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Visualization and monitoring of dynamic damaging-healing
processes of polymers by AlEgen-loaded multifunctional
microcapsules

Shusheng Chen,* Ting Han, *? Junkai Liu,® Xinting Liang,f Jinglei Yang*® and Ben Zhong Tang*®s

The sensitive detection and dynamic monitoring of structural health of polymers is crucial to increase their quality, reliability,
and durability. Although great efforts have been devoted to the indication of static damaged and/or healed states of
polymers, the simple, sensitive, and real-time monitoring of dynamic damaging-healing processes still remains challenging.
In this work, a facile design strategy for multifunctional polymer coatings that can sensitively show their damaging-healing
processes in an on-site, real-time, and full-field manner is demonstrated. By embedding UV-blocking microcapsules
containing the diisocyanate solution of aggregation-induced emission luminogen (AlEgen) into a polymer matrix, immediate
turn-on fluorescence is observed upon damaging, and dual-signal variations in both fluorescence intensity and color can be
clearly visualized during the dynamic healing process. These changes can also be readily and semi-quantitatively detected
by fluorescence spectrometer and digital image correlation analysis. Such a high-contrast fluorescence change is achieved
due to the collective effects of AIE and twisted intramolecular charge transfer of the luminogen. Benefiting from the
multifunctional microcapsules, the composite polymeric coatings exhibit excellent photo-protective and water-proof
performance in addition to the autonomous damaging-healing visualization capability, which are appealing to various

practical applications.

Introduction

Polymers are everywhere in our daily life and play an
indispensable role in the development of modern society. They
are widely used as structural materials or functional coatings in
housewares, biomedical supplies, aerospace industry, marine
transportation, electronic packaging, etc. Polymers are required
to be as robust as possible for most engineering applications.
However, damage, especially small-scale cracks that results
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from manufacture processes or environmental stress during
usage, is inevitable.! The occurrence and propagation of such
small-scale damage can cause the compromise of structural
integrality of polymers and eventually lead to catastrophic
failure in materials performance. For example, in marine
industries, the corrosion resistance of polymeric coatings will be
greatly compromised once micro- or mesoscopic cracks occur,
consequently causing significant environmental and economic
losses.2 Microcracks in functional polymer coatings for the
packaging of precise electronics are harmful for their protection
properties such as vacuum sealing, water-proof and lightproof
performances, ultimately resulting in the performance failure of
the electronic products.? Therefore, to improve the quality,
reliability, and durability of critical polymeric components, it is
crucial to sensitively detect and dynamically monitor the
structural health of polymers during use.* >

Conventional techniques for evaluating the structural health
of polymers usually rely on electron microscopies, such as
scanning electron microscopy and transmission electron
microscopy.® 7 Although these techniques have been widely
used, their sample preparation procedures are often
troublesome and may cause an irreversible change in the
sample structure. In some cases, non-destructive methods
including infrared imaging, radiography, and ultrasonic imaging
are utilized to detect the health states of structural polymers.8
However, these methods are generally time-consuming and
require well-trained technicians to operate the high-cost
instruments and analyze the indirect output signals or curves.
Most importantly, these methods are not suitable for the in-situ
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and real-time detection and monitoring of the structure health
of polymers during use.’ For smart polymer composites with
self-healing capability, their static healing degree and dynamic
healing processes are also difficult to be sensitively and directly
visualized through traditional characterization methods. As
seeing is believing, the development of simple and direct
methods that can achieve real-time, on-site, full-field, and
sensitive visualization and monitoring of damaging-healing
processes of polymers is thus highly desirable in both academia
and industry.

To achieve this goal, fluorescence-based methods are the
most promising candidates due to their advantages of visible
and portable detection, fast response, non-invasiveness, high
sensitivity, and large contrast.’%-1* Nevertheless, conventional
fluorophores often suffer from low fluorescence efficiencies in
condensed states and poor photobleaching resistance due to
the aggregation-caused quenching effect,’> which greatly
hinder their applications as optical indicators for the real-time
monitoring of dynamic processes in solid polymeric materials.
Fortunately, aggregation-induced emission luminogens
(AlEgens) provide a good solution to this problem.6-21 AlEgens
show weak or no fluorescence in solutions but become highly
emissive upon aggregation. The bright solid-state fluorescence
and excellent photostability of AlEgens as well as their sensitive
response to microenvironment variation enable them to serve
as ideal optical indicators to visualize both static health states
and dynamic processes with low background noise. Attracted
by the advantages of AlEgens, great efforts have been devoted
to applying AlEgens for the damage visualization in polymers.?>
23 However, previous work mainly focused on the indication of
static damaged and/or final healed states of polymers by
AlEgens using either fluorescence intensity or fluorescence
color as the output.?*3° The real-time, full-field and semi-
quantitative monitoring of dynamic damaging-healing
processes based on the more accurate dual signal output of
brightness and color of AlEgens has been less reported. Besides,
the existing examples of the dual detection of crack and healed
states of polymer coatings generally relied on the combination
of AlEgen and UV-induced healing systems,?’-2° which are too
complicated for practical applications, and the mechanistic
insights need to be further investigated to provide a clearer
design guideline.

Herein, we aim to develop simple yet multifunctional
polymer coatings that can visually and sensitively monitor their
dynamic damaging-healing processes of polymers through the
dual signal variation of fluorescence brightness and color of
single-component microcapsules (MCs). The dual-signal
indication could greatly improve the sensitivity and accuracy of
the process visualization. Instead of modifying coating
structures, novel MCs with UV-blocking shells will be prepared,
which not only can enhance the sensitivity and contrast of
detection but also can provide photoprotection for the sensitive
core. The incorporation of such UV-blocking MCs into polymer
matrices could provide the corresponding coatings with
additional photoprotection and potential water-proof
capabilities.

2| J. Name., 2012, 00, 1-3

Results and Discussion
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To achieve the dual-signal indication, we first propose a possible

design concept based on the working mechanism of AlEgen with
a twisted intramolecular charge transfer (TICT) effect (referred
as TICT-type AlEgen).31-33 As schematically illustrated in Fig. 1a,
owing to the twisted donor (D)-acceptor (A) structures, both the
fluorescence intensity and fluorescence color of TICT-type
AlEgen show sensitive response to their surrounding
microenvironments such as rigidity and polarity.343¢ TICT-type
AlEgen is capable of showing obvious fluorescence in solvents
with suitable polarity. With an increase in the restriction effect
or a decrease in the polarity of microenvironments, the TICT-
type AlEgen would show an obvious blueshift in the emission
color accompanied with remarkably enhanced emission
intensity due to the collective influences of TICT and restriction
of intramolecular motions (RIM). In the free or polar
environments such as in relatively polar solvents, the TICT-type
AlEgen will be in the TICT state with its D and A units existing in
a twisted conformation. The total charge separation of TICT
state leads to a relatively narrower bandgap than the locally
excited (LE) state. When the intramolecular motions of TICT-
type AlEgen are restricted by solidification, its fluorescence
intensity will be gradually enhanced due to the AIE effect.
Meanwhile, the D and A units might adopt an almost parallel
arrangement in the excited state to show the LE-state
fluorescence with a blue-shifted emission wavelength.

Taking advantage of this unique characteristic of TICT-type
AlEgen, a facile design to visualize the entire damaging-healing
processes of MC-based self-healing polymers is illustrated in
Fig. 1b. Diisocyanate, which automatically reacts with moisture,
is an ideal liquid core that can function as both the solvent of
TICT-type AlEgen and the inherent healing agent.3” 38 The
diisocyanate solution of a TICT-type AlEgen is first encapsulated
by novel UV-blocking shells to form robust and potentially UV-
blocking MCs. Then the AlEgen-loaded functional MCs will be
dispersed in polymer matrix. When the MC-embedded polymer
coating is damaged, the broken MCs will release the
diisocyanate solution of TICT-type AlEgen into the cracks to
show obvious fluorescence in the damaged regions. Meanwhile,
the released diisocyanate will gradually change from liquid state
to solid state because of its spontaneous reaction with moisture
in air. During this healing polymerization, the damaged regions
are expected to exhibit blue-shifted emission color and
increased emission intensity due to the increasing restriction of
the TICT-type AlEgen. In this sense, both the static health states
and the whole damaging-healing processes of the MC-based
autonomous polymer coatings will be facilely and directly
visualized by the dual-signal indication in an in-situ and real-
time manner. Combined with the potential light blocking
properties of the MCs, the MC-embedded polymer composites
could be developed as multifunctional coating materials.

To verify the feasibility of the design principle, three TICT-
type AlEgens with typical D-1t-A structures named as DMTPE-
BMO, TPA-BMO, and TPE-BMO were utilized as fluorescent
molecular rotors (Fig. 2a). In these luminogens, the dimethoxyl-
tetraphenylethene (DMTPE), triphenylamine (TPA), and

This journal is © The Royal Society of Chemistry 20xx
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a) Change in the fluorescence of a TICT-type AlEgen with environmental polarity/restriction
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Fig. 1 Schematic illustration of the design principle. (a) Fluorescence change of TICT-type AlEgen with environmental polarity/restriction and (b) Working
mechanism of microcapsules containing TICT-type AlEgen and isocyanate for the visualization of health states of polymer coatings.

tetraphenylethene (TPE) moiety are electron donors, while the
BMO ((Z2)-4-benzylidene-2-methyloxazol-5(4H)-one) unit serves
as the m-bridge and electron acceptor. This group of TICT-type
AlEgens have been proved to be greatly sensitive to
environmental changes such as polarity and rigidity.?% 3% 40 The
absorption spectra of HDI solutions of these TICT-type AlEgens
are similar to those of their THF solutions, showing the
maximum absorption wavelength at 390 nm for DMTPE-BMO,
410 nm for TPA-BMO, and 375 nm for TPE-BMO (Fig. S1). The
fluorescence properties of the HDI solutions of TICT-type
AlEgens before and after reaction with water to form polyurea
(PU) solid were measured by the photoluminescence (PL) and
the fluorescence quantum vyields (®¢). As shown in Fig. 2b and
Fig. S2a, DMTPE-BMO exhibits a remarkable hypsochromic shift
from orange emission with a maximum emission wavelength
(Amax) of 602 nm in HDI solution state to yellowish-green
emission (Anax = 531 nm) in PU solid state due to its TICT
characteristic. ~ Although DMTPE-BMO  exhibits  strong
fluorescence in PU (®r = 46%) because of the RIM effect, the
emission intensity of its HDI solution is too weak to be
distinguished (®¢ = 2%). Like DMTPE-BMO, the fluorescence of
TPA-BMO shows a 64-nm blueshift from HDI to PU (Fig. 2c and
Fig. S2b). However, the emission intensity of TPA-BMO in the
solution state (®F = 68%) is similar to its PU state (®F = 70%).
This could be explained by the fewer rotor moieties of TPA-BMO

This journal is © The Royal Society of Chemistry 20xx

than that of DMTPE-BMO because the change in emission
intensity of fluorophores is considered to be mainly affected by
intramolecular rotations. In terms of TPE-BMO, it exhibits not
only a remarkable blueshift in A,., from 556 nm (HDI) to 473 nm
(PU) but also a sharp increase in fluorescent intensity with the
@¢ increasing from 11% (HDI) to 62% (PU) (Fig. 2d and Fig. S2c).
Moreover, the fluorescence of the HDI solution of TPE-BMO can
be readily detected by both fluorescence spectrophotometer
and the naked eye. Considering the desired dual fluorescence
signal change of the HDI solution of TPE-BMO in response to the
curing reaction, TPE-BMO was selected as the model optical
indicator for the following study.

To investigate the role of curing reaction on fluorescence
variation, we first monitored the time-dependent PL spectra for
the whole reaction process of HDI and water at 60 °C using
fluorescence spectrophotometer. Fig. 2e shows that the
emission spectrum of the TPE-BMO/HDI solution exhibits a first
slight redshift followed by a remarkable blueshift as the
reaction time goes on. The emission intensity decreases slightly
at the beginning of the reaction and then increases dramatically
from around 272 min to the end of the curing process (Fig. 2f
and Fig. S3). The A and maximum emission intensity were
plotted as a function of time for easy comparison (Fig. 2g). As
mentioned before, TICT-type AlEgens are highly sensitive to the
variation in surrounding microenvironments, such as steric

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 (a) Chemical structures of the selected TICT-type AlEgens. (b-d) PL spectra and fluorescence quantum yields (®¢) of (b) DMTPE-BMO, (c) TPA-BMO, (d)
TPE-BMO in HDI solutions and PU solids. Excitation wavelength: 390 nm for DMTPE-BMO; 410 nm for TPA-BMO; 375 nm for TPE-BMO. Insets are normalized

PL spectra and fluorescence images of the specimens taken under 365 nm UV

light illumination. (e and f) Time-dependent PL spectra of the TPE-BMO/HDI

solution during curing reaction with water. (g) Plots of the maximum emission wavelength and emission intensity as a function of time for the TPE-BMO/HDI
solution during its curing reaction with water. (h) Schematic illustration of the experimental setup for fluorescence imaging of the TPE-BMO/HDI solution
during curing reaction with water, and time-dependent fluorescence images of the TPE-BMO/HDI solution during curing reaction with water taken under
365 nm UV light illumination. (i) CIE coordinates on the CIE 1931 chromaticity diagram and (j) grayscale intensity as a function of time for the fluorescence

images of the TPE-BMO/HDI solution during curing reaction with water.

restriction, polarity, and D-A efficacy and strength.3% 35 41
Therefore, the observed variation tendency in fluorescence
behaviors may arise from the competitive influence of viscosity,
restriction, polarity, and temperature. Increasing viscosity or
restriction is favorable for blue-shifting and enhancing the light
emission, whereas the increase in microenvironment polarity

4| J. Name., 2012, 00, 1-3

and temperature tends to result in red-shifted and decreased
fluorescence.

In the initial stage (stage 1), the increase in the viscosity of
the reaction system should be very slow according to the step-
growth polymerization mechanism, which allows TPE-BMO to
possess good flexibility in this sol state 424, Meanwhile, the
microenvironment polarity might increase due to the formation

This journal is © The Royal Society of Chemistry 20xx
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of polar units, such as -NHCOOH and -NH,, during the induction
period of the reaction between —NCO groups and water (Fig.
1b). Besides, the heating process (Fig. S4) and the exothermal
effect of this curing reaction at this stage could also weaken and
redshift the fluorescence of the mixture to some extent.
Consequently, the unexpected slight redshift and decrease of
fluorescence in the initial reaction stage could be explained by
the leading role of microenvironment polarity and temperature
variations at such circumstances. Once the crosslinking reaction
occurs to transform the sol to gel state, the viscosity will
increase dramatically to overwhelm the effects of polarity and
temperature, thereby showing sharply increased and blue-
shifted fluorescence change in stage Il. In the final stage (stage
IIl) of the curing reaction, the intramolecular motions and the
conformation of TPE-BMO molecules are restricted to a large
extent. The slowly increased intensity and slightly blue-shifted
emission might result from slower diffusion of monomers in the
highly viscous or even solid state.**

Encouraged by the PL results, we then explored the
possibility for the direct visualization of the large-scale curing
process of TPE-BMO/HDI and water based on digital image
correlation (DIC). A homemade imaging system that consists of
a UV lamp controlled by a smartphone, a camera with a self-
timer, and a computer program was built as shown in Fig. 2h
and Fig. S5. The fluorescence photos of the sample can be taken
automatically and transferred to digital information, such as CIE
color space, grayscale, and RGB channel intensity, by using this
simple imaging system. The sample to be observed, namely a
cuvette with water in the top layer and TPE-BMO/HDI in the
bottom layer, was placed under the UV lamp. To accelerate the
curing reaction, the experiment was conducted at 60 °C. The
change in fluorescence was monitored by controllably taking
photos at different time and the post-processing of a series of
digital photographs. This measurement setup provides a simple,
real-time, on-site, and continuous DIC method for the tracking
of the curing process. Fig. 2h and Fig. S6 depict the real-time
fluorescence images obtained during the curing process. These
fluorescence images not only show the overall curing process in
a full field of view, but also indicate whether, when, and where
the curing reaction occurs. The transition from liquid state to
solid state observed in these digital images further supports our
abovementioned explanation for the time-dependent
fluorescence change. Furthermore, a computer MATLAB
digitalization program was utilized to transform the
fluorescence images to the average CIE color space, grayscale,
and RGB channel intensity. The color chromaticity chart in Fig.
2i shows that the fluorescence color changes from yellow to
blue with reaction time. The blue channel intensity exhibits the
biggest change compared with the green and red channel
intensities (Fig. S7), indicating an apparent blueshift. The time-
dependent grayscale curve suggests that the emission intensity
sequentially experiences a slight decline, a sharp increase, and
an almost stable stage during the curing process (Fig. 2j). The
results obtained by the facile DIC method are nearly consistent
with the PL results.

To reveal the wunderlying working mechanism and
meanwhile to verify our design principle from the mechanistic

This journal is © The Royal Society of Chemistry 20xx
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point of view, we then carried out the associated,gomparative
experiments and theoretical calculatiBf¥. 10RiP$PR2TtRe 1P
spectrum of TPE-BMO/HDI solution was measured at 77 K to
investigate the effect of rigidification on the fluorescence of
TPE-BMO. As shown in Fig. 3a, upon cooling the solution from
298 K to 77 K, the relatively weak yellow emission of the TPE-
BMO/HDI solution remarkably changes to bright blue emission
with a 74-nm blueshift in A,... Nevertheless, the transition from
HDI solution to PU solid at room temperature leads to an even
more obvious blueshift of 83 nm in the A, of TPE-BMO. This
experimental result suggests the synergistic effects of the
rigidity and polarity of solid PU on the fluorescence behaviors of
TPE-BMO “¢, where the restriction effect might play a dominant
role in fluorescence change. To gain further insight into the
synergistic effects, the oscillator strength of S; of TPE-BMO as a
function of dihedral angles was calculated (Fig. 3b and 3c). The
results show that the oscillator strength decreases with an
increase in dihedral angles. The lower is the oscillator strength,
the weaker fluorescence the luminogen will show.*” We then
calculated the optimum conformation of TPE-BMO in hexane,
tetrahydrofuran (THF), and crystal state. Among them, TPE-
BMO/THF was used to simulate TPE-BMO/HDI due to the similar
polarity of these two solvents.*® The environmental polarity
reduces from THF to hexane, while the restriction effect
increases from THF state to crystal state. Fig. S8 shows that the
dihedral angle of TPE-BMO around the C3=C4 double bond
becomes smaller when the environment polarity decreases or
the restriction effect increases, thus leading to the recovery of
the locally excited state with higher oscillator strength in low
polarity and highly emissive state with low nonradiative decay
in the crystal. In this sense, the variation in fluorescence
intensity from TPE-BMO/HDI to TPE-BMO/PU may be due to
effects of the restriction increment and/or the polarity decline
from HDI solution to PU solids. The highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) results of TPE-BMO in three states are provided in Fig.
3d. The bandgap becomes wider with a decrease in polarity or
an increase in restriction, which causes a hypsochromic shift in
the emission spectrum. This calculation result suggests that the
dramatically blue-shifted fluorescence of TPE-BMO in PU solids
could result from the collective effects of the decreased polarity
and the increased rigidity.

Based on the sensitive fluorescence response of TPE-BMO
to microenvironment variations, we then tried to prepare the
desired MCs and MC-embedded polymers to demonstrate the
concept shown in Fig. 1b. Novel MCs composed of UV-blocking
shells and the TPE-BMO/HDI liquid core were prepared via a
multi-step method. As depicted in Fig. 4a, this method involved
an interfacial polymerization followed by the repeated
dopamine self-polymerization. Detailed preparation
procedures can be found in the supporting information. The
formation of four polydopamine (PDA) layers aims to improve
the UV-shielding ability of MCs,**->2 thereby increasing the
fluorescence contrast of intact and broken MCs. The resulting
MCs of each step were denoted as PU MCs, 1PDA/PU MCs,
2PDA/PU MCs, 3PDA/PU MCs, and 4PDA/PU MCs according to
the layer composition. The SEM imaging results in Fig. 4b

J. Name., 2013, 00, 1-3 | 5
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profiles of S; and S, with (b) rotating of C1-C2 single bond and (c) rotating of C3=C4 double bond of TPE-BMO (dihedral angle: 0-180°) in gas calculated at
TD-B3LYP/6-31G(d,p) level. (d) Molecular orbitals of TPE-BMO in gas, THF (simulation for HDI), and crystal state in the transition from S, to S; calculated at

TD-B3LYP/6-31G(d,p) level.

suggest that the 4PDA/PU MCs possess nearly spherical
morphologies, and a core-shell structure can be clearly
observed. The outer surface of the MCs is rough and deposited
with many small particles of PDA. Conversely, the PU MCs are
too weak to keep the steric structures under a high vacuum
during SEM imaging, and their outer surfaces are smooth
without PDA layers (Fig. S9). The composition and mechanical
properties of the MCs were also characterized. As shown in
Figure S10, the characteristic absorption peak of the —NCO
group at about 2270 cm™ can be observed in the IR spectra of
HDI, PU MCs and 4PDA/PU MCs, indicating the successful
encapsulation of HDI. The core fraction of 4PDA/PU MCs was
calculated to be around 65% according to the TGA curves,
suggesting the good encapsulation efficiency of our method
(Figure S11). The mechanical properties of MCs were evaluated
by quasi-static compression at a single-capsule level. As
depicted in Figure S12, the presence of PDA layers can
remarkably improve the mechanical strength of the MCs
compared with that of the PU MCs. Moreover, with an increase
in the number of PDA layers, the nominal strength of the MCs
can grow from 117 + 11 KPa (1PDA/PU MCs) to 343 + 49 KPa
(4PDA/PU MCs).

6 | J. Name., 2012, 00, 1-3

The presence of PDA shells makes the appearance color of
the MCs change from yellow to black under room light, and the
bright yellow fluorescence from the PU MCs can be blocked to
different extent (Fig. S13). To quantitatively compare the UV-
shielding capability of these multi-layered MCs, a fluorescence
microscope was used to detect the fluorescence of individual
MCs and measure the grayscale intensity of the fluorescence
images. As shown in Fig. 4c, the fluorescence brightness of
individual MCs gradually decreases from PU MCs to 4PDA/PU
MCs under UV illumination. The corresponding grayscale value
dramatically reduces from around 200 for PU MCs to 2 for
4PDA/PU MCs. These results clearly verify the excellent light-
shielding ability of the 4PDA/PU shell. The fluorescence from
the TPE-BMO-containing core can be almost completely
blocked after depositing four PDA layers on the MC surface.
Therefore, 4PDA/PU MCs were used for the following
investigation.

To evaluate the tracking ability of 4PDA/PU MCs containing
the HDI solution of TPE-BMO (TPE-BMO/HDI MCs) for the
damaging-healing process, a few intact and damaged MCs were
simultaneously spread on a glass slide and observed under a
fluorescence microscope. As shown in Fig. 4d, the intact MCs
are non-emissive, whereas the damaged MCs emit yellow

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) Schematic illustration of the preparation procedures of the UV-blocking microcapsules (MCs) containing the HDI solution of TPE-BMO. (b) SEM
images of 4PDA/PU MCs: an individual MC, the enlarged-outer surface, and a ruptured MC. (c) Micrographs (upper and middle panels) and the associated
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fluorescence micrographs. (d) Micrographs of 4PDA/PU microcapsules containing the HDI solution of TPE-BMO (TPE-BMO/HDI MCs) taken under bright field
and 365 nm UV light illumination at different reaction time during the healing process.

fluorescence at the beginning. The emission color gradually
blue-shifts with reaction time. Apart from the blueshift of
fluorescence, an increase in the emission intensity was also
observed, which indicates the potential of TPE-BMO/HDI MCs
for the visualization of the damage-healing process with dual-
fluorescence signals.

To investigate the visualization application of 4PDA/PU MCs
in polymer coatings, MCs with diameters of 140 + 37 um (Fig.
S14) were embedded into epoxy (EP) matrix by casting in a
cylindrical vessel and then demoulding. As presented in Fig. 5a
and Fig. S15, no fluorescence can be observed for the intact
specimen under UV illumination. Upon being manually

This journal is © The Royal Society of Chemistry 20xx

scratched, the injured regions can be readily indicated by the
immediate occurrence of bright yellow luminescence. By
contrast, it is difficult to distinguish the damaged areas of the
sample under room light. This result confirms the powerful
damage-reporting capability of the fluorescence-based sensing
technique. As the reaction time increases, the evolution of the
entire healing process can be clearly monitored in a large field
of view by an obvious variation in both the fluorescence color
and intensity. Moreover, accidental and minor damage (inside
the gray frames of Fig. 5a) of the EP plate that is hard to observe
at the very beginning can also be repaired and obviously
indicated after the self-healing process. It is worth noting that

J. Name., 2013, 00, 1-3 | 7
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of the cracked pure EP coating and MC-embedded EP coatings at different healing time.

no emission is observed from intact MCs during the whole
observation period, suggesting the excellent stability of the MCs
as well as the high contrast and low background noise of this
visualization method. In addition, the fluorescence intensity of
these fluorescence images can be transformed to grayscale by
the facile DIC method using MATLAB program, and the whole
EP sample can be mapped with a color bar ranging from blue to
red (Fig. S16). All these results demonstrate that the proposed
method is promising for use in the direct, real-time, on-site, full-
field, and sensitive visualization and monitoring of dynamic
damaging-healing processes of polymers.

A correlation between our fluorescence-based sensing
method and the traditional self-healing characterization
techniques was also investigated. As depicted in Fig. 5b, a pure
EP coating and the MC-embedded EP coatings were coated on
aluminized paper, respectively, and narrow through-thickness
cracks were created with a sharp blade. The cracks of the MC-
embedded EP coatings initially show weak yellow emission and
then gradually emit bright-blue fluorescence over time,
whereas no signal can be detected from the pure EP coating.
The SEM images reveal that the cracks of MC-embedded EP
coatings are partially sealed without sufficient healing time such
as at 3h and 6 h. After healing for 9 h, the cracks are completely

8| J. Name., 2012, 00, 1-3

filled by the newly formed materials. These results are
consistent with the variation in fluorescence signals. Compared
with the SEM technique, our method possesses the on-site and
full-field advantages for a complicated real sample. To semi-
quantitatively check the health state of the cracked polymer
coatings, a water permeation test was performed using an
experiment setup shown in Fig. 5¢,°3 and the results in Fig. 5d
shows that the pure EP coating undergoes severe water
permeation, whereas the MC-embedded EP coatings possess
water-proof function. The average weight of permeated water
decreases from 5.5 g for the unhealed sampleto2.9gand1.3g
for the partially healed ones. No water permeation can be
observed for the fully healed specimen. This result indicates
that the fluorescence signals of the MC-embedded coatings can
be directly correlated to their health states such as the water-
proof degree.

Taking advantage of the light-shielding ability of the MC
shell, we further investigated the photoprotection property of
the MC-embedded EP coating. As shown in Fig. 6a, due to the
Tyndall effect, a light path from a red laser pointer pen can be
clearly observed in a bottle of silica sol without the polymer
coating. In sharp contrast, the Tyndall phenomenon disappears
after placing an MC-embedded EP coating in front of the silica

This journal is © The Royal Society of Chemistry 20xx
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the associated photographs of quartz glass plates coated with a pure EP coating and an MC-embedded EP coating, respectively. The scale bar in the insets
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EP coatings at different healing time (upper panel). Bright-field photographs showing back sides of cracked boxes with pure EP coating and MC-embedded
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sol. The optical transmittance of the MC-embedded EP coating
on quartz glass was also measured and compared with that of a
pure EP coating. As depicted in Fig. 6b, the pure EP coating
exhibits high transmittances of about 84% in the visible light
region (400—-800 nm) and above 50% in the UV light region of
350-400 nm. By comparison, the MC-embedded EP coating
shows transmittances of lower than 3% for the whole testing
wavelength range. These results convincingly demonstrate the
excellent photoprotection performance of the MC-embedded
coating. Considering the autonomous damage-healing
indication capability, excellent UV-vis light-shielding property,
as well as the direct and sensitive visualization of the level of
water-proofing, of the MC-embedded EP composites are
promising to serve as multifunctional coating materials in
packaging applications for the storage of photo- and/or water-
sensitive objects, such as photoresist, photosensitizers, and
electronic memory chips.

To demonstrate the applicability of such EP coatings, we
then conducted a proof-of-concept study. As depicted in Fig. 6c,
a pure EP coating and a MC-embedded EP were applied to the
front side of thin plastic boxes. containing photosensitive
powders. After placing the boxes under sunlight illumination for
5 min, the color of the photosensitive powders in the pure EP-
coated box remarkably changes from white to orange, while

This journal is © The Royal Society of Chemistry 20xx

those in the box coated with MC-embedded EP keep stable with
little color change. In addition to the photoprotection function,
the damage-warning, health indication, self-healing, and water-
proof functionalities of such coatings were also demonstrated.
As shown in Fig. 6d-f, when narrow through-thickness cracks
were caused to the coatings, these cracks were hardly observed
under room light or in pure EP coating but can be sensitively
indicated in the MC-embedded EP coating under UV light
illumination. After immersing the coated boxes underwater and
then placing them on a hotplate to evaporate the inside
permeated water, lots of moisture was observed from the back
side of the EP-coated box (lower panel of Fig. 6f). In contrast,
the boxes coated with MC-embedded EP coatings exhibit less or
even no moisture inside due to the reaction of the released HDI
with water. Moreover, the whole healing process can be readily
monitored by the dual-fluorescence variations. In other words,
users can evaluate the health state or the water-proof
performance of the functional coatings simply by fluorescence
signals in a real-time, on-site, and quantifiable manner. In this
regard, this method can help the related users to take necessary
actions before the malfunction or failure occurs. Overall, the
MC-embedded EP coating can protect the photosensitive
components, retard the water permeation through the
damaged containers, and visually assess the water-proof

J. Name., 2013, 00, 1-3 | 9
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degree, all of which are desirable functionalities for practical
packaging applications.

Conclusions

In conclusion, this work demonstrated a simple yet powerful
design strategy for multifunctional polymer coatings that can
on-site, real-time, full-field, sensitively, visually and semi-
quantitatively show their damaging-healing processes. A TICT-
type AlEgen (TPE-BMO) was used as the optical indicator. Due
to the collective effects of AIE and TICT, TPE-BMO exhibits dual
signal changes in both fluorescence intensity and fluorescence
color in response to microenvironment variations of its HDI
solution. Such a sensitive fluorescence response can be
detected by the naked eye, fluorescence spectrometer, and DIC
analysis. By encapsulating the HDI solution of TPE-BMO inside
UV-blocking shells, robust and multifunctional MCs with light-
shielding and damage-healing indication capabilities were
prepared. The dispersion of the AlEgen-loaded MCs in EP matrix
produced polymer coatings with damage-reporting,
autonomous self-healing, and health indication functionalities.
Immediate turn-on fluorescence was observed upon the
damage of composite coatings, and the fluorescence in the
damaged areas gradually blue-shifted and became enhanced
with the healing time. Furthermore, the smart polymer coatings
exhibit excellent photo- and water-protective performance.
Considering these attractive properties, the MC-embedded
polymer composites are promising to serve as multifunctional
coating materials in packaging applications. It is envisioned that
such a versatile and multifunctional visualization method with a
clear working mechanism can be extended to other self-healing
systems and will open up new opportunities for numerous
applications of smart coatings in the packaging, automobile,
and shipping industries.
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