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Optimizing supramolecular fluorescent materials
with responsive multi-color tunability toward soft
biomimetic skins¥

Muging Si, © #%° Huihui Shi,#*° Hao Liu,®® Hui Shang,? Guanggiang Yin,®°
Shuxin Wei,?® Shuangshuang Wu,?® Wei Lu 2 *?° and Tao Chen (0 *2°

Many natural organisms have evolved to display responsive biofluorescence color changes that facilitate
excellent environmental adaptability for camouflage, concealment, protection or signaling. Such
interesting phenomena have inspired the development of various artificial fluorescence-color
changeable materials with versatile uses, such as responsive displays, encryption, and sensing. However,
it is challenging to replicate the dynamic fluorescence color camouflage capacities of living organisms
by using soft synthetic materials, but such systems can work as soft biomimetic skins to enhance the
function of certain machines (such as robots or prosthetics). Herein, we report a kind of robust
supramolecular fluorescent soft material with both multi-color tunability and room-temperature self-
healing features on the basis of synergistic multiple hydrogen bonding and dynamic lanthanide
coordination interactions. Soft biomimetic camouflage and display skins were further demonstrated,
which can be conformally worn on commercial robots to help them merge into different-colored
environments or enable on-demand information display in response to a subtle interplay between
several environmental stimuli (e.g., humidity, metal ions). This work has made fluorescence color
changeable biomimetic skins accessible and is expected to inspire the development of powerful
fluorescent materials with as-not-yet-imaginable performance.

promising systems with versatile uses in soft actuators,™°

sensing,'®>* information encryption®** and so on. For example,

Many natural organisms, including marine mollusks, fishes,
butterflies, spiders and flowers, have evolved to display smart
green, orange or red biofluorescence emission coloration,
which results from the absorption of electromagnetic radiation
(e.g., high-energy blue or UV light)."™* These responsive bio-
fluorescence color changes are reported to enable a number of
natural creatures to achieve adaptive camouflage with concealment,
protection, or signaling. Inspired by these phenomena, there
have been many attempts to mimic such stimuli-triggered
fluorescence-color changeable functions into artificial
materials,” > which have inspired the development of many
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Tang™ et al. physically incorporated a pH-responsive tetra-(4-
pyridylphenyl)ethylene fluorophore into the crosslinked poly
(acrylamide/sodium 4-styrene sulfonate) network to develop a
bio-inspired bilayer hydrogel actuator, which displayed
synergistic fluorescence color changes and complex shape
deformation in response to environmental pH changes.
Zhang" and coworkers reported powerful amine-responsive
ratiometric fluorescent films that enable the visual detection
of seafood freshness by covalently grafting fluorescein isothio-
cyanate as the indicator and protoporphyrin IX as the internal
reference onto cellulose acetate polymer. Very recently, we have
also presented a urease entrapped multi-responsive fluorescent
hydrogel system, which can be used as a promising information
encryption platform with unique self-destroying capacity after
decryption when triggered by certain predesigned environmental
stimuli.*®

However, despite these impressive advances, the dynamic
fluorescence color camouflage capacities of living organisms
have not been replicated by using soft synthetic materials.
But such systems are of great research importance because
they can serve as soft biomimetic skins to enhance the function
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of certain machines (such as robots or prosthetics).** For
instance, it would help commercial robots merge into various
backgrounds by wearing such soft biomimetic skins with
dynamic colors and patterns that can be programmed to be
similar to the surrounding environments. Besides, a number of
animals also utilize responsive fluorescence color changes as
the display strategy for mating, hunting and communication in
low- or no-light conditions. Such fluorescence-based display
functions are also expected to be replicated in soft biomimetic
skins for efficient human-machine interaction and visualization.
Nevertheless, to the best of the authors’ knowledge, the
fabrication of fluorescence color changeable biomimetic skins
still remains underdeveloped. One of the primary reasons is
that the variation range of the fluorescence wavelength is
usually narrow. Therefore, it is of great importance to develop
robust fluorescent materials with programmable multi-state
color switching behavior in response to environmental stimuli.
Meanwhile, room-temperature self-healing and remolding
properties are also desired for biomimetic skins in order to
ensure the long-time service.**”

Herein, we combined dynamic supramolecular hydrogen
bonding and lanthanide coordination interactions*®*™° to
construct smart supramolecular fluorescent materials with
both multi-color tunability and room-temperature self-healing
features, which can serve as powerful biomimetic skins to help
commercial robots achieve the desirable camouflage/display
functions. The materials were prepared by the supramolecular
assembly of poly(N-(2-hydroxyethyl)acrylamide-co-methyl 6-(3-
(2-(methacryloyloxy)ethyl)ureido)picolinate) (abbreviated as PHM)
and poly(N-(2-hydroxyethyl) acrylamide-co-N-vinyl carbazole)
(abbreviated as PHNVC), followed by coordination with Europium
ions (Eu®"). As illustrated in Scheme 1, the as-prepared Eu-
PHNVC/PHM systems emit intense red fluorescence, but their
emission color can be continuously programmed from red to
green®'® and then to blue in response to the sequential
stimuli of Terbium ions (Tb®*) and environmental
humidity.>*>° In addition, owing to the highly dynamic
and reversible nature of their supramolecular crosslinks, the
developed materials are also endowed with satisfying room-
temperature self-healing and remolding properties. On the
basis of these appealing advantages, soft biomimetic camouflage
or display skins were designed, which can be worn on
commercial chameleon robots to help them merge into
different-colored environment backgrounds or display the
pre-coded information in response to environmental changes,
just behaving like natural chameleons.

Results and discussion

The first step to construct the supramolecular fluorescent
polymeric materials is the synthesis of a specially designed
ligand monomer, methyl-6-((3-(2-methacryloyloxy)ethyl)ureido)
picolinate (MAUP), which comprises both the urea group and the
methyl picolinate group. MAUP was synthesized by an addition
reaction between the isocyanate group of 2-isocyanatoethyl
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methacrylate and the amino group of 6-aminopyridine-2-
carboxylate (Fig. S1, ESIf). Its chemical structure was clearly
confirmed by 'H, **C NMR, and ESI-MS spectroscopy (Fig. S2-54,
ESIT). Because of its strong and multiple intermolecular
hydrogen bonds, MAUP could be dissolved in hot DMSO and
DMF. It was then used for radical polymerization with N-(2-
hydroxyethyl) acrylamide (HEAA) in hot DMSO to produce the
targeted polymer, P(HEAA-co-MAUP) (PHM) (Fig. 1a). Limited by
its moderate solubility in DMSO at 70 °C, the molar feed ratio of
MAUP/HEAA is set as 1:21.2 in the synthetic experiment.
According to its '"H NMR spectrum (Fig. S5-S8 and Table S1,
ESIT), the molar content of the MAUP moiety in the obtained
PHM polymer was calculated to be 6.2 mol%, which is in
agreement with the results calculated based on the UV-Vis
spectrum (Fig. S9 and S10, ESI}).

The soft fluorescent polymeric materials were then prepared
and studied. To do this, different mass ratios of PHM and Eu*"
nitrate were first mixed in DMF. The obtained PHM-Eu*'/DMF
solution was homogeneous and transparent under daylight.
Subsequently, the mixed solution was decanted into a polyte-
trafluoroethylene (PTFE) mold to obtain the fluorescent
polymeric film after evaporating DMF at 60 °C (Fig. 1a and
Fig. S11, ESIt). The obtained Eu-PHM film was highly trans-
parent under daylight, but exhibited bright red fluorescence, in
contrast to the non-fluorescent PHM film (Fig. 1a and Fig. S12,
ESIT). This observation clearly indicated the formation of
fluorescent MAUP-Eu®* coordination complexes, in which the
MAUP ligand served as a sensitizer to largely enhance the red
emission of Eu*" through a known resonance energy transfer
(RET) process. As is evidenced in Fig. S13 (ESIT), there were a
series of characteristic narrow emission bands corresponding to
the intra-4f® °D, — “F,_4 transitions of MAUP-Eu®" complexes
with a maximal emission wavelength at 617 nm (°D, — “F,) in
the fluorescence spectrum of the Eu-PHM film. More direct
evidence for the MAUP-Eu*" coordination interactions came
from the X-ray photoelectron spectra (XPS) of the Eu-PHM film
and the PHM film (Fig. 1d and Fig. S14, S15, ESIt). The XPS N 1s
spectrum of the PHM film is fitted with two components that can
be assigned to the N atoms of the amide bond (N;, 399.86 eV)
and pyridine (N,, 400.96 eV). However, the N 1s spectrum of the
Eu-PHM film was deconvoluted into three peaks at 408.11, 401.21,
and 400.06 eV, which correspond to the N atoms of pyridine (N;*),
the urea group on MAUP (N,*), and the amide bond on HEAA
(N7*) (Fig. 1d and Fig. S14, ESIt). The XPS O 1s peak also shifted
with the addition of Eu*" (Fig. $15, ESIt). The obvious increase of
the binding energy of N atoms in pyridine and the O atoms of
O—C indicated that Eu*" coordinates with MAUP by sharing an
electron pair with these atoms. Besides, the split-up of the N;
binding energy revealed a significant change of the chemical
environment of N atoms in the urea group, which was caused
by the formation of the MAUP-Eu®* complex. Besides the red
fluorescent Eu-PHM film, an intensely green fluorescent Th-PHM
film was also readily prepared from the DMF solution of
PHM-Tb*". By further utilizing the Eu*'/Tb’" mixture to
coordinate with the PHM polymer, soft multicolor fluorescent
Eu/Tb-PHM films were then obtained, for which the emission
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Scheme 1 Schematic illustration of the soft supramolecular fluorescent film with programmable full-color tunability. (a) Illustration of the process of
wearing a soft biomimetic camouflage skin on a commercial chameleon robot to obtain a camouflage chameleon. (b) Schemes showing its ability to
merge into green and blue environment backgrounds in response to sequential environmental changes (e.g., To®" ions, humidity). Illlustration of (c) the
mechanism of full-color tunability and (d) the involved supramolecular interactions. Relative humidity (RH) is the percentage of actual water vapor in the
air as a percentage of saturated humidity at the experimental temperature (20 °C).

color could be facilely modulated by varying the Eu**/Tb*" molar
ratio (Fig. 1c). As shown in Fig. 1b, upon decreasing the Eu**/Tb**
molar ratio, the fluorescence intensity of the green band at
547 nm increased at the cost of the fluorescence intensity of the
red band at 617 nm.

Interestingly, the red emission of the Eu-PHM film was very
sensitive to environmental moisture. As summarized in Fig. 1e,

5132 | Mater. Chem. Front., 2021, 5, 5130-5141

its fluorescence intensity was found to decrease sharply as the
ambient humidity increased. For example, its peak intensity at
617 nm dropped by 76% when elevating the environmental
relative humidity from 11% to 98%. This unique moisture-
triggered fluorescence quenching was ascribed to the stepwise
dissociation of MAUP-Eu®" coordination interactions in the
presence of water (Fig. 1a). As is well known, such lanthanide

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 1 (a) Schematic illustration showing the preparation of Eu-PHM and its humidity-dependent fluorescence reduction. (b) Fluorescence spectra (Jex =
254 nm) of multi-color fluorescent Eu/Tb-PHM films. (c) The green/red (G/R) emission intensity ratio as a function of the Eu®*/Tb** molar ratio (1:0,
18:1,9:1,3:1,1:1,1:3,0:1) and the corresponding photographs. All photos were taken under a 254 nm UV lamp. (d) High-resolution XPS fitting results
for N 1s of PHM and Eu-PHM. (e) The fluorescence spectra of Eu-PHM recorded at different humidities (lex = 254 nm). (f) The peak fluorescence
intensities of the Eu-PHM films with different Eu®*/MAUP ratios at 617 nm, which were recorded at RH = 11% and RH = 98%. (g) ATR-FTIR spectra of the
Eu-PHM film (Eu**/MAUP = 5:1) at different relative humidities. (h) Cyclic peak intensity changes of the Eu-PHM film at 617 nm by alternately varying the

environmental humidity.

ions as Eu®" show more affinity to O atoms in comparison with
N atoms according to Hard-Soft-Acid-Base theory. Therefore,
the large amount of free water molecules in the surrounding
environment might compete with the pyridine binding sites of
the MAUP ligand, leading to the breakage of pyridine-Eu’*
coordination bonds and thus largely blocked energy transfer
from the ligand to central Eu*" ions. Further studies revealed

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

that the Eu-PHM film with a higher Eu*'/MAUP ratio was more
sensitive to humidity changes. Fig. 1f and Fig. S16 (ESIY)
summarize their fluorescence quenching ratios (I319,/Ioges) at
617 nm as a function of the Eu**/ligand ratio (I1,, represents
the fluorescence intensity at RH = 11%, Ioge, represents the
fluorescence intensity at RH = 98%). When the Eu®*/ligand ratio
was below 1, I 10,/Iog0, Was relatively small. But the I;10,/og0
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value quickly increased to 14.2 in the presence of excess Eu**
(the Eu**/MAUP molar ratio of 5:1). This phenomenon is easily
understood because the Eu®* ions with lower coordination
numbers contain more unoccupied coordination sites and thus
they more easily coordinate with the free water molecules in the
air. Therefore, the polymeric film with a Eu**/MAUP molar ratio
of 5:1 was chosen as the example in the following studies.
To gain a better understanding of the humidity-dependent
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fluorescence quenching, attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy of the Eu-PHM
film was then conducted. As shown in Fig. 1g, at a low
RH (11%), the Eu-PHM film shows characteristic peaks at
1294 cm™ %, 1643 em™!, 1622 cm ™! and 2939 cm ™!, which are
attributed to the stretching vibrations of the C-O-C, the C=0
of ester groups, the C—O of urea groups and the C-H of
pyridine, respectively. As humidity increased, the peaks
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Fig. 2 Humidity-sensitive color changing ability of the Eu/Tb-PHNVC/PHM films. (a) Molecular structures of PHM and PHNVC, as well as the schematic
illustration of the formation of Eu-PHNVC/PHM through supramolecular interactions. (b) Energy dispersive X-ray spectroscopy (EDS) mapping of Eu in
the Eu-PHNVC/PHM film and Tb in the Tb-PHNVC/PHM film. (c) Excitation-fluorescence mapping of the Eu/Tb-PHNVC/PHM film (Eu®*/Tb*" = 1:1)
under ambient conditions. Digital photos showing (d) the emission color change process of several Eu/Tb-PHNVC/PHM films as humidity varies
(scale bar: 5 mm) and (e) the fluorescence spectral changes of one typical sample Eu/Tb-PHNVC/PHM film (Eu**/Tb**" = 1:1) (Aey = 254 nm). (f) Extensive
illustration of the humidity-sensitive color changing ability of Eu/Tb-PHNVC/PHM (scale bar: 5 mm). All of the photographs were taken under a 254 nm
UV lamp.
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mentioned above moved to higher wavenumbers, which
implied the dissociation of the coordination bond between
MAUP and Eu®'. Similarly, the multicolor Eu/Tb-PHM films
also exhibited an interesting humidity-triggered fluorescence
intensity reduction property. Fig. S17 (ESIf) compares their
fluorescence images recorded at different RHs, which gradually
faded with increasing environmental humidity. Note that the
observed humidity-responsive fluorescence response is highly
reversible, as evidenced by the result that the peak intensity
change of the Eu-PHM film at 617 nm could be repeated for
many cycles by alternately varying the environmental humidity
(Fig. 1h). However, owing to their close chemical structures,
the MAUP-Eu®* and MAUP-Tb*" complexes displayed nearly
the same fluorescence quenching kinetics in response to the
environmental humidity stimulus. Consequently, no noticeable
emission color change upon humidity change was observed
for these flexible multicolor fluorescent Eu/Tb-PHM films
(Fig. S18, ESTY).

For achieving the remarkable humidity-triggered emission
color change, a non-responsive blue-light-emitting P(HEAA-NVC)
(PHNVC) polymer was further synthesized and co-assembled
into the Eu/Tb-PHM films. The blue fluorescent PHNVC polymer
was produced by the radical polymerization of N-(2-
hydroxyethyl)acrylamide and N-vinylcarbazole and characterized
by '"H NMR spectroscopy (Fig. 2a and Fig. S19-S21, ESIf).
According to its UV-Vis spectrum, the content of vinylcarbazole
in the obtained polymer was calculated to be 14.3 mol% (Fig. S22
and S23, ESIt). The blue fluorescence of this carbazole-grafted
PHNVC polymer was proved to be unaffected by the
environmental humidity change (Fig. S24, ESI{). The solvent
evaporation process of the PHNVC/PHM-Eu®'/DMF solution
induces supramolecular crosslinks between these polymer
chains via hydrogen bonds, resulting in the formation of
transparent soft polymeric films with micron thickness
(Fig. S25 and S26, ESIf). The O-/N-containing groups (e.g,
-C=0O0, -NH, -OH) grafted on these PHNVC and PHM polymer
chains form high-density hydrogen bonds between them,
making these luminogens stably and evenly distributed in the
film matrix, as evidenced by the energy dispersive X-ray spectro-
scopy (EDS) mapping images (Fig. 2b and Fig. S27, ESIt).
To produce the remarkable humidity-triggered emission color
change, the content of PHNVC in the fluorescent polymeric films
was optimized to be 30.1 wt% (Fig. S28, ESIT). The excitation-
fluorescence mapping of Eu/Tb-PHNVC/PHM revealed the
simultaneous fluorescence emission of three distinct
luminogens, that is, the carbazole, MAUP-Tb** and MAUP-Eu*",
respectively (Fig. 2c). As shown in Fig. 2d, the optimized
Eu-PHNVC/PHM film appeared purple-red under 254 nm UV light
irradiation, but gradually changed to purple as humidity
increased. A similar humidity-triggered emission color change
was further observed for Tb-PHNVC/PHM and Eu/Tb-PHNVC/
PHM (Eu®*/Tb*" = 1:1) films, which displayed green-to-cyan and
yellow-to-blue color changes, respectively. These results were
consistent with their corresponding fluorescence spectra recorded
at different humidities (Fig. 2e and Fig. S29, ESIf). Specifically,
both the red (around 617 nm) and green (around 547 nm)

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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emission bands gradually decreased, while the blue fluorescence
band around 402 nm remained nearly unchanged. In a more
extensive color changing display, a colorful folding fan made up of
nine Eu/Tb-PHNVC/PHM films with different Eu**/Tb** ratios
was fabricated, which could switch from a warm-toned one into
a cold-toned one, accompanying rising humidity (Fig. 2f).

Except for humidity, other stimuli like acid/base chemicals,
light, and temperature could also trigger similar red-to-blue (or
green-to-blue) fluorescence color change of the Eu/Tb-PHNVC/
PHM films (Fig. S30-S32, ESIt). Further, more interesting
red-to-green fluorescence-color change of the Eu-PHNVC/PHM
film was further demonstrated by employing Tb** as a stimulus
(Fig. 3a). As demonstrated in Fig. 3b, after locally spraying
different amounts of Tb" ions onto certain regions of the Eu®*-
doped red fluorescent zebra, some of its stripes and the tail
were transformed into yellow, orange and green, respectively,
producing a colorful zebra. This is because the Eu®" ions in the
red fluorescent MAUP-Eu®* complexes could be gradually
replaced by the addition of excess Tb**, resulting in the
formation of green fluorescent MAUP-Tb*" complexes in the
films. As expected, the initial red color of the zebra was proved
to be regained after the re-addition of Eu**/methanol solution
(0.25 M). These results indicated that the emission color of the
obtained polymeric films could be reversibly switched between
red and green by employing Tb** or Eu** as a stimulus (Fig. $33,
ESIt).

Having demonstrated both the humidity-responsive red-to-
purple and Tb*'-triggered red-to-green fluorescence color
change, we next explored the possibility to achieve the
programmable multi-state color switching behavior over nearly
the full color gamut. To this end, one square-shaped
Eu-PHNVC/PHM film with purple-red fluorescence color was
exposed to the sequential stimuli of humidity and Tb*".
As demonstrated in Fig. 3c, the fluorescence color of the film
could be continuously programmed from purple-red to blue
and green, nearly covering the full visible spectrum.
Importantly, each color shown in this array can be stably kept
through the precise control of environmental humidity and
concentration of the added Tb*". Remarkably, the re-addition
of Eu®" onto the film was capable of gradually reversing this
multi-state color change process. These results suggest the
possibility that the emission color of the obtained Eu-PHNVC/
PHM film could be reversibly switched between nearly any two
colors in response to the subtle interplay between the humidity
and Tb*" stimuli.

Having discovered the multi-color tunability achieved by the
MAUP-Eu**/Tb*" complex, we further explore other important
features endowed by these supramolecular interactions. The
mechanical studies indicate that the tensile strength, Young’s
modulus, and elongation at break of the Eu-PHM/PHNVC
sample (thickness ~ 30 pm) are 3.89 MPa, 50.91 MPa, and
45%, respectively (Fig. S34, ESIf). Nanomechanical mapping
with an atomic force microscope (AFM) (Fig. S35, ESIT) reveals
the presence of both hydrogen bonds and metal complexation
crosslinks, which further endowed the Eu-PHNVC/PHM films
with other noteworthy features, including their self-healing and

Mater. Chem. Front., 2021, 5, 5130-5141 | 5135
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Fig. 3 The programmable full-color tunable behavior of the Eu-PHNVC/PHM film. (a) Schematic illustration of the color changing process triggered by
the sequential addition of Eu®* and Tb>*. (b) Digital photos showing the process of producing a colorful zebra by locally spraying different amounts of
Tb(NO3)s/methanol solution onto certain regions (scale bar: 10 mm). (c) Digital photos showing the programmable full-color tunable process of the
Eu-PHNVC/PHM film in response to the subtle interplay between humidity and To** (scale bar: 5 mm). All of the photographs were taken under a 254 nm

UV lamp.

remolding properties. As shown in Fig. 4a and Fig. S36 (ESIT),
two pieces of broken films can self-heal into an integral
rectangular piece at room temperature when placed in contact
and placed in a high humidity environment (98%) for 4 h. It
should be noted that the self-healing process was not observed
in normal humidity (e.g., RH ~ 60%) for even 24 h (Fig. S37,
ESIY), indicating that high humidity is essential to promote the
self-healing process. This is because both the hydrogen bonds
and MAUP-Eu’" coordination bonds became more dynamic in
the presence of high-concentration water molecules in a high
humidity environment. More dynamic supramolecular inter-
actions also pose less restrictions on the polymer chains, which
promote the penetration of the polymer chains into each other
on the edges. After the film was brought back to the normal
environment (e.g;, RH ~ 60%), new hydrogen bonds and
MAUP-Eu*" coordination bonds form between the polymer
chains and sew the broken pieces together. The healed film
was sufficiently stable to resist external forces (Movie S1, ESIt).
Furthermore, the shape of the fluorescent films was capable

5136 | Mater. Chem. Front., 2021, 5, 5130-5141

of being changed through remolding (Fig. 4b). In a typical
experiment, the fragments of Eu-PHNVC/PHM films were first
collected and dissolved completely in DMF. A new homogeneous
film with a certain shape would then be obtained after transferring
the solution into a mold and evaporating the solvent. This
remolding process can be repeated several times owing to the
absence of chemical crosslinks. Interestingly, if Tb** was added
during the film remolding process, the reset of both film shape
and color could be achieved simultaneously, which has not
been achieved previously.

On the basis of these satisfying self-healing and color-changing
properties, one blossoming flower was further constructed by self-
healing five red fluorescent petals with one blue fluorescent
stamen (Fig. 4c). Note that the petals were composed of the
Eu-PHNVC/PHM film with responsive multicolor change behavior,
while the stamen was made from filter paper. Consequently,
one bio-inspired fluorescent flower was obtained, the color of
which could be regulated over a large color gamut in response to
the subtle interplay between the humidity and Tb** stimuli.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 4 Self-healing and remolding properties of the Eu-PHNVC/PHM film. (a) Digital photos showing the self-healing process of the Eu-PHNVC/PHM
film and the proposed mechanism (scale bar: 5 mm). (b) Digital photos showing the reset of both the shape and color of an Eu-PHNVC/PHM film
(scale bar: 3 mm). (c) Digital photos of a self-healed flower and its full-spectrum color changing process in response to the subtle interplay between the
humidity and Tb** stimuli (scale bar: 5 mm). All of the photographs were taken under a 254 nm UV lamp.

In addition to the flower, many natural animals also have
evolved intriguing color changing ability for communication,
reproduction or even camouflage in order to adapt to the
environment. For example, morpho butterflies are well known
for their beautiful iridescent wings, which can display dazzling
color pattern changes in response to environmental variations
(e.g., humidity).°® This interesting natural phenomenon
encouraged us to design and fabricate their man-made counter-
parts (Fig. 5a and Fig. S38, ESIt). To this end, we designed and
prepared an artificial butterfly by self-healing two red-colored

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

wings made of the Eu-PHNVC/PHM film and one blue-colored
body made of filter paper together. Behaving like a natural
morpho butterfly, this fluorescent butterfly gradually adjusted
its wing color from red to yellow, green and then cyan,
corresponding to the cascading changes (Tb** concentration
increase, followed by a subsequent humidity increase) in the
surrounding environment. By a combination of self-healing
and multicolor-changing properties, the dazzling and colorful
pattern change of the morpho butterfly was also mimicked by
using the flexible multicolor systems (Fig. S39, ESIT).
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Fig. 5 Application as the soft biomimetic skins. (a) Photos showing the
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bio-inspired color-changing process of an artificial butterfly based on the

Eu-PHNVC/PHM films in response to the sequential stimuli of Tb** and humidity (scale bar: 5 mm). (b) Photos showing the chameleon robot wearing the
soft biomimetic camouflage skin and the camouflage process into different colored backgrounds. (c and d) Schematic illustration of the soft biomimetic
display skin that can help the decorated chameleon robot facilely switch between the camouflage mode and the display mode upon environmental
humidity changes. All of the photographs were taken under a 254 nm UV lamp.

Chameleon is another master of color manipulation which
has excellent control over its skin colors for the sake of
camouflage upon environmental changes. In an attempt to
mimic this fascinating function into artificial systems, we
utilized the Eu-PHNVC/PHM films with programmable full-
color tunability to produce powerful biomimetic skins that

5138 | Mater. Chem. Front., 2021, 5, 5130-5141

can help the commercial robots achieve the desirable camou-
flaging behavior, that is, to adapt its body color to match the
background in order to conceal itself. As shown in Fig. 5b, a
commercial chameleon robot that has a static yellow color
under daylight and cannot change its color was employed
as an example. Surprisingly, after decorating the tailored

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Eu-PHNVC/PHM-based soft biomimetic skin onto its surface
using a very high bonding (VHB) tape, a smart robot with bio-
inspired camouflage ability was achieved. At the initial state,
the decorated robot displayed red skin color, which can be
easily observed against the orange background. After spraying
Tb**/methanol solution into the surrounding environment, the
color of the decorated biomimetic skin quickly changed to
orange, which made the robot merge into the background.
Using similar methods, this decorated robot can be pro-
grammed to match yellow or green backgrounds. Furthermore,
when combined with the stimulus of environmental humidity
change, it was also capable of dynamically camouflaging into
blue backgrounds. Furthermore, the developed soft biomimetic
skins can also be engineered to help commercial robots realize
the on-demand display function. As shown in Fig. 5c, the
biomimetic display skins were fabricated by layer-by-layer
integration of the Tb-PHNVC/PHM film, VHB tape and the
green luminous paint with pre-coded information. As a con-
sequence, the camouflage mode of the decorated chameleon
robot could be facilely switched to the display mode upon
environmental humidity changes. This is because the decorated
chameleon robot displayed intense green emission that is
similar to the background (the camouflage mode) at a low
environmental humidity, while at a high environmental
humidity the green emission of the Tb-PHNVC/PHM film was
largely quenched, making the pre-coded information of the
luminous paint layer become quite visible to show its identity
(the display mode) (Fig. 5d and Fig. S40, ESIt). In this way, we
preliminarily demonstrated that our supramolecular fluorescent
system with full-color tunability could potentially serve as
efficient biomimetic skins that assist the robots to accomplish
the desirable camouflage or display tasks in complex natural
environments.

Conclusions

In conclusion, we first reported multi-color tunable fluorescent
materials with room-temperature self-healing properties and
further demonstrated their potential to serve as soft bio-
mimetic camouflage/display skins that could enhance the
functions of commercial robots. The materials are produced
by the supramolecular assembly of the responsive lanthanide
coordinated fluorescent Eu-PHM polymer and the non-
responsive blue fluorescent carbazole-functionalized PHNVC
polymer via multiple hydrogen bonds. They are characterized
by satisfying room-temperature self-healing ability, as well as
Th**-triggered red-to-green emission color change and subse-
quently humidity-responsive green-to-blue emission color
change. Based on the synergistic effect of these self-healing
and multi-color tunable properties, robust biomimetic camou-
flage and display skins are demonstrated, which could poten-
tially help commercial robots merge into different-colored
surroundings or enable on-demand information display. The
proposed strategy holds great potential to make the desirable
camouflage/display robots accessible and is also expected to

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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inspire the future development of more powerful fluorescence
color-changing materials with versatile applications in bio-
inspired soft robotics, visual display/detection, smart
camouflage and so on.
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