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Role of Diisocyanate Structure on Self-Healing and
Anticorrosion Properties of Waterborne Polyurethane

Coatings

Changjiang Yu, Martina Salzano de Luna,* Andrea Russo, Ignazio Adamiano,
Fabio Scherillo, Zhanhua Wang, Xi Zhang, Hesheng Xia, and Marino Lavorgna

Organic coatings are extensively investigated as possible solution to prevent
or at least retard the occurring of corrosion processes on metal surfaces.
Their actual breakthrough is still hampered by the risk of barrier properties
loss because of local failure of the coating integrity. To address this issue,
self-healing coatings, which are intrinsically able to recover from damages
upon exposure to external stimuli, are currently gaining increasing attention.
Herein, waterborne polyurethanes (PU) are synthesized, and a Diels—Alder
adduct is added into the polymeric backbone to endow the material with
self-healing functionality. The effect of different diisocyanate in PU synthesis
is explored, namely isophorone diisocyanate, 4,4’-dicyclohexylmethane
diisocyanate (HMDI), and hexamethylene diisocyanate. The obtained results
highlight the key role of the interactions among soft and hard segments in
ultimately defining the coating performances. Actually, the combination of
Fourier transform infrared spectroscopy, atomic force microscopy and X-ray
diffration analysis reveals that the HMDI-based PU have showed the best bal-
ance in terms of H-bonding strength among hard segments and crystallinity
degree in the soft ones. This allows to reach a good compromise in terms of
mechanical resistance, anticorrosion properties, and self-healing ability.

safety.l!l Benefiting from continuous inno-
vation in the field of material science and
engineering, organic coatings have been
successfully developed and exploited for
a multitude of applications,?® and in
the last years they stepped up as reliable
yet affordable protective solutions to face
corrosion problems.”] In case of accidental
damages, scratches, or aging, the coating
integrity is lost, causing the exposure of
the underlying metal surface to the sur-
rounding environment. This represents
one of the main limiting factors for the
real exploitation of protective coatings in
highly demanding fields, such as cultural
heritage preservation. In the last years,
two strategies have been mainly pursued
to address this issue. On the one hand,
direct incorporation of corrosion inhibi-
tors into coating formulations® or their
encapsulation into suitable nanocar-
riersl!®! have been proved to provide pro-

1. Introduction

Metal corrosion is an interfacial degradation process that causes
huge economic losses and also poses serious threats to human
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tection of the metal substrate even when

the coating barrier properties fail. On the
other hand, the polymer matrix itself can be engineered to
exhibit self-healing ability, by which the coating can self-repair
possible damages in order to avoid interaction of the metal with
aggressive species in the environment.[2-16]

In the field of self-healing coatings, polyurethanes (PU) are
gaining increasingly attention, thanks to the extremely rich
and diversified chemistry behind their synthesis, which pro-
vides a versatile toolbox for the development of multifunctional
materials.’"l As an example, Liu et al. recently proposed a
polyurethane-based material having biomimetic protective fea-
tures and endowed with self-healing ability.? In addition, in
the modern environmentally conscious society, water-based
formulations are typically preferred to solvent-based ones.?!l In
this regard, Langer and co-workers highlighted the crucial role
of precursor composition and reaction conditions in ultimately
determining the physicochemical properties of waterborne poly-
urethanes, which have to be properly selected in order to fit the
targeted application.??l The effect of the macrodiol-to-diol ratio,
the type of diol chain extender, the structure and molecular
weight of the macrodiol, and NCO/OH molar ratio represent
just some examples of materials-related parameters that have
been systematically investigated and prove to have a key role
in determining the functional properties of polyurethane-based

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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systems.[23-28] Focusing on coatings for corrosion protection,
Li et al. addressed the influence of the proportion of polyester
and polyether polyols in soft segments on the coating prop-
erties.””] The goal of the present work is to provide a further
insight into the structure—property relationships of waterborne
polyurethanes. In particular, intrinsically self-healing polyure-
thanes with a Diels—Alder (DA) adduct?®-3 in the main chain
were synthesized by using different diisocyanates and the same
polyether polyol and chain extender. Their performances were
deeply investigated, aiming at elucidating the best formula-
tion for the development of self-healing protective coatings.
Our results highlight that the simple tailoring of the polyure-
thane chemistry allows to combine high barrier properties that
are needed to ensure anticorrosion properties, with sufficient
molecular mobility, which is instead a prerequisite for efficient
mending ability.

2. Results and Discussion

2.1. Phase Morphology and Self-Healing Ability

Waterborne polyurethanes bearing Diels—Alder bonds (PUDA)
were synthesized by the acetone process by using a poly-
ether polyol, i.e., poly(tetramethylene glycol), and different
diisocyanate molecules, namely isophorone diisocyanate
(IPDI), 4,4'-dicyclohexylmethane diisocyanate (HMDI), and
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hexamethylene diisocyanate (HDI). The complete synthesis
route is schematically reported in Figure 1.

First, an isocyanate-terminated prepolymer is obtained
through the di-n-butyldilauryltin (DBTDL)-catalyzed reac-
tion between the polyol and the diisocyanate. In this step,
2,2-bis(hydroxymethyl)propionic acid (DMPA) is used as
internal emulsifier. Then, a previously synthesized hydroxyl
group functionalized molecule containing DA bonds is added
to the reaction mixture. At the end of these first two reaction
steps, an end-functionalized Diels—Alder pre-PU was obtained.
Upon addition of hexamethylene diisocyanate trimer (Tri-HDI),
interchain crosslinking takes place. At this stage, an excess
of free DA molecules in the reaction mixture is necessary to
endow the crosslinking points with dynamic ability. Besides
being among the most commonly used commercially available
ones, the selected diisocyanates significantly differ in terms of
chemical structure, providing enough cues for studying the
effect of the PU chemistry on the performances of the coatings.
Indeed, the IPDI, HMDI and HDI molecules are characterized
by a different degree of rigidity, symmetry, and reactivity.!” The
resulting PUDA coatings are hence expected to possess dif-
ferent chain mobility, structural organization of the polymeric
chains and extent of hydrogen bonding.

A first insight into the effect of the diisocyanate molecule
on the chemical-physical properties of the PUDA was gained
by Fourier transform infrared (FTIR) spectroscopy. The spectra
of the different samples are compared in Figure 2a. In all the
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Figure 1. Reaction scheme of the PUDA synthesis.
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Figure 2. a) ATR-FTIR spectra of the synthesized PUDA films (spectra have been vertically shifted for the sake of clarity). Deconvoluted FTIR spectra
in the b—-d) N—H and e—g) C=0 stretching regions: b,e) PUDA/IPDI, c,f) PUDA/HMDI, and d,g) PUDA/HDI. Solid and dashed lines correspond to
the experimental and calculated spectrum, respectively. Deconvoluted peaks colored in light blue and gray correspond to free and hydrogen-bonded
groups, respectively. AFM phase images of h) PUDA/IPDI, i) PUDA/HMDI, and j) PUDA/HDI systems.

investigated PUDA, the absence of the characteristic peak of
the free —NCO group at about 2270 cm™! indicates that the
diisocyanate molecules completely reacted with the polyol.??
In polyurethanes, hydrogen bonding between hard-hard
and hard-soft segments plays a key role in dictating the final
properties of the material. In particular, the NH group can
form hard-hard segment H-bonding with the carbonyl oxygen,
and hard-soft segment H-bonding with the ether oxygen (for
polyether polyols).233334 Peak deconvolution and best fit with
a Gaussian-Lorentzian sum of FTIR spectra can be exploited to
investigate the degree of hard and soft segment interaction. All
the parameters obtained from the peak deconvolution and best
fitting procedure are reported in Table S1 in the Supporting
Information. In the N—H stretching region, the strong vibra-
tion band at about 3335 cm™ can be assigned to H-bonded spe-
cies, while the shoulder at higher frequency (around 3500 cm™)
corresponds to free groups (Figure 2b—d). The peak area ratio
reveals that most of the NH groups are hydrogen bonded, with
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only small differences among the investigated systems: ~68%,
70%, and 72% for the PUDA/IPDI, PUDA/HMDI, and PUDA/
HDI coating, respectively. Concerning the carbonyl stretching
region (Figure 2e—g), four different bands can be identified,
belonging to free and H-bonded carbonyls from urethane and
urea groups. More specifically, the peaks at around 1720 and
1699 cm™! correspond to free and H-bonded C=0 of the ure-
thane group, while the peaks at around 1670 and 1635 cm™ are
related to free and H-bonded C=0 of the urea group, respec-
tively. The analysis of the H-bonded carbonyls allows to eval-
uate the extent of hard-hard segment interactions, and in turn
also the complementary hard-soft ones. For this purpose, the
hydrogen-bonding index (HBI), which is defined as the ratio
between the total area of H-bonded carbonyls over that of free
ones, can be calculated. The HBI value is a measure of the
degree of interaction among hard segments, which can act as
physical crosslinks and hinder segmental motion of the poly-
meric chains. The computed HBI values are =1.2, 1.1, and 1.9

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

258017 SUOLLILIOD SANER.D 3|91 dde 2L} Aq PauLaAad 312 SPIE YO 128N J0 Sa[NI Joj A1 3UIIUO A3 1A U (SUONIPUGO-PLE-SULB W03 | 1M AReJqlfpu uo//SAI) SUONIPUOD PUE S | 31 39S * [5Z02/T0/E0] UO ARiiTuliuO A8]IA ‘1iodeN 1 1] 0o1pad 1uN A LTTO0TZ0Z WPe/Z00T OT/10p/wod"Aa| 1w AReJqjputjuo// Sdiy Wwoi papeojumod ‘0T ‘TZ0Z ‘0SE296T2



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

INTERFACES

www.advmatinterfaces.de

a) ——— PUDA/IPDI
—_ —— PUDA/HMDI
3 —— PUDAHDI
i
2
i
c
L
=

oo R L R (RG] /O N I

20 40 60 80
26 []

lean]l 3

Figure 3. a) XRD patterns of the different PUDAs. b) Hardness and reduced elastic modulus and c) plasticity index obtained through nanoindentation

measurements on PUDA-based coatings.

for the PUDA/IPDI, PUDA/HMDI, and PUDA/HDI coatings,
respectively. Higher HBI values reflect extensive incompat-
ibility between hard and soft segments, as can be appreciated
by the degree of phase separation values reported in Table S2
in the Supporting Information.?¥ The higher degree of phase
separation that characterizes the PUDA/HDI system is likely
due to the linear, symmetrical, and planar structure of the HDI
diisocyanate which facilitates the hard—hard segment interac-
tions, eventually promoting phase separation.?l The phase
morphology of PUDA-based formulations was also investigated
by atomic force microscopy (AFM) (Figure 2h-1). The bright
domains (i.e., hard segments) of PUDA/HDI are much smaller
than that in the other systems, thus suggesting a more orderly
microphase separation.’®l On the other hand, the steric hin-
drance of the hexatomic rings of IPDI and HMDI molecules
impeded the orderly stacking of the hard segments, which in
turn better mixed into soft ones.’) X-ray diffraction (XRD)
analyses were also performed to further study the morphology
of the different polyurethanes (Figure 3a). All the PUDA sam-
ples exhibited a strong characteristic peak at 26 = 20°, corre-
sponding to the crystallization of soft the segments.[?>38 The
significantly higher peak intensity of the PUDA/HMDI sample
indicates that the cycloaliphatic diisocyanate favored the forma-
tion of more crystalline domains.*” The lower crystallinity in
the IPDI-based polyurethane is not unexpected and it is manly
ascribable to the asymmetrical structure of the diisocyanate that
destroyed the structural regularity of the soft segments.?*3] In
the PUDA/HDI sample, instead, the strongly H-bonded hard
segments hinder the molecular motion of soft segments chains
inhibiting their crystallization.[0)

The different phase morphology exhibited by the PUDA sys-
tems is also expected to bring about different mechanical prop-
erties. Although high hardness and reduced elastic modulus
are necessary to ensure wear/scratch resistance, when dealing
with self-healing coatings chain mobility is a prerequisite to fill
the cracks and allow reactive groups to reassociate.

Nanoindentation tests, indeed, showed that the values of
reduced elastic modulus, Ey, and hardness, H, of the PUDA/
HMDI coating are in between those of PUDA/IPDI and PUDA/
HDI ones (Figure 3b), suggesting that the balance between
extent of H-bonding among hard segments and degree of

Adv. Mater. Interfaces 2021, 8, 2100117 2100117 (4 0f10)

crystallization of the poly(tetramethylene glycol) chains in the
soft segments results in a good tradeoff of mechanical properties.
At the same time, all the investigated PUDA systems are
characterized by a high value of the plasticity index, that is the
ratio of the plastic work over the total work done during inden-
tation and could be beneficial for allowing a fast and effective
recovery during the healing process (Figure 3c).

The self-healing ability of the different PUDA-based systems
was first investigated by monitoring the recovery of scratches of
about 300 um in width and 100 um in depth during thermal treat-
ment at 110 °C (Figure 4). After only 15 s, all the samples exhib-
ited a significant degree of healing, which points out the key role
of the Diels—Alder adduct in the PU backbone and crosslinking
points. A PU sample without the DA component, indeed,
was not able to recover the scratch upon heating (Figure S1,
Supporting Information). The excellent self-healing ability of
the PUDA systems is thus to be ascribed to the dissociation of
DA bonds in main chains and crosslinked points, which tre-
mendously improve the mobility of molecular chains. More
in detail, the PUDA/HMDI formulation entirely repaired on a
scratch length of over 3 mm, while small holes are still present
on the surface of the other systems. In the healed regions, laser
scanning confocal microscopy revealed that complete refilling
of the scratched area is obtained for all the PUDA formulations
(Figure S2, Supporting Information).

The self-healing temperature is mostly dependent on the
chemistry behind the reversible bonds included in the formu-
lation. For PUs based on Diels—Alder adducts, the temperature
needed to promote the reversibility of the covalent bonds is often
relatively high, otherwise poor mechanical properties are typically
obtained at room temperature. For example, Du et al. obtained
self-healing of a Diels—Alder-based polyurethane/urea from poly-
meric methylene diphenyl diisocyanate after thermal treatment
at 130 °C.* The authors also showed that below 130 °C the
self-healing process cannot be activated. Only very few studies,
indeed, managed to combine good mechanical properties and
self-healing ability at mild temperature.* On the other hand,
the kinetics of the self-healing process also has to be considered
as a key point. While many self-healing systems necessitate of
long thermal treatments in order to be fully repaired,* for the
PUDA-based systems the recovery of scratches is extremely fast.
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Figure 4. Optical micrographs of scratched PUDA-based samples after thermal treatment of different duration: a) PUDA-IPDI, b) PUDA/HMDI, and

c) PUDA/HDI.

Depending on the coating thickness and scratch depth, the time
needed to completely heal a damaged coating can be as low as
tens of seconds, as shown in Figure 4.

2.2. Anticorrosion Properties

A first indication of the anticorrosion ability of the PUDA-based
formulations can be gained after exposing the coated bronze
disks to an aggressive environment obtained by storing the
coated disks in a drier containing a saturated solution of KCL.
The high relative humidity (=85%) and high chloride species
concentration are responsible of corrosion phenomena that
specifically interest copper-based alloys, also known as “bronze
disease,”™! which is a serious problem especially in the field
of cultural heritage preservation.’! After about 5 months, the
samples were collected and the metal surface was inspected by
optical microscopy after gently removing the polymeric coating
(Figure 5).

For all the samples, the disk surface is opaque and, in some
cases, unevenly distributed large dark spots can be identified.
Nonetheless, the metal surface is significantly less affected
when protected by the PUDA/HMDI coating (Figure 5c) than
in the case of PUDA/IPDI or PUDA/HDI systems (Figure 5a,b,
respectively). This is even more evident when looking at the
optical micrographs, in which corrosion products can be clearly
distinguished as black areas on the bronze surface.[>1046-4]

The anticorrosion performances of the as-prepared PUDA
coating/bronze systems were also investigated by potentiody-
namic polarization tests (Figure 6). With respect to the bare
bronze disk, the polarization curves shifted in the positive
direction for the potential and towards lower values of cur-
rent density for all the coating formulations, thus indicating a
good protective action. For a more quantitative comparison, the
corrosion potential, E.,,, and corrosion current density, I oy,
values were calculated from the anodic and cathodic segment

Adv. Mater. Interfaces 2021, 8, 2100117 2100117 (5 of 10)

Figure 5. Pictures of disks after prolonged exposure to a corrosive envi-
ronment and corresponding optical micrographs showing the appear-
ance of the metal surface: a) PUDA-IPDI, b) PUDA/HDI, and c) PUDA/
HMDI.
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Figure 6. Potentiodynamic polarization curves of bare bronze and bronze
disks coated with different PUDA systems.

of the polarization curves and are reported in Table S3 in the
Supporting Information. The lowest I, value was found for
the PUDA/HMDI coating, which hence ensures the lowest
corrosion rate. The protective action of the PUDA/IPDI is also
high, while inferior performances characterize the PUDA/
HDI formulation. Overall, the protection efficiency, PE, of the

LLLL L L  LL L A LL A LL e

a) F 190
10" L Pﬂ?ﬁ‘jMR'ﬂ.... OOO()OO?OAOAOAOAOAO i
E PUDA/IPDI %e © Bl %
— : .llllllllllll-..- ° 160 g
"€ 10° L PUDA/HDI ctmg, 4 @
o F oada,, e it
@] Aaa, ) )
b AAAAAAAAAAAAAA [' (3
p— A [~
N 10°F VXAIN ’ A AA" 430 @
A A/\ o] A [ ] '—'o
A g A ‘A' =
il & 5 & A'.
w 3 OOOOOOQOOO AAAAN'\AA <« . ¥
PRRTTT TR TTTT MR RTTTT RSN TTTT MRS EETTIT TR TTTT M ATE T M .T 0
10" 10° 10" 10° 10° 10* 10°
frequency [Hz]
s Mhdii. MR BLEC L Bl Thaltioay Flab i Thail
C) ;| Wo 30min A2 14 days -1 90
10 E 0 7days ¢ 21days A
i L1
— 460
< 108 E a9
g 4_1 8
= 3
N 10°F 130 ®
10 k£ |
B vl s sl e comil @ peal sl sl e 0

10" 10° 10" 10° 10> 10° 10°
frequency [Hz]

INTERFACES

www.advmatinterfaces.de

coatings has been calculated from the I, values,* revealing

an outstanding anticorrosion ability for the PUDA/HMDI and
PUDA/IPDI systems (PE equal to 99.9% and 99.2%, respec-
tively). On the contrary, the PUDA/HDI formulation exhibits a
lower protection efficiency (PE = 85%).

To get a deeper insight into the anticorrosion properties of the
PUDA-based coatings electrochemical impedance spectroscopy
(EIS) analyses were also performed. The Bode plots of the dif-
ferent PUDA coating/bronze systems are reported in Figure 7.

A first screening has been performed by looking at the Bode
plots after 30 min of contact with a 3.5 wt% NaCl solution
(Figure 7a). In general, the value of the impedance modulus
at low frequency can be taken as a qualitative indication of the
coating barrier performances.’®52 Accordingly, the PUDA/
HMDI coating exhibit the highest protective ability, while the
PUDA/HDI one is characterized by poor anticorrosion perfor-
mances, which is in line with the results of the potentiodynamic
polarization tests. The difference in the protective ability is even
more evident after 7 days, as shown in Figure 7b. Indeed, while
the EIS spectra of the PUDA/IPDI and PUDA/HMDI coatings
are relatively stable, the low-frequency behavior of the PUDA/
HDI systems clearly indicates the failure of the barrier proper-
ties of the coating.
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Figure 7. Bode plots for the different coating/bronze systems after a) 30 min and b) 7 days. Time evolution of the Bode plots over 21 days for c) PUDA/IPDI and
d) PUDA/HMDI coatings on bronze. Symbols are experimental data (one out of three point is showed) and solid lines are the result of the fitting to the equiva-
lent circuit model. In all plots, the impedance modulus is represented by full symbols (left-hand y-axis) and the phase angle by empty ones (right-hand y-axis).
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Besides the inherent barrier properties of the coating, the
adhesion to the underlying metal substrate is also considered a
key requisite for ensuring a good anticorrosion efficacy. For the
investigated systems, the adhesion on bronze was thus evalu-
ated by crosscut tests (see Section S4, Supporting Information).
An excellent adhesion to the bronze surface characterizes the
PUDA/HMDI formulation. Differently, flaking along cut edges
and partial coating detachment was observed for PUDA/IPDI
and PUDA/HDI systems. Their similar adhesion properties
thus cannot be considered a key factor to explain the marked
differences in terms of anticorrosion performances that
emerged from potentiodynamic polarization and EIS tests. In
this sense, the worst protective ability of the PUDA/HDI for-
mulation can be also ascribed to moisture trapped between
the coating and metal surface during the drying process. For
slow coating drying, indeed, corrosion phenomena can be pre-
maturely initiated by water molecules present at the interface
with the metal. The PUDA/HDI dispersion is characterized by
smaller particles (see Section S5, Supporting Information), as
it has been reported that relatively large particles are preferred
in surface coatings for rapid drying.”® XRD measurements
performed after different drying time support this picture,
revealing that at relatively short times, i.e., one week, the crys-
tallinity of the PUDA/HDI sample is far from that of a totally
dried sample (Figure S5, Supporting Information). This issue
can be in principle overcome by selecting more severe drying
conditions, such as high temperatures or vacuum drying, but
these strategies are not really feasible from a practical perspec-
tive. Accordingly, the PUDA/IPDI and PUDA/HMDI coatings
clearly provide a more effective and reliable protection form
corrosion, without requiring any specific expedient during
coating deposition and/or drying. For this reason, their electro-
chemical behavior was further investigated by prolonging EIS
experiments up to 21 days of immersion (Figure 7c,d). A first
visual inspection of the spectra suggests that the PUDA/HMDI
coating is quite stable over time, thus providing an effective bar-
rier against aggressive species that may initiate corrosion pro-
cesses. More quantitative information was gained by analyzing
the EIS spectra with an equivalent circuit model, from which
the coating properties can be evaluated (see Section S7, Sup-
porting Information). Typically, the penetration of the electrolyte
into a coating due to the failure of its barrier properties reflects
in a decrease of the coating resistance, R¢, and an increase of
the coating capacitance, Q, over time. This behavior clearly
characterizes the PUDA/IPDI coating, whose resistance drops
upon exposure to the NaCl solution. At the same time, the Q¢
value constantly increases over time, indicating the formation of
a continuous and percolated defective path within the polymeric
layer that can host growing amounts of electrolyte. On the con-
trary, the R¢ of the PUDA/HMDI sample only slightly decreases
during the first days, and then reaches an almost constant value.
Notably, the coating resistance of the PUDA/HMDI system
is even higher of that of other waterborne coatings in which
nanocontainers and corrosion inhibitor molecules have been
added to improve the protective performances.”>>* The coating
capacitance exhibits a specular behavior, as it rapidly gets to a
time-independent value after few days. The plateauing of the
electrochemical parameters that characterize the response of the
PUDA/HMDI coating strongly evidences its protective ability.
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According to all the previous results, the PUDA/HMDI
sample stands out as the most promising protective anticorro-
sion coating. Nonetheless, the strong adhesion to the bronze
substrate (see Section S4, Supporting Information) may in
turn negatively influences the self-healing ability of the PUDA/
HMDI system once it is applied in the form of a coating
because of chain adsorption on the metal substrate and con-
sequent mobility reduction. As a result, extending the results
obtained on films (Figure 4) to thin coatings with thickness of
tens of micrometers is not straightforward. For this reason,
additional self-healing experiments were also performed on
coatings (Figure 8a).

Although the time needed to complete the healing of the
damage is slightly longer than for bulk samples, the images
before and after the thermal treatment prove that the PUDA/
HMDI formulation can still quickly and efficiently recover
even in the form of few-micrometer-thick coating. In the light
of these results, additional tests were performed to correlate
the coating self-healing ability with the recovery of its protec-
tive features. To this aim, a scratch (about 100 um in width and
2 cm in length) was made through the PUDA/HMDI coating
to the surface of the bronze disk by a razor blade. After a
thermal treatment at 110 °C for 5 min in an air-circulating oven
to promote healing, the recovery of the coating anticorrosion
ability was investigated by EIS measurements. As expected, the
scratched coating is characterized by a significant lowering of
the impedance modulus after being exposed to the electrolyte
solutions for only 30 min, which suggest the complete loss its
protection ability (Figure 8b). Differently, the scratched and
then thermally healed coating fully recovers its barrier proper-
ties, as emerges from the comparison with the behavior of an
as-prepared PUDA/HMDI sample. Moreover, the anticorrosion
ability of the healed coating is also stable over time, as indicated
by the EIS tests performed after 21 days (Figure &c).

3. Conclusions

The role of the diisocyanate molecule in determining the anti-
corrosion and self-healing properties of polyurethane-based
coatings was systematically investigated. Waterborne polyu-
rethanes were synthesized according to the acetone proce-
dure by using a polyether polyol (PTMEG-1000), and different
diisocyanate molecules, namely isophorone diisocyanate,
4,4'-dicyclohexyl methane diisocyanate, and hexamethylene
diisocyanate. A previously synthesized Diels—Alder adduct
was also inserted into the backbone and crosslinking points
to endow the polymer with self-healing ability. The different
nature of the selected diisocyanates resulted in polyurethane
coatings characterized by significantly different properties. In
particular, FTIR analyses showed that the PUDA/HMDI system
is characterized by strong H-bonding among hard segments,
yet exhibiting the lower degree of phase separation between
hard and soft segments with respect to the other PUDA formu-
lations. This brings about a higher crystallization ability of the
soft segments, as proved by XRD spectra. The balance between
hard-hard segments interactions and soft segments crystal-
linity endows the PUDA/HMDI coating with a good mechan-
ical properties and excellent anticorrosion ability. Despite the
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Figure 8. a) Optical micrographs of scratched PUDA/HMDI coating (50 um thick) before (left) and after (right) thermal treatment at 110 °C for 5 min.
The black spot on the bottom-left of the image serves as reference for the scratched area. b,c) Bode plots for the as-prepared, scratched, and healed
PUDA/HMDI coatings on bronze disks after b) 30 min and c) 21 days. The impedance modulus is represented by full symbols (left-hand y-axis) and
the phase angle by empty ones (right-hand y-axis). Only one out of three points is showed.

chain rigidity and high barrier properties that are required for
protective purposes, the PUDA/HMDI sample also possess
enough chain mobility to allow the complete recovery of deep
scratches after only few seconds of heat exposure.

4. Experimental Section

Preparation of PUDA Coatings: The self-healing waterborne
polyurethanes were synthesized according to the following procedure,
which is also schematically reported in Figure 1. PTMEG-1000 (10 mmol),
diisocyanate (HMDI or IPDI or HDI, 20 mmol), and DMPA (4.17 mmol)
were added into single-port flask equipped with a condenser and stirred
to react at 80 °C for 2 h. PTMEG-1000 was kept at 120 °C under vacuum
for 2 h before using to remove moisture. One drop of DBTDL and
acetone (15 mL) were then added to the reaction flask under stirring. DA
molecules (8.34 mmol), previously synthesized following the approach
introduced by Lu et al.[?® were added and keep reacting at 80 °C for
2 h. Then Tri-HDI (1.67 mmol) was added to crosslink the molecular
chains. After reacting for another 2 h, the temperature was lowered to
40 °C and triethylamine (580 pL) was added to completely neutralize
DMPA. In 20 min, the solution was poured into a vial and emulsified
at 6000 rpm (Ultra-Turrax T25 digital, IKA). Acetone was removed by
rotary evaporator at 40 °C and the self-healing waterborne polyurethane
dispersion was obtained. Finally, the coatings were obtained by drop
casting proper amounts of the PUDA dispersion (=36 wt% of polymer)
on bronze disks previously polished and cleaned with ethanol.

Characterization: FTIR spectroscopy was carried out in attenuated
total reflectance (ATR) mode with a Perkin Elmer Spectrum One
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spectrometer. The ATR spectra were recorded at a resolution of 4cm™
and 64 scan collections on 50 um thick coatings deposited on glass
slides. Baseline correction was applied to the reported spectra. AFM
with a SmartSPM equipment (AIST-NT, America) in tapping mode was
used to investigate the phase morphology of the PUDA-based systems.
To this aim, PUDA emulsions were diluted to 1 wt%, then dropped onto
mica plates and dried at room temperature. The results were analyzed
by Testdb software to obtained AFM phase images (0.5 utm x 0.5 um).
X-ray diffraction analyses were performed with an X-ray diffractometer
(Empyrean) equipped with a Cu-K,, source and operating at 40 kV and
40 mA in the 20 range of 5°-80°. The tested samples were prepared
by dropping 1 mL emulsion onto a Teflon film and dried at room
temperature. Nanoindentation experiments were carried out with a
NanoTest Platform (Micro Materials Ltd) equipped with a standard
three-sided pyramidal Berkovich probe. The tests were performed
with a loading rate of 0.1 mN s and a holding time of 60 s at the
maximum load during before unloading. The penetration depth was
kept within 10% of the sample thickness to avoid interference of the
substrate.’” Ten loading—unloading curves were recorded for each
sample, from which the hardness and reduced elastic modulus were
determined according to the Oliver and Pharr method,®® and the
plasticity index was also estimated to assess the relative plastic/
elastic character of the coating material.’’l The self-healing ability
of the coatings was assessed by monitoring the time recovery of
scratches made by razor blades after subjecting the samples to thermal
treatments at 110 °C. Optical and laser scanning confocal microscopy
were exploited to image the scratched area. The anticorrosion ability
of the different formulations was assessed after storing the coated
disks at room temperature in a drier containing a saturated solution
of KCl, thus keeping the relative humidity value to about 85%. More
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quantitative information was also gained through potentiodynamic
polarization analyses and electrochemical impedance spectroscopy,
which were both exploited to investigate the ability of the coatings to
protect the underlying metal surface from corrosion. The experiments
were carried out by using a Biologic SP150 potentiostat with a fully
aerated 3.5 wt% NaCl aqueous solution at room temperature and
neutral pH. Potentiodynamic polarization curves were obtained
by a scanning the potential at scan rate of 0.3 mV s in the range
from —250 to + 250 mV with respect to the open circuit potential value.
Electrochemical impedance spectroscopy was carried out with a two-
electrode configuration, in which the working electrode was the coated
bronze disk, in potentiostatic mode at open circuit potential. The
spectra have been collected over time, up to 21 d. EIS measurements
were performed on as-prepared coated disks to assess the different
anticorrosion efficacy of the PUDA-based formulations. At the same
time, to appreciate the self-healing ability, EIS test were also carried
out on scratched and healed coatings.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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