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Conditional repair by locally switching the thermal
healing capability of dynamic covalent polymers
with light

Anne Fuhrmann', Robert Géstl!, Robert Wendt', Julia Kétteritzsch?3, Martin D. Hager?3, Ulrich S. Schubert?3,
Kerstin Brademann-Jock?, Andreas F. Thiinemann?, Ulrich Néchel®, Marc Behl® & Stefan Hecht!

Healable materials could play an important role in reducing the environmental footprint of our
modern technological society through extending the life cycles of consumer products and
constructions. However, as most healing processes are carried out by heat alone, the ability to
heal damage generally kills the parent material’s thermal and mechanical properties. Here we
present a dynamic covalent polymer network whose thermal healing ability can be switched
‘on’ and ‘off’ on demand by light, thereby providing local control over repair while retaining
the advantageous macroscopic properties of static polymer networks. We employ a
photoswitchable furan-based crosslinker, which reacts with short and mobile maleimide-
substituted poly(lauryl methacrylate) chains forming strong covalent bonds while simulta-
neously allowing the reversible, spatiotemporally resolved control over thermally induced
de- and re-crosslinking. We reason that our system can be adapted to more complex
materials and has the potential to impact applications in responsive coatings, photo-
lithography and microfabrication.
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properties including responsiveness to external stimuli and

in particular the ability to autonomously repair inflicted
damage' ™. Such ability to heal defects is typically achieved
by the release of microencapsulated healing agents®> or
by the introduction of reversible connections in the polymer
architecture, either in a non-covalent fashion, such as in
supramolecular polymers>®, or by using dynamic covalent
chemistry’®. One particularly clever approach involves the
implementation of reversible polymer networks'®!! as they
offer outstanding mechanical strength and thermal properties
that are readily modified by the nature of the connecting dynamic
bonds and the crosslinking density. In this context, the reversible
Diels-Alder reaction of furans with maleimides is extremely
popular' 12 as it does not require additional catalyst or produce
by-products leading to static covalent crosslinks at ambient
conditions. At elevated temperatures these polymer networks,
however, become dynamic and reorganization within the material
to repair inflicted damage is enabled. In these thermoresponsive,
reversibly cross-linked polymers damage repair is solely triggered
and driven by heat acquiring the ability to heal at the expense of
the desirable thermal and hence mechanical properties of a static
polymer network. Consequently, conditional healing of the
materials under load and in specific areas is difficult to achieve!®.
Other materials try to circumvent this issue by activation of
their healing or repairing ability through chemical signals, such as

Future technologies require smart materials with advanced
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pH (ref. 14) or redox changes', or physical stimuli, such as
mechanical stress'®. However, as it would be highly attractive to
selectively address and reversibly switch the dynamic covalent
bond ‘on’ or ‘off, light arguably presents itself as the ideal
stimulus: It offers the possibility to activate molecules with a high
spatiotemporal as well as energetic resolution without the need to
invasively alter the material properties thus rendering photo-
switches the ideal molecules to locally control thermal healing
behaviour. In stark contrast, solely photo-driven approaches
require continuous light irradiation to power the healing
process”‘20

Our conditional healing approach relies on a set of photo-
switchable reactants?! whose ability to undergo a thermally
reversible crosslinking reaction (Xon + P = X@Pon)—that is, to
connect and disconnect polymer chains (P)—can be controlled by
light to switch between a dynamic (ON) and a static system
(OFF) (Fig. 1a). By illumination with ultraviolet-light, both the
free crosslinker Xon as well as the cross-linked polymer X@Poy
can be converted to their respective locked states (Xopp and
X@Porr) from which the dynamic covalent reaction is inhibited.
From there, visible light can selectively induce the re-activation of
the polymer’s dynamic character leading to a reversibly
switchable dynamic covalent material. We designed our system
based on photoswitchable furans since Branda and coworkers?%23
as well as our own group’*?> have recently shown control
over reversible Diels-Alder reactions with maleimide. The
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Figure 1 | Switching the thermal healability of dynamic polymer networks by light. (a) Schematic representation of a photoswitchable crosslinker Xon in
its reactive state and polymer P carrying complementary reactive groups forming the dynamic covalent polymer network X@Pgpn, which can be de-
crosslinked on heating. On illumination with ultraviolet-light the crosslinker X as well as the polymer network X@P are reversibly transformed into their
inactive state (Xopr and X@Porr, respectively), where both crosslinking as well as de-crosslinking are inhibited. (b) Chemical structures of the tetrafuryl-
substituted diarylethene crosslinker, which in its activated form Xon reacts with maleimide-functionalized poly(lauryl methacrylates) via the Diels-Alder
reaction (for simplicity only two of four crosslinking units are shown). On heating the network is de-crosslinked due to the retro Diels-Alder reaction.
Illumination with ultraviolet-light induces 6mr-electrocyclization to the ring-closed isomers of the deactivated crosslinker Xopr and the polymer X@Poff,
respectively. This process can be reversed and the crosslinker as well as the network can be activated by illumination with visible light.
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Figure 2 | Visualization of macroscopic scratch healing with and without light control. Micrographs of a scratched thin film of X@Pgon, which is healed
on heating to 124 °C for 5min in vacuum (a,e) (dynamic system). After illuminating the right side of the scratched film with a 365 nm LED for 30 min under
an argon atmosphere (a,b), the scratch is fixated on heating to 124 °C for 5min in vacuum (X@Pgoff, b,c) whereas the healing ability on the left side
(X@Pon) remains switched ‘on’. The healing ability of X@Pogr is regenerated after illumination with a 460 nm LED for 105 min under an argon atmosphere
(c,d) and after heating to 124 °C for 5min in vacuum (d,e). Scale bar, 0.3 mm.

furan-containing diarylethene photoswitches employed in these
works are especially well suited for this purpose as they guarantee
the bistability of the switchable material and can be addressed
selectively and independently using ultraviolet and visible light?®.

Results

Design and synthesis of crosslinker and linear polymer. For
efficient crosslinking, more than one reactive furyl moiety is
necessary and hence we utilize a tetrafunctional motif X inspired
by Wudl and coworkers!'! minimizing the amount of crosslinker
and hence optical density to warrant maximum light penetration.
This is an intrinsic advantage over photocontrollable linearly
connected polymer chains where the photochromic compounds
form the polymer backbone?3. Moreover, the connection of the
diarylethene to the pentaerythritol core via electron-withdrawing
ester groups guarantees high fatigue resistance and photo-
chemical efficiency?’, while retaining the beneficial spectral sepa-
ration of the different isomers (Fig. 1b, for synthesis see
Supplementary Methods). A further benefit over already reported
systems?? is the ability to switch ‘off the unreacted crosslinker
adding the possibility to activate the dynamic bond on demand.
Complementary reactive groups are provided via well-defined
short linear polymer chains of maleimide functionalized
poly(lauryl ~ methacrylates) P (M, = 6,000-8,600 gmol ~ 1)
synthesized by atom transfer radical polymerization with narrow
dispersity (P=1.17-1.26) and with a variable amount of
maleimide that can be adjusted modularly to achieve the best
crosslinking density (for synthesis see Supplementary Methods)?®.
The enhanced mobility necessary for a surface rearrangement and
effective reflow of the material—in particular in thin film
coatings—is accomplished by introduction of dodecyl side chains
in the polymer backbone warranting a low glass transition
temperature of Ty= —44°C (Supplementary Fig. 1)2%%0 and
additionally providing optical transparency above 350nm
(Supplementary Fig. 2).

Controlling the healing ability in scratched thin films. Local
control over the thermal healing process was investigated using
scratched thin films of X@Poyn (Fig. 2) prepared from Xon

carrying four furyl groups and P (11 mol% maleimide content)
mixed in a ratio to assure 0.7 equivalents of furyl groups per
maleimide unit to minimize the optical density. The crosslinking
process was determined to yield roughly 88% conversion of the
furyl groups by ultraviolet/visible spectroscopy (Supplementary
Fig. 3 and Supplementary Note 1) and qualitatively confirmed by
solid state 'H-NMR measurements (Supplementary Fig. 4 and
Supplementary Note 2) as well as small-angle X-ray scattering
(SAXS) techniques (Supplementary Fig. 5 and Supplementary
Note 3). A model scratch of the unaltered cross-linked material is
healed by heating above 120°C (>T,) indicating the thermal
healing capability of the dynamic polymer network (Fig. 2a.e).
The thermoreversibility of this dynamic system is confirmed in
Supplementary Figs 6-8. Contrarily, illumination of a part of the
scratched thin film with ultraviolet-light locally suppresses the
thermal healing by formation of a static polymer network
(Fig. 2b,c, right side). Healing capability (Fig. 2d,e) is again
re-established on illumination with visible light (Fig. 2c,d). This
process can be repeated successfully over several cycles indicating
complete reversibility of all involved steps. Detailed scratching
tests also including blank sample P without crosslinker can be
found in Supplementary Figs 9 and 10.

Generation and characterization of a static polymer network.
The selective transition from the dynamic to the static state
(Fig. 2a,b) was carried out by illumination of the scratched cross-
linked network X@Pon with ultraviolet-light (365nm LED)
through a photomask generating X@Pogr locally. The locked
network X@Popgr clearly contains ring-closed crosslinker as indi-
cated by the colouration of the exposed area. The formation of
X@Popr is confirmed by solid state ultraviolet/visible
spectroscopy where the characteristic absorption band of the ring-
closed Diels—Alder adduct—as compared with the respective small
molecule reference compound in solution (Supplementary Fig. 11,
Supplementary Note 4)—can be retrieved in the illuminated area
(Fig. 3a). Moreover, locking X@Pon to X@Popr can be followed
by Fourier transform infrared (FT-IR) spectroscopy, where a shift
of the characteristic out of plane C-H bending mode of the vinylic
group in X@Poy at 868 to 854 cm ~ ! corresponding to the allylic
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Figure 3 | Characterization of individual states during a light-controlled healing cycle. (a) Normalized solid state ultraviolet/visible spectra of X@Pon on
illumination with a 365 nm LED for 8 min to form the ring-closed isomer X@Pogr (83% photoconversion in photostationary state, Supplementary Fig. 11 and
Supplementary Note 4). (b) FT-IR spectra of X@Pon and X@Porr recorded at 25°C and after heating to 124 °C for 5min in vacuum. (¢) Mesh sizes of
X@Pon, Xon + P and X@Pogr measured by SAXS (scattering curves: Supplementary Figs 5, 12, 13 and 20, overview over mesh sizes: Supplementary

Tables 1-5, further explanation: Supplementary Note 3). (d) FT-IR spectra of X@Pgogr (recorded at 25°C) and X@Pon regenerated on illumination with
460 nm LED for 105 min (recorded at 25 °C and after heating to 124 °C for 5 min in vacuum). (e) Temperature dependence of shear storage modulus G’ and

shear loss modulus G” of X@Pon and X@Pogr.

group in X@Pog is clearly visible (Fig. 3b, blue dashed lines to
yellow dashed lines)>!. Interestingly, on ultraviolet-illumination the
mean polymeric mesh size increases from &, = (1.21 £ 0.07) nm for
X@Pon to £, =(1.6110.10)nm for X@Popr as determined by
SAXS measurements (Fig. 3¢; Supplementary Figs 5,12 and 13). At
first, this finding appears to be counterintuitive but we attribute it
to a more efficient photochemical ring-closure in the smaller
meshes due to the higher optical density of the photoswitch. This
leads to preferential ‘disappearance’ of the smaller meshes as they
fall below the SAXS lower size detection limit of >0.7-0.8 nm
effectively widening the mesh size (Supplementary Table 1 and
Supplementary Note 3).

Conditional repair of the polymer network. In addition to the
revealing visual comparison of the unlocked, dynamic and the
locked, static networks’ response to heat with healing occurring

4

only in the non-illuminated area, (Fig. 2b,c) the structural
molecular basis of these macroscopic changes can be monitored
by FT-IR spectroscopy. While heating of X@Poy above 120°C
results in a significant decrease in the vinyl group’s C-H bending
signal clearly indicating the de-crosslinking process, (Fig. 3b, blue
dashed line to green solid line) heating X@Pogr to the same
temperature retains the spectral features demonstrating the suc-
cessful inhibition of the retro Diels-Alder reaction by light
(Fig. 3b, yellow dashed line to yellow solid line). Examining the
thermo-rheological behaviour of X@Pgy reveals a typical drop of
the shear storage modulus G’ below the loss modulus G” above
100°C that is well documented for Diels-Alder cross-linked
polymers®>3® and verifies the dynamic de-crosslinking process
(Fig. 3e, blue to green lines). In stark contrast, X@Pog retains its
static viscoelastic properties on heating, that is, G’ > G” regardless
of the temperature, providing additional proof for the successfully
inhibited retro Diels—-Alder reaction on the ultraviolet-
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illuminated side (Fig. 3e, yellow lines, Supplementary Fig. 14).
Monitoring of a number of distinct vibrational modes in
comparison to small reference molecules by FT-IR and further
SAXS as well as differential scanning calorimetry (DSC)
measurements strongly underline this result (Supplementary
Figs 7, 12, 13 and 15-17, Supplementary Tables 2 and 3, and
Supplementary Notes 3 and 5).

Restoration of the polymer network’s dynamic character.
Unlocking X@Porr to X@Pon, thus restoring the polymer’s
dynamic character and its healing ability, (Fig. 2c,d) is realized by
illumination with visible light (460 nm LED) and can easily be
verified by the naked eye through the apparent decolouration of
the material. Due to the rather slow ring-opening, no special
precautions have to be taken when handling the locked network
X@Popr under ambient, low intensity sunlight over a time frame
of several hours (Supplementary Fig. 18 and Supplementary
Note 6). The ring-opening process can be followed in more detail
by monitoring the restoration of the vibrational band at
868 cm ~ ! using FT-IR spectroscopy (Fig. 3d, yellow dashed line
to blue dashed line) as well as by the characteristic changes in
the ultraviolet/visible spectrum (Supplementary Fig. 19). The
observed recovery of the polymeric mesh’s initial correlation
length of X@Poy as monitored by SAXS adds further evidence to
this step (Fig. 3¢, Supplementary Figs 13 and 20, Supplementary
Table 4 and Supplementary Note 3).

Re-established healing capability. Besides the clearly visible
vanishing of the scratch on heating of the re-activated dynamic
material (Fig. 2d,e), the regenerated healing ability of X@Poy is
once again accompanied by a strong decrease of the indicative
signal at 868 cm ™ ' in the FT-IR spectrum (Fig. 3d, blue dashed
lines to green solid lines) and a full widening of the polymeric
mesh from &, =(1.27 £0.11) nm to &, = (1.93 £ 0.12) nm (Fig. 3c,
Supplementary Fig. 20, Supplementary Table 5 and Supple-
mentary Note 3). The light-induced local healing ability strongly
suggests a chemical de-crosslinking/re-crosslinking process
rather than physical melting to be responsible for the observed
behaviour. This is further corroborated by rheology experiments
at varying temperatures that provide insight into the kinetics of
the (retro) Diels-Alder reactions, illustrating the competing
effect of thermally driven de-crosslinking and thermally activated
re-crosslinking (Supplementary Figs 8 and 21).

Reversibility of all steps. The material undergoing the light-
controlled locking and de-locking cycle fully corresponds to
X@Poy as generated by direct conversion (Fig. 2a,e) in every
analytical method we employed, that is, optical (ultraviolet/
visible, FT-IR), structural (SAXS), mechanical (temperature-
dependent shear rheology) and thermal (DSC) properties. This
highlights the reversibility of all steps involving illumination with
ultraviolet and visible light as well as thermal treatment in the
locked and unlocked state.

Discussion

Our photoswitchable dynamic covalent material consists of linear
polymethacrylate chains substituted with maleimide units that are
connected to a network by a multivalent light-responsive furan
crosslinker. The incorporation of the latter allows us to transform
specific areas reversibly and robustly from a thermally healable
dynamic to a static locked’ polymer network and vice versa
simply by locally applying light of different wavelengths.
Extensive rheology, DSC, ultraviolet/visible and SAXS measure-
ments provide sound evidence that the observed conditional
healing truly has its origin in the formation and scission of

covalent bonds via the (retro) Diels-Alder reaction, as expected
on the basis of the pioneering work by Wudl!! and others!?.
We believe that the introduction of this additional switching
stimulus solves one of the major drawbacks of healable materials
that commonly attain their healing ability at the expense of their
thermal integrity. As opposed to the method described by
Rowan, Weder, and coworkers!’, this photoswitchable locking
and unlocking moreover avoids continuous irradiation and thus
light-induced material degradation. Moreover and in contrast to
solely photohealable polymers, the combination of light activation
with subsequent thermal healing provides better healability,
presumably due to an enhanced material mobility necessary for
repair’’. While presented here in the context of thin film
applications and functional coatings, we reason that our reactant
system can be adapted to numerous classes of more complex,
responsive polymer systems. The associated external control over
local dynamic crosslinking and hence healing ability should aid
the design of programmable, repairable soft materials for a
multitude of future applications. This could include macroscopic
properties, such as in healable paints, as well as microscopic
features, such as in latent resists that can be carried through
various processing steps until being activated to offer control over
nanofabrication.

Methods

General remarks. For syntheses and not previously mentioned characteri-
zation of crosslinker Xy, the maleimide-functionalized monomer MIMA
and furyl-protected, inactive linear polymer fpP as well as non-protected,
active linear polymer P see Supplementary Figs 22 and 23 and Supplementary
Methods.

General procedure for preparation of X@Pon and X@Pogg. Copolymer P (1.0
equiv. maleimide side chains) and crosslinker Xon (0.7 equiv. furan termini) were
dissolved in a minimum amount of dry THF in a 2.5 ml vial and subsequently
drop-casted onto a glass slide positioned in a Schlenk flask under an argon
atmosphere followed by subsequent evacuation. The evacuated Schlenk flask was
heated at 130 °C for 90 min to evaporate remaining solvent and to anneal the
polymer mixture, followed by thermal crosslinking at r.t. for additional 16 h in the
evacuated Schlenk flask. For rheology, drop-casting was performed directly onto
steel plates. Note that polymer network preparation has been optimized for thin
films and no free-standing films (which would allow a classical tensile test) have
been obtained. After thermal crosslinking, half of the bulk material was irradiated
with a Roithner 365 nm-LED XSL-365-5E at 20 mA and 4.2V LED in a distance of
3 cm orthogonal to the sample and used as the locked polymer network sample
X@Pogr for further analysis. Furthermore, the locked and heated polymer film was
irradiated with a LED Engin 460 nm Blue LED Emitter LZ4-00B208 at 2-3 mA and
12V for 105 min to further investigate the reestablishment of the healability.

General procedure for scratching tests of X@Poyn and X@Pogg. Scratches were
done with a scalpel in a controlled manner in the mm-scale, followed by masking
half of the scratch and cross-linked polymer film X@Poy (prepared as described
above) with aluminium foil. llumination of the unmasked area was performed in a
Schlenk flask under an argon atmosphere for 30 min by adjusting the above-
mentioned Roithner 365nm in a distance of 3 cm orthogonal to the glass slide to
form X@Pogg. After removal of the aluminium foil, the glass slide was heated on a
Deben Enhanced Coolstage from ambient temperatures to 124 °C in a specimen
chamber vacuum (~30-50 Pa) of a SEM TM-1000 control unit remaining at
that temperature for 5 min. For reestablishment of the healability, the polymer film
was irradiated with the above-mentioned LED Engin 460 nm-Blue LED Emitter
for 105 min, followed by another heating process (same conditions as for

locking the polymer). Optical micrographs as well as FT-IR spectra were recorded
after each step.

Instrumentation. Optical micrographs were either acquired on a Bruker A670
Hyperion FT-IR microscope in the reflection mode with a visible objective,
40-times magnified ( x 10 ocular, X 4 vis-objective, for micrographs in main
article) or with the optical detection unit of the atomic force microscopy (AFM)
facility (for micrographs presented in the SI). The white balance of all images was
automatically adjusted with a macro written for the Fiji software, provided by the
light microscopy facility of the Cambridge Institute for Cancer Research, UK. FT-
IR spectroscopy was carried out on a Bruker Vertex 70v equipped with a Specac
Golden Gate single reflection diamond ATR sample holder. Scans (number of
scans: 128) were collected with a resolution of 4cm ~ ! from 4,000 to 400 cm ~ L.

| 7:13623 | DOI: 10.1038/ncomms13623 | www.nature.com/naturecommunications 5


http://www.nature.com/naturecommunications

ARTICLE

Baseline correction was performed by using spline interpolation in OriginPro 9.1,
OriginLab Corp., Northampton, USA. Rheological measurements of X@Pon and
X@Porr were performed on a Modular Advanced Rheometer System (HAAKE
MARS II) of Thermo Fisher Scientific GmbH, Karlsruhe. An oscillatory shear
mode with parallel plate geometry and 20 mm-diameter disposable aluminium
plates was utilized for all experiments. A constant deformation of 0.1% shear
strain at a frequency of 1 Hz was used. For Fig. 3e and Supplementary Figs 14a
and 23 experiments were done with a heating ramp rate of 0.02 Ks ~! from 40 to
160 °C by collecting data points every 10s. A fixed value of 0.12mm of sample
thickness was set. For Supplementary Figs 8 and 21 a constant normal force of
0.2 N was applied for gap control. Heating ramps were conducted at ca. 0.5Ks =1
utilizing a Peltier element and collecting data points every 7-15s with three
repetitions per data point. Data analysis were performed with the software
HAAKE RheoWin 4.3. Rheological data were smoothed using the
Adjacent-Averaging Method in OriginPro 9.1, OriginLab Corp., Northampton,
USA, except of graphs in Supplementary Figs 8 and 21b. Note that compression
or tensile measurements could not be performed due to the film’s high viscoe-
lasticity and creep even at low temperature. SAXS measurements of X@Pon and
X@Popr were performed in a solid sample holder with a Kratky-type instrument
(SAXSess from Anton Paar, Austria) at temperatures of (21 +1) °C and

(120 £2) °C. The SAXSess has a low sample-to-detector distance (0.309 m),
which is appropriate for short measurement times of 10 min. The measured
intensity was corrected by subtracting the intensity of the empty sample holder
with a 30 pm-thick aluminium foil. The scattering vector is defined in terms of
the scattering angle 0 and the wavelength of the radiation (4 =0.154 nm): thus
q=4nn// sinfl. Deconvolution (slit length desmearing) of the SAXS curves was
performed with the SAXS-Quant software. Curve fitting was conducted with the
software SASfit. For solid state ultraviolet/visible spectroscopy of X@Poy and
X@Popr 3-5pl of a solution of free crosslinker Xon (0.7 equivalent furan per
maleimide unit) and the respective polymer in degassed THF were spin-coated
on 1 x 1 cm quartz glass plates (thickness of plates: 1 mm; polymer film thickness
approx. 2.0 pm, determined by AFM measurements in tapping mode). Spin
coating was performed at a rotation speed of 100-150 rps with a spin coating
time set to 60 s with a KLM spin coater SCC-200 from SCHAEFER Technologies
Corporation (Langen, Germany) at room temperature. Thermal crosslinking was
carried out for 16 h at r.t. Irradiation was performed directly in a Varian Cary 50
ultraviolet/visible spectrophotometer equipped with a Peltier thermostated cell
holder at 25 £ 0.05 °C by adjusting the LED in a distance of 1.cm orthogonal to
the quartz glass plate in the sample holder. A Roithner 365 nm-LED XSL-365-5E
for ring-closing at 20 mA and 4.2V and a LED Engin 460 nm-Blue LED Emitter
LZ4-00B208 for ring-opening at 2-3 mA and 12V were employed, both driven
by a GW Instek GPD-3303S linear DC power supply.

Data availability. All data that support the findings of this study are available
from the corresponding author on reasonable request.

References

1. Aida, T, Meijer, E. W. & Stupp, S. I. Functional supramolecular polymers.
Science 335, 813-817 (2012).

2. Cordier, P., Tournilhac, F., Soulié-Ziakovic, C. & Leibler, L. Self-healing and
thermoreversible rubber from supramolecular assembly. Nature 451, 977-980
(2008).

3. Wang, Q. et al. High-water-content mouldable hydrogels by mixing clay and a
dendritic molecular binder. Nature 463, 339-343 (2010).

4. White, S. R. et al. Autonomic healing of polymer composites. Nature 409,
794-797 (2001).

5. White, S. R. et al. Restoration of large damage volumes in polymers. Science
344, 620-623 (2014).

6. De Greef, T. F. A. et al. Supramolecular polymerization. Chem. Rev. 109,
5687-5754 (2009).

7. Rowan, S. J., Cantrill, S. J., Cousins, G. R. L., Sanders, J. K. M. & Stoddart, J. F.
Dynamic covalent chemistry. Angew. Chem. Int. Ed. 41, 898-952 (2002).

8. Roy, N,, Bruchmann, B. & Lehn, J.-M. DYNAMERS: dynamic polymers as
self-healing materials. Chem. Soc. Rev. 44, 3786-3807 (2015).

9. Ying, H, Zhang, Y. & Cheng, ]J. Dynamic urea bond for the design of reversible
and self-healing polymers. Nat. Commun. 5, 1-9 (2014).

10. Syrett, J. A., Becer, C. R. & Haddleton, D. M. Self-healing and self-mendable
polymers. Polym. Chem. 1, 978-987 (2010).

11. Chen, X. et al. A thermally re-mendable cross-linked polymeric material.
Science 295, 1698-1702 (2002).

12. Gandini, A. The furan/maleimide Diels—Alder reaction: a versatile click-unclick
tool in macromolecular synthesis. Prog. Polym. Sci. 38, 1-29 (2013).

13. Fiore, G. L., Rowan, S. J. & Weder, C. Optically healable polymers. Chem. Soc.
Rev. 42, 7278-7288 (2013).

14. Deng, C. C,, Brooks, W. L. A., Abboud, K. A. & Sumerlin, B. S. Boronic acid-
based hydrogels undergo self-healing at neutral and acidic pH. ACS Macro Lett.
4, 220-224 (2015).

15. Nakahata, M., Takashima, Y., Yamaguchi, H. & Harada, A. Redox-responsive
self-healing materials formed from host-guest polymers. Nat. Commun. 2, 511
(2011).

16. Clough, J. M., Balan, A. & Sijbesma, R. P. in Polymer Mechanochemistry, Topic
in Current Chemistry (ed. Boulatov, R.) 369, 209-238 (Springer International
Publishing, 2015).

17. Burnworth, M. et al. Optically healable supramolecular polymers. Nature 472,
334-338 (2011).

18. Amamoto, Y., Kamada, J., Otsuka, H., Takahara, A. & Matyjaszewski, K.
Repeatable photoinduced self-healing of covalently cross-linked polymers
through reshuffling of trithiocarbonate units. Angew. Chem. Int. Ed. 50,
1660-1663 (2011).

19. Froimowicz, P., Frey, H. & Landfester, K. Towards the generation of self-
healing materials by means of a reversible photo-induced approach. Macromol.
Rapid Commun. 32, 468-473 (2011).

20. Chung, C. M., Roh, Y. S,, Cho, S. Y. & Kim, J. G. Crack healing in polymeric
materials via photochemical [2 + 2] cycloaddition. Chem. Mater. 16, 3982-3984
(2004).

21. Gostl, R., Senf, A. & Hecht, S. Remote-controlling chemical reactions by light:
towards chemistry with high spatio-temporal resolution. Chem. Soc. Rev. 43,
1982-1996 (2014).

22. Erno, Z., Asadirad, A. M., Lemieux, V. & Branda, N. R. Using light and a
molecular switch to ‘lock’ and ‘unlock’ the Diels-Alder reaction. Org. Biomol.
Chem. 10, 2787-2792 (2012).

23. Asadirad, A. M,, Boutault, S., Erno, Z. & Branda, N. R. Controlling a polymer
adhesive using light and a molecular switch. J. Am. Chem. Soc. 136, 3024-3027
(2014).

24. Gostl, R. & Hecht, S. Controlling covalent connection and disconnection with
light. Angew. Chem. Int. Ed. 53, 8784-8787 (2014).

25. Gostl, R. & Hecht, S. Photoreversible prodrugs and protags: switching the
release of maleimides by using light under physiological conditions. Chem. Eur.
J. 21, 4422-4427 (2015).

26. Irie, M., Fukaminato, T., Matsuda, K. & Kobatake, S. Photochromism of
diarylethene molecules and crystals: memories, switches, and actuators. Chem.
Rev. 114, 12174-12277 (2014).

27. Herder, M. et al. Improving the fatigue resistance of diarylethene switches.

J. Am. Chem. Soc. 137, 2738-2747 (2015).

28. Kavitha, A. A. & Singha, N. K. Atom-transfer radical copolymerization of
furfuryl methacrylate (FMA) and methyl methacrylate (MMA): a thermally-
amendable copolymer. Macromol. Chem. Phys. 208, 2569-2577 (2007).

29. Kotteritzsch, J. et al. One-component intrinsic self-healing coatings based on
reversible crosslinking by Diels-Alder cycloadditions. Macromol. Chem. Phys.
214, 1636-1649 (2013).

30. Karazija, T., Vidovic, E. & Jukic, A. Thermal properties and side chain
crystallinity of styrene and n-alkyl methacrylate terpolymers. Polym. Eng.

Sci. 53, 2299-2307 (2013).

31. Grigg, R, Knight, J. A. & Sargent, M. V. Studies in furan chemistry. Part I.
The infrared spectra of 2,5-disubstituted furans. J. Chem. Soc., 6057-6060
(1965).

32. Bose, R. K. et al. A rheological and spectroscopic study on the kinetics of
self-healing in a single-component Diels-Alder copolymer and its underlying
chemical reaction. J. Polym. Sci. Part A Polym. Chem. 52, 1669-1675 (2014).

33. Wouters, M. et al. Preparation and properties of a novel remendable coating
concept. Prog. Org. Coatings 64, 156-162 (2009).

Acknowledgements

We thank J. Hildebrandt and J. Schwarz for upscaling the synthesis of precursor DAEs,
S. Winterhalder and M. Nguyen Trung for upscaling the synthesis of some copolymers,
S. Winterhalder for help in the synthesis of the small molecule reference compound,
B. Kobin and J. Leistner for help in instrumentation adjustment, K. Rademann for
providing the set-up for scratch healing tests (SEM, cooling stage, and vacuum chamber),
AFM and portable ultraviolet/visible spectrometer, G. Scholz for measuring and inter-
preting solid state NMR spectra, and E. Pietsch for providing assistance in some rheology
measurements. Generous support by the European Research Council via ERC-2012-
STG_308117 (Light4Function) is gratefully acknowledged. R.G. is supported by the
German Research Foundation (DFG) through a research fellowship (GO 2634/1-1). J.K,,
M.D.H. and U.S.S. thank the German Research Foundation (DFG) for support within the
SPP 1568.

Author contributions

A'F. prepared the photoswitchable crosslinkers, and the resulting polymer networks,
carried out ultraviolet/visible, FT-IR, GPC and DSC measurements and their data
analyses, as well as performed healing studies. A.F. and J.K. synthesized and analysed
some maleimide-containing poly(lauryl methacrylate) copolymers and did initial healing
experiments and DSC measurements. A.F., K.B.-J. and U.N. did mechanical testing and
A'F. did data interpretation with assistance of A.F.T., M.D.H. and M.B. A.F.T. performed
SAXS measurements (with assistance of K.B.-J. and A.F.) and data analysis. RW. did

| 7:13623 | DOI: 10.1038/ncomms13623 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms13623

ARTICLE

AFM measurements to determine thickness in spectroscopically thin polymer films and
measured sunlight spectra with a portable ultraviolet/visible spectrometer, helped in
implementation of scratch healing tests in the used set-up and helped in FT-IR data
interpretation. A.F.,, R.G. and S.H. conceived the idea, designed the study with the help of
M.D.H. and U.S.S., and wrote the manuscript. All authors discussed the results and
edited the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Fuhrmann, A. et al. Conditional repair by locally switching the
thermal healing capability of dynamic covalent polymers with light. Nat. Commun. 7,
13623 doi: 10.1038/ncomms13623 (2016).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0
BY International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

NATURE COMMUNICATIONS | 713623 | DOI: 10.1038/ncomms13623 | www.nature.com/naturecommunications 7


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Figure™1Switching the thermal healability of dynamic polymer networks by light.(a) Schematic representation of a photoswitchable crosslinker XON in its reactive state and polymer P carrying complementary reactive groups forming the dynamic covalent polyme
	Results
	Design and synthesis of crosslinker and linear polymer
	Controlling the healing ability in scratched thin films
	Generation and characterization of a static polymer network

	Figure™2Visualization of macroscopic scratch healing with and without light control.Micrographs of a scratched thin film of X@PON, which is healed on heating to 124thinspdegC for 5thinspmin in vacuum (a,e) (dynamic system). After illuminating the right si
	Conditional repair of the polymer network

	Figure™3Characterization of individual states during a light-controlled healing cycle.(a) Normalized solid state ultravioletsolvisible spectra of X@PON on illumination with a 365thinspnm LED for 8thinspmin to form the ring-closed isomer X@POFF (83percnt p
	Restoration of the polymer networkCloseCurlyQuotes dynamic character
	Re-established healing capability
	Reversibility of all steps

	Discussion
	Methods
	General remarks
	General procedure for preparation of X@PON and X@POFF
	General procedure for scratching tests of X@PON and X@POFF
	Instrumentation
	Data availability

	AidaT.MeijerE. W.StuppS. I.Functional supramolecular polymersScience3358138172012CordierP.TournilhacF.Soulié-ZiakovicC.LeiblerL.Self-healing and thermoreversible rubber from supramolecular assemblyNature4519779802008WangQ.High-water-content mouldable hydr
	We thank J. Hildebrandt and J. Schwarz for upscaling the synthesis of precursor DAEs, S. Winterhalder and M. Nguyen Trung for upscaling the synthesis of some copolymers, S. Winterhalder for help in the synthesis of the small molecule reference compound, B
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




