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Abstract: It is a considerable challenge for expanding the applications of self-healing polyurethane because of the
dilemma in balancing its mechanical and self-healing properties. Herein, a series of self-healing polyurethane systems
(PUT-x) with short-range ordered rigid aromatic structures were synthesized by simply adjusting two kinds of diiso-
cyanates, and by ingenious addition of aromatic chain extender. We hope to regulate the - interactions and further to
manipulate the properties of obtained polyurethanes via adjusting the amount of the benzene rings in the molecular chains
of the PUT-x systems. The PUT-5 with decent self-healing ability, optimal mechanical properties, acceptable thermal sta-
bility and favorable transparency was selected to incorporate liquid metal and fluorescent powder to fabricate conductive
wire and anti-counterfeiting film. Significantly, the liquid metal could be recycled from the conductive wire conveniently
without using strong acids or strong bases. Moreover, PUT-5 exemplarily withstood long-term soaking in normal saline,
and no deformation could be identified.

Keywords: self-healing, polyurethane, m-n interaction, hydrogen bond, properties.

Introduction metal materials, are easier to suffer from mechanical damage,

which results in loss of their proper functions.” Therefore,

With the development of human society, impressive pro- countless efforts have been devoted to preparing self-healing
gresses have been achieved in design, synthesis, and appli- polymers, including thermoplastics and thermosets such as
cation of the polymer materials. Meanwhile, such progresses polydimethylsiloxane,** epoxy,™® polyurethane,® and so on.
also have benefited human beings considerably in recent To establish desired self-healing polymers, the prerequisite is
decades.! However, the polymer materials, compared with to introduce appropriate dynamic covalent and/or noncovalent

bonds into the chemical structures of the polymers. Dynamic

covalent bonds that usually are applied to prepare self-healing
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covalent bonds such as hydrogen bond,'®'” n-n stacking,'®"

ionic interactions®®*!

are also frequently used to fabricate self-
healing polymers. However, only paying attention to the self-
healing abilities of as-prepared self-healing polymers and
ignoring their mechanical performances will inevitably narrow
the application fields of them. Therefore, huge impetus was
ignited to prepare novel self-healing polymers with admirable
mechanical properties. Unfortunately, favorable self-healing
ability and novel mechanical properties are a perpetual con-
flict, because factors that benefits of self-healing are usually
detrimental to the mechanical properties. For instance, high
chain mobility is agreeable to self-healing, but it is a for-
midable obstacle to improve the strength of the polymers.'¢***

Polyurethane (PU), in its chemical structure, consists of soft
segment with relatively high chain mobility and low glass tran-
sition temperature (7,), and hard segment with rigid chain
structure and high 7,."%*** Moreover, the two segments are
thermodynamical incompatible, and they are in a state of
microphase separation. The chemical structure particularity
makes PU become a potential candidate for assembling an
excellent self-healing polymer with satisfactory machinal
properties via adjusting the ratio of the soft and hard segments.
In addition, PU has unique advantage of molecular design flex-
ibility due to varieties of the diisocyanates, polyols, and short
chain extenders*?” Ying and co-workers ingeniously pro-
posed a fast room temperature self-healing PU with tensile
strength as high as 9.8 MPa by using hydrophobic hydroxyl-
terminated polybutadiene as the soft segment and the bis(4-
hydroxyphenyl)disulfide as the chain extender.” However, the
disulfide is a toxic chemical, which is both harmful to envi-
ronment and human being.*® Some academics innovatively
balanced the self-healability and mechanical properties by
“regulating phase” strategy, including cautious choosing the
types of the hard segments and reasonable controlling the con-
tents of the hard segments.”? Another enlightening research
disclosed a room-temperature self-healing PU with tensile
strength and toughness up to 14.8 MPa and 87.0 MJm?
respectively, and in their work, they adopted a strategy named
“synergetic triple dynamic bonds”, in which three kinds of
dynamic bonds, reversible dimethylglyoxime-urethane (DOU)
bond, Cu-DOU coordination bonds, and hydrogen bonds,
together endowed the as-prepared PU with conspicuous
mechanical robustness and highly desirable self-healing effi-
ciency.” In spite of the successful use of dynamic bonds, the
use of copper ions, a toxic raw material,***' extremely reduced
the impetus for practical applications of their research. As it is
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shown, although so many outstanding achievements have been
made, PU with attractive mechanical strength (>15 MPa) and
strong self-healing ability is still in a relatively barren state,
due to the intrinsic contradiction between chain rigidity for
high mechanical strength and chain mobility for efficient self-
healing ability. Generally speaking, self-healing PUs possess
robust mechanical properties, especially the tensile strength,
are highly valuable for applications in the fields such as resil-
ient protection material for human being, anti-puncture tire,
etc. Therefore, it is imperative to develop self-healing PUs
owning distinguished healing efficiency as well as high tensile
strength. Besides the mechanical performances, as higher
requirements proposed, various kinds of polyurethanes have
been developed, such as excellent thermal stability, ultraviolet
(UV) blocking, efc. Among these functionalities, the UV
blocking attracts the research interest of the researchers,
because the UV radiation can lead to a myriad of adverse
effects on human health and biological systems.*> However, to
dissipate the harmful energy from UV, self-colored chain
extenders are often applied to synthesize the polyurethanes,
which impairs the colorless of the polyurethane. For example,
Zhang et al reported a series of UV-absorbing polyurethane
films by using curcumin as a chain extender.”® Unfortunately,
owing to yellow-colored chain extender (curcumin), the
appearances of these obtained PU films are yellow, and espe-
cially the WPU-3, it is a dark yellow-colored film, which
destroy the colorlessness and transparency of traditional poly-
urethane simultaneously. Zhou et al. described a self-healing
polyurethane with admirable UV blocking property by intro-
ducing disulfide bonds and octadecane loaded titanium dioxide
nanocapsules (OTNs)-graphene.* However, as mentioned
above the disulfide is a toxic chemical, and to evenly disperse
OTNs-graphene in polyurethane is another tedious and labo-
rious work.

Herein, based on innovative and discreet selection of the
diisocyanates and chain extender, we present a series of PUs
that successfully combines excellent self-healability and
mechanical properties at the same time, and meantime the
advantages such as colorlessness and transparency of the poly-
urethane are preserved as well. The core of this work is reg-
ulating the supramolecular forces (H-bonds and n-7 interactions)
through rational utilization of the hard segments and rea-
sonable arrangement of the hard segment contents. Specifi-
cally, self-healing PUs (PUT-0, PUT-3, PUT-5, and PUT-10)
were synthesized via two-step polyaddition reaction using
polytetramethylene ether glycol (PTMEG) as the soft segment,
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using isophorone diisocyanate (IPDI) and/or toluene diiso-
cyanate (TDI) as the hard segments, and using 1,4-ben-
zenedimethanol (BMO), as the chain extender, which contains
benzene ring in its chemical structure, and therefore, it could
offer extra n-w interactions with TDI. Moreover, the BMO is a
fine white crystal, and unlike the curcumin, the BMO can
effectively avoid dyeing the obtained PU films. We expect that
the optimum type and content of the hard segment can endow
PU with excellent self-healing characteristics while maintain-
ing its good mechanical properties. Among these as-prepared
PUs, PUT-5 was chosen as the matrix, liquid metal as the filler,
we prepared a demo of self-repairing wires. Moreover, with
help of the Eu[(DBM);EA]phen, we also proposed the poten-
tial application of the PUT in anti-counterfeiting materials.

Experimental

Materials. Polytetramethylene ether glycol (PTMEG, M~
1000) was purchased from Aladdin Chemical Reagent Co.
(Shanghai, China), and the PTMEG was dried at 120 °C under
vacuum for 2 h in advance. Isophorone isocyanate (IPDI), 1,4-
benzenedimethanol (BMO), dibutyltin dilaurate (DBTDL), tol-
uene diisocyanate (TDI), methyl orange, Victoria blue, and cal-
cium hydride were provided by Shanghai Macklin Biochemical
Co., Ltd, and they were used as received. Toluene, chloroform,
tetrahydrofuran (THF), and N,N-dimethylformamide (DMF)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China), and used after drying with calcium hydride.
Liquid metal (Gallium-Indium-Tin alloy, melting point: 16 °C)
and fluorescent powder (Eu[(DBM);EA]phen) were purchased
from the Beijing Hualide Technology Co., Ltd. Normal saline
was obtained from Guangdong Huankai Microbial Technology
Co., Ltd.

Synthesis of PUT-x. 12.5 g (12.5 mmol) of freshly dried
PTMEG, 3.92 g of TDI (22.5 mmol), 11.66 g of IPDI (52.5
mmol), a drop of DBTDL and 50 mL of freshly dried toluene
were firstly reacted at 80 °C in a 500 mL round three-necked
flask equipped with a mechanical stirrer, an inlet for high
purity nitrogen gas, and a condenser. 2 h later, a certain amount
of BMO was charged into the flask, followed by stirring at 80
°C for another 2 h. The crude product was precipitated in
excess of methanol several times, followed by drying at 45 °C
in a vacuum oven for 8 h to constant weight. The molar ratios
of the TDI to IPDI were systematically varied from 0:10, 3:7,
5:5, and 10:0, and accordingly, the obtained self-healing PUs
were marked as PUT-0, PUT-3, PUT-5, and PUT-10.

Preparation of PU Membranes. Weigh a certain amount
of thoroughly dried PUT-x, and dissolve it in THF to prepare
solutions with fixed concentration of 30 wt%. Then, the PUT
solutions were poured into a rectangular Teflon mold with
dimensions of 110 mmx110 mmx5 mm. The solution was
firstly placed at room temperature overnight, and then it was
dried in a vacuum oven at 60 °C for 8 h and 80 °C for 2 h.
Transparent and flat PU membranes was obtained.

Fabrication of Self-healing Conductive Wire. 30 wt% of
liquid metal was directly mixed with the 70 wt% of PUT-5
solution to obtain a mushy composite. Further, the mushy com-
posite was dried in a vacuum oven at 60 °C for 8 h and 80 °C
for 2 h to obtain the self-healing conductive wire.

Preparation of Fluorescent Anti-counterfeiting PU Film.
Similar to the preparation of self-repairing wires, 0.1 g of
Eu[(DBM);EA]phen was firstly dissolved in 10 mL of chlo-
roform, and then the obtained solution was added into 10 mL
of PUT-5 solution (30 wt%). Further, the mixed solution was
dried in a vacuum oven at 60 °C for 8 h and 80 °C for 2 h. A
light yellow and transparent anti-counterfeiting PUT film was
prepared.

Characterizations. The 'H NMR and "*C NMR spectra for
chemical structure confirmation were performed on a Bruker
AVANCE 1II 400 MHz at room temperature in CDCl; using
tetramethylsilane (TMS) as the internal standard. Fourier trans-
form infrared spectra (FTIR) were performed on a Thermo
is50 using attenuated total reflectance (ATR) mode. The spec-
tra were collected from 4000 to 400 cm™ with 32 scans at a
resolution of 4 cm™ at room temperature. Moreover, to test the
H-bonds, temperature variable FT-IR was recorded on an iD5
ZnSe ATR instrument, and the data were collected after hold-
ing the temperature at the desired temperature for 30 min. 7,
of as-prepared PUs were record on a NETZSCH DSC 214
under a nitrogen atmosphere. Around 3.00 mg of each sample
was sealed in a 40 uL. aluminum crucible, and before recording
the T, all samples were heated to 150 °C and kept for 3 min
to eliminate the thermal histories. Dynamic thermomechanical
analysis (DMA) was performed on a TA Instruments DMA
Q800. The measurements were carried out with a Multi-Fre-
quency-Strain operator at a frequency of 1 Hz with the ampli-
tude of 2 um, and the data were collected from -110 to 150 °C
at a heating rate of 3 °C min™ in a liquid nitrogen atmosphere.
Thermogravimetric analysis (TGA) was conducted on a
NETZSCH TG209F1 thermogravimetric analyzer under nitro-
gen atmosphere. To evaluate the thermal stabilities of the PUs,
around 8 mg of the PUT was charged into an 80 plL corundum
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crucible and heated from 50 to 800 °C with a fixed heating rate
of 20 °C min™. Tensile tests were carried out on an Instron
3365 machine with a stretching rate of 50 mm-min” at room
temperature. The samples were prepared as dumb-bell shape,
and the geometric dimensions were 10 mmx2 mmx1.5 mm
(lengthxwidthxthickness) for each sample. For each sample, at
least three splines were tested, and the tensile strength is taken
the average value of the splines. Before testing, each sample
was pretreated at a temperature of 25 °C and a humidity of
50% for 48 h. In order to test the self-healing properties of as-
prepared PUs, the dumbbell-shaped spline was completely cut
into two sections at the middle point of the spline. After heal-
ing at varied temperatures and times, the mechanical properties
of the self-healed splines were measured by Instron 3365, and
the self-heal efficiency was evaluated by the ratio of the tensile
strength of healed spline over the corresponding tensile
strength of the original one (eq. (1)):

Self-healing efficiency (%)

_ Tensile strength of the self-healed PUT-x
Tensile strength of the original PUT-x

()

where the tensile strength of the original PUT-x, tensile
strength of the self-healed PUT-x are the average value of the
original splines and self-healed splines, respectively.

The scratch recovery was observed on an Olympus/BX
S1TF Instec H601 optical microscope which equipped with a
hot stage. To conduct the ultraviolet-visible (UV-Visible) trans-
mittance experiment, the PU films were cut into square flake
with dimensions of 2.5 mmx2.5 mm (lengthxwidth), and the
data were collected on a Hitachi U3900 spectrophotometer at
room temperature. The ultraviolet-visible (UV-vis) spectra
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were recorded on a computer-controlled ThermoFisher Sci-
entific Evolution 350 spectrophotometer, using THF as a ref-
erence solvent. The scanned area was from 200 to 1100 nm.

Results and Discussion

Synthesis and Characterization of the Self-healing
Polyurethanes (PUT-x). According to Ying et al., the PUs
obtained via two-step method demonstrates the feature of
admired chain length distribution of the hard segments.” Thus,
two-step protocol was also employed to synthesize the target
PUT-x in this work.™*

Detailly, the polydiol (PTMEG) and the diisocyanate (IPDI
and/or TDI) undergo polyaddition reaction at first to obtain
prepolymers, and then desired linear PUT-x containing distinct
contents of TDI were fabricated by reacting the chain extender
(BMO) with corresponding prepolymers (Figure 1(a)).*® Note
that, in PUT-x systems, two types of diisocyanates (TDI and/
or IPDI) were selected as the hard segments, while the IPDI
bestows high transparency and superior mechanical property
on the obtained PUT-x, the TDI endows the PUT-x with more
benzene rings in the molecular chain, which are the active sites
for n-m stacking (Figure 1(b)).”’® Besides, the aromatic chem-
ical structure of BMO can also facilitate the n-w interactions of
the PUT-x. The specific feeding parameters, hard segment con-
tents and mass percentages of the IPDI and TDI are sum-
marized in Table S1 and S2 (Supporting Information).

The successful synthesis of PUT-x was firstly investigated
by nuclear magnetic resonance (NMR). Two singlet resonances
with nearly equal integration values in range of 9.1 to 9.8 ppm,
corresponding to the protons of Ar-NH-C in the urethane

o]

= n-nStacking

Figure 1. Chemical structure design of the self-healing polyurethanes (PUT-x): (a) schematic illustration of synthetic routes of PUT-x; (b) ideal
chain structure of the PUT-x that composed of soft segments and hard segments; (c) cut and self-healing process of the PUT-x.
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Figure 2. Thermomechanical properties of the self-healing polyurethanes (PUT-x): (a) the calculated average values of the tensile stress, elon-
gation at break, and Young’s modulus; (b) representative stress vs. strain curves; (¢) TGA curves obtained under a nitrogen atmosphere; (d)

DSC curves collected from the second heating cycle.

group (Figure S1).* Furthermore, the polymerization of the
PUT-x has also been clearly demonstrated by the disappear-
ance of the characteristic peak of the -NCO group, which
locates at 2264 cm™ (Figure S2).2** Moreover, the peaks cen-
ter at around 1710 and 1250 cm™ correspond to the stretching
vibrations of C=0 and C-O groups in PUT-x.**** The band dis-
plays at 3310 cm™ is assigned to the stretching vibration of the
N-H group,* and the band at 1590 ¢cm™ corresponds to the
skeleton vibration of the benzene rings.” What surprised us
most is that with the addition of TDI, a newly emerging peak
representing the H bonds between the N-H and C=0O appears
at around 1675 cm’, and the new peak confirms the C=0
group involves the formation of the H bonds explicitly.*
Moreover, the intensity of the new peak gradually increases
along with the increase of the TDI contents in PUT-x, indi-

Table 1. Mechanical and Thermal Parameters of the PUT-x

cating that as the amount of the TDI increases, more and more
C=0 groups engage in forming the H bonds with N-H groups.

Mechanical Properties of PPU Elastomers. Preeminent
mechanical property is the key factor for fabrication useful
devices, and the mechanical performances of pretreated PUT-
x splines were evaluated by uniaxial tensile tests at a speed of
50 mm min™ under ambient condition. The average values of
the tensile stress, elongation at break, and Young’s modulus are
shown in Figure 2(a), and the more detailed and concrete data
are summarized in Table 1.

The samples demonstrate tensile strength in the range of 10
to 26 MPa (Table 1). Presumably, the tensile strength of the
PUT-x increases with the increase of the TDI content, because
the TDI contains the benzene ring, which is a rigid chemical
structure.*”® Unfortunately, the result is exactly opposite to our

Samples Tensile Strength  Young’s Modulus Elongation at break T, T, Ty 50 R0 oc
(MPa) (MPa) (%) (DSC °C) (DMA °C) (°O) (%)
PUT-0 26.3+0.8 412.8+1.1 405.3+8.5 87.8 82.3 284.6 16.8
PUT-3 26.1£1.3 368.8+0.5 410.9+5.7 82.1 80.9 278.1 0.3
PUT-5 19.9+0.4 366.4+0.2 337.1+4.2 83.6 79.7 273.9 3.7
PUT-10 8.7+1.8 109.2+0.6 418.5+6.2 68.5 66.8 264.2 12.8
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Figure 3. Comparison of tensile stress between this work and other
self-healing polyurethanes. Note: Some tensile stress data were esti-
mated according to the strain-stress curves published on the refer-
ence.

forecast, and we attribute this phenomenon to the fact that the
TDI used in this work was the mixture of 2,4-tolylene diiso-
cyanate and 2,6-tolylene diisocyanate, which impairs the reg-
ularity of the molecular chain, therefore, the crystalline
properties and tensile stress of the polyurethane are weaken.”
Note that, even with highest content of TDI (PUT-10) among
PUT-x, it demonstrates an impressive tensile strength of 10.7
MPa (Figure 2(b)), which is larger than the tensile strength of
many reported self-healing polyurethanes (Figure 3),784%%053
the PUT-5 shows a remarkable tensile strength of almost up to
20 MPa and an elongation larger than 350% (Figure 2(b)).

Thermal stability is another valuable parameter to evaluate
the potential practical applications of PUT-x. TGA was utilized
to assess the thermal stabilities of the PUT-x, and as it is shown
that all of the PUT-x exhibit outstanding thermal stabilities,
with the T s, higher than 260 °C, even higher than that of the
cross-linked self-healing PU* or PU with dynamic oxime-car-
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bamate bonds.”* Moreover, TGA measurement also discloses
the PUT-x have two stages of thermal decomposition (Figure
S3), in which the first stage degradation (7%, starts in range of
265 to 285 °C (Figure 2(c)), probably due to the degradation
of the urethane bonds and decomposition of the soft seg-
ments.”® The second stage of decomposition above 400 °C cor-
responds to the cleavage of the hard segments.*® Although the
char yields of PUT-0 and PUT-10 at 750 °C (Ry500c) are all
higher than 5% (Figure 2(c)), demonstrating relatively good
thermal stability, the char yields of the PUT-3, PUT-5, and
PUT-10 are lower than that of the PUT-0, and the result can be
attributed to the decrease of the hard segment contents (Table
S2). In addition, the thermal behaviors of PUT-x was further
investigated by DSC, as shown in Figure 2(d). The 7, values
are about 87.8, 82.1, 83.6, and 68.5 °C for PUT-0, PUT-3,
PUT-5, and PUT-10, respectively. As it is shown the 7, values
of all PUT-x are much higher than room temperature, which
ensures that all PUT materials can exhibit excellent mechan-
ical performances at room temperature.

The DMA was further employed to characterize the dynamic
thermal-mechanical behaviors of PUT-x, as shown in Figure 4.

As can be seen, only one-step decrease of storage modulus
was discerned for all PUT-x systems when the temperature
increased from -100 °C to 125 °C (Figure 4(a)). Moreover, the
values of storage modulus for PUT-x are higher than 1.1 GPa
at room temperature, which also corroborates the results
obtained from the DSC test that all PUT-x feature good
mechanical properties at room temperature. The 7, of PUT-x
were determined by the peak temperatures in Figure 4(b),
which were 82.3, 80.9, 77.7, and 66.8 °C, respectively. As dis-
played, the 7, gradually decreased along with the decrease of
the hard segment content, indicating that the 7, is greatly
affected by the hard segment content, and it seems that the
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Figure 4. Dynamic thermal-mechanical analysis of PUT-x: (a) the storage modulus curves of PUT-x vs. temperature; (b) the loss factor curves

of PUT-=x vs. temperature.

Z2H, Al46d A3, 202214



A Novel Self-Healing Polyurethane with High Transparency and Strength: Effects of Multiple Supermolecular Forces 333

content of TDI or IPDI has obscure effect on 7, of the PUT-
x. The T, obtained from DMA tests display obscure differences
from the results measured by DSC owing to different exper-
imental methods.”” Note that, larger and more conspicuous
peaks can be distinguished at temperature higher than 80 °C,
and we attribute these peaks to the melting process of the PUT-
x'58

Self-healing Performances of PUT-x. All the PUT-x film
are transparent, especially the PUT-0, PUT-3, and PUT-5 are
colorless, and only the PUT-10, with the highest content of
TDI among PUT-x, displays yellow color appearance slightly
(Figure S4). To further inspect the transmittance, absorbance,
and reflection properties of the PUT-x films, all PUT-x were
cut into square samples with dimensions of 2.5 cmx2.5 cmx1
mm (lengthxwidthxthickness), and the samples were inves-
tigated by a UV-Visible spectrophotometer (Figure 5(a), Figure
S5). Noticeably, all samples with transmittance in the range of
400 to 800 nm are greater than 80% (Figure 5(a) solid lines),
and the reflection of them are all about 10% (Figure S5). Both
the results of digital images and UV-Visible test demonstrate
that the PUT-x display high visible light transmittance and
acceptable colorlessness, which benefit from the asymmetrical

(a) 100 (b)
43.0
PUT-O Trans.
‘:}E‘ 801 PUT-3Trans. 2.5 __
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chemical structure of IPDL.> Even more, the TDI employed in
this work is not a pure TDI but a mixture of 2,4-tolylene diiso-
cyanate and 2,6-tolylene diisocyanate, which can effectively
reduce the regularity of the molecular chain, could signifi-
cantly facilitate the transparency of the PUT-x films.®® More-
over, it seems that the addition of the TDI will enhance the
reflectivity to the visible light of the PUT-x, since the reflection
in range of 400-800 nm gradually increases in the order of
PUT-0, PUT-3, PUT-5, and PUT-10 (Figure S5).

What indeed surprised us most is the fact that all films
exhibit impressive ability for absorbing the ultraviolet rays in
range of 200 to 400 nm (Figure 5(a), dotted lines). Moreover,
the absorption of the ultraviolet rays increases along with the
increase of the TDI contents, and especially, the PUT-5 and
PUT-10 can effectively absorb more than 80% of ultraviolet
rays, which may correspond with the higher contents of the
benzene rings of them in PUT=x.®! This feature allows PUT-x,
especially the PUT-5 and PUT-10, to protect the human from
ultraviolet rays when they are used as electronic skins.’

In order to express the self-healing behaviors of the obtained
PUT=x in a more intuitive and explicit manner, two PUT-5
splines were dyed red and blue with methyl orange and Vic-

!‘ irﬂl

10.2 mm | ij') 8 mm

Figure 5. Appearance and self-healing performances of the PUT-x: (a) UV-vis transmittance and absorbance spectra of PUT-x films in the
range of 200-800 nm, inlet displays the image of the PUT-5 film to show the transparency of the PUT-x; (b) digital images of two pieces
of dyed PUT-5 samples (one is dyed with methyl orange, the other one is dyed with Victoria blue), healed at 80 °C for 1 h, and then the
healed sample was loaded for 100 g and 500 g counterpoises, respectively; (c) optical microscopic images of healing process for a scratch
in PUT-5 at 80 °C for healing (i) 0 min, (ii) 10 min, (iii) 20 min, (iv) 30 min; (d) digital images of the tensile tests of scratched PUT-5 after
being healed at 80 °C for 30 min: the first cycle (i and ii) and the second cycle (iii and iv).
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toria blue respectively, and the two splines were healed at 80
°C for 1 h. The healed spline can load a 100 g counterpoise
without any deformation, and moreover, when loaded with a
500 g counterpoise, the healed spline only shows a bit of defor-
mation, and no tear has been identified, demonstrating the
astonishing ratio (higher than 10000) of load to mass of PUT-
5 (Figure 5(b)). Except for complete tear, scratch is a kind of
more common damage to materials, and considering the sit-
uation, all the PUT-x were cut in the middle part with a scalpel,
followed by the observation of their self-healing processes
toward scratches with an optical microscope equipped with a
hot stage (Figure 5(c), Figure S6-S8). Taking PUT-5 as an
example, its self-healing process toward scratch at 80 °C is dis-
play in Figure 5(c). As it is shown, initially, the scratch can be
identified as an obvious dark line under the microscope, and 10
min later, the dark line fades evidently and almost disappeared
after 30 min (Figure 5(c)). Furthermore, addition of the TDI to
the molecular chain evidently facilitate the self-healing process
of the PUT-x system, especially the PUT-10, it self-healed the
scratch at 80 °C in only 3 min (Figure S8). Due to two factors
that the TDI can effectively promote the self-healing process
of PUT-x system: one is that compared with IPDI, TDI can
introduce more benzene rings into the molecular chain of the
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PUT-x system, and thus, more aromatic -w interactions effec-
tively are generated between TDI and BMO segments,” the
other one is that the TDI used in this work is a mixture of 2,4-
tolylene diisocyanate and 2,6-tolylene diisocyanate, as men-
tioned above, which can enhance the chain mobility by impair-
ing the chain regularity.” Moreover, to further scrutinize the
crack initiation of the scratch healed specimens at 80 °C for 30
min, tensile test was employed to record the maximum length
at which a crack can be identified by naked eyes (Figure 5(d)).
For PUT-0, visible crack appeared near the healed scratch
when the elongation reached 19.1% (Figure S9), and as for
PUT-3, PUT-5, and PUT-10, the visible cracks emerged at
elongations of 217.9% (Figure S10), 298.2% (Figure 5(d) first
cycle), and 365.4% (Figure S11) respectively. The results of
the crack initiation of the scratch healed specimens clearly
demonstrate that the TDI accelerate the self-heal process of the
PUT-x system effectively because of the extra 7-w interactions
produced by TDI.

To better understand the influences of healing temperatures
and healing time periods on self-healing efficiency, thoroughly
scissored PUT-x specimens were self-healed at varied tem-
peratures for different time periods, and then tensile tests were
conducted at a fixed speed of 50 mm min™' on the healed spec-

0 50 100 150 200 250 300 350 400 450
Strain (%)

0 50 100 150 200 250 300 350 400 450
Strain (%)

Figure 6. Strain vs. stress curves of scissored PUT-x specimens self-healed at 80 °C with different time intervals: (a) PUT-0; (b) PUT-3; (¢)

PUT-5; (d) PUT-10.

Z2H, Al46d A3, 202214



A Novel Self-Healing Polyurethane with High Transparency and Strength: Effects of Multiple Supermolecular Forces 335

imens to characterize their mechanical performances. As pre-
sented, stress-strain curves of the healed specimens again
illustrate the TDI promotes the self-healing behaviors of the
PUT-x because under the same self-heal temperature and time
period, the polyurethanes containing TDI (PUT-0, PUT-3, and
PUT-10) show larger values of tensile strength and elongation
than the PUT-0 (Figure 6, Figure S12 and S13). Noticeably, the
recovered mechanical properties of PUT-5 were already com-
parable to its original properties after it was self-healed at 80.
°C for 1 h (Figure 6(c)). Moreover, as expected and reported,
lower self-healing temperature leads to reduction of self-heal-
ing efficiency, but such disadvantage can be compensated by
extending the self-healing time (Figure S12 and S13).*° To fur-
ther obtain the quantitative data of the self-healing behaviors,
self-healing efficiencies were calculated by eq. (1) and pre-
sented in Figure 7. As shown, either under the same self-heal-
ing temperature or same self-healing time period, the specimens
contain TDI show higher self-heal efficiency than the ones
contain no TDI at all, and the results are consistent with the
results obtained from their self-healing processes of scratches
(Figure 5(c)).

H-bonds and z-m Stacking Characterization. To explain
the self-healing behaviors of the PUT-x from the perspective of
molecular mechanism, the in-sifu FTIR was used to study the
dependence of the H-bonds on temperature.” Three typical
samples (PUT-0, PUT-5, and PUT-10) were carefully selected
to implement the temperature-dependent FTIR analysis (Fig-
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Figure 7. 3D representation of the self-healing efficacy of PU-x sys-
tem at varied temperatures and time periods.

ure S14), and moreover, the main characteristic bands cor-
respond to the H-bonded C=O and free C=0O groups are
magnified and shown in Figure 8. As it is shown, the typical
temperature variation FTIR spectrum of PUT-0 clearly demon-
strates the peak shift and area change during heating (Figure
8(a)). In contrast, for PUT-5 and PUT-10, no evident peak shift
can be recognized during the heating process, except for the
slight reduction of the peak area (Figure 8(b) and 8(c)). This is
highly related to the chemical structures of the PUT-5 and
PUT-10, which contain more benzene rings than the PUT-0
due to the addition of TDI. The short-range ordered rigid aro-
matic TDI endows the obtained polyurethanes with stable and
strong intermolecular and intramolecular interactions.”® Sub-
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Figure 8. temperature-dependent FTIR spectra of the C=0 regions: (a) PUT-0; (b) PUT-5; (c) PUT-10; the H-bonded and free C=0O groups

of (d) PUT-0; (¢) PUT-5; (f) PUT-10.
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sequently, we performed a curve fitting of the carbonyl group
vibration region (1650-1800 cm™) using a Gaussian-Loren-
Cross function, and two individual peaks were resolved. The
peaks centers at around 1700 cm™ are assigned to stretch vibra-
tion of the H-bonded C=0, and the peaks locate at 1725 cm’
corresponds to stretch vibration of the free C=0 (Figure 8(d),
8(e) and 8(f))."** The percentage of the H-bonded C=0 was cal-
culated by eq. (2), and the data were summarized in Table S3.

A1700

H-bonded C=0 (%) = m

x 100% 2)
where A7 and A ;s are the fitted peak areas at 1700 and 1725
cm. 68.26, 72.02 and 77.33 percent of H-bonded carbonyl
groups apparently illustrate that most of the carbonyl groups of
the PUT-x have formed hydrogen bonds at room temperature.

In addition to H-bonds, m-rt stacking is also a nonnegligible
aspect between the short-range ordered aromatic ring struc-
tures in aromatic polyurethane.*®* Due to the addition of the
TDI, the PUT-3, PUT-5 and PUT-10 contain more aromatic
ring structures than the PUT-0, and consequently, we speculate
that the m-w stacking effects in PUT-3, PUT-5 and PUT-10 are
stronger than that in the PUT-0. In order to more intuitively test
the m-w stacking effect caused by the benzene rings, a series of
PUT-x solutions were prepared with mixture of toluene and tet-
rahydrofuran as the solvent (Figure 9).

We anticipate that n-n stacking effects in the PUT-x molec-
ular chain would be partially transferred into the m-m inter-
actions between PUT-x and the toluene. In these as-prepared
solutions, the ratios of tetrahydrofuran and toluene in the
mixed solvent were 0:10, 7:3, 6:4, 5:5, 4:6 and 3:7 respec-
tively, and the concentration of PUT-x in the solution was fixed
at 10 wt%. It can be seen that all PUT-x can be completely dis-
solved, when the solvent is tetrahydrofuran. In addition, as pre-
sented in Figure 9, PUT-0 can be perfectly dissolved, regardless
of the content of the toluene in the mixed solvent. In contrast,
when the content of toluene in the mixed solvent is high, (tet-
rahydrofuran: toluene=3:7) the solubilities of the PUT-3, PUT-
5 and PUT-10 decrease in order, and especially for the PUT-10,
when the content of toluene in the solvent is more than 50%,
a gel is formed (Figure S15). Through this solubility exper-
iment, we intuitively proved that introduction of TDI to the
polyurethane molecular chain can effectively promote more -
7 interactions. In order to conduct an in-depth research about
the influence of 7-w stacking of phenyl units on optical prop-
erties, UV-vis measurement was carried out for PUT-x systems
(Figure S16). In detail, the UV-vis absorption spectra of all
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Figure 9. Solubility of the PUT-x in mixed solvent of tetrahydro-
furan (THF) and toluene (TL): (a) PUT-0; (b) PUT-3; (c) PUT-5; (d)
PUT-10.
PUT-x system exhibit broad adsorption band from 300 to 400
nm, which is consistent with those previously reported lit-
erature.® Although all PUT-x demonstrate the characteristic
peak of the m-r stacking, the intensities of polyurethanes con-
taining TDI (PUT-3, PUT-5 and PUT-10) are significantly
stronger than that of the PUT-0. This is probably due to the fact
that the addition of TDI makes the obtained polyurethanes
develop a short-range ordered rigid aromatic structure in hard
domains, which further results in strong m-m interactions.®
Oppositely, the PUT-0 contains no aromatic isocyanate (TDI),
thus neither a short-range orderly aromatic structure nor strong
n-nt interactions was formed in the PUT-0, which further
extremely cripples the self-healing ability of the PUT-0.
Potential Applications of Self-healing of PUT-x. Given
their excellent integration of robust mechanical properties and
decent self-healing abilities, the PUT-x systems, especially the
PUT-5, show the promising potentials for fabricating various
self-healable devices. As a proof-of-concept demonstration,
PUT-5 was chosen as the self-healable matrix to assemble a
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conductive wire. Firstly, the PUT-5 was mixed with liquid
metal at ratio of 50 wt% to 50 wt% and sonicated for 30 min
to obtain a uniform and stable PUT-5/liquid metal sludge, and
then the small amount of solvent in the sludge was completely
removed by drying at 80 °C for 6 h in an oven. Subsequently,
the conductive wire was connected to a circuit equipped with
a blue light-emitting diode (LED) and batteries (Figure 10(a-

1)), and as expected the LED was turned on, indicating the sat-
isfied conductivity of the PUT-5/liquid metal conductive wire.
Note that according to Liang team, the transition from an insu-
lator to excellent conductor, the conductivity should increase
from nonconductive to 1.89x10 S cm™.*” Moreover, the LED
went off when the conductor was cut into two pieces (Figure
10(a-ii)). Finally, the two detached wires were attached and

was lit at the original stage; (ii) the conductive wire was cut; (iii) the scissored conductive wire was self-healed at 80 °C for 1 h; (iv) dissolution
of PUT-5/liquid metal conductive wire by tetrahydrofuran; (v) the product after dissolving and washing for 5-6 times; (vi) recycled liquid
metal; (b) schematic illustration of the recycling process of the liquid metal from the conductive wire; (c) digital images of PUT-x systems
immersed in saline for varied time periods; (d) self-healable PUT-5 used as anti-counterfeiting material: (i) the PUT-5/Eu[(DBM);EA]phen
film at the original stage; (ii) the fluorescence of PUT-5/Eu[(DBM);EA]phen film upon excitation at 365 nm; (iii) the scissored PUT-5/
Eu[(DBM);EA]phen film after storage at ambient condition for 30 days; (iv) fluorescence of PUT-5/Eu[(DBM);EA]phen the scissored film;
(v) the scissored PUT-5/Eu[(DBM);EA]phen film was self-healed at 80 °C for 1 h; (vi) fluorescence of self-healed PUT-5/Eu[(DBM);EA Jphen

film.
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self-healed at 80 °C for 1 h, the LED was successfully lit
again, clearly, the brightness after self-healing process almost
equal to that before the self-healing, indicating the successful
recovery of the conductivity (Figure 10(a-iii)).*®

Moreover, it should be noted that not limited to conductivity
and self-healing, both the PUT-5 and the liquid metal can be
efficiently recycled from conductive wire, which perfectly
solve the challenging problem of the waste disposal of organic-
inorganic hybrid.* As displayed, the PUT-5 and liquid metal
can be retrieved by dissolving and heating the conductive wire
in THF at 80 °C for several times (Figure 10(a-iv) and 10(a-
v)). By centrifugation, the liquid metal and the PUT-5 con-
tained THF have been successfully separated (Figure 10(a-vi)),
and in our work, the recycling efficiency was as high as 53.8
wt%. Although the retrieval rate is not as high as some
reported literatures?®”" the retrieval process of this work is
easy and simple, only involves the dissolution and centrif-
ugation (Figure 10(b)). Moreover, during the retrieval process,
no strong acids or bases such as HCI, NaOH were used in our
work, which tremendously reduce the possibility of secondary
pollution.

To be used as self-healable substrate for human used devices,
for example e-skin matrix,””' the PUT-x should be able to
withstand the corrosive effects of human sweat. However,
polyurethane shows a certain degree of water absorption nat-
urally due to the hydrophilicity of the urethane bonds,””> which
undermines the water resistance of polyurethane, let alone the
resistance of human sweat. To evaluate human sweat resis-
tance of the PUT-x, dumbbell-shaped specimens of PUT-x
were immersed in normal saline, and their shapes and appear-
ances were recorded at certain intervals (Figure 10(c)). As it is
presented, the shapes of all PUT-x did not change at all even
after soaking in normal saline for 30 days; as for the appear-
ances, only PUT-0 and PUT-3 underwent a slight change from
transparent to white, whereas the appearances of PUT-5 and
PUT-10 changed little. The retentions of the shape and appear-
ance of the PUT-5 and PUT-10 specimens could be regarded as
intuitional evidence of good resistance toward human sweat.
Furthermore, it should be noted that the water resistance of the
PUT-5 and PUT-10 is much better than that of the com-
mercialized 1180A, which severely lost its original shape and
appearance after soaking in deionized water for 3 days.” It is a
common sense that the saline permeates the PU film along its
thickness, and the more winding diffusion pathway for saline,
the more penetration time it takes.”” In terms of PUT-5 and
PUT-10, they contain more benzene rings compared with the
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PUT-0 and PUT-3, thus more compact microstructures caused
by more n- interactions can be anticipated in PUT-5 and PUT-
10 than those in PUT-0 and PUT-3, which effectively delays
the permeation of the saline.”

To further explore the potential application of self-healing
polyurethane materials obtained in this work, a fluorescent
anti-counterfeiting film was fabricated by using the PUT-5 as
the matrix (Figure 10(d)). The anti-counterfeiting film showed
a yellow appearance under the ambient condition (Figure 10(d-
1)), and displayed red emission under 365 nm excitation (Fig-
ure 10(d-ii)). To testify the durability of the anti-counterfeiting
and self-healing of the film, it was cut into two pieces after
storage at an aging oven for 30 days, and the obvious change
is the appearance which changed from yellow to light yellow
under the natural light (Figure 10(d-iii)). Interestingly, red flu-
orescence emission again overtly appeared under the UV exci-
tation (Figure 10(d-iv)). Moreover, the damage caused by
cutting was fully self-healed after self-healing at 80 °C for 1h
(Figure 10(d-v)), and its anti-counterfeiting ability was also
well maintained (Figure 10(d-vi)). Taking advantage of unique
self-healing property and durability, the PUT-5 is a qualified
matrix for preparing anti-counterfeiting materials. Moreover,
the above research provides a new idea for the development of
new self-healing anti-counterfeiting materials, expanding the
application of the polyurethane in the anti-counterfeiting field.

Conclusions

In summary, by controlling the ratio of TDI and IPDI, we
designed and synthesized a series of self-healing PUT-x sys-
tems, and especially the PUT-5 possess outstanding and dis-
tinct features of favorable self-healing ability, admirable
mechanical property and agreeable appearance, and based on
the performances of the PUT-5, we suggest that it has broad
application prospects in the fields of self-healing protective
coating, anti-counterfeiting material, matrix for wearable elec-
tronics, efc. Moreover, we also hope that through this work, we
can light up on the regulation of the self-healing properties and
mechanical properties of the polyurethanes by adjusting the
supermolecular forces in the polyurethane molecular chain.
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