ROYAL SOCIETY
OF CHEMISTRY

Chemical
Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

CrossMark
& click for updates

Cite this: Chem. Sci., 2017, 8, 724

Multi-stimuli responsive and multi-functional
oligoaniline-modified vitrimerst

Qiaomei Chen, Xiaowen Yu, Zhigiang Pei, Yang Yang, Yen Wei* and Yan Ji*

Smart polymers have been playing indispensable roles in our lives. However, it is challenging to combine
more than three stimuli-responses or functionalities into one polymer, not to mention integrating multi-
stimuli responsivity and multi-functionality at the same time. Vitrimers, an emerging type of materials, are
covalently crosslinked networks that can be reprocessed but are still infusible and insoluble. Herein, we
show that simply introducing oligoaniline into a vitrimer results in a covalently crosslinked material that
can respond to six different stimuli (heat, light, pH, voltage, metal ions and redox chemicals) and perform

six functions (shape memory, welding, healing, recycling, electro-chromism and adsorption of metal
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Accepted 4th September 2016 ions). New properties, which cannot be found in either neat vitrimers or oligoanilines, are generated,

including photo-heal-ability, photo-weldability, pH-induced shape memory, enhancement of the photo-

DOI: 10.1039/c65c02855a thermal effect due to metal ions absorption and simultaneous multi-tasking operations. Furthermore, the
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Introduction

Smart polymers are able to change shapes, dimensions, chem-
ical or physical properties in real time in response to external
stimuli (such as temperature,™* light,>” electric or magnetic
fields,*® pH,>'* moisture’ and chemicals'?). Driven by the
rapidly increasing demand for technological applications, such
as actuators,”®* sensors and controllable drug-delivery
systems,*** they have gained tremendous attention. Over the
last decade, researchers have started to create multi-stimuli
responsive polymers (MSRPs) and multi-functional polymers
(MFPs).»>* Both are expected to enhance the versatility and
capacity of materials in multifarious applications. Even though
great progress has been made in both areas, they face a similar
challenge: the number of stimuli or functionalities is normally
limited to less than three. The few exceptions are all based on
supramolecular chemistry or gels.***® Not only are these mate-
rials unable to be used as engineering materials, but they are
also generally vulnerable to heat or solvents.

It remains very challenging to make a polymer with more
than three functionalities or responsivities, that is to say, to
make it respond to multiple responses and perform multiple
functionalities at the same time. Currently, the most widely
used strategy to construct MSRPs or MFPs is either incorpo-
rating special groups into polymers or using block copolymers.
It is hard to design and combine more than three compatible
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material is low-cost and suitable for large-scale mass production.

moieties or blocks with different responsive behaviors or
functionalities into the same polymer. Composites work when
adding additional external stimuli or functionality; but nor-
mally, one type of filler can only respond to one signal or
possess one function. Recently, interpenetrating networks have
been utilized to make MFPs.> However, only two networks with
different functionalities can be integrated together. For ther-
mosetting polymers, which are notorious for their difficulty in
processing, to achieve both multi-responsivity and multi-func-
tionality is even more challenging.

Vitrimers are covalently crosslinked polymer networks that
can be reprocessed, but are still insoluble and infusible at
elevated temperatures, differing from the behaviors of ther-
moplastics (malleable and soluble) and thermosets (unpro-
cessable).*® The processability of vitrimers derives from
associative exchange reactions,* leading to the formation of
new covalent bonds and breaking of old ones at the same time.
Thus, the cross-linking density is fixed and the polymer will not
depolymerize during processing. A number of vitrimers, based
on exchange reactions such as transesterification,*** olefin
metathesis,* vinylogous transamination®® and disulfide rear-
rangements,*”*® have been reported. However, most work in this
area has focused on the introduction of new exchangeable links
to form new types of vitrimers. Only recently has the exploration
of their applications been started. Using imine type vitrimers,
Zhang's group has invented an ultra-thin solid-state Li-ion
electrolyte membrane* and fully recyclable carbon fiber
composite.*’ Based on transesterification, our group has shown
that vitrimers are able to produce multi-shape memory effects
and moldable liquid crystalline elastomer actuators.*>*
We have also shown that carbon nanotubes (CNTs) can be

This journal is © The Royal Society of Chemistry 2017
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dispersed into vitrimers to make them not only heat-responsive,
but also light-responsive.**** However, none of the previous
works can make the material responsive to more than three
stimuli, nor can they bring multi-stimuli responsivity and
multi-functionality together.

Herein, we present a smart covalently crosslinked polymer
that can respond to six different stimuli and perform various
functions by introducing a small amount of aniline trimer
(ACAT, an oligoaniline) into a vitrimer. The chemistry involved
is very simple. Oligoanilines, compared with polyaniline, have
a well-defined molecular structure, excellent electro-activity and
good solubility in common solvents. It is well known that oli-
goanilines can change between different oxidation states due to
their redox properties and be doped/un-doped by acid/base. In
the past, incorporating oligoanilines into polymers was mainly
to make the polymer electroactive or pH responsive.***° Other
applications have been seldom explored. As polyaniline has
shown a strong photo-thermal effect and metal ions absorption
capability,’>** we assume that those properties should also be
available in oligoanilines. Indeed, both are verified in this work.
Therefore, we can here show that the addition of oligoaniline
makes a vitrimer, which is only thermal-responsive, become
also responsive to light, pH, voltage, metal ions and redox
chemicals. The intrinsic thermal related functions of the vitri-
mers (shape memory, welding and recyclability) are well
preserved. Meanwhile, the material can be used for metal ions
absorption and electrochromic materials. Furthermore, the
combination of oligoaniline with vitrimer generates new func-
tions that are impossible for either oligoaniline or neat vitrimer
alone to perform. Those functions are: pH-induced shape
memory, light manipulated activities (including shape memory,
welding and healing), metal ion enhanced light controlled
activation. To show the benefits from multi-stimuli responses
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and multi-functionality,
demonstrated here.

some examples have also been

Results and discussion
Preparation and characterization of the ACAT-vitrimer

The oligoaniline containing vitrimer (ACAT-vitrimer) was
prepared by curing diglycidyl ether of bisphenol A (DGEBA),
suberic acid and ACAT in the presence of triazobicyclodecene
(TBD) as the transesterification catalyst (Fig. 1a). It is known that
the curing reaction of di-epoxy and di-carboxyl acid is a compli-
cated process. Once the reaction between epoxy and acid begins,
hydroxyl groups are generated. They can react with epoxy or
carboxyl groups, leading to the formation of a network. In our
case, ACAT also acts as a tetra-functional cross-linker to epoxy
groups during the curing process. FTIR spectroscopy (Fig. 1b)
confirmed the completion of the curing reaction. The character-
istic peaks of epoxy (910 cm ') and terminal amine (3302 cm™*
and 3194 cm™ ') disappeared. At the same time, characteristic
peaks of hydroxyl (3385 cm™') and ester (1731 cm ™) increased.
Swelling experiments (ESI, Fig. S2t) revealed that the obtained
film maintained a network in trichlorobenzene at elevated
temperatures (below the decomposition temperature). According
to differential scanning calorimetry (DSC) (ESL, Fig. S31), the glass
transition temperature T, of the resultant material was about 40
°C upon heating. As shown in Fig. S4,T a new transition (about
160 °C) occurred in the dilatometry test, which was defined by
Leibler et al*> as T, (topology-freezing transition temperature).
The T, of the ACAT-vitrimer is similar to that of the reported
CNTs-dispersed vitrimer epoxies.** Owing to the presence of
transesterification catalyst TBD, ester groups are capable of
exchanging with hydroxyl groups to generate new ester groups
and new hydroxyl groups at temperatures sufficiently higher than
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Fig.1 Polymer synthesis and characterization. (a) Synthesis of ACAT—vitrimer. (b) FTIR spectra of ACAT and ACAT—vitrimer. (c) An illustration of
reversible transesterification. (d) Stress relaxation experiments of ACAT-vitrimer at different temperatures.
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T, to trigger the exchange reaction (Fig. 1c). Therefore, vitrimers
can be reprocessed at temperatures above 7,.**** As shown in
Fig. 1d, the relaxation time t* (ie., the time needed for the
sample to relax to e ' of its initial stress relaxation modulus) of
the ACAT-vitrimer at 200 °C and 160 °C is 42 s and 373 s,
respectively. However, t* is much longer for the films relaxing at
a temperature below T, (e.g. 120 °C and 80 °C). This is because, at
temperatures below Ty, the exchange reaction is quite slow and
the topology is frozen like the classical covalently crosslinked
thermosets. What is intriguing, but reasonable, is that we also
found that ACAT could also catalyze the transesterification reac-
tion, even though the catalytic efficiency is much weaker than
that of TBD (the details can be found in ESI, Fig. S6 and S77).

Properties similar to neat vitrimers

Like vitrimers without ACAT (neat vitrimer), ACAT-vitrimer is
heat-responsive. First of all, the obtained ACAT-vitrimer not only
has an excellent shape memory effect,” due to the existence of Ty,
but can also be welded and reshaped. In Fig. 2a, at 200 °C in the
oven (T > T,), five pieces (I) were first welded into shape II and
then reconfigured into a pinwheel-like permanent shape (III).
The pinwheel was further reshaped into a flat temporary
configuration IV at 80 °C. As expected, it changed quickly from
shape IV to the permanent shape V, which is nearly the same as
the shape III, at 80 °C in the oven. Secondly, ACAT-vitrimer
shows recyclability. A new film was generated by cutting the film
into pieces and then hot-pressing them under a pressure of 2
MPa for 10 min at 200 °C (Fig. 2b). The recycling experiment was
repeated four times. Similar to neat vitrimers,* there is only
a slight decrease in the elastic modulus (Fig. 2c), which is prob-
ably due to the side reactions such as hydrolysis and alcoholysis
of the ester groups at elevated temperature and pressure.
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Fig.2 Heat responses of ACAT-vitrimer due to the intrinsic malleable
property of vitrimers. (a) Welding (I-11) at temperature above T, (200
°C, oven), permanent reshaping (Il-1ll) at temperatures above T, (200
°C, oven), temporary reshaping (Il and IV) above T4 but below T, (80
°C, oven) and shape memory (IV and V) by reheating above T4 (80 °C,
oven). The thickness of the vitrimer films used here was about 0.2 mm.
(b) Demonstration of the recycling process (with a thickness of about
0.2 mm). (c) Stress—strain curves for the recycled and original films.
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Properties similar to ACAT

It is known that oligoanilines can undergo reversible oxidation
and reduction via both chemical and electrochemical
processes.>»* ACAT-vitrimer is also responsive to redox
reagents and electric fields. In accordance with the reported
ACAT-containing electroactive polymers,***” when a thin film
was oxidized with the addition of an oxidant (ammonium per-
sulfate) and reduced by a reductant (hydrazine hydrate), the
transmittance of the film changed visibly (Fig. 3a) due to
the transition of ACAT from the leucoemeraldine base (LB) to
the emeraldine base (EB) in the film. The electric response of
ACAT-vitrimer was characterized by a typical three-electrode
electrochemical cell and UV-vis spectra. The cyclic voltammetry
(CV) curve of ACAT-vitrimer (Fig. 3b) shows only one pair of
redox peaks at 0.54 V and 0.45 V, which is assigned to the
transition from LB to EB, and the values of the peaks are nearly
identical with thermosetting epoxy containing ACAT.** Fig. 3c
shows 5 chronoamperometry cycles of the film, switching the
voltage between 0 V and 0.8 V (vs. Ag/AgCl), which reveals that
the current density has become constant within 30 s. Due to the
electro-activity, ACAT-vitrimer has another functionality, which
is electro-chromism. Upon changing the applied potentials
from 0V to 0.8 V, the color changed from light gray to dark blue
(the inset of Fig. 3d). According to the UV-vis spectra of the film
(Fig. 3d), the absorbance at 780 nm increased gradually, indi-
cating the formation of an oxidized state for the film.® More-
over, the total transmittance changed by about 25%.

ACAT-vitrimer can also absorb heavy metal ions from solu-
tions. The ability of polyaniline to absorb heavy metal ions has
been reported, which is due to the coordination interaction
between amino groups of polyaniline and metal ions.*>* For
polymers containing oligoanilines, such a property was ignored
in the past. The ACAT-vitrimer we report here also demon-
strates the ability to extract heavy metal ions from solutions
because of the amino and hydroxyl groups in the material. To
investigate the adsorption ability of this material quantitatively,
we cured the network on a solid support, silica gel, in one pot
(the details can be found in the ESIt). Thermogravimetric
analysis (TGA) showed that the mass percentage of polymer was
about 31.1% (ESI, Fig. S81). UV-vis spectra were utilized to
determine the retention ability of copper ions (ESI, Fig. S97). As
shown in Fig. S9c, saturation was reached in about 10 min and
the maximum adsorption was about 0.10 mmol g~ (details can
be found in the ESIT). Although the maximum adsorption of
ACAT-vitrimer was lower than that of the reported polyani-
line,>>** it still shows that ACAT-vitrimer can efficiently remove
heavy metal ions from solutions. Moreover, it should be pointed
out that, like polyaniline can absorb various metal ions,*** the
metal ion absorption of ACAT-vitrimer is not limited to copper
ions.

Properties distinct from vitrimers and ACAT

Light responses due to the photo-thermal effect of ACAT. We
found that ACAT exhibited a photo-thermal effect. Polyaniline
can absorb light and convert it into heat. It has been used as
photo-thermal agents in various applications such as patterned

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Responsive properties of ACAT—-vitrimer to redox chemicals and voltages. (a) Chemical redox response of ACAT-vitrimer. (b) Cyclic
voltammetry curve of ACAT-vitrimer on FTO conducting glass measured in 0.5 M H,SO4 (a solution of H,O and DMSO) at a scan rate of 50 mV
s7L. (c) Chronoamperometry curves when the anodic potential was switched between 0 V and 0.8 V (vs. Ag/AgCl) for 30 s at each step. (d)
Transmittance spectra of ACAT-vitrimer film under different applied potentials in the range of 0 V to 0.8 V (vs. Ag/AgCl) for 30 s at each potential

(inset: photographs of ACAT—vitrimer at voltages of 0 V and 0.8 V).

functional layers,*” photo-thermal therapy®® and welding poly-
mers.*” Surprisingly, the photo-thermal effect of oligoanilines
has hitherto not been investigated. We measured the temper-
ature of vitrimer with and without ACAT using an infrared
thermal imager after the samples were exposed to near-infrared
(IR) light (A = 808 nm) for about 10 s to get an equilibrium
temperature at different light intensities. As shown in Fig. 4a,
the temperature of ACAT-vitrimer is much higher than that of
neat vitrimer at each intensity. For example, at a light intensity
of 0.70 W cm™?, the temperature of ACAT-vitrimer is about
180 °C while that of neat vitrimer is only about 54 °C.

As a result, light can be used to control the thermal related
shape memory and welding. As shown in Fig. S10,f the
temporarily spiraled ACAT-vitrimer and neat
(deformed above T, but below T,) were exposed to IR light with
a light intensity of 0.22 W cm ™ for 10 s. In accordance with our
expectation, ACAT-vitrimer quickly recovered to the original
length, but neat vitrimer retained the temporary shape. Indi-
vidual films can be welded together via light irradiation. For
example, irradiating on top of two overlapped films (with
a thickness of 0.2 mm) for 30 seconds can result in a robust
connection between the films. According to stress-strain tests
(Fig. 4b), the sample welded for 15 s had a low elongation at
break (about 5%), while a longer time (30 s) irradiation makes
the elongation at break approach that of the original film.
Meanwhile, the sample welded for 30 s broke at the bulk
material instead of within the overlapping region. The one
welded for 15 s broke within the overlapping region (Fig. 4c).

Microscale cracks can be healed by light, while direct heating
was much less efficient in this regard. We carried out two
healing experiments by direct heating and light irradiation,

vitrimer

This journal is © The Royal Society of Chemistry 2017

respectively. The scratch and hole healed completely via IR light
(0.70 W ecm ™2, T = 175-180 °C) for 5 s and 10 s, respectively
(Fig. 4d). On the contrary, the damages failed to be healed
effectively by direct heating at 180 °C in oven for about 10
minutes (Fig. 4e). A similar phenomenon has been reported by
Zhao's group.* They supposed that the reason why samples
could be healed by light instead of direct heating was because of
thermal expansion. To verify this, we designed another experi-
ment (details can be found in the ESI and Fig. S121). It proves
that thermal expansion widens the cracks, which makes it
difficult for the polymer chains to contact with each other.
Meanwhile, it indicates that light is a more flexible and effective
stimulus than direct heating. We suppose that the mechanism
of healing is the same as that of welding, which is the photo-
thermal effect. As light is turned on, the temperature of the
exposed area is increased high enough to activate trans-
esterification. This is the same as the healing of CNTs-dispersed
vitrimers,* as well as the healing of polymers by the photo-
thermal effect of gold nanoparticles used by others.* To verify
this, we measured the temperature increase of the cut film and
found that the temperature of the exposed area quickly rose to
about 182 °C in 10 s (light intensity: 0.70 W ¢cm™?). Therefore,
the transesterification reaction could lead to the flow of the
polymer when light was on (ESI, Fig. S137t). All the above reveal
that ACAT-vitrimer has an excellent photo-thermal effect that
endows the material with functions such as light-induced shape
recovery, light-triggered healing and welding; like the vitrimers
with CNTs* and gold nanoparticles (GNPs).”

Metal ions enhanced photo-thermal effect. We also found
that the absorption of heavy metal ions can enhance the photo-
thermal effect of ACAT-vitrimer. As shown in Fig. 5a, the

Chem. Sci,, 2017, 8, 724-733 | 727
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Fig. 4 Photo-thermal effect enabled welding and healing of ACAT-vitrimer by light. (a) The temperature increase of ACAT-vitrimer and film
without ACAT (neat vitrimer) upon light irradiation. (b) Stress—strain curves of the original film and films welded for 15 s and 30 s (with a thickness
of about 0.2 mm) with a ramp rate of 0.4 N min~? (inset: an illustration of the welding process. To obtain a robust connection, under light

irradiation, the overlapping region was first manually compressed using a

piece of quartz glass for 2 s and then the glass was removed, obtaining

a pre-welded sample. Then the pre-welded film was directly exposed to IR light to get a robust connection). (c) Pictures of the welded films
before and after stress—strain experiments (the thickness is about 0.2 mm). (d) Light-triggered (0.70 W cm™2) healing of ACAT-vitrimer with
scratch (top) healed by local irradiation for 5 s (top right) and needle pierced hole (bottom) similarly healed within 10 s. (e) Control experiments
using direct heating of scratch and pierced hole microscale defects (180 °C for 10 min) of ACAT-vitrimer.

temperature of films I, II, IIT and IV (referring to neat vitrimer,
neat vitrimer after absorbing Cu(u), ACAT-vitrimer and ACAT-
vitrimer after absorbing Cu(u), respectively) was measured
using the infrared thermal imager at different light intensities
(A = 808 nm). It shows that the temperature of films II and IV
increases more quickly than their control films I and III. The
shape memory and healing experiments were also conducted to
further demonstrate the enhancement of the photo-thermal
effect. As shown in Fig. 5b, the ACAT-vitrimer absorbed Cu(u)
can be healed at a lower light intensity, but the control sample
can only be healed at a higher light intensity. Owning to the
different photo-thermal effect, the deformed films I, II and III
recovered to their permanent shapes step by step at different
light intensities (Fig. 5c). The neat vitrimer film IV showed no
recovery, even at a relatively high light intensity. This experi-
ment further justified the enhancement of the photo-thermal
effect by metal ions.

PH-induced shape memory. As is known, polyaniline and its
oligomers can be doped in acid and un-doped in base (Fig. 5d).
We found that this allows a new shape memory effect due to
a mechanism different from the heat-controlled shape
memory due to T,.”* Doping and un-doping can cause the
swelled ACAT-vitrimer to reversibly expand and contract,
which has not been noticed in any oligoaniline containing
polymers previously reported. The reported pH-responsive
property of oligoanilines was mainly focused on regulating
the self-assembly behaviors of oligoanilines and polymers

728 | Chem. Sci., 2017, 8, 724-733

containing oligoanilines:*®”> protonation/deprotonation leads
to molecular structure changes. But here, we can use the
protonation/deprotonation for shape memory. Fig. 5e
demonstrates that the rectangular film, which has reached
swelling equilibrium in tetrahydrofuran (THF), has the
capacity to reversibly expand and contract when successively
placed in acid (1 M p-toluenesulfonic acid, PTSA) and base
(1 M triethylamine, TEA). From THF to acid, the length change
was about 19%; and from acid to base, the length change was
about 21%. Since the transesterification catalyst (TBD) is
a stronger base than TEA, in contrast to ACAT, TBD would
probably not be fully deprotonated and some of its vitrimer
properties would be lost (for ACAT still maintain its catalytic
effect). We verified this by a recycling experiment of the film
treated with acid, then followed with base (details can be
found in the ESI, Fig. S187). Therefore, the recycled material is
not exactly the same as the original ACAT-vitrimer in this case.
This is similar to the material after absorption of metal ions.
With metal inside, the chemical structure is changed. As
shown in Fig. $14-S17, copper ion absorption lowers the T,
and the transesterification reaction rate of ACAT-vitrimer,
especially when the ACAT content is higher (details can be
found in the ESIf). To recycle this material, it should be
treated with an acid, then followed with a base. But the
treatment would also lead to some change of the chemical
structure. Therefore, strictly speaking, this material may not
be fully recyclable in all situations.

This journal is © The Royal Society of Chemistry 2017
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the content of ACAT was 1 mol% and the absorption experiments were conducted in 3 mmol L

~ copper(i) acetate monohydrate/THF solution

for 20 min. (b) The healing experiments of the films (from left to right, ACAT-vitrimer, ACAT—vitrimer swelled in 3 mmol L™ copper(i) acetate
monohydrate/THF solution for 20 min and ACAT-vitrimer). (c) Shape recovery of films |, II, [l and IV (the thickness of each film is about 0.2 mm) at
different light intensities. (d) Reversible doping/un-doping of ACAT-vitrimer. (e) Extension—contraction response of an ACAT—vitrimer film (the
thickness before swelling is about 0.2 mm) with changes in pH (acid and base solutions were 1 M PTSA/THF solution and 1 M TEA/THF solution,

respectively).

In fact, without TBD as the catalyst, the non-vitrimer type
epoxy with ACAT also possesses some stimuli-responsive prop-
erties similar to the ACAT-vitrimer. For instance, the non-vit-
rimer with 10 mol% ACAT also has an excellent pH-responsive
property (details can be found in the ESI, Fig. S19%). Such
a material can also revert to the permanent shape when heated
or irradiated by light (ESI, Fig. S111). Moreover, this material
exhibited a notable reprocessing ability as we previously
mentioned. But the ACAT-vitrimer with TBD as catalyst has
better welding, healing and recycling performances. One can
further increase the content of ACAT to improve the processing
ability, but the mechanical property of the material will change.
In terms of practical applications, where good processing is
necessary, the ACAT-vitrimer used throughout this paper is
a better choice.

Benefits from multi-stimuli responsivity and multi-func-
tionality. The combination of multi-stimuli responsivity and
multi-functionality offers a high level of versatility in satisfying

This journal is © The Royal Society of Chemistry 2017

demanding requirements for practical applications. For
a simple example, dual or triple optically triggered functional-
ities can be individually and non-interferingly operated on the
same construct, which is impossible by direct heating. Since
light can be controlled remotely, locally and temporarily, all the
light controlled processes can be carried out at any time on the
desired locations without affecting the surrounding areas,
which is especially important when using this material in
devices containing sensitive components or with complicated
geometric shapes. As an illustration, photo-induced welding,
reshaping and shape memory can be combined together to
allow for flexible programming and doing mechanical work. As
shown in Fig. 6a, films IV and VI were obtained by stretching
films I and III with a strain of 100%, respectively. Film II was
a permanent shape that was deformed by spiraling a flat rect-
angular film with IR light (0.70 W cm ™2, T = 175-180 °C), from
which the temporary shape V was fixed via IR light (0.22 W
em™?, T = 75-80 °C). Then, the films IV, V and VI were welded
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together by IR light (0.70 W cm?) in 30 s. As the light was
focused on the joint part, the temporary shapes of each segment
were kept (if it were direct heating, the temporary shapes would
be lost), resulting in the film shown in Fig. 6a(VII). Upon indi-
vidually exposed each segment to light (0.22 W cm™?), all the
segments recovered their permanent shapes successively
(Fig. 6b). As the film was loaded with a weight of 1.4 g during the
shape recovery process, a stress of about 78 kPa was generated.
If proper programming is used, stress in different directions
can be produced. Similarly, healing and shape memory of the
same material can be realized. A scratch and a hole were firstly
created on the film, as shown in Fig. 6¢(I). Then, the film was
folded into a temporary “N” shape (Fig. 6¢(I1I)) upon the IR light
exposure (0.22 W em™>, T = 75-80 °C). The scratch was healed
by local IR irradiation (0.70 W em ™2, T = 175-180 °C) for 5 s, but
the sample remained almost the same shape. Upon exposing
the right bend to light (0.22 W cm?), the right part became flat
(Fig. 6¢(IV)). At last, the hole was healed (0.70 W cm™>) and the
film recovered to the permanent shape (0.22 W cm™?), as shown
in Fig. 6¢(V). This test demonstrated that healing and shape
recovery can be executed individually, which means that this
material can be healed in situ. The stress-strain test reveals the
mechanical property of the healed film is almost the same as
the original (Fig. 6d). If the damaged sample was not healed, it
would snap quickly with an elongation at break less than 4%.
For a second example, welding by heat, pH-induced shape
memory and metal ions absorption can work separately or
together to make actuators. As the films are vitrimers, an
asymmetric bilayer structure (BL, with a thickness of about
0.2 mm) can be constructed without any glue through simply

a I -
II1  —
ldeform
IV e
V @

A\ ————
VI |welding

1cm

[0

—S5 mm
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welding ACAT-vitrimer (with a thickness of about 0.12 mm)
with neat vitrimer (with a thickness of about 0.12 mm). Due to
the different composition of each side of the BL, each side
shows a different equilibrium swelling ratio in tetrahydrofuran
(THF). The equilibrium swelling ratios of ACAT-vitrimer and
neat vitrimer films were 137% and 160% in length, respectively
(ESIL, Fig. S207t). Therefore, the BL bends towards to the ACAT-
vitrimer side after swelling in THF. As shown in Fig. 7a, the well-
swelled film in THF was placed in 5 mmol L ™" copper(m) acetate
monohydrate/THF solution. The film bent to the opposite side
within 90 s, which not only revealed the excellent ability of the
material to extract metal ions, but also proved that the intro-
duction of ACAT has enhanced the adsorption ability of neat
vitrimer. Then, the film was moved into 0.1 M HCI, causing
a destruction of the coordination interaction. Replacing the film
in THF recovered the original shape. Furthermore, since ACAT-
vitrimer could be doped with acid and un-doped with base, the
aforementioned bilayer film could also change shape via pH
differences. Upon doping with protonic acid, extension occurs
to the side of ACAT-vitrimer, while the other side remains
nearly unchanged. The asymmetric change induces the film to
bend towards the side without ACAT in acid. The pH response
experiments of BL films are shown in Fig. 7b. The well-swelled
BL film (original shape) was firstly removed from THF to 1 M
PTSA/THF solution. As the protonic acid doping started, the
radius of the bent film gradually increased to form a new shape
after 240 s. Then, the film was placed in 1 M TEA/THF solution.
The film quickly recovered to the original shape in just 60 s.
Then, the film was re-doped in acid within 60 s (details can be
found in Fig. S211). The aforementioned neutral-acid-base

15}
=
A
210}
2 before healing
é 5t —— after healing

—— original film

0 2 4 6 8
Strain (%)

10 12 14

Fig. 6 Manipulation of light-triggered properties on the same ACAT-vitrimer construct. (a and b) Successive welding and shape memory
controlled by light (the thickness of each film is about 0.2 mm before deformation). (c) Sequential manipulation of healing and shape memory on
the same film (with a thickness of about 0.2 mm) by light. (d) Stress—strain curves of the original film, damaged film and healed film with a ramp

rate of 0.4 N min~%.
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Fig. 7 New shape memory performances. (a) Shape change of a bilayer responsive to metal ions and acid. (b) Shape change of the bilayer in
different pH. (c) The multiple shape memory construct by welding films A, B and C (representative of ACAT-vitrimer, ACAT-vitrimer swelled in 1
mmol L~ Cu()/THF solution for 20 min and ACAT-vitrimer swelled in 3 mmol L~ Cu(i)/THF solution for 20 min) together. The thickness of each
film is about 0.2 mm before deforming and the irradiation time of the shape recovery process at different light intensities was 10 s.

stimuli responsive experiments were repeated 5 times and
showed excellent reproducibility.

For a third example, using photo-welding, light controlled
shape memory and metal ions absorption enhanced photo-
thermal effects, we can obtain a photo-responsive multiple
shape memory construct. Multiple shape memory materials are
capable of transforming from two or more programmed
temporary shapes to its original shape step by step,”® which will
greatly expand the practical applications of the shape memory
materials. As a demonstration, films A, B and C (representative
of ACAT-vitrimer, ACAT-vitrimer swelled in 1 mmol L™ Cu(u)/
THF solution for 20 min and ACAT-vitrimer swelled in 3 mmol
L' Cu(u)/THF solution for 20 min) were welded together by
light according to difference sequences (array 1, array 2 and
array 3) (Fig. 7c(I)). As we have disclosed before, the photo-
thermal efficiency of samples with different metal ion concen-
trations is different. And the photo-thermal effect of the
samples in a cold environment, about —20 °C (placed in liquid
nitrogen vapor, ESI, Fig. S227) is still excellent. For example, the
temperature of films A, B and C are 24 °C, 35 °C and 45 °C,
respectively, when exposed to light with an intensity of 0.23 W
cm? (ESI, Fig. $231). All three constructs (array 1, array 2 and
array 3) were deformed into shape II (Fig. 7¢(II)). Exposing the
constructs to light with an intensity of 0.23 W cm™?, only
segment C recovered to its permanent shape (Fig. 7c(III)).
Increasing the light intensity to 0.29 W cm™ >, segment B

This journal is © The Royal Society of Chemistry 2017

recovered (Fig. 7c(IV)). At last, at an intensity of 0.45 W cm ™2,

segment A became flat (Fig. 7c(V)). Clearly, from left to the
right, different arrays showed different recovery processes due
to different connection sequences of films A, B and C. This
enables a more flexible control for multiple shape memory
performance.

As a demonstration of the ACAT-vitrimer being used in
practical applications, we show here that it can be used as a wire
insulation coat. As shown in Fig. S24,1 a copper wire is closely
wrapped by a square of ACAT-vitrimer film (I) and the edges are
sealed by heat-welding at 200 °C for 10 min in an oven (II).
When necessary, this wire can be deformed into a new perma-
nent configuration. For example, the wrapped wire is further
deformed into shape I1I and exposed to light (0.70 W cm ™ ?) for 1
min to release the induced stress. As a result, its new permanent
shape is fixed. For the insulation coat, cracks can be dangerous.
As shown in Fig. S24(IV),f in the presence of a crack, we
measured resistance between the crack and the end of the wire
using a digital multimeter. The resistance was 0.8 Q, which
reveals that the crack has caused an electrical leak in the wire.
Here, as the insulation is ACAT-vitrimer, big cracks of the
insulation coat can be easily mended by welding (V). After
mending, the wrapped wire can be straightened again (VI).
Similarly, the microscale cracks can be optically healed in suit
(VI, 0.70 W cm ™~ ?). Moreover, the ACAT-vitrimer insulation coat
can be conveniently peeled off from the wire to recycle the
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polymer and the copper wire (VII). The recycled ACAT-vitrimer
(VIIL, made by hot-pressing the ACAT-vitrimer peeled off the
copper wire) still has excellent shape memory effect. As shown
in Fig. S24(1X),T the recycled film was stretched at 80 °C, then
cooled to fix a temporary shape. When heated at 80 °C again, it
quickly recovered to the permanent shape.

Conclusions

In summary, using very simple chemistry and without sophis-
ticated molecular design, we have successfully produced
a smart polymer that combines multi-stimuli responsivity with
multi-functional properties in the same material. As an
emerging class of polymers, vitrimers have attracted a lot of
attention for their unique properties as well their potential
applications. The inherent properties of oligoaniline offer
a powerful platform to greatly and easily expand the application
of vitrimers. Neat vitrimer is heat-responsive. The addition of
oligoaniline makes the vitrimer also responsive to light, pH,
voltage, metal ions and redox chemicals. The properties of the
obtained material are not a simple superposition of ACAT and
vitrimer. The malleability of vitrimers as well as the metal ions
absorption and electro-chromism of oligoanilines are well
retained. Moreover, the combination of oligoaniline with vitri-
mer generates new functions that are impossible for either
oligoaniline or neat vitrimer alone to perform. Those functions
are: light-manipulated activities (including shape memory,
welding and healing), pH-induced shape memory and metal
ions absorption enhanced light-controlled activation. Although
the fundamental impetus of the photo-thermal effect is
thermal, microscale cracks can be healed more efficiently with
light irradiation than direct heating. Healing is not observed in
neat vitrimer, but when exposed to light, micro-cracks disap-
pear. To show the benefits from multi-stimuli response and
multi-functionality, some examples (simultaneous multiple
task operations, pH or metal ions induced shape changes and
multiple shape memory) were also demonstrated. Not only is
this kind of material versatile, but it is also low-cost and suitable
for large scale mass production. Moreover, the strategy induced
here is not limited to the current system. It is possible to
improve or optimize the responses and functionalities using
other oligoanilines or vitrimers.

Acknowledgements

This research was supported by the National Science Founda-
tion of China (no. 21274075 and 51203086) and the National
973 Project (no. 2011CB935700). We sincerely thank both the
referees for many insightful and detailed comments and
suggestions, which have materially improved our manuscript.

References

1 D. Schmaljohann, Adv. Drug Delivery Rev., 2006, 58, 1655—
1670.

2 M. Yamato, C. Konno, M. Utsumi, A. Kikuchi and T. Okano,
Biomaterials, 2002, 23, 561-567.

732 | Chem. Sci., 2017, 8, 724-733

View Article Online

Edge Article

3 Y. Yu, M. Nakano and T. Ikeda, Nature, 2003, 425, 145.

4 H. Zhang and Y. Zhao, ACS Appl. Mater. Interfaces, 2013, 5,
13069-13075.

5 B. T. Michal, C. A. Jaye, E. J. Spencer and S. J. Rowan, ACS
Macro Lett., 2013, 2, 694-699.

6 W. J. Padilla, A. J. Taylor, C. Highstrete, M. Lee and
R. D. Averitt, Phys. Rev. Lett., 2006, 96, 107401.

7 P. Brochu and Q. Pei, Macromol. Rapid Commun., 2010, 31,
10-36.

8 T.-]J. Yen, W. Padilla, N. Fang, D. Vier, D. Smith, J. Pendry,
D. Basov and X. Zhang, Science, 2004, 303, 1494-1496.

9 V. Gopishetty, Y. Roiter, I. Tokarev and S. Minko, Adv. Mater.,
2008, 20, 4588-4593.

10 Y. Zhang, L. Tao, S. Li and Y. Wei, Biomacromolecules, 2011,
12, 2894-2901.

11 D. D. Han, Y. L. Zhang, H. B. Jiang, H. Xia, J. Feng,
Q. D. Chen, H. L. Xu and H. B. Sun, Adv. Mater., 2015, 27,
332-338.

12 M. Nakahata, Y. Takashima, H. Yamaguchi and A. Harada,
Nat. Commun., 2011, 2, 511.

13 Q. Zhang, H. Li, M. Poh, F. Xia, Z.-Y. Cheng, H. Xu and
C. Huang, Nature, 2002, 419, 284-287.

14 M. Ma, L. Guo, D. G. Anderson and R. Langer, Science, 2013,
339, 186-189.

15 Q. Zhao, J. W. Dunlop, X. Qiu, F. Huang, Z. Zhang, J. Heyda,
J. Dzubiella, M. Antonietti and J. Yuan, Nat. Commun., 2014,
5, 4293.

16 S.]. Toal and W. C. Trogler, J. Mater. Chem., 2006, 16, 2871
2883.

17 C. Hagleitner, A. Hierlemann, D. Lange, A. Kummer,
N. Kerness, O. Brand and H. Baltes, Nature, 2001, 414,
293-296.

18 K. L. Heredia, D. Bontempo, T. Ly, ]J. T. Byers, S. Halstenberg
and H. D. Maynard, J. Am. Chem. Soc., 2005, 127, 16955-
16960.

19 Y. Qiu and K. Park, Adv. Drug Delivery Rev., 2012, 64, 49-60.

20 J. Kost and R. Langer, Adv. Drug Delivery Rev., 2012, 64, 327-
341.

21 A. Rosler, G. W. Vandermeulen and H.-A. Klok, Adv. Drug
Delivery Rev., 2012, 64, 270-279.

22 ]J. Zhuang, M. R. Gordon, J. Ventura, L. Li and
S. Thayumanavan, Chem. Soc. Rev., 2013, 42, 7421-7435.

23 H. Kawaguchi, Prog. Polym. Sci., 2000, 25, 1171-1210.

24 M. A. C. Stuart, W. T. Huck, J. Genzer, M. Miiller, C. Ober,
M. Stamm, G. B. Sukhorukov, I. Szleifer, V. V. Tsukruk and
M. Urban, Nat. Mater., 2010, 9, 101-113.

25 K. Miyamae, M. Nakahata, Y. Takashima and A. Harada,
Angew. Chem., 2015, 127, 9112-9115.

26 H. Deng, C.J. Doonan, H. Furukawa, R. B. Ferreira, J. Towne,
C. B. Knobler, B. Wang and O. M. Yaghi, Science, 2010, 327,
846-850.

27 Z. Sun, F. Lv, L. Cao, L. Liu, Y. Zhang and Z. Lu, Angew.
Chem., Int. Ed., 2015, 54, 7944-7948.

28 J. R. Kumpfer and S. J. Rowan, J. Am. Chem. Soc., 2011, 133,
12866-12874.

29 A. Khaldi, C. Plesse, F. Vidal and S. K. Smoukov, Adv. Mater.,
2015, 27, 4418-4422.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc02855a

Open Access Article. Published on 05 September 2016. Downloaded on 7/11/2025 8:05:01 PTG.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

30 M. Capelot, D. Montarnal, F. O. Tournilhac and L. Leibler, J.
Am. Chem. Soc., 2012, 134, 7664-7667.

31 W. Denissen, J. M. Winne and F. E. Du Prez, Chem. Sci., 2016,
7, 30-38.

32 D. Montarnal, M. Capelot, F. Tournilhac and L. Leibler,
Science, 2011, 334, 965-968.

33 J. P. Brutman, P. A. Delgado and M. A. Hillmyer, ACS Macro
Lett., 2014, 3, 607-610.

34 F. 1. Altuna, V. Pettarin and R. J. Williams, Green Chem.,
2013, 15, 3360-3366.

35 Y.-X. Lu and Z. Guan, J. Am. Chem. Soc., 2012, 134, 14226~
14231.

36 W. Denissen, G. Rivero, R. Nicolay, L. Leibler, J. M. Winne
and F. E. Du Prez, Adv. Funct. Mater., 2015, 25, 2451-2457.

37 J. Canadell, H. Goossens and B. Klumperman,
Macromolecules, 2011, 44, 2536-2541.

38 Z.Q. Lei, H. P. Xiang, Y.]. Yuan, M. Z. Rong and M. Q. Zhang,
Chem. Mater., 2014, 26, 2038-2046.

39 J. M. Whiteley, P. Taynton, W. Zhang and S. H. Lee, Adv.
Mater., 2015, 27, 6922-6927.

40 P. Taynton, H. Ni, C. Zhu, K. Yu, S. Loob, Y. Jin, H. J. Qi and
W. Zhang, Adv. Mater., 2016, 28, 2904-2909.

41 Z. Pei, Y. Yang, Q. Chen, E. M. Terentjev, Y. Wei and Y. Ji,
Nat. Mater., 2013, 13, 36-41.

42 7. Pei, Y. Yang, Q. Chen, Y. Wei and Y. Ji, Adv. Mater., 2016,
28, 156-160.

43 Y. Yang, Z. Pei, X. Zhang, L. Tao, Y. Wei and Y. Ji, Chem. Sci.,
2014, 5, 3486-3492.

44 Y. Yang, Z. Pei, Z. Li, Y. Wei and Y. Ji, . Am. Chem. Soc., 2016,
138, 2118-2121.

45 C.-J. Weng, C.-H. Chang, C.-W. Peng, S.-W. Chen, J.-M. Yeh,
C.-L. Hsu and Y. Wei, Chem. Mater., 2011, 23, 2075-2083.

46 H. Cui, J. Shao, Y. Wang, P. Zhang, X. Chen and Y. Wei,
Biomacromolecules, 2013, 14, 1904-1912.

47 S. Wang, E. B. Berda, X. Lu, X. Li, C. Wang and D. Chao,
Macromol. Rapid Commun., 2013, 34, 1648-1653.

48 W. Lv, J. Feng, W. Yan and C. F. Faul, J. Mater. Chem. B, 2014,
2,4720-4725.

49 X. Guo, J. P. Small, J. E. Klare, Y. Wang, M. S. Purewal,
I. W. Tam, B. H. Hong, R. Caldwell, L. Huang and
S. O'Brien, Science, 2006, 311, 356-359.

50 J. Yang, J. Choi, D. Bang, E. Kim, E. K. Lim, H. Park, J. S. Suh,
K. Lee, K. H. Yoo and E. K. Kim, Angew. Chem., Int. Ed., 2011,
50, 441-444.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Chemical Science

51 J. Wang, B. Deng, H. Chen, X. Wang and J. Zheng, Environ.
Sci. Technol., 2009, 43, 5223-5228.

52 M. Capelot, M. M. Unterlass, F. Tournilhac and L. Leibler,
ACS Macro Lett., 2012, 1, 789-792.

53 A. Lendlein and S. Kelch, Angew. Chem., Int. Ed., 2002, 41,
2034-2057.

54 L. Chen, Y. Yu, H. Mao, X. Lu, W. Zhang and Y. Wei, Mater.
Lett., 2005, 59, 2446-2450.

55 D. Chao, S. Wang, B. T. Tuten, J. P. Cole and E. B. Berda,
Macromolecules, 2015, 48, 5054-5057.

56 H.-Y. Huang, T.-C. Huang, T.-C. Yeh, C.-Y. Tsai, C.-L. Lai,
M.-H. Tsai, J.-M. Yeh and Y.-C. Chou, Polymer, 2011, 52,
2391-2400.

57 H.-Y. Huang, T.-C. Huang, J.-C. Lin, J.-H. Chang, Y.-T. Lee
and J.-M. Yeh, Mater. Chem. Phys., 2013, 137, 772-780.

58 G. Qu, F. Li, E. B. Berda, M. Chi, X. Liu, C. Wang and
D. Chao, Polymer, 2015, 58, 60-66.

59 F. Belaiba, A.-H. Meniai, M. Bencheikh-Lehocine, A. Mansri,
M. Morcellet, M. Bacquet and B. Martel, Desalination, 2004,
166, 371-377.

60 Y. Zhang, Q. Li, L. Sun, R. Tang and J. Zhai, J. Hazard. Mater.,
2010, 175, 404-409.

61 E. Igberase, P. Osifo and A. Ofomaja, J. Environ. Chem. Eng.,
2014, 2, 362-369.

62 S.Zhou, T. Wu and J. Kan, J. Appl. Polym. Sci., 2007, 106, 652
658.

63 H. Eisazadeh, J. Appl. Polym. Sci., 2007, 104, 1964-1967.

64 M. R. Huang, Q. Y. Peng and X. G. Li, Chem.-Eur. J., 2006, 12,
4341-4350.

65 M. B. Krishna, J. Arunachalam, D. Prabhu, V. Manchanda
and S. Kumar, Sep. Sci. Technol., 2005, 40, 1313-1332.

66 M. Mansour, M. Ossman and H. Farag, Desalination, 2011,
272, 301-305.

67 Q. Qian, J. Wang, F. Yan and Y. Wang, Angew. Chem., 2014,
126, 4554-4557.

68 J. Zhou, Z. Lu, X. Zhu, X. Wang, Y. Liao, Z. Ma and F. Li,
Biomaterials, 2013, 34, 9584-9592.

69 J. Huang and R. B. Kaner, Nat. Mater., 2004, 3, 783-786.

70 F. Altuna, J. Antonacci, G. Arenas, V. Pettarin, C. Hoppe and
R. Williams, Mater. Res. Express, 2016, 3, 045003.

71 M. Behl and A. Lendlein, Mater. Today, 2007, 10, 20-28.

72 J. Hu, X. Zhuang, L. Huang, L. Lang, X. Chen, Y. Wei and
X. Jing, Langmuir, 2008, 24, 13376-13382.

73 T. Xie, Nature, 2010, 464, 267-270.

Chem. Sci., 2017, 8, 724-733 | 733


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc02855a

	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a
	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a
	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a
	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a
	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a
	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a
	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a
	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a
	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a
	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a
	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a

	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a
	Multi-stimuli responsive and multi-functional oligoaniline-modified vitrimersElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc02855a


