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ABSTRACT: The light-responsive adaptation of polymer materials typically requires different wavelengths or additional heat to 

induce reversible covalent bond formation and dissociation. Here, we bypass the use of invasive triggers by introducing light-

stabilised dynamic materials that can undergo a repeatable change in topology from a covalently crosslinked material into a liquid 

polymer formulation by switching one visible light source on-and-off without the need for any additional triggers. Specifically, we 

exploit the photo-Diels-Alder reaction of triazolinediones with naphthalenes as a dynamic covalent crosslinking platform that enables 

green light-induced network formation, while the crosslinked material collapses through spontaneous cycloreversion upon standing 

in the dark at room temperature. Importantly, the covalent crosslinks remain stabilised for as long as visible light is present, thereby 

retaining the material�s structural integrity. This enables their potential use in an array of light-directed applications whereby network 

properties such as stiffness can be tuned by the mildest trigger of all: darkness.

INTRODUCTION. 

The design of molecular systems that are capable to adapt and 

reorganise in response to external stimuli continues to highly 

impact fundamental chemistry research disciplines, most 

notably in the field of soft matter material sciences. In 

particular, photochromic systems play a pivotal role in 

providing switchable yet tailored mechanical, electronical and 

optical properties that can be externally controlled or even 

fuelled by light.1-4 A truly fascinating application of 

photoswitchable dynamic behaviour can be found in molecular 

machines, where translational and rotary motion on the 

nanoscale can be achieved by continuously driving a 

photochemical system out-of-equilibrium by light.5-10 

Photoswitches � mainly based on azobenzene,11-12 

spiro(thio)pyran13-14 or diarylethene motifs15-16 � have further 

been successfully incorporated into bulk polymer materials,17 

for example to enable light-induced reversible colouration,18-19 

repeatable volume contraction/expansion19-21 and even liquid-

to-gel transitions.22-23

Although existing photoswitches can thus be employed to 

induce coherent property changes in polymer materials, these 

dynamic motifs are exclusively based on photoinduced 

isomerisation or intramolecular cyclisation reactions. Thus, no 

covalent bond formation and/or dissociation between two 

photoswitches can be directly accessed by light. From a 

material�s perspective, achieving bond shuffling in polymer 

networks, for instance to enable healing that can be switched 

on/off by light, therefore implies molecular photoswitches to be 

combined with dynamic supramolecular interactions (e.g. 

azobenzene-cyclodextrin)24 or even additional thermoreversible 

covalent systems (e.g. furan-maleimide).25 

Alternatively, light-gated dynamic covalent bond formation and 

dissociation remains almost exclusively embedded into 

polymer materials through photoreversible cycloaddition 

reactions, archetypical [2+2] and [4+4] dimerisations of mainly 

cinnamates and anthracenes.26-29 Whereas recent efforts have 

successfully been devoted to provide a toolbox of 

photocycloaddition reactions that can be triggered by lower 

energy visible light, inducing cycloreversion inherently 

requires elevated temperatures or high energy UV-irradiation 

and therefore often leads to thermal and photodamage of the 

materials or its surroundings.30 Thus, the development of non-

invasive stimuli that enable to tune both covalent bond 

formation as well as dissociation remains a grand challenge in 

the design of photodynamic systems. Indeed, adaptation by 

non-invasive triggers is particularly attractive for biological 

applications, where soft matter cell scaffolds have to be 

removed under ambient conditions once they become 

redundant,31-32 or for subtractive 3D laser lithography 

photoresists, where support objects can be removed without 

chemical additives or an additional development step.33-36

Herein � rather than relying on two different wavelengths or an 

additional heating step � we pioneer an advanced light-

switchable material that can be reversibly transformed from a 

covalently bound network into a liquid state, simply by 

switching one colour of light on-and-off, thus without the need 

for any additives or change in temperature. Our conceptual 

approach relies on a visible light-driven yet dynamic 

heteromolecular cycloaddition reaction, whereby the outcome 

remains near-quantitatively shifted to the covalently bound 

photoproducts, thereby generating a crosslinked material upon 

irradiation (K > 400 nm, refer to Figure 1). Importantly, the thus 

formed cycloadducts are thermally labile and spontaneously 

dissociate upon standing in the dark at room temperature, yet 

remain intact under continued irradiation so that the material�s 
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DSC analysis of the collapsed networks). In agreement with the 

cycloreversion model studies (cf. Figure 3), the P-2e-based 

material with the naphthalene units attached to the PMMA 

backbone via an ester functionality was found to collapse faster 

than its P-2c analogue (i.e. 3 h vs. 4 h).

Scheme 2. Synthesis of light-stabilised dynamic materials. a) Preparation of naphthalene-containing poly(methyl metacrylate) 

P-2c and P-2e, inspired on the previously investigated monomer mimics 2c and 2e, through a free radical copolymerisation of 

the naphthalene monomers and methyl metacrylate (MMA) with 2,2�-azobis(2-methylpropionitrile) (AIBN) as radical 

initiator and 1-dodecanethiol (DDT) as chain transfer agent. b) The resulting naphthalene prepolymers are transformed into 

their corresponding LSDMs through photocuring in the presence of the bisfunctional TAD crosslinker 4 25 = 515 - 525 nm, 

3 mW cm-2, 1.5 h).
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Rheological investigations. To verify the postulated LSD 

properties of the obtained gels, the viscoelastic response of the 

TAD/naphthalene formulations was monitored through 

isothermal photorheology measurements under oscillatory 

shear mode at 25 °C. In contrast to the above photoinduced 

crosslinking experiments, propylene carbonate instead of 

acetone was used to prevent solvent evaporation during 

prolonged measurement times. The curing profiles of the 

PMMA/TAD solutions, depicted in Figure 4 for P-2e/4 and 

Figure S16 for P-2c/4, indicated low initial storage moduli G� 

(i.e. near the limit of detection) together with low loss moduli 

G�, which remained constant over the course of one hour when 

kept in the dark (Figure 4a). Irradiation with visible light (K = 

400 � 500 nm, 62 mW cm-2), however, resulted in an abrupt 

increase in G� with a sol-gel transition observed within 30 min 

(Figure 4b). After 3 h, the storage modulus reached a plateau 

(ca. 3 kPa), thereby indicating complete photocuring of the 

material. Moreover, no deviation in the storage modulus was 

detected when the samples remained exposed to visible light for 

an additional 7 h (Figure 4c). Notwithstanding some minor 

weakening observed for P-2e, both cured TAD/naphthalene 

gels thus retained their crosslinking integrity and were hence 

stabilised under continued irradiation.

Besides their visible light-stability, the subsequent 

disintegration of the LSDMs when placed in the dark was also 

investigated. It should be noted that once the TAD/naphthalene 

formulation was fully cured, a constant normal force (0.2 N) 

was imposed onto the gels, which was found critical to prevent 

erroneous drifts in the storage modulus during lengthy rheology 

measurements (cf. Figure S17).47 After the visible light was 

switched off, a significant decrease in G� was immediately 

detected, indicating a reduction in crosslinking density and thus 

loss of the network integrity (Figure 4d). 

Essentially, a similar response in viscoelastic behaviour was 

obtained for both P-2c- and P-2e-based networks, although the 

former gave a markedly delayed gel-to-sol transition (i.e. 8.5 h 

vs. 4.5 h). Such a delayed collapse of the network can directly 

be related to the nature of the naphthalene substituent and 

perfectly agrees with the kinetic cycloreversion studies of the 

respective monomer mimics (cf. Figure 3). Lowering the 

amount of TAD crosslinker evidently resulted in a less stiff 

material upon photocuring and much steeper decline in G� as 

soon as the light was switched off (refer to Figure S18). 

Eventually, a new plateau in G� and G� was reached that 

slightly deviated from the initial moduli before photocuring, 

although this can be attributed to the remaining equilibrium 

fraction and thus incomplete dissociation of the TAD-

naphthalene cycloadducts.

In a final rheology experiment, the photoinduced crosslinking 

and room temperature triggered decrosslinking was repeated to 

demonstrate the LSDMs� light-switchability. The reversible 

formation and dissociation of the TAD-naphthalene 

crosslinking points was indeed evidenced by several sol-gel 

transitions during consecutive cycles of 3 h visible light, 

followed by standing in the dark for another 15 h (see Figure 

4e).

Despite the continued light-switchable transitions, a weaker gel 

yet higher viscous solution was obtained after the second 

bonding and debonding cycle, which was even more 

pronounced during a third on/off cycle (cf. Figure S19), thereby 

indicating a loss of material properties during long-term 

recyclability. Nonetheless, the visible light-induced crosslinked 
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