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ABSTRACT: Self-healing polymeric materials that can spontaneously repair in a Cut
perpetual manner are highly appealing to address safety and restoration issues in
different key applications. Usually built from reversible moieties that require to be
activated using, for example, temperature, light, or pH changes, most of these self-
healing materials rely on energy-demanding processes and/or external
interventions to promote self-healing. In this work, we propose to exploit rapid
dynamic exchanges between urea-based moieties and moisture as an alternative to
promote local and spontaneous healing responses to damage using atmospheric
moisture as an external stimulus. Non-hygroscopic urea-based polyurethanes with
repetitive moisture-induced healing abilities at different degrees of humidity were
thus designed through coupling reactions with non-hygroscopic polypropylene
glycol and urea moieties. As supported by density functional theory (DFT)
calculations coupled to local FTIR experimental studies, we furthermore
established that the healing mechanism is ultimately related to the formation of
water—urea clusters. Obviously, this work represents a platform for designing more advanced spontaneous self-healing materials
beyond the present study, which hold promise for use in a wide range of technological applications.
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B INTRODUCTION

The 21st century has witnessed the emergence of advanced
polymeric materials in response to societal, environmental, and
technological challenges. Yet, the long-lasting performances of
advanced materials represent a major issue as they are subjected
to severe load-bearing and aggressive external conditions during
their lifetime. Self-healing polymeric materials that can
spontaneously repair in a perpetual manner are therefore highly

particularly using atmospheric humidity and/or CO,. This
concept has been scarcely explored, except the very few
examples of water-induced self-repairing of polymers after
purposely wetting and drying the scratched surface. As such,
Koschek et al. reported moisture-induced healing of highly
cross-linked poly(urea-urethane) films containing 1-(2-amino-
ethyl) imidazolidone, however the healing efficiency was only
determined based on coating scratch recovery.*” Inspired by the

appealing to address these safety and restoration issues.
Biomimicry has surely represented the major inspiration pool
for numerous researchers to design advanced materials with
autonomous self-healing properties, yet this approach is not
trivial." That is, autonomous self-repairing in polymers implies
both adequate combination of physical/chemical concerted
events and the use of specific stimulus-responsive moieties.””
Major breakthroughs have been achieved on the implementa-
tion of reversible chemistry into polymeric materials such as
Diels—Alder reactions and UV-light cycloadditions, though
most of them rely on energy-demanding processes and/or
external interventions to promote self-healing. An attractive
alternative is to design polymeric materials that can sponta-
neously and repeatedly self-repair under ambient conditions,
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chemistry of adhesive proteins in mussels, hydrogels that are
able to heal in water were also demonstrated.””"" Liu et al.
reported silicone-based materials with water-enhanced healing
built from multiphase-assembled siloxane oligomers through
multivalent hydrogen bonding.'” The low water permeability of
the as-designed materials allows environmental water molecules
to travel through the siloxane network to help dissociation of the
multivalent hydrogen bonds to achieve rapid healing with high
efficiency. In another work, Cash et al. reported materials
exhibiting healing capabilities under wet conditions based on the
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Figure 1. Schematic representation of the proposed moisture-driven healing mechanism of the urea-based polyurethane: (i) release of freestanding
urea moieties at the damage sites, (ii) establishment of hydrogen-bond bridges, as assisted by water, between the freestanding urea moieties, and (iii)
reformation of intermolecular clusters between urea-based moieties as water is expelled from the non-hygroscopic polyurethane (A) and the synthetic

pathway of the proposed urea-based polyurethane (B).

dynamic exchanges between boronic ester bonds."* Our group
has also reported iminoboronate-based boroxine networks
healable at ambient humidity."* More interestingly, Yang and
Urban developed glucose-based polyurethane networks that are
able to self-heal under atmospheric air by fixing CO, and
water."> The self-repair process, although remains a one-shot
procedure, involves the physical diffusion of cleaved network
segments as well as the formation of carbonate and urethane
linkages.

Herein, a robust and elegant approach on the basis of dynamic
exchanges between urea moieties and water molecules to trigger
local and autonomous moisture-driven healing is provided
(Figure 1a). The concept described in the present paper is
utterly simple; that is, once damaged, the polymeric materials
release freestanding urea moieties at their surface that rapidly
interact with water. Due to this dynamic exchange between urea-

based moieties and water molecules, the damaged area gets
locally plasticized and progressively sealed upon the reformation
of intermolecular clusters between urea-based moieties, thus
favoring the release of water out of the surface.

B RESULTS AND DISCUSSION

Mechanically robust materials that would be dynamic enough to
spontaneously self-heal in the simple presence of atmospheric
moisture as_effectively as in biological designs are obviously
targeted.'®'” As the mobility and the hydrophobicity of the
polymeric segments are of prime importance to achieve an
efficient self-repair mechanism, amorphous and hydrophobic
poly(propylene glycol) (PPG) is selected as the main polymeric
skeleton of the proposed self-healing materials. Among the
emergence of dynamic covalent and noncovalent chemistries,
urea moieties appeared to us as the most appropriate motifs to
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be incorporated within this polymeric segment. For example,
Ying et al. demonstrated the importance of urea substituents by
introducing hindered functionalities that led to dynamic
covalent urea bonds for self-healing polymers purposes.'®
Such materials possess a hydrogen-bonding motif via its urea
bond that can increase the mechanical strength of polymers, a
property that most other dynamic covalent chemistries lack.
Since the determination of hydrogen-bond strength involving
urea substituents is not straightforward,19 a selection of urea
candidates was subjected to DFT calculations in order to assess
the stabilization energy associated with the formation of model
dimers formed by two adjacent units (Figures S1a,b and Table
S1). Urea—urea interaction strengths of different ureas a-
substituted with hydrogen, methyl, pentyl, cyanide, or phenyl
and o’-substituted with pentyl groups are thus estimated. The
results show that urea a-substituted with the phenyl group yields
good compromises between the high interaction strength
required and the easiness from a synthetic viewpoint. As such,
a-phenyl-o’-pentylurea functionalities are selected and incorpo-
rated at high concentration (i.e., 9:1 urea-based diol:PPG ratio)
into the PPG-based polyurethane backbone using hexam-
ethylene diisocyanate (HMDI) as a coupling agent (Figure 1b
and Figures S2a—c and S3a,b). It results in a non-hygroscopic
PPG-based polyurethane characterized by a glass transition
temperature below room temperature (ie., T, of 12 °C).
Although the as-synthesized urea-based polyurethane is fully
water-insoluble (an insoluble fraction of ~100% in water, Table
S2), the latter is able to trap some water molecules when exposed
at ambient humidity (a water intake of ~2.8 wt %, Figure S4). As
a result, when exposed at ambient humidity (i.e., 45% of relative
humidity), the resulting urea-based polyurethane films healed
within ~18 h (Figure 2a,b). Note that the complete healing
could be further repeated (more than twice) with the same
efficiency. When exposed to higher relative humidity (RH)
though, the complete healing is even faster. As such, the
polyurethane healed within ~7 and 4 h when exposed at RH 69
and RH 97% (Figure SS), respectively. Although only a very
limited impact on T, of the urea-based polyurethanes is
observed during the healing process (Table S3), allowing us to
exclude any bulk water-induced plasticization,””*" we expected
that healing is the result of a local plasticizing effect at the
damaged sites where freestanding urea moieties are abundant.
To provide clear evidence on the role of water in the healing
process, two controlled experiments are conducted, either on
urea-based polyurethanes in a dried nitrogen atmosphere (i.e.,
absence of water) (Figure 2c,d) or on non-urea-based
polyurethanes (i.e, only having benzyl pendant moieties)
exposed at ambient humidity (Figures S6—S8), and no healing
is observed. In contrast, interfacial healing could be achieved in
our urea-based polyurethanes after cutting a 0.5 cm diameter rod
in two pieces and putting them back 30 s in contact at 45% RH
(Figure S9). Once recovered, the rod could be further
lengthened up to 12 times of its initial length without any
rupture in the healed section. Comparison of Young’s moduli of
undamaged and moisture-driven healed films (i.e., 18 h at 32%
HR) qualitatively assessed the healing performance, which is
found to be higher than 97% (Figure S10a,b).”* While urethane
bonds present along the backbone do not seem to participate in
the healing process, we attributed the recovery of the interfacial
strength to the establishment of hydrogen-bond bridges, as
assisted by water, between freestanding urea moieties at the
damaged sites. Since freestanding urea groups are only abundant
around the damaged areas, no adhesion is observed when two

Figure 2. Scratch healing behavior of the proposed urea-based
polyurethane immediately after the damage (A,C) and after being
exposed to ambient humidity (B) or dried nitrogen atmosphere (D).
Three-dimensional AFM topography images after different healing
times (E—H) (scan size: 3.5 ym). Adhesion mapping using nano-
indentation immediately after the damage (I) and after being healed (J)
(scan size: 3.5 pm, scale bar ranging from 100 pN to 15 nN).

undamaged polyurethanes are brought together (Figure S11).
Interestingly, Leibler and co-workers demonstrated that the
number of freestanding urea bonds available for healing
decreases with time due to hydrogen-bond reassociation.”

The above mechanism obviously limits the healing efficiency if
the sample is not mended immediately after being broken but
only after some waiting time. A similar approach is thus used to
highlight the role of water in the healing mechanism of our urea-
based polyurethanes. After being cut into two distinctive pieces,
the broken parts are kept apart for 24 h in either a dry (i.e., 10%
RH) or an ambient (i.e., 40% RH) atmosphere and subsequently
mended for 24 h at 40% RH. While the samples kept under a dry
atmosphere still exhibited freestanding urea groups that can fully
participate in the healing process once re-exposed to moisture
(with a healing efficiency of 97%), urea moieties present at the
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Figure 3. Theoretical and experimental investigation of the urea—water-based self-healing mechanism. Optical microscope images of severely
damaged (A) and healed (A’) samples as well as the IR imaging of the damaged urea-based polyurethane (C) with their respective ATR-FTIR
vibrational changes centered on urea amide II region (B, B’, and C’, respectively). The colors represent the intensity distribution of vibrational band
centered at 1545 cm™ (red and blue colors represent high and low intensities of the selected band, respectively). ATR-FTIR spectra centered on the
urea bending mode for M-urea (left) and the urea-based polyurethane (right) in THF solution containing an increasing amount of water (D).

freshly cut surfaces readily interact with water when placed ation so that no free groups remain available for bridging the two
under ambient conditions, promoting hydrogen-bond reassoci- broken parts together and the healing is no longer possible
46179 DOI: 10.1021/acsami.9b16858

ACS Appl. Mater. Interfaces 2019, 11, 46176—46182


http://dx.doi.org/10.1021/acsami.9b16858

ACS Applied Materials & Interfaces

Research Article

(Figure S12a,b). The latter clearly supports that freestanding
groups are generated on the freshly damaged surface, though
water is required to assist the reassociation of freestanding urea
bonds. All in all, hydrogen-bond reassociation is considered to
be part of the mending mechanism.

Using peak-force tapping atomic force microscopy (PFT-
AFM), various mechanical properties at the nanoscale such as
adhesion or deformation are simultaneously measured and
related to the topography (Figure 2e—j).”* The healing process
is thought to proceed through a “zipping effect”. Time-lapse
AFM is therein used for direct visualization of the nanoscale
dynamics as a function of healing time (Movie S1). As such, the
inner depth of the cut is reduced during the initial healing stage,
forming a zipper-like pattern that cements the damage over time.
The latter suggests that the damage is filled by interfacial flow (as
assisted by local water-induced plasticization) followed by
hydrogen-bond reassociation.” Herein, topographic images
showed almost complete healing from ~18 h (up to 97%
recovery of undamaged strength) (Figure 2e—h). Besides,
adhesion images attested to the restoration of the nano-
mechanical properties after healing (Figure 2ij). Note that the
presence of freestanding urea groups at the freshly cut surfaces
can even induce higher adhesion at the healed areas than the
undamaged ones. To gain a deeper and local insight into the
chemical environment at the surface (ca. 1 ym depth), we
further investigated the water—urea interactions both in the
solid state and solution by means of ATR-FTIR measurements
on various reference systems. Since the band interpretation in
the amide II region (1500—1600 cm™) is not straightforward
for our urea-based polyurethane,” extra DFT calculations are
used. First, a model molecule having similar urea-based
functionalities to our urea-based polyurethane, that is, M-urea
(see the synthesis details on Figure S2), is investigated. Recall
that rapid dynamic exchanges between freestanding urea
moieties and moisture in the damaged areas are considered to
be the healing mechanism of the urea-based polyurethane
(Figure la). This mechanism is supported by molecular
dynamics simulations on a large system made of 100 water
molecules randomly located around 10 molecules of M-urea.
After a 100 ps dynamic run performed at room temperature
(NVT), large and small urea—water clusters tend to
spontaneously form, with the water playing the role of a linker
within those clusters (Figure S13). Here, water is a necessary
environmental assistant of the healing chemistry. Likewise,
catechol—Fe’* coordinate bonds are found to be dynamic in the
presence of seawater, while the dynamism is immobilized after
removing water.” The spontaneous urea—water interaction
allowing structural dynamics around two urea groups is then
subsequently investigated by DFT calculations. In the presence
of water molecules, the theoretical frequency of the urea bending
vibration shifts toward higher wavenumbers (i.e., from 1545 to
1550 cm™"), attributed to the increase of the vibration frequency
in the hydrogen-bonded N—H---O group (Figure S14a). Note
that these theoretical predictions are consistent with Leibler et
al. reporting the use of infrared spectroscopy to study the
dissociation of urea hydrogen bonds with temperature.”” To
discriminate hydrogen-bonded urea interacting with either
water or carbonyls (related to urea or urethane), theoretical
frequencies of urea bending were thus calculated on molecular
models strictly mimicking the pendant a-phenyl-o’-pentylurea
functionalities of the urea-based polyurethane (Figure S14b).
Urea bending vibration appeared at a much higher wavenumber
(ie, 5 cm™ higher) when interacting with water (i.e., 1552

cm™") than with carbonyls (i.e., 1546 cm™ with urea and 1547
cm™" with urethane). ATR-FTIR spectra are then collected on
(i) undamaged, (ii) severely damaged, and (jii) healed urea-
based polyurethanes. Herein, the urea band reversibly shifted in
wavenumber when the sample is damaged (Figure 3a,b) and
subsequently healed (Figure 3a’)b’), which is most likely
attributed to the synchronous decrease and increase of free-
and H-bonded urea band intensity, respectively. While the
polymeric materials release freestanding urea moieties that
rapidly interact with the surrounding moisture when damaged,
the undamaged ones did not exhibit such a shift since no (or
less) freestanding urea moieties were available at their surface.
Note that reversible hydrogen debonding/rebonding of
urethane and ester groups is further observed upon damage—
repair cycles, suggesting that the damage energy is most likely
dissipated by hydrogen-bond cleavage (Figure S15). To
complement ATR-FTIR observations, internal reflection IR
imaging allowin_g a spatial resolution of about 1 um?® is
conducted.'>>%? Focusing on the 1545 cm™ region, the
variation of band intensity is pointing toward a higher
wavenumber at the damage site, confirming the release of
freestanding urea moieties after damage (Figure 3c and Figure
S16). Controlled ATR-FTIR experiments on undamaged and
damaged samples in contact with water (i.e., RH 100%) further
illustrated the same vibrational energy changes as those
observed under ambient conditions (Figure S17a,b). A peculiar
attention was paid to control experiments with M-urea and the
urea-based polyurethane in solution in THF with increasing
amount of water. As a result, the maximum of the urea band
vibration shifted toward higher wavenumbers (i.e., from 1545 to
1551 cm™" for M-urea and from 1545 to 1550 cm ™" for the urea-
based polyurethane) as the amount of water increases in the
THE solution, supporting the spontaneous formation of specific
urea—water interactions (Figure 3d). Herein, the perfect
agreement between theoretical and experimental data clearly
demonstrated the prominent role of water in the healing process.
Since the presence of a large amount of water did not affect the
urethane signals at 1710 and 1680 cm™' of the urea-based
polyurethane, we can further conclude that water molecules
exclusively interact with urea moieties due to more favored
interactions than those with urethane moieties (Figure $18).%®
This exclusive interaction of water with pending urea groups of
the resulting urea-based polyurethane is further confirmed by 'H
NMR in deuterated DMF with an increasing amount of
deuterated water (from 0 to SO uL of D,0O, Figure S19a,b).
Although peaks related to the urea functionalities are
unshielded, their intensities progressively dropped upon the
addition of D,0, confirming that the chemical environment of
the urea groups is affected by water. The latter is not observed on
urethane groups of non-urea-based polyurethane (i.e., with
benzyl functionalities).

Since freestanding urea-based moieties having very high
affinity with water are abundant at the damaged sites, we
envisioned that the broken parts can, to a certain extent, act as a
“sponge” when exposed to humidity. The latter is fully reflected
by microbalance tests under different relative humidities (Figure
4). When damaged and undamaged samples exposed to RH 0%
and RH 50% behave similarly (with a low water intake of ca. 2 wt
% at RH 50%), the damaged sample gave a positive water intake
of about +3 wt % at RH 100% compared to the undamaged one
(ca. 7 wt % vs ca. 4 wt %, respectively). Recall that rapid dynamic
exchanges between urea-based moieties and moisture at the
damage sites promote a local and spontaneous healing response
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Figure 4. Water intake of the damaged and undamaged samples when
exposed to different relative humidities. Samples (20 ym) are exposed
for 1 h at each relative humidity (successively at RH 0%, RH 50%, and
RH 100%).

to damage. Since no (or less) freestanding urea moieties are
available on undamaged surfaces, only a slight water intake
occurred due to water diffusion through the material. Besides,
exposing damaged materials to RH 100% and subsequently to
RH 50% led to the release of the positive water intake (ca. 3 wt
%), promoting the reassociation of freestanding urea bonds for
bridging the two broken parts together.

B CONCLUSIONS

Urea-based polyurethanes with spontaneous moisture-driven
healing properties in the presence of environmental water are
demonstrated. Herein, a complete and efficient moisture-driven
healing in the proposed urea-based polyurethane is constructed
around rapid dynamic exchanges between freestanding urea
moieties and water in response to damage. The healing
mechanism is related to the formation of water—urea clusters
as supported by molecular dynamics simulations and by DFT/
FTIR coupled studies. Obviously, the present concept paves the
way to the design of a plethora of new spontaneous water-
responsive materials.

B EXPERIMENTAL SECTION

The synthetic details for the monomers and polymers are reported in
Figures S2 and S3. All chemicals were purchased from Sigma Aldrich
and VWR. Calculations of the urea vibrational frequencies were
performed at the DFT level using the B3LYP** ™" functional and a 6-
31G(d,p) basis set on DFT-optimized structures at the same level of
theory (except that the D3 version of Grimme’s dispersion with Becke—
Johnson damping®” was used in the first case to properly account for the
intermolecular interactions between water and urea functionalities). All
DFT calculations were performed within the Gaussian09 package
(Figures S1 and $9).** All molecular dynamics simulations were
performed using the Materials Studio 7.0 software (Section S14).**
Tensile tests were performed using a Zwick universal tensile testing
machine (speed = 5 mm min™" and preload = 0.03 N) (Figures S12 and
$13).Thermogravimetric analyses (TGA) were performed usinga TGA
Q500 TA Instruments under nitrogen with a heating rate of 20 °C
min~' from room temperature to 800 °C. Differential scanning
calorimetry (DSC) measurements were carried out usinga DSC Q2000
TA Instruments with a modulated heat/cool/heat program from —80
to 100 °C at 10 °C min~". FTIR spectra were recorded on an ATR-
mode Bruker Tensor 27 spectrometer from 4000 to 600 cm™ (spectral
resolution of 1 cm™"). Experiments reported in Figure 3 were recorded
using a micro-attenuated total reflectance Fourier transform infrared
spectra (UATR FTIR) (Agilent Cary 680 FTIR single-beam
spectrometer setting at 4 cm™' resolution). A diamond crystal, with a

46181

constant contact pressure between the crystal and the specimens, was
used. Each experiment was repeated several times to confirm that the
changes are consistent and are due to the damage—repair cycle (Figure
S16). All spectra were normalized using the band at 1000 cm™
corresponding to the ether stretching frequency, which is not affected
by the healing process. Internal reflection IR images (IRIRI) were
obtained using a Cary 600 series Stingray system equipped with internal
reflection IR imaging providing a 1 mm spatial resolution (Figure S17).
This system consists of a Cary 680 spectrometer, a Cary 620 FTIR
microscope, an image IR focal plane array (FPA) image detector, and a
germanium (Ge) imaging crystal. Traces showing IR spectra inside and
outside the damaged area were averaged over 20 spectra. Self-healing
experiments were performed on 300 ym thick films using a Leica
DMRXP optical microscope. Films were cut over their entire thickness,
using an FA fresh razor blade and exposed to different degrees of
relative humidity: RH 97% (saturated solution of KNO,), RH 69%
(saturated solution of NaCl), and RH 45% (ambient humidity).
Contact angles were measured with a DSA 10-Mk2 tensiometer
(Kriiss), and the analysis was replicated five times with a drop of 20 uL
of water. Quartz microbalance tests were performed using a homemade
microbalance tester described in detail in Figure S20. Atomic force
microscopy (AFM) experiments were carried out using Bruker
Dimension Icon (Santa Barbara, CA) equipment in peak-force tapping
mode at a relative humidity of 25%. The silicon nitride lever (SNL)
cantilever has a spring constant of 0.12 N m™". The frequency rate for
the force curve acquisition was 2 kHz, and the number of pixels was 512
X 512. NanoScope Analysis 1.80 software was used for the data analysis.
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