e) CPU5 films.
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preprocessed using cosmic ray removal, noise filtering, and nor-
malization techniques. The proportion of different domains was
calculated  using  the  multivariate  curve  resolution  (MCR)
method, which was developed using the OMNICxi software. The
surface  morphologies  of  the  films  were  characterized  using
scanning  electron  microscopy  (SEM,  Zeiss,  SIGMA,  Germany).
The  SEM  was  equipped  with  an  energy  dispersive  X-ray  spec-
trometer (EDS, ULTIM MAX, OXFORD Instruments, UK) to detect
the  surface  elemental  composition  of  the  films.  X-ray  photo-
electron  spectroscopy  (XPS,  ESCALAB250Xi,  Thermo  Fisher  Sci-
entific, USA) was performed using a Kratos XSAM800 X-ray pho-
toelectron spectrometer. Dynamic mechanical analysis (DMA) of
PU films (the length of 1 cm and the thickness of 0.3 mm) was
performed  in  "multi-frequency-strain"  mode  by  a  TA  Q800  in-
strument  under  a  nitrogen  atmosphere.  The  frequency  was  1
Hz, and temperature range was from –60 °C to 100 °C at a heat-
ing rate of 5 °C/min. Thermogravimetric analysis (TG) of the films
was  performed  using  a  Pyrisdiamond  TA  Lab  System
(PerkinElmer)  under  a  nitrogen  atmosphere.  The  temperature
range was from 40 °C to 560 °C at a heating rate of 10 °C/min.

Mechanical Properties
The  tensile  properties  of  the  PU  films  were  measured  using  a
universal tensile tester (INSTRON Instrument, Model 5576, USA)
at a speed of 50 mm/min, according to ASTM D638. The tough-
ness  and  Young's  modulus  were  calculated  from  the  tensile
stress-strain curves. The cyclic tensile properties of PU films were
tested  at  room  temperature.  The  cycle  tensile  of  the  PU  film
with increasing strain, but no resting time, was tested until the
films  fractured.  The  PU  film  was  further  stretched  to  200%  in
successive loading-unloading cycles with no resting time for 10
cycles.  Subsequently,  the  cycle  tensile  strength  of  the  PU  film
was tested with a resting time of 5 min and 2 h to evaluate the
recovery of the strain. The hysteresis loops of the film were cal-
culated from each full region of the stress-strain curves.

Antibacterial Efficacy and Cell Compatibility
The  antibacterial  efficiencies  of  the  samples  before  and  after
chlorination  against Staphylococcus  aureus (S.  aureus,  ATCC
6538,  about  6.15×106±0.09×106 CFU/sample)  and Escherichia
coli (E.  coli,  ATCC  15597,  approximately  1.57×107±0.26×107

CFU/sample) were assessed using a 'sandwich' model. Bacterial
suspensions (20 µL) were placed between two pieces of PU films
(1.5  cm × 1.5  cm).  After  incubation at  37  °C,  the  samples  were
quenched  with  sodium  thiosulfate  solution  (5.0  mL,  0.02  N).
Subsequently,  the  films  were  immersed  in  a  PBS  solution,  and
the solution was vortexed to transfer bacteria from the films to
the  PBS  solution.  The  PBS  solution  containing  bacteria  was  di-
luted several times (10-fold each time) using a sterilized PBS so-
lution. The 10 µL of each bacterial dilution was placed onto an
agar plate, and the agar plates were incubated at 37 °C for 24 h.
Finally, the bacterial colonies were counted to calculate the bac-
terial  survival  rate.  The cell  compatibility  of  the  WPU films was
evaluated using L929 cells  according to the International  Stan-
dard Organization (ISO/EN 10993-5) and reported work.[35]

Adhesion Properties
A PU adhesive (thickness: 0.3 mm was cut into strips (20 mm × 5
mm),  and  one  strip  was  sandwiched  between  two  pieces  of
substrates.  The  substrates  were  then  gently  pressed  and
clamped using a clip. Subsequently, the substrates were heated
to different temperatures in an oven for 20 min and then cooled

to room temperature. The lap-shear strength was measured us-
ing a universal tensile tester (INSTRON Instruments, Model 5576,
USA)  at  a  speed  of  5  mm/min.  Each  sample  was  analyzed  at
least  three  times.  Glass  and  tin  plate  plates  were  used  as  sub-
strates in this study.

RESULTS AND DISCUSSION

Design Strategy and Characterizations
A series  of  self-crosslinkable waterborne polyurethanes (WPUs)
were synthesized by rational molecular design (Fig. 1a and Fig.
S1 in ESI). First, the prepolymer was synthesized by reacting ex-
cess  isophorone  diisocyanate  (IPDI)  with  PEBA.  Subsequently,
chain  extenders,  dimethylolpropionic  acid  (DMPA)  as  the  hy-
drophilic component, and hydantoin diol (HD) as the antibacte-
rial chain extender, were introduced to yield PU0, which lacked
Si―O―Si  covalent  crosslinking.  To  impart  self-crosslinking  ca-
pability,  1  wt%–5  wt%  of  3-aminopropyltrimethoxysilane
(APTMS)  was  carefully  selected  as  an  end-capping  reagent  to
prepare–PU1-PU5.  The  structure  of  WPU  was  characterized  by
1H-NMR, and representative data for PU0 and PU5 are shown in
Fig.  S2  (in  ESI).  During  emulsion  formation  under  mechanical
stirring,  the  methoxy  groups  along  the  polymer  chains  were
susceptible to hydrolysis, generating hydroxyl groups. The WPU
macromolecular  chains  self-assembled  into  approximately
spherical  droplets  (AFM  image, Fig.  1b),  with  hydrophobic  sili-
con-containing segments (depicted in red in Fig. S3 in ESI), like-
ly encapsulated by hydrophilic carboxyl-bearing chains. The re-
sulting emulsions exhibited average particle sizes ranging from
60 nm to 102 nm, with polydispersity index (PdI) between 0.06
and 0.10 (Fig. S4 in ESI). Notably, no significant agglomeration or
precipitation  was  observed  even  after  more  than  6  months  of
storage (Fig. 1b). This molecular design strategy not only afford-
ed enabled the formation of stable WPU emulsions but also en-
dowed the polymer chains with self-crosslinking capabilities.

Furthermore, ionic crosslinking was introduced to enhance
the mechanical performance of the PU films. As shown in Fig.
1(b), the WPU emulsion was cast onto a glass plate and subse-
quently  immersed  in  CaCl2 solution  to  induce  regeneration
and crosslinking. During this process, the emulsion gradually
demulsified  in  the  CaCl2 solution,  accompanied  by  a  color
change from bluish to colorless (Fig. S5 in ESI),  driven by the
self-assembly  of  the  molecular  chains.  Specifically,  the  car-
boxylic groups along the polymer chains coordinate with the
Ca2+ ions to form Ca―(COO)2 structures,  leading to progres-
sive  demulsification.  After  washing,  the  PU  films  were  an-
nealed at 60 °C. In addition to removing water, this post-cur-
ing stage provides  sufficient  thermal  energy  to  promote  the
condensation of silanol groups (Si―OH) derived from APTMS
hydrolysis,  thereby  facilitating  the  formation  of  a  robust
Si―O―Si  covalent  crosslinking  network.[36] The  resulting
transparent  crosslinked  PU  (denoted  as  CPU)  films  were  ob-
tained,  exhibiting  transmittance  values  between  79.6%  and
86.6% at 550 nm (Fig. S6 in ESI).

As illustrated in Figs. 1(c)–1(e) and Table S2 (in ESI), the PU0
film displayed a microphase-separated structure consisting of
a  small  fraction  of  hard  phase  regions  (rich  H-bond  regions)
and  a  large  proportion  of  flexible  molecular  segments.  This
architecture  resulted  in  a  low  glass  transition  temperature
(Tg),  indicating high chain mobility,  which rendered PU0 soft
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and  ductile,  but  concomitantly  imparted  poor  water  resis-
tance.  After  the  introduction  of  5%  APTMS,  the  PU5  film  ex-
hibited  an  increased  number  of  crosslinking  sites  and  hard
phase  regions,  which  led  to  a  higher Tg,  substantially  en-
hanced  mechanical  properties  (accompanied  by  reduced
elongation  at  break),  and  markedly  improved  water  resis-
tance.  The  subsequent  incorporation  of  Ca2+-mediated  ionic
crosslinking  further  augmented  the  mechanical  strength  of
PU5,  albeit  with  a  slight  compromise  in  its  water  resistance.
Collectively,  the  synergistic  application  of  covalent  self-
crosslinking  and  ionic  crosslinking  strategies  resulted  in  sig-
nificant  and  comprehensive  improvements  in  the  perfor-
mance of PU films.

Structural Characterization and Phase-separation
Structure
FTIR, SEM-EDS, and XPS analyses were performed to further elu-
cidate the chemical structure. As showed in Fig. S7 (in ESI),  the
FTIR  spectrum  of  PEBA  exhibits  a  characteristic  peak  at  3513
cm–1 ascribed to  O―H stretching vibration,  which is  absent  in
the  PU  films.[37] Compared  with  the  spectrum  of  PEBA,  new
characteristic bands appeared in the FTIR spectra of PU films at
1525  and  3362  cm–1,  corresponding  to  the  bending  and
stretching vibrations of N―H bonds within urethane groups, re-
spectively.[38,39] Notably, the C＝O stretching band at 1727 cm–1

is broader in the PU films than in PEBA, reflecting the formation
of  additional  C＝O  species  originating  from  the  urethane  and
carboxyl  groups.[3,40] In  addition,  new  bands  at  1640  cm–1 ob-
served in both PU and CPU films were assigned to the stretch-
ing  vibration  of  hydrogen-bonded  C＝O  in  urea  groups,  prov-
ing  the  reaction  between  the  amino  groups  of  APTMS  and
―NCO  groups  of  IPDI.[41] The  intensities  of  these  peaks  in-
creased with increasing APTMS content (Fig. S7 in ESI). These re-
sults demonstrate the successful synthesis of the designed self-
crosslinked polyurethane. The surface morphology and elemen-
tal composition were further characterized by SEM-EDS (Figs. S8
and  S9  in  ESI).  The  surfaces  of  the  CPU  films  were  homoge-
neous and flat, with carbon, oxygen, calcium, nitrogen, and sili-
con  uniformly  distributed  across  the  analyzed  area  (Fig.  S8  in
ESI).  Compared  to  CPU0,  the  EDS  spectrum  of  CPU5  reveals  a
new characteristic Si peak at 1.75 keV (Fig. S9a in ESI).[14] The XPS
analysis  of  PU0  clearly  displays  O  1s,  C  1s,  N  1s,  and  Si  2p
signals,[42,43] whereas  the  spectrum  of  CPU5  additionally  ex-
hibits a Ca 2p signal (Fig. S9b in ESI),  confirming the successful
incorporation of ionic crosslinking.

Based  on  the  molecular  structure  design  strategy  em-
ployed  in  this  work,  the  resulting  CPU  films  are  expected  to
feature a combination of diverse hydrogen bonds, Si―O―Si
covalent  cross-linking,  and  Ca–(COO)2 structure  (Fig.  2).  XPS,
XRD, and Raman mapping were performed to further investi-
gate the microstructures of the PU films. The characteristic Si
2p peak was deconvoluted into two components: the Si 2p1/2

orbit (102.2 eV) and Si 2p3/2 orbit (101.8 eV (Fig. 2a)). The lat-
ter  corresponds  to  Si(―O)3 (Si―O―Si  and  Si―OH).  The  Ca
2p XPS spectrum exhibited two distinct peaks at 350.9 (2p1/2)
and 347.4 eV (2p3/2) (Fig. 2b).

Notably,  while  the  Ca  2p3/2 binding  energy  of  CaCl2 is  re-
ported  at  348.0  eV,[44] the  corresponding  peak  in  the  CPU5
film  appears  at  347.4  eV,  which  is  characteristic  of  the
Ca―(COO)2 coordination  structure,  thereby  confirming  the

successful  formation  of  ionic  crosslinking.  Collectively,  these
results  demonstrate  that  both  Si―O―Si  covalent  crosslink-
ing  and  Ca2+-mediated  ionic  crosslinking  are  effectively  es-
tablished  within  CPU  films.  The  XRD  patterns  of  CPU0-CPU5
exhibit  typical  amorphous  features,  with  a  broad  diffraction
peak centered at approximately 20°,  attributed to the aggre-
gation of H-bonds (hard phase region) within the amorphous
PU  films  (Fig.  2c).[41] As  the  degree  of  Si―O―Si  covalent
crosslinking increases, the intensity of this peak progressively
increases,  indicating  an  improvement  in  the  hard-phase  re-
gions.

Raman spectroscopy was employed to resolve the distinct
chemical  domains  within  PU  and  CPU  films.[45,46] Figs.
2(d)–2(e)  show  that  the  characteristic  spectral  region  from
3400 cm–1 to  2850 cm–1 can be segmented into two distinct
chemical  environments,  represented  by  the  blue  and  red
spectra  corresponding  to  the  blue  and  red  regions,  respec-
tively.  In  the  blue  spectra,  both  the  N―H  and  CH2/CH3

stretching vibrations exhibited relatively high intensities, indi-
cating N―H-rich regions.  In contrast,  the red spectra display
weaker N―H stretching signals along with stronger CH2/CH3

stretching  vibrations,  which  are  characteristic  of  N―H-poor
regions associated with the soft segments. It has been report-
ed  that  almost  all  N―H  groups  in  solid-state  PU  films  can
form  H-bonds  at  room  temperature.[47] The  typical  domain
size of the microphase-separated morphology in PU is small-
er than the spatial resolution (200 nm step size) of the Raman
images.  Therefore,  the N―H-rich regions could be identified
as  hard-phase-rich  regions.  Raman  mapping  revealed  that
these  hard-phase-rich  regions  (blue  regions)  were  uniformly
dispersed  throughout  the  soft  domains  (red  regions)  across
the analyzed area, demonstrating a macroscopically homoge-
neous,  yet  microscopically  phase-separated  structure  within
the PU films.  Multivariate curve resolution (MCR) was further
applied  to  quantify  the  area  fraction  of  the  hard-phase-rich
region through the full soft domains (Figs. 2d–2f and Fig. S10
in  ESI).  The  proportion  of  hard  phase-rich  regions  increased
from 14.8% in PU0 to 25.8% in PU5, providing additional evi-
dence  for  the  formation  of  supplementary  hydrogen  bonds.
Notably,  no significant  change in  the hard-phase-rich region
(about 25.7%) was observed after Ca2+ crosslinking. Based on
the  foregoing  structural  analysis,  a  schematic  illustration  of
the microstructure of CPU films is presented in Fig. 2(g).

Dynamic Mechanical Analysis and Thermal
Performance
The dynamic mechanical properties of PU films provide insight
into the temperature dependence of the storage modulus and
loss  factor  (tanδ).  At  temperatures  below –20  °C,  the  macro-
molecular  chains  are  frozen,  and  all  films  exhibit  high  storage
moduli along with a low tanδ (Figs. 3a, 3b, and Fig. S11 in ESI).
As the temperature increased, the storage moduli of all PU films
declined rapidly owing to the enhanced chain segment mobili-
ty. At 25 °C, the storage moduli of PU5 and CPU5 reach 15.4 and
16.9  MPa,  respectively,  substantially  higher  than  those  of  PU0
and  CPU0  (7.0  and  7.8  MPa),  indicating  that  the  Si―O―Si
crosslinking  network  restricts  chain  mobility  and  enhance  film
stiffness. All PU films exhibited a distinct broad peak in the tanδ
curves, corresponding to the glass transition temperature (Tg) of
the hard phase region.[48] In fact, the PU films exhibited a weak
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shoulder  peak between –20 and 0 °C,  which is  consistent  with
the Tg of the PEBA soft segments.[49] This result is consistent with
the  Raman  mapping  findings,  indicating  the  presence  of  a
phase-separated  structure  within  the  PU  film. Fig.  3(b)  shows
that PU0 and CPU0 display a Tg of approximately 13.9 °C, where-
as  the incorporation of  APTMS shifts  the Tg of  PU5 to a  higher
temperature  (30.5  °C).  This  increase  in Tg is  attributed  to  the
combined effects of the Si―O―Si crosslinking network and for-
mation  of  additional  H-bonds.  In  addition,  the  tanδ curves  of
PU0 and CPU0 show broad peaks from –20 °C to 40 °C, followed
by a  sharp rise,  indicative  of  chain slippage.  However,  the PU5
and CPU5 films exhibited broader tanδ peaks from –20 °C to 100
°C, probably due to the presence of the Si―O―Si crosslinking
network, which effectively suppressed interchain slippage.

The thermal degradation behavior of the PU films at differ-
ent temperatures was investigated under N2 conditions (Figs.

3c and  3d).  All  the  films  displayed  similar  thermal  degrada-
tion profiles,  but the residual char content increased for PU5
and CPU5.  Thermal  degradation in  polyurethane materials  is
typically initiated at weak linkages, such as urethane and urea
groups,  owing  to  their  relatively  low  bond  energies.  The  ini-
tial  degradation temperature  (T10%),  defined as  the tempera-
ture corresponding to 10% weight loss, serves as a key indica-
tor of thermal stability. As summarized in Table S3 (in ESI), the
T10% of the PU0 film was 279 °C. However, the slight decrease
in T10% observed for PU5 and CPU5 could be attributed to the
increased content of urethane and urea bonds resulting from
the  incorporation  of  5%  APTMS.  These  bonds  represent  the
weakest point within polyurethane materials, and thus signifi-
cantly  influence  the  initial  degradation  temperature.[47,50] In
contrast, the formation of the Si―O―Si crosslinking network
primarily  improved  the  thermal-oxidative  stability  at  elevat-
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Fig. 2    Investigating the crosslinking mechanisms and micro-phase structure of CPU films. (a) Si 2p and (b) Ca 2p peaks in the CPU5 film; (c) XRD
patterns  of  CPU  films;  Raman  spectra  of  the  N―H  poor  (red)  and  N―H  rich  regions  (blue)  within  the  (d)  CPU0  and  (e)  CPU5.  The  insets  are  the
reconstructed Raman image of the red and blue domains within the PU films obtained from the ―CH2/CH3 and ―NH stretching mode intensities
(2850–3400 cm–1). (f) The area ratio of red and blue domains with PU films from 2D Raman mapping; (g) The micro-phase structure of CPU film and
several macromolecular interactions may exist in CPUs.
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ed  temperatures  (T90%),  as  evidenced  by  the  higher  residual
mass  of  CPU5  at  600  °C.[51,52] The  primary  degradation  pro-
cess of PU films, corresponding to a weight loss from 10% to
90%, occurs predominantly between 275 and 410 °C.  During
this  stage,  the  ester  groups  on  the  soft  segments  decom-
posed to form oligomers or monomers.[47] With a further tem-
perature increase, the oligomers or monomers undergo sub-
sequent thermal decomposition, leading to a rapid loss of the
sample mass.

Mechanical Property and Fatigue Resistance
To  evaluate  the  mechanical  properties  of  the  PU  films,  tensile
stress-strain tests were conducted (Fig. 4, Fig. S12 and Table S4
in ESI). As shown in Fig. S12 (in ESI), pure PU0 exhibited the low-
est  tensile  strength  (0.20  MPa),  toughness  (2.90  MJ/m3),  and
high  elongation  at  break  (3023%).  The  low  tensile  strength  of
PU0  is  primarily  attributed  to  its  linear,  non-crosslinked  struc-
ture.  This explanation is  further supported by our DMA results,
which show a relatively low Tg (about 13.9 °C) for PU0, confirm-
ing the high mobility  and easy slippage of  the polymer chains
under  stress.  After  the  introduction  of  APTMS,  the  enhanced
Si―O―Si  crosslinking  density  and  more  abundant  H-bonds
within the film resulted in a higher Tg (as indicated by the DMA
result)  and  more  hard-phase-rich  regions  (from  the  Raman  re-
sults).  The Si―O―Si  crosslinking network and hard-phase-rich
regions  hinder  molecular  chain  mobility  and  effectively  dissi-
pate  energy,  thereby  significantly  improving  the  tensile
strength,  Young's  modulus  and  toughness,  to  10.1  MPa,  3.94

MPa  and  34.6  MJ/m3 for  PU5,  respectively,  which  are  50.5,  3.7
and  11.9  times  higher  than  those  of  the  PU0  film  (Figs.  4a–4c
and  Fig.  S12  in  ESI).  However,  the  Si―O―Si  crosslinking  net-
work hindered the molecular chain mobility, which significantly
reduced the elongation at break (858%).

The  introduction  of  Ca―(COO)2 coordination  structures
further enhanced the tensile strength of the PU films. The ten-
sile  strength  of  the  PU5  films  increased  and  then  decreased
slightly as the concentration of CaCl2 solution increased from
1 wt% to 7 wt% (Fig. S13 in ESI), and 5 wt% CaCl2 solution was
selected as the coagulation bath. Following Ca2+ crosslinking,
both  the  tensile  strength  and  modulus  increased  markedly
across all PU films (Fig. S14 in ESI). Specifically, the CPU5 film
achieve a tensile strength of 12.7 MPa, a modulus of 6.24 MPa,
and  a  toughness  of  43.0  MJ/m3,  corresponding  to  enhance-
ments of 1.25-, 1.58-, and 1.24-fold relative to the single cova-
lent crosslinked PU film (PU5), respectively. Compared with a
single  Ca2+ ionic  crosslinked  PU  film  (CPU0),  the  mechanical
properties of the CPU5 film were dramatically improved (35.3-,
4.52-,  and  6.76-fold,  respectively).  These  results  clearly
demonstrate that  the combination of  covalent  self-crosslink-
ing and ionic crosslinking exhibits a strong synergistic effect,
wherein  the  covalent  network  provides  a  permanent  struc-
tural scaffold, while the ionic crosslinks act as reversible ener-
gy-dissipating  units,  collectively  leading  to  a  remarkable  en-
hancement in overall mechanical performance. The excellent
mechanical  performance  of  CPU5  was  further  evidenced  by
photographs  of  its  tensile  behavior  (Figs.  4d and  4e).  The
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Fig. 3    Thermal property of PU films. (a) Storage modulus and (b) tanδ of PU films from –60 °C to 100 °C; (c) TG and (d) DTG thermograms of PU
films from 40 °C to 560 °C.
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CPU5 film can be stretched to approximately seven times its
original length and can lift a 6 kg bottle of water.

To gain a deeper insight into the strengthening and tough-
ening  mechanisms,  the  fatigue  resistances  of  the  CPU5  and
PU0 films were systematically evaluated (Figs. 4f–4i, Figs. S15
and S16 in ESI). Cyclic tensile tests were conducted with pro-
gressively increasing strains. The results show that the area of
the hysteresis  loop increases with the applied strain,  indicat-
ing a positive correlation between the energy dissipation effi-
ciency and strain level (Fig. 4f and Fig. S15 in ESI). For the PU0
film, as the strain increases from 200% to 2000%, the hystere-
sis  loop area ranges from 0.30 MJ/m3 to  0.37 MJ/m3,  accom-
panied by a gradual decrease in tensile strength (Fig. S15a in
ESI).  This  behavior  may  originate  from  the  dissociation  of
weak  H-bond  domains  under  tension.  In  contrast,  the  CPU5
film exhibits  a  substantial  increase  in  hysteresis  energy  from
1.0  MJ/m3 to  15.1  MJ/m3 and  an  increase  in  tensile  strength
from  2.0  MPa  to  10.0  MPa  (Fig.  S15c  in  ESI).  This  enhance-

ment  can  be  rationalized  by  a  gradient  dissociation  mecha-
nism, wherein weak hydrogen bonds preferentially rupture at
low strains to dissipate energy, whereas high strains progres-
sively  engage  the  strong  hard-phase  regions  and  ionic
crosslinks in the energy dissipation process.[5,53]

Subsequently,  the  PU0  and  CPU5  films  were  subjected  to
ten  consecutive  tensile  loading-unloading  cycles  at  a  fixed
strain of 200% without resting intervals (Figs. 4h and 4i).  The
PU0 film shows pronounced hysteresis in the first cycle, which
is  attributed  to  the  irreversible  fracture  of  weak  hydrogen-
bonded domains (Fig. 4h and Figs. S15b–S15d in ESI). Howev-
er,  CPU5  exhibits  relatively  low  hysteresis  during  cyclic
stretching,  which  is  attributed  to  its  hard  domains  and  flexi-
ble cooperative network design. The recovery behavior of the
hysteresis  strain  in  CPU5  was  further  investigated  through
cyclic  tensile  tests  with  resting  times  of  5  min  and  2  h  (Fig.
S16  in  ESI).  After  a  5  min  rest,  the  recovery  ratio  of  the  hys-
teresis  strain  reached  71%,  suggesting  the  rapid  recovery  of
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Fig. 4    Mechanical properties and fatigue resistance. (a) The tensile strength of PU films; The summary of (b) Young's modulus and (c) toughness of
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most  of  the  residual  strain.  Notably,  the  stretched CPU5 film
completely recovered its initial state after 2 h of rest.

In  summary,  these results  demonstrate that  the CPU5 film
combines  favorable  mechanical  properties  with  excellent  re-
covery of the hysteresis strain. Based on the aforementioned
structural  and  mechanical  analyses,  we  propose  the  follow-
ing  strengthening  and  toughening  mechanisms:  First,  multi-
ple  H-bonds  within  the  hard-phase  regions  act  as  sacrificial
bonds, dissipating a portion of the mechanical energy.[41] Sec-
ond,  the  Ca―(COO)2 ionic  crosslinking  structure  contributes
to  the  enhanced  hardness  and  strength  of  the  CPU5  film.[6]

Meanwhile,  the  strong  covalent  Si―O―Si  crosslinks  be-
tween molecular chains preserve the network integrity under
large  deformations,  thereby  significantly  improving  the  ten-
sile strength and toughness.[54] Additionally, the abundant H-
bonds  within  the  hard-phase  regions  may  form  a  physical
crosslinking  network  and  restrict  the  mobility  of  chain  seg-
ments.  The  flexible  chain  segments  impart  conformational
adaptability,  dynamically  reorganizing  under  stress  to  miti-
gate  localized  stress  concentrations  and  thus  potentially  re-
duce permanent deformation.

Adhesion Property
Solvent-free  adhesives  have  attracted  considerable  attention
owing  to  the  elimination  of  volatile  organic  compound  (VOC)
emissions.  Notably,  the  PU5  film  exhibits  a  broad  glass  transi-
tion range spanning from –20 °C to 100 °C with a peak value at
approximately  30.5  °C.  Because  of  their  abundant  hydrogen
bonds and wide glass transition range, the PU5 films have been
explored  as  solvent-free  adhesives.  Single-lap  joint  samples

were fabricated via a simple two-step process involving heating,
followed by cooling (Fig. 5a). Upon heating, the softening of the
PU5 film and the dissociation of dynamic H-bonds provided suf-
ficient chain mobility to establish intimate contact between the
PU film and the substrates.  Upon cooling,  the re-association of
H-bonds or potential formation of covalent bonds between the
polymer  chains  and  substrates  contributes  to  a  comparatively
high adhesive strength.[55]

The lap shear strengths of the samples were investigated to
evaluate  the  adhesion  performance  of  the  PU5  adhesive.  As
shown  in Figs.  5(b)  and  5(d),  the  lap  shear  strength  on  the
glass  substrates  was  tested  at  different  temperatures  (50–90
°C).  The  PU5  film  exhibited  an  increasing  lap  shear  strength
on glass substrates as the bonding temperature rose from 50
°C (1.63 MPa,  Glass-50)  to 70 °C (2.69 MPa,  Glass-70).  At  rela-
tively low temperatures, the adhesion strength of the PU film
was  primarily  mediated  by  H-bonds  between  the  PU5  film
and  the  substrates.[56] Increasing  the  temperature  enhances
the  mobility  of  the  molecular  segments,  promoting  better
contact between the molecular chains and glass surface. Con-
currently,  the  increase  in  temperature  facilitated  the  forma-
tion of partial Si―O―Si or Si―O―M covalent bonds on the
substrate  surfaces,  contributing  to  the  observed  improve-
ment  in  lap  shear  strength.[57] According  to  Wang et  al.,  the
degree of H-bond association in PU adhesives decays gradu-
ally  above  80  °C.[58] Therefore,  although  a  further  tempera-
ture increase may enhance covalent interactions, it also leads
to  significant  dissociation  of  H-bonds,  thereby  limiting  fur-
ther  gains  in  lap  shear  strength.  Additionally,  the  PU5  adhe-
sive  exhibited  a  moderate  adhesion  strength  of  1.50  MPa
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when  bonding  tinplates  at  a  heating  temperature  of  70  °C
(Tinplate-70).  Furthermore,  the  adhered  glass  and  tinplate
joints were immersed in water for 1 h prior to lap shear test-
ing  to  investigate  the  influence  of  moisture  on  the  bonding
performance.  The  bonding  strengths  of  glass  (Glass-70-W)
and tinplate (Tinplate-70-W) were 2.60 and 1.54 MPa, respec-
tively,  indicating  that  the  PU5  adhesive  exhibited  minimal
sensitivity to water. This result is consistent with the low wa-
ter  absorption of  the  PU5 film.  According to  the  water  resis-
tance results of the PU films, the water absorption of the PU5
film significantly decreased to 5.5% after immersion in water
for  24  h,  compared with  19.9% for  PU0 (Fig.  S17 in  ESI).  This
demonstrates  the  effectiveness  of  the  covalent  crosslinking
strategy  in  enhancing  the  water  resistance.  In  addition,  the
adhered glass (Glass-70) and tinplate (Tinplate-70) joints were
able  to  lift  bottled water  weighing 10  kg,  further  confirming
the high lap shear strength (Fig. 5a).

More importantly, the PU5 adhesive exhibited excellent re-
cyclability  and  recoverability  in  bonding  glass  substrates
(Figs. 5c and 5e). After lap-shear testing to failure, the separat-
ed glass pieces were recontacted, gently pressed, and heated
at  70  °C  for  20  min  to  achieve  rebonding.  The  adhesion
strengths  of  re-bonded  glass  joints  in  the  2nd and  3rd cycles
reached 2.33 and 2.12 MPa, respectively. To elucidate the ori-
gin of the slight decrease in the rebonding strength of PU5 af-
ter adhesion cycles, we performed control experiments using
PU0  (without  APTMS).  As  shown  in  Fig.  S18  (in  ESI),  the  lap
shear  strength  of  PU0  remained  virtually  unchanged  over
three  consecutive  bonding  and  rebonding  cycles  at  70  °C.
This observation indicates that the slight loss in the bonding
strength  of  PU5  might  be  attributable  to  the  irreversible
breakage of covalent bonds (Si―O―Si) formed between the
adhesive  and  the  glass  surface.  Notably,  even  without  heat-
ing,  the  re-bonded  joint  (2nd cycle-R.T.)  exhibited  an  adhe-
sion strength of  0.93 MPa,  assigned to the rapid reformation
of H-bonds at the interface. Upon heating to 70 °C, the disso-
ciation of H-bonds imparts sufficient chain mobility, enabling
intimate  contact  between  the  adhesive  and  the  substrate,
which  facilitates  the  re-construction  of  H-bonds,  yielding  a
high re-bonding strength. Overall,  the PU5 adhesive demon-
strated high adhesion strength across various substrates and
retained  its  bonding  performance  under  humid  conditions,
making it a promising candidate for a wide range of practical
applications.

Antibacterial Efficacy and Cell Compatibility
The  surfaces  of  conventional  polymers  are  prone  to  microbial
contamination.  The  accumulation  of  microorganisms  on  the
surface of  materials  has  adverse effects  on human life,  such as
mildew,  release  of  unpleasant  odors,  cross-contamination,  and
cross-infection.[27] It  has  been  reported  that  HD  undergoes  a
chlorination  process,  and  the  N―H  bonds  on  the  hydantoin
ring can be converted to N―Cl bonds, thereby imparting signif-
icant antimicrobial  properties to the material.[26] After chlorina-
tion, the Cl in the CPU5-Cl film was detected by EDS, and the ac-
tive chlorine content was determined via titration, yielding a re-
sult of 0.26% (Figs. S18 and S19 in ESI). Herein, the antibacterial
behaviors of the PU films were evaluated against Gram-positive
S.  aureus (6.15×106 CFU/sample)  and  Gram-negative E.  coli
(1.57×107 CFU/sample).  As  illustrated  in Figs.  6(a)–6(f)  and  Fig.

S20  in  ESI,  only  a  slight  reduction  in  bacterial  viability  was  ob-
served after 60 min of contact with PU0, CPU0, PU5, and CPU5
films. In contrast, the CPU5-Cl film exhibited a high antibacterial
efficiency,  with  bacterial  survival  rates  decreasing  substantially
with increasing contact time (Figs. 6e, 6f, and Fig. S20 in ESI). Af-
ter  5  min  of  contact,  approximately  20.2%  of S.  aureus and
23.0% of E. coli were inactivated. After 60 min, virtually no S. au-
reus colonies and only a few scattered E. coli colonies were ob-
served  on  the  agar  plates,  corresponding  to  antibacterial  effi-
ciencies of 97.8% against S. aureus and 92.4% against E. coli. The
substantial  enhancement  of  antibacterial  activity  following
chlorination  underscores  the  critical  role  of  oxidative  halogen
(Cl+) species in bacterial inactivation.

N-Halamine  compounds  exert  antibacterial  effects  by
transferring  Cl+ to  biological  receptors  upon  contact  with
bacterial  cells.  This  process  leads  to  the  oxidation  of  thiol
groups or the halogenation of amino groups in essential pro-
teins,  thereby  inactivating  bacteria.[26] However,  Cl+ exhibits
relatively poor stability when exposed to sunlight or ultravio-
let  radiation.  Accordingly,  the  storage  stability  and  recover-
ability  of  antibacterial  function  were  evaluated  (Fig.  S19  in
ESI).  After  45  days  of  storage  in  the  dark,  the  Cl+ content  of
CPU5-Cl decreased to approximately 0.13%, corresponding to
50% of its  original  value.  Importantly,  the lost chlorine could
be restored through rechlorination, enabling the CPU5 film to
maintain  long-lasting  and  highly  effective  antimicrobial  per-
formance.

Given  that  the  chlorination  process  may  potentially  com-
promise  material  properties,[59] we  systematically  evaluated
the  impact  of  the  chlorination  process  on  other  properties
(e.g.,  biocompatibility,  mechanical  properties,  and  thermal
properties)  of  CPU  films.  As  presented  in Figs.  6(g),  6(h)  and
Fig.  S21 (in ESI),  the cell  biocompatibility  of  the CPU5-Cl  film
(cell  viability  about  83.5%)  was  comparable  to  that  of  CPU5
(about  86.3%).  Fluorescence  images  revealed  negligible  red
fluorescence from dead cells after 24 h of co-culture, demon-
strating  that  the  CPU5-Cl  film  had  no  obvious  toxicity.  This
phenomenon  might  result  from  the  contact-killing  mecha-
nism of HD on bacterial receptors rather than a substantial re-
lease  of  free  chlorine.[20] Furthermore,  the  chlorination  pro-
cess had virtually no effect on the microphase structure (from
3D Raman, Fig. S22 in ESI), revealing that chlorination primari-
ly  occurred  on  the  film  surface.  Consequently,  the  mechani-
cal  properties  (tensile  strength,  elongation,  modulus,  and
toughness)  and Tg of  CPU5-Cl  were  comparable  to  those  of
the CPU5 film (Figs. S23 and S24 in ESI). Additionally, the con-
version  of  N―H  to  N―Cl  on  the  film  surface  contributed  to
improved water resistance (Fig. S17 in ESI). Collectively, these
results demonstrate that the chlorination process causes neg-
ligible damage to the structural  integrity,  mechanical  perfor-
mance,  and  thermal  properties  of  PU  films,  while  effectively
enhancing  their  antibacterial  activity  and  water  resistance
(Fig. 6i).

As  shown  in  Table  S5  (in  ESI),  we  compared  the  CPU  film
with  representative  WPUs  from  the  recent  literature.  While
the  tensile  strength  of  CPU5  is  lower  than  that  of  some  ro-
bust  WPUs  (40–60  MPa),  it  is  comparable  to  or  better  than
that  of  bio-based  WPUs  and  silane-crosslinked  WPUs.  Al-
though  robust  WPUs  have  achieved  higher  strengths,  such
systems typically require complex molecular design. In terms
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of water resistance, CPU5 shows wet-state stability compara-
ble  to  that  of  WPUs  owing  to  its  covalent  crosslinking  net-
work.  Regarding  antibacterial  activity,  unlike  most  reported
WPUs that rely on leachable agents (e.g., Zn, Cu, and AgNPs),
this CPU5 employs a non-leaching N-halamine contact-killing
mechanism,  avoiding  environmental  toxicity  concerns.  Criti-
cally, while most studies have focused on optimizing a single
property  (e.g.,  mechanical  strength,  water  resistance,  or  an-
tibacterial  activity),  the  CPU5  films  simultaneously  achieve
high strength, toughness, excellent water resistance, satisfac-
tory antibacterial activity, good cytocompatibility, and recov-
erable  adhesion.  This  balanced  multifunctionality  exhibits  a
distinctive advantage and addresses the growing demand for
multifunctional materials for biomedical applications.

CONCLUSIONS

Self-crosslinking  combined  with  an  ionic  crosslinking  strategy
was  successfully  developed  to  fabricate  high-performance  PU
films.  The  construction  of  microphase-separated  structures
(with a hard phase region accounting for 25.7%) and the intro-

duction  of  Si―O―Si  covalent  crosslinking  imparted  excellent
water resistance (water absorption: 5.5%) and superior mechan-
ical  properties  (tensile  strength:  10.1  MPa,  Young's  modulus:
3.94 MPa). The subsequent incorporation of Ca2+ ionic crosslink-
ing  further  promoted  the  mechanical  properties  (tensile
strength: 12.7 MPa, Young's modulus: 6.24 MPa). The abundant
H-bonds within the hard phase regions enable efficient energy
dissipation  through  reversible  dissociation  and  recombination,
endowing the PU film with exceptional toughness (43.0 MJ/m3)
and  recoverability.  Notably,  the  PU5  film  functioned  as  a  sol-
vent-free  adhesive,  achieving  high  adhesion  strengths  of  2.69
MPa  on  glass  and  1.5  MPa  on  tinplate.  More  importantly,  the
PU5  adhesive  exhibited  reusability  and  retained  its  adhesive
performance  under  humid  conditions.  Upon  chlorination,  the
resulting  CPU5-Cl  film  exhibited  potent  antibacterial  activity
(97.8%  against S.  aureus and  92.4%  against E.  coli),  along  with
outstanding  biocompatibility.  Therefore,  these  combined  at-
tributes  render  the  developed  PU  films  highly  promising  for  a
broad  range  of  applications,  including  bioadhesives,  biomedi-
cal scaffolds, and electronic devices.

 

86.3

4
3

.0
1/8.26 12.7

9
7

.8

To
u

g
h

n
es

s
 (M

J/
m

3 )

1/Water absorption

(1/%)

Strength (MPa)

A
n

tib
acte

rial 

rate
 (%

)

Cell viability (%)

 CPU5
 CPU5-Cl

Control
PU0 CPU0

PU5 CPU5
CPU5-Cl

0

20

40

60

80

100

120

C
e

ll
 v

ia
b

ili
ty

 (
%

)

Control
PU0 CPU0

PU5 CPU5
CPU5-Cl

0

20

40

60

80

100
E. coli: (1.57±0.26)×10

7
 CFU/sample

0 10 20 30 40 50 60
0

20

40

60

80

100

CPU5-Cl

E. coli: (1.57±0.26)×10
7
 CFU/sample

0 10 20 30 40 50 60
0

20

40

60

80

100 S. aureus: (6.15±0.09)×10
6
 CFU/sample

CPU5-Cl

Control
PU0

CPU0
PU5 CPU5

CPU5-Cl
0

20

40

60

80

100
S. aureus: (6.15±0.09)×10

6
 CFU/sample

S
. 

a
u

re
u

s
 p

e
rc

e
n

ta
g

e
 (

%
)

S
. 

a
u

re
u

s
 p

e
rc

e
n

ta
g

e
 (

%
)

Contact time (min)

Contact time (min)

E
. 

c
o

li
 p

e
rc

e
n

ta
g

e
 (

%
)

E
. 

c
o

li
 p

e
rc

e
n

ta
g

e
 (

%
)

S
. 

a
u

re
u

s

Control PU0 CPU0

PU5 CPU5 CPU5-Cl

a
c

d

h i

f

e

E
. 

C
o

li

Control PU0 CPU0

PU5 CPU5 CPU5-Cl

b

L
9

2
9

 c
e

ll

Control PU0

CPU5 CPU5-Cl

g

300 μm300 μm

300 μm300 μm

 
Fig.  6    Antibacterial  efficacy  and cell  compatibility  of  PU films.  Photos  of  antibacterial  behaviors  of  PU films against  (a) S.  aureus and (b) E.  coli;
Antibacterial properties of PU films with 60 min incubation at 37 °C against (c) S. aureus and (d) E. coli; Antibacterial properties of CPU5-Cl film with
5–60 min incubation at 37 °C against (e) S. aureus and (f) E. coli; (g) Live/dead staining results and (h) cell viability of L929 cells after co-culture with
PU films; (i) Radar plots comparing physicochemical properties and bioactivities before and after chlorination process.
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Graphical Abstract

Self-crosslinking Waterborne Polyurethane with Antibacterial Performance and Solvent-free
Adhesiveness

Shan-Shan Li, Sang-Qi Chen, Yi Xiao, Wen-Jie Xu, and Xing-Huan Lin

Gannan Normal University

A  strategy  combining  self-crosslinking  and  ionic  crosslinking  is  used  to  fabricate  waterborne  polyurethane  with  a  mi-
crophase separated structure. This strategy dramatically enhances the mechanical strength and water resistance. Water-
borne polyurethane can serve as a recoverable solvent-free adhesive. Moreover, this film exhibits high antibacterial effi-
ciency and satisfactory cytocompatibility for biomedical applications.
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