
Vol.:(0123456789)1 3

Journal of Polymer Research (2023) 30:387 
https://doi.org/10.1007/s10965-023-03770-y

ORIGINAL PAPER

Mechanically robust room-temperature self-healing waterborne 
polyurethane with antimicrobial properties constructed 
through multiple dynamic bonds

Yuan Wang1 · Liang Chen1 · Pingping Jiang1 · Pingbo Zhang1   · Yanmin Bao2 · Xuewen Gao2 · Jialiang Xia2

Received: 10 May 2023 / Accepted: 8 September 2023 / Published online: 20 September 2023 
© The Polymer Society, Taipei 2023

Abstract
In this study, 2,6-diacetylpyridine dioxime was synthesized from 2,6-diacetylpyridine and hydroxylamine hydrochloride 
as raw materials and bonded into the molecular chain of waterborne polyurethane as an alcohol chain extender, Subse-
quent addition of Cu2+ interacted with the Schiff base structure in the WPU molecular chain to generate room-temperature 
self-healing polymeric materials with multiple dynamic bonds based on ligand bonds, oxime carbamates, and hydrogen 
bonds. Due to the synergistic effect of multiple dynamic bonds, DWPU-Cu0.25 exhibited excellent mechanical properties 
(tensile strength of 11.9 MPa and elongation at break of 1620%) and excellent room temperature self-healing ability (heal-
ing efficiencies of 89.1% and 95.8% for elongation at break and tensile strength, after 72 h of room temperature healing). 
Additionally, antibacterial experiments showed that DWPU-Cu films can release copper ions and create antibacterial zones 
around polyurethane films, demonstrating their use in the field of antibacterial coatings. By introducing covalent bonds 
and non-covalent dynamic bonds into the waterborne polyurethane to improve the healing ability of the material, and this 
internal self-healing method avoids the disadvantages of the external self-healing method, such as irreversibility, complex 
operation and poor compatibility. This self-healing mechanism based on the dynamic bond inside the material can not only 
realize repeated self-healing, but also have excellent basic properties, and can also expand other functions on the basis of 
self-repair, and realize the application of multifunctional materials.
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Introduction

Green and ecologically friendly materials have attracted a 
lot of interest in the context of growing environmental con-
cerns, with the development of waterborne polyurethanes 
receiving a lot of attention. Traditional polyurethanes are 
restricted because toxic and harmful volatile organic com-
pounds (VOCs) will be released during the production pro-
cess, and waterborne polyurethanes (WPU), which use water 
as the dispersion medium, are considered an alternative to 
traditional solvent-based polyurethanes [1–3]. WPU mate-
rial has properties such as low-temperature resistance, flex-
ibility, abrasion resistance, and corrosion resistance, which 
make it widely used in adhesives [4], water-based inks [5], 
textile composites [6],and biological materials [7]. However, 
WPU materials are susceptible to external irritation dur-
ing use, and cracks will form inside them will reduce the 
durability of polymeric materials. Inspired by the ability of 
plants and animals in nature to spontaneously repair wounds, 
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the emerging concept of self-healing provides an effective 
way for self-healing of microcracks [8]. Therefore, introduc-
ing self-healing features in WPUs effectively improves their 
durability and reduces maintenance costs.

Currently, there are two strategies to achieve self-healing 
ability: external self-healing and internal self-healing. external 
self-healing is accomplished by releasing healing agents into 
matrix micro-containers. However, this method has several 
limitations, including a loss of healing ability when the heal-
ing agent is depleted, the complexity of the operation, and 
poor compatibility [9]. Internal self-healing is achieved by 
reversible reactions of dynamic covalent and non-covalent 
bonds. Dynamic non-covalent bonds mainly include hydro-
gen bonds [10, 11],metal-ligand coordination [12, 13], ionic 
interactions [14, 15], π-π stacking [16, 17],and host-guest 
interactions [18, 19], and also dynamic covalent bonds mainly 
include Diels-Alder (DA) reactions [20, 21], disulfide bonds 
[22, 23], borate ester bonds [24, 25],and oxime carbamates 
[26, 27].Intrinsic self-healing mainly has the advantages of 
a simple preparation process, no need for repair agents, and 
repeatable healing. Since most waterborne polyurethane mate-
rials are required to be used at room temperature, we need to 
design polyurethane materials that can heal at room tempera-
ture. Self-healing requires high external conditions due to the 
weak kinetic nature of covalent bonds and the poor diffusiv-
ity of polymer chains [28], while the most effective method 
for room temperature healing is to incorporate dynamic non-
covalent interactions.

Both hydrogen and ligand bonds are typically dynamic 
non-covalent bonds. hydrogen bonds are weakly dynamic 
and have much lower energies than covalent bonds. Ligand 
bond strengths are intermediate between van der Waals 
interactions and covalent bonds, and ligand bonds can 
be modulated over a considerable range due to a variety 
of readily available ligands and metal ions, which makes 
them very attractive in the field of room temperature self-
healing materials. The synergy of covalent and non-covalent 
bonds to form multiple dynamic cross-linked network 
structures, inspired by the cross-linking mechanisms of 
weak and strong bonds, is a research trend to study room-
temperature self-healing with high mechanical properties. 
Zhang et  al. [29] synthesized room-temperature self-
healing thermoplastic polyurethanes (TPUs) with multiple 
hydrogens, reversible disulfide, and coordination bonds. 
The prepared elastomers exhibited a tensile strength of 
more than 16.1 MPa and a tensile strain of 771%, and 
the multiple dynamic bonds conferred high self-healing 
efficiency (94%) to the elastomers within 24 h at room 
temperature. Wang et al. [30] designed a poly-self-healing 
polyurethane including disulfide bonds, oxime-carbamate 
bonds, hydrogen bonds, and coordination interactions.

The Cu2+ acts as a ligand center and a catalyst to acceler-
ate the disulfide exchange and oxime-carbamate exchange 

reactions. Due to the multiple interaction design and Cu2+, 
the elastomer has an excellent mechanical strength of 
19.5 MPa at room temperature and a self-healing efficiency 
of 83%. Although coordination bonds have been success-
fully introduced into polyurethane materials to achieve 
self-healing at room temperature, the preparation process 
requires a large amount of toxic or environmentally harm-
ful organic solvents. The study of waterborne polymeric 
materials with excellent mechanical properties and self-
healing at room temperature, especially high-performance 
environmentally friendly waterborne polyurethanes based 
on strong and weak bond synergies, is still in need of further 
research. In addition, WPU with a single self-healing func-
tion cannot meet people’s production and living needs well. 
Therefore, giving WPU more functions, such as antibacte-
rial properties, is important to expand its application scope 
and increase its added value.

By introducing covalent bonds and non-covalent 
dynamic bonds into the waterborne polyurethane to improve 
the healing ability of the material, and this internal self-
healing method avoids the disadvantages of the external 
self-healing method, such as irreversibility, complex opera-
tion and poor compatibility. This self-healing mechanism 
based on the dynamic bond inside the material can not 
only realize repeated self-healing, but also have excellent 
basic properties, and can also expand other functions on 
the basis of self-repair, and realize the application of mul-
tifunctional materials. Here, based on the synergistic cross-
linking mechanism of strong and weak bonds and certain 
specific biological properties of metal ions, we synthesized 
a mechanically robust room-temperature self-healing water-
borne polyurethane material with certain antibacterial prop-
erties. It provides some reference value for the study of 
multifunctional and environmentally friendly waterborne 
polyurethane coatings.

Experiment

Materials

Isophorone diisocyanate (IPDI, 99%), hydroxylamine 
hydrochloride (NH2OH·HCl, 99%), and 2,6-diacetylpyridine 
(98%) are purchased from Shanghai Titan Technology 
Co. Polytetrahydrofurandiol (PTMG, Mn = 1000), 2, 
2-bis(hydroxymethyl)propionic acid (DMPA, 99%) 
from Aladdin (Shanghai) Co. Acetone (99%), N-methyl 
pyrrolidone (NMP, 99%), triethylamine (TEA, 99%), 
stannous octanoate (99%), sodium acetate (NaOAc, 99%), 
copper chloride dihydrate (CuCl2·2H2O, 99%), tryptone 
(99%), agar powder (99%), yeast powder (99%), sodium 
chloride (99%) were purchased from Shanghai Sinopharm 
Chemical Reagent Co.
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Synthesis of 2,6‑diacetylpyridine dioxime

Deionized water and ethanol were combined in a specific 
mass ratio in a 250 ml three-necked flask. Next, 3.26 g of 
2,6-diacetylpyridine, 5.21 g of hydroxylamine hydrochlo-
ride, and 8.20 g of sodium acetate were added to the flask 
one at a time. The mixture was then heated to 90 °C and 
refluxed for 2.5 h. It was then cooled to room temperature, 
and the crude product was produced by filtration under 
decreased pressure and washed at least five times with 
deionized water. Finally, the cleaned product was dried in a 
vacuum drying oven at 60 °C for 24 h to create a white pow-
der sample. Figure 1 is a schematic diagram of the synthesis 
of 2,6-diacetylpyridine doxime.

Synthesis of DWPU

The preparation process for DWPU consists of several steps. 
Firstly, IPDI and PTMG were weighed and added to a 100ml 
three-neck flask with a stirring magnet and reflux device. 
Adjust the temperature of the oil bath at 80 ± 2 °C, keep the 
temperature reaction for 1 h, then add NMP mixed solu-
tion with DMPA dissolved in the flask, stir the system for 
5 min and then add two drops of stannous octanoate, after 
1 h reaction, add 10ml acetone to adjust the viscosity of the 
system to avoid gelation, continue the reaction for 2 h. The 
system was cooled down to 60 °C, and 2,6-diacetylpyridine 
dioxime was added to continue the reaction for 1.5 h. The 
system temperature was adjusted to 50 °C, and triethylamine 
was added to neutralize the reaction for 30 min, and then 
the reaction was cooled to room temperature. Place the 
three-necked flask in an ice-water bath set at 0–5 °C, use 
mechanical stirring with a speed of 1800–1900 rpm/min, 
add deionized water fast, shear emulsify for 1 h, and then use 
a rotary evaporator to spin evaporate at 50 °C for 30 min to 
produce a waterborne polyurethane emulsion with 20% solid 
content. The prepared emulsions were cast in a PTFE film 
tool, dried at room temperature for 48 h, and then transferred 
to a vacuum drying oven at 60 °C for 24 h. All films were 
stored in the desiccator before characterization.

Synthesis of DWPU‑Cu

To synthesize the DWPU-Cu, the other synthetic proce-
dures were the same as for the DWPU emulsion, except that 
the deionized water used alone was replaced by an aque-
ous solution obtained by dissolving a specific amount of 
CuCl2·2H2O for the emulsification process. The schematic 
diagram of the synthesis is shown in Fig. 2, and the formula-
tion table is shown in Table S1.

Characterization

The FTIR spectra of the samples were detected by an infra-
red spectrometer (Nicolet 6700, Thermo Fisher Scientific 
Co, USA) using a DLaTGS detector in the wave number 
range of 4000 − 500 cm−1 with an average of 32 scans and a 
resolution of 4 cm−1.

The 1H-NMR spectrum of 2,6-diacetylpyridine was 
studied by Bruker instrument (Avance 400, Germany). A 
5–10 mg sample was placed in an NMR tube and DMSO-d6 
was chosen as the solvent.

A UV spectrophotometer TU-1950 (Beijing Pu-Analysis 
General Instrument Co., Ltd.) can be used to perform UV-
visible spectroscopy in the range of 800 to 200 nm for each 
polyurethane solution at a concentration of 0.1 mg/ml.

The chemical composition and valence states of different 
elements in polyurethane composite films were investigated 
using an Axis supra-type X-ray photoelectron spectrometer.

The particle size and distribution of the emulsions were 
studied using a zeta potential and nanoparticle size analyzer 
from Brookhaven, USA (Zeta PALS). The concentration of 
the emulsions was diluted to 0.1wt% with deionized water, 
and the samples were tested at 25 °C with a laser scattering 
angle of 90°.

OCA40 Optical contact angle measuring instrument (Bei-
jing Dongfang Defei Instrument Co, Ltd, China) was used to 
measure the surface hydrophobicity of polyurethane films. 
Deionized water was selected as probe liquid, and three par-
allel tests were carried out at room temperature, and the 
results were expressed as mean values.

Fig. 1   Synthetic route of 2,6-diacetylpyridine dioxime
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The mechanical properties of the films were determined 
at room temperature using a film tensile strength tester 
(XLW PC, Jinan Blue Electromechanical Technology Co, 
Ltd, China). Samples (dumbbell-shaped, width 2 mm, length 
10 mm) were prepared and tested at a 50 mm /min displace-
ment rate.

To simulate cracks, the films were scratched with a razor 
blade to about 50% of the sample thickness. The scratches’ 
healing process was monitored in real-time by hot-stage 
polarized light microscopy (POM, Axio Imager A2POL, 
Germany) with a magnification of 50.

To evaluate the self-healing efficiency and to quantitatively 
characterize the mechanical properties and self-healing 
efficiency of the samples, the samples (dumbbell-shaped, 
2 mm in width and 10 mm in length) were cut into two 
halves with a razor blade, and then the cut surfaces were 
spliced together for about 15 s to ensure a tight connection. 
After healing for different times at room temperature, 
the mechanical properties of the healed DWPU-Cu were 
measured using a film tensile strength tester at a displacement 
rate of 50 mm/min at room temperature. The self-healing 

efficiency (η) of the samples was calculated according to 
the following equation: the self-healing efficiency (η) of the 
studied specimens was defined as [29]:

 σ(heal) and σ(original) are the tensile strength and ten-
sile strain of the repaired specimen, the original specimen, 
respectively.

The antibacterial properties of the modified polyurethane 
films were determined by a bacterial inhibition test. All 
experimental equipment was sterilized before the experi-
ment. 40µL of activated Staphylococcus aureus (S. aureus, 
Gram-positive, ATCC 292,213) and Escherichia coli (E. 
coli, Gram-negative, ATCC 25,922) were evenly applied to 
the solid medium substrate employing a coating stick, and 
the WPU coating was made into a circle with a diameter 
of 1 cm and placed on the solid on the medium and kept 
in a constant temperature incubator at 37 °C for 24 h. The 
samples were then observed for bacterial growth around 
the samples.

(1)� =
[

�(heal)∕�(original)
]

× 100%

Fig. 2   Schematic diagram of DWPU-Cu.
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Results and discussion

Structure of 2,6‑diacetylpyridine dioxime

FTIR and 1H-NMR spectra were used to confirm the 
chemical structures of 2,6-diacetylpyridine dioxime. 
Fig.  S1  displays the IR spectra of 2,6-diacetylpyridine 
and 2,6-acetylpyridine dioxime. According to the 
figure, the ketone group has completely reacted because 
2,6-acetylpyridine dioxime lacks the 2,6-diacetylpyridine’s 
distinctive peak at 1700  cm−1, which is a stretching 
vibrational peak belonging to the C = O group. In addition, 
a weak absorption peak was observed at 3223 cm−1, which 
corresponded to the stretching vibration peak of -OH. 
Fig. S2 shows the NMR hydrogen spectrum of the sample, 
which corresponds to the H-proton peak on -OH at position a 
on 2,6-diacetylpyridine dioxime at 11.5 ppm. two absorption 
peaks at 7.81 ppm belong to the hydrogen proton peaks on 
the pyridine ring’s unsaturated carbon of b and c. the obvious 
absorption peak at 2.5 ppm corresponds to the hydrogen 
proton peak on -CH3 at position d 2,6-diacetylpyridine 
dioxime. Based on the above structural characterization, 
it was demonstrated that 2,6-diacetylpyridinedioxime was 
successfully synthesized [31].

Structural analysis of waterborne polyurethane

Figure 3(a) shows the IR spectra of DWPU and DWPU-Cu 
films. The figure shows that strong absorption peaks appear 
near 3314  cm−1 and 1700  cm−1 for all samples, which 
correspond to the -NH- and -C = O stretching vibration 
peaks of urethane molecular structure, respectively. The 
characteristic peaks at 2940 cm−1 and 2854 cm−1 are -CH2 

and -CH- groups, respectively. The absorption band near 
1535 cm−1 belongs to the bending vibration peak of -NH-, 
and no absorption band was observed between 2200 and 
2300  cm−1, which can prove that the -NCO group has 
been fully reacted and the waterborne polyurethane was 
successfully synthesized. The sample showed an absorption 
peak at 985  cm−1, which corresponds to the N-O bond 
in the oxime-carbamate bond, where the reactive group 
is formed by the reaction of the hydroxyl group in the 
acetylpyridine dioximide with -NCO [32]. In addition, the 
absorption peak of the sample at 853 cm−1 corresponds 
to the out-of-plane bending vibration of C-H on the 
pyridine ring. All of the above indicates the synthesis of 
2,6-diacetylpyridinedioxime as one of the raw materials in 
the polyurethane molecular chain.

UV-Vis absorption spectroscopy and XPS spectros-
copy are used to evaluate DWPU and DWPU-Cu to dem-
onstrate the effective complexation of Cu2+ with Schiff 
bases in polyurethane. As shown in Fig.  3b, DWPU 
showed an absorption peak near 316 nm. This is because 
the unique conjugated Schiff base structure in DWPU [33]. 
The absorption peak of this structure in DWPU-Cu0.25 is 
shifted to nearly 367 nm, and this red-shift phenomenon 
can be attributed to the ligand field jump caused by the 
complexation of Cu2+ with the Schiff base. Cu before 
and after coordination was analyzed using narrow XPS 
in Fig. S3. No peaks belonging to Cu were detected in 
the XPS spectra of DWPU. As shown in Fig. S3(b), the 
presence of Cu 2p peaks at 930.4 eV and 933.3 eV of 
DWPU-Cu0.25 proves the formation of copper complexes 
of Schiff base ligands. The presence of oscillatory peaks at 
941.2 eV and 949.5 eV indicates the presence of partially 
coordinated copper ions [34].

Fig. 3   a FTIR spectra, b UV-visible absorption spectra of DWPU and DWPU-Cu0.25
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Particle size distribution of water‑based 
polyurethane emulsions

Figure 4 shows the particle size distribution of DWPU and 
DWPU-Cu emulsions. The average particle sizes of DWPU, 
DWPU-Cu0.25, and DWPU-Cu0.5 are 33.5 nm, 72.2 nm, and 
108.4 nm, respectively. The polydispersity indexes (PDI) are 
0.209, 0.225, and 0.112, respectively. The above data show 
that all modified polyurethanes can be uniformly dispersed 
in deionized water. Usually, the particle size of WPU emul-
sions is affected by chain stiffness, hydrophilic groups, the 
cross-linked structure of the polymer, and emulsification 
conditions [35]. Among the above factors, the cross-linked 
structure has an intrinsic effect on the viscosity and stabil-
ity of the emulsion. The particle size of the polyurethane 
emulsions increased with the increase in copper ion content. 
This is mainly caused by the influence of Cu2+, which can 
form coordination bonds with the Schiff base structure in the 
polymer molecular chain, further promoting cross-linking 
and cohesion between the polyurethane chains, resulting in 
a larger average particle size of the emulsion [36].

Hydrophilic analysis of composite film surface

Static water contact angle (CA) determination is an impor-
tant parameter that has studied the hydrophilicity and hydro-
phobicity of the composite film surface, and Fig. 5 shows 

the water contact angle data for different polyurethane com-
posite films. The contact angles of DWPU, DWPU-Cu0.25, 
and DWPU-Cu0.5 are 73.6°, 77.7°, and 75.5 °C, respectively, 
according to the figure. This is primarily because when a 
certain amount of Cu2+ is added to cross-link with the coor-
dination’s Schiff base, it blocks some of the hydrophilic 
groups in the polyurethane’s molecular chain and prevents 
water molecules from dispersing into the material’s interior, 
increasing the contact angle. Excessive copper ions alter the 
way that polyurethane molecules are arranged, which causes 
more phase mixing, more water permeability, and a smaller 
water contact angle [37].

Thermogravimetric analysis

The thermal weight loss curve (TGA) of the DWPU film is 
shown in Fig. 6, and the temperature values corresponding 
to the 5% weight loss and 10% weight loss for all samples 
are listed in Table 1. Usually, the polyurethane membranes 
exhibit a relatively low thermal stability due to the presence 
of the labile carbamate groups. All the samples mainly 
showed two stages of during the thermal decomposition 
process [38]. The first stage was at 150–350℃, which 
was attributed to the production of isocyanates, carbon 
dioxide, alcohols, primary amine, and secondary amines. 
The second stage is at 350–450 °C . At this stage, the WPU 
sample decomposes sharply and the carbon chain skeleton 

Fig. 4   Particle size distribution 
of water-based polyurethane 
emulsions
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is destroyed, which reflects the characteristics of the 
degradation of the soft chain segment, that is, the broken 
chain of the polyether polyol structure. Furthermore, T5% 
from Table 1 observed for DWPU-0, DWPU-1, DWPU-1, 
DWPU-2, DWPU-3 are 291.66 °C, 258.33 °C, 245.66 °C, 
and 228.33 °C, respectively. Obviously, with the increase of 
2,6-diacetylpyridine doxime content, the corresponding T5% 
decline, similarly, the T10% of the sample, the main reason is 
that WPU degradation behavior by the lowest bond energy, 
the hard chain segment is more likely to thermal degradation 
than the soft chain [39], the content of the polyurethane 
molecular chain increase, so T5% and T10% with the increase 
of 2,6-diacetylpyridine doxime content.

Mechanical properties

To investigate the effect of Cu2+ on the mechanical proper-
ties of the material, uniaxial tensile tests were conducted. 
The mechanical properties of the DWPU-Cu composite 
film are shown in Fig. 7. The tensile strength of DWPU 
without Cu2+ addition was 8.7 MPa and elongation at break 
was 1435%, but the tensile strength of DWPU-Cu0.25 was 
elevated to 11.9 MPa and elongation at break was 1620% 
because the complexation of copper ions with Schiff base 
could enhance its mechanical properties to some extent. 
Here, copper ions act as cross-linking neutrals, providing 
multiple cross-linking sites that bind linear polyurethane 

molecules together, thereby increasing the tensile stress of 
the material [40]. Due to the coordination complexation of 
the copper and Schiff base structures, some of the internal 
polymer chains are folded and, therefore, additional hidden 
lengths are generated. These hidden lengths are released 
under stretching by dynamic dissociation and recombina-
tion of multiple reversible bonds. The dissipation of large 
amounts of energy during dissociation and recombination 
leads to a significant increase in toughness [31, 34]. How-
ever, with the addition of copper ions, the tensile strength of 
DWPU-Cu0.5 decreased to 10.5 MPa and the elongation at 
break decreased to about 1250%. The additional copper ions 
disrupted the regular arrangement of the molecular chains, 
leading to greater phase mixing and reduced crystallinity, 
which were responsible for the reduced mechanical proper-
ties of DWPU-Cu0.5 [37, 41].

Self‑healing property analysis

To verify the effect of the healing ability of the polyurethane 
material of Cu2+. The self-healing performance of DWPU-
Cu was first initially evaluated by a scratch recovery test. 
A clean razor blade was used to scratch the surface of the 
composite film with a thickness of approximately 50% of 
the film thickness and left to heal at room temperature for 
24 h. The crack state of the polyurethane film surface after 
healing at room temperature could be observed by polarized 

Fig. 5   Contact angle of water-
borne polyurethane film
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light microscopy. As shown in Fig. 8, it can be seen from 
the figure that the cracks on the surfaces of DWPU-Cu0.25 
and DWPU-Cu0.5 disappeared, and DWPU-Cu had excellent 
spontaneous self-healing ability at room temperature. How-
ever, DWPU healed less effectively, and the width of cracks 
on the surface decreased, but there were relatively clear 
scratches. To investigate the self-healing properties more 
visually, we observed the macroscopic self-healing behavior 
of the DWPU-Cu0.25 film. As shown in Fig. 9, the samples 
were cut and spliced together to heal at room temperature 
for 72 h. The healed samples could be suspended from a 
dumbbell piece of 1.25 kg weight. These results provide 
visual evidence for the self-healing property of DWPU-Cu, 
thus demonstrating that the addition of Cu2+ can effectively 
enhance the healing ability of the polyurethane material and 
repair the mechanical properties of the fractured samples.

To further investigate the self-healing behavior of the 
prepared WPU films systematically, a series of tests on 
their mechanical properties were carried out. Tensile 

tests were used to examine the mechanical characteris-
tics of the DWPU-Cu films before and after healing, and 
the self-healing effectiveness was determined using the 
tensile strength and elongation at the break before and 
after repair, respectively. Figure 10(a) and (b) show the 
mechanical properties of the original samples of DWPU-
Cu0.25 and DWPU-Cu0.5 respectively and the samples 
healed for different times after severing. Figure 10(c) and 
(d) summarize the self-healing efficiency of both. The 
tensile strength and ultimate elongation of DWPU-Cu0.25 
increased with passing time, as depicted in the figure. 
After healing at room temperature for 4 h, the DWPU-
Cu0.25 self-healing efficiency of tensile strength and elon-
gation at break achieved 27.7% and 58.9%, respectively. 
Tensile strength and elongation at break healing efficiency 
increased to 89.1% and 95.8%, respectively, after 72 h of 
healing at room temperature. This may be due to the dis-
sociation of hydrogen, metal-ligand, and oxime-carbamate 
bonds, which makes the polymer molecular chains on the 
section diffuse each other, and the deep reorganization of 
non-covalent and covalent oxime-carbamate bonds over 
time, forming a new dynamic cross-linked network, whose 
mechanical properties gradually recovered, and the healing 
efficiency gradually increased, the principal part of which 
is shown in Fig. 11 [31, 42, 43].

Compared with DWPU-Cu0.25, the healing efficiency of 
the mechanical properties of DWPU-Cu0.5 is relatively low, 

Table 1   Thermal decomposition 
temperature of DWPU

Samples T5%(°C) T10%(°C)

DWPU-0 291.66 319.67
DWPU-1 258.33 285.33
DWPU-2 245.66 274.33
DWPU-3 228.33 276.33

Fig. 6   The TGA curve of 
DWPU
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with the healing efficiency of tensile strength and elongation 
at the break being 54.8% and 74.8%, respectively, after 72 h 
of healing at room temperature. It is possible that Exces-
sive Cu2+ entry would accumulate in WPU to form defects 
and thus disrupt the arrangement of molecular chains in 

polymer. In addition, excessive coordination cross-linking 
also restricts the mobility of molecular chains and hinders 
the diffusion of molecules at the fracture surface, both of 
which lead to a decrease in the healing efficiency of the 
sample [35, 40, 44].

Fig. 7   The mechanical proper-
ties of polyurethane film

Fig. 8   POM images of the self-healing process of the crack on the polyurethane film
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Fig. 9   Self-healing behavior of 
DWPU-Cu0.25 film

Fig. 10   Stress-strain curves 
of the original and healed 
a DWPU-Cu0.25, and b DWPU-
Cu0.5; Healing efficiency of 
DWPU-Cu0.25 (c) and DWPU-
Cu0.5 (d)
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Fig. 11   Schematic diagram of the molecular structure of DWPU-Cu

Fig. 12   Composite membrane 
inhibition circle experiment 
of DWPU, DWPU-Cu0.25, and 
DWPU-Cu0.5
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Antimicrobial properties

After adding Cu2+, the modified WPUC has some antibac-
terial properties in addition to excellent self-healing prop-
erties. The results of the inhibition circle experiments are 
shown in Fig. 12. The results of the inhibition circle experi-
ments revealed that no obvious inhibition zone was observed 
near the DWPU film without Cu2+, indicating that DWPU 
did not reflect obvious antibacterial ability on E. coli and 
S. aureus bacterial Petri dishes. A certain degree of inhibi-
tion zone can be observed around the DWPU-Cu0.25 and 
DWPU-Cu0.5 composite films. A larger zone of inhibition 
was observed around the DWPU-Cu0.5 composite membrane 
compared to DWPU-Cu0.25, indicating that as the Cu2+ 
content in the polyurethane increased, more Cu2+ diffused 
around the composite membrane, leading to a larger zone 
of inhibition.

Antimicrobial propertie is mainly due to the direct inter-
action of copper surface and bacterial outer membrane which 
also has a small part of Cu2 + caused by toxicity, detailed 
antibacterial mechanism for bivalent copper ions can directly 
interact with bacterial cell membrane into the bacterial cell, 
when the cell copper ion concentration reached a certain 
value, produce oxidative stress response, lead to intracellular 
protein and DNA fracture, cell membrane barrier function 
gradually disappear. Increasing membrane permeability, 
extravasation of cell contents and inactivation of bacterial 
cells [45–47].

Conclusions

In this study, we successfully prepared a room temperature 
self-healing WPU membrane based on multiple dynamic 
bonds of oxime carbamate bonds, coordination bonds and 
hydrogen bonds by mixing Cu2+ into an aqueous polyu-
rethane emulsion. The mechanical properties of the sam-
ples were improved compared to the DWPU without Cu2+. 
After 72 h at room temperature, the break elongation and 
tensile strength of the damaged DWPU-Cu0.25 returned to 
95.8 and 89.1% of the original values, respectively, show-
ing good self-healing ability at room temperature. Moreo-
ver, DWPU-Cu also exhibits some antibacterial properties 
due to the presence of copper ions. Antibacterial experi-
ments showed that DWPU-Cu membrane showed bacterial 
inhibition against both E. coli and S. aureus. It provides a 
good idea for the current self-healing of waterborne polyu-
rethane, using a dynamic cross-linked network structure 
formed by covalent and noncovalent bonds to achieve heal-
ing, and introducing metal coordination bonds to enhance 
the mechanical strength of waterborne polyurethane and 
give its antibacterial properties by introducing Cu2+. 
This functional material can extend the service cycle and 

ensure the safety and stability of polymer components. 
It has incomparable advantages in expensive equipment 
and artificial objects that are difficult to repair, meets the 
needs of new materials for high durability and high sta-
bility, and will achieve more functions in the near future.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10965-​023-​03770-y.
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