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ABSTRACT: Covalent adaptive networks combine the advan-
tages of cross-linked elastomers and dynamic bonding in a single
system. In this work, we demonstrate a simple one-pot method to
prepare thiol−ene elastomers that exhibit reversible photoinduced
switching from an elastomeric gel to fluid state. This behavior can
be generalized to thiol−ene cross-linked elastomers composed of
different backbone chemistries (e.g., polydimethylsiloxane, poly-
ethylene glycol, and polyurethane) and vinyl groups (e.g., allyl,
vinyl ether, and acrylate). Photoswitching from the gel to fluid
state occurs in seconds upon exposure to UV light and can be
repeated over at least 180 cycles. These thiol−ene elastomers also
exhibit the ability to heal, remold, and serve as reversible adhesives.
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1. INTRODUCTION

Elastomeric materials are widely used in soft robotics,1−4

conformable electronics,5,6 adhesives,7−9 and rubbers.10 Typi-
cally, once set, their covalently cross-linked networks cannot be
reprocessed. Yet, this capability enables remolding,11,12 error
correction,13 self-healing,14−18 and recycling.19−21 Although
cross-linked networks can undergo bond cleavage or depolyme-
rization at high temperatures or under specific chemical
conditions, this typically leads to a concomitant degradation of
their mechanical properties.22 By contrast, covalent adaptable
networks23 (CANs), which rely on reversible, click-like
chemistry, exhibit mechanical robustness and creep resistance
of photosets coupled with the plasticity and reprocessing ability
of thermoplastics when triggered by external stimuli, such as
thermal,24−30 chemical stimuli,31,32 and light.33−36

Light-based CANs have the advantage that the stimulus can
be applied and removed quickly under ambient conditions.37

Two approaches have been demonstrated: (1) dimerization
reactions that result in changes to the network bond density that
persist in the absence of stimuli35,38 and (2) radical-mediated
bond reshuffling in which the bonds become dynamic during
optical stimulation but become static in the absence of
stimulation.33,34,39,40 The latter strategy results in fast
reorganization of the network because a single generated radical
can lead to the reorganization of multiple bonds while still
preserving the total number of bonds. Recently, radical-induced
light-based CANs have enabled new functionalities in tough
composites41 and adaptive soft actuators.42,43 However, these
systems require the implementation of specific chemical
moieties (e.g., allyl sulfide or trithiocarbonate) into the polymer

compositions. Achieving photoswitching in chemically simple
systems, as shown here, would broaden their use in a myriad of
applications.
Beyond inducing dynamic properties, light is widely used to

cross-link polymer networks. As one of the most prevalent
photocuring chemistries, thiol−ene coupling44,45 leverages the
high-yield reaction between thiol groups (R1−S−H) and alkene
groups (CC−R2) to form alkyl sulfides (R1−S−C−C−R2).
This step growth process proceeds via the propagation of a thiyl
radical through a vinyl functional group and regenerates the thiyl
radical from a free thiol.44,45 Due to their rapid reaction rates and
relatively low sensitivity to oxygen,46 thiol−enes have been used
to cross-link polymer backbones that contain other types of
dynamic bonds.12,35,47 In addition, thiol−ene coupling can be
chemically catalyzed via thiol-Michael reactions. Such reactions
have recently been shown to be thermally reversible, enabling
thermal CANs to be synthesized from simple precursors.48,49

Here, we report that light-induced, radical-mediated dynamic
bonding can occur in thiol−ene elastomer networks, referred to
as photo-CANs, which can be readily synthesized from low-cost,
simple precursors. The desired behavior arises due to the
dynamic nature of sulfide bonds in the presence of radicals.50−54

In the absence of UV light, these elastomers exhibit typical

Received: November 16, 2021
Accepted: December 29, 2021

Research Articlewww.acsami.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsami.1c22287
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

Je
nn

if
er

 L
ew

is
 o

n 
Ja

nu
ar

y 
10

, 2
02

2 
at

 2
3:

15
:3

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kezi+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+Chortos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+A.+Lewis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+R.+Clarke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c22287&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22287?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22287?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22287?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22287?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22287?fig=abs1&ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c22287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


properties of covalently cross-linked elastomers, including low
hysteresis, low creep, and excellent temperature stability.
However, upon UV excitation, they exhibit rapid stress
relaxation, flow, and healing. Their repeated transition from
the gel-to-sol state is observed for more than 180 cycles of off/on
switching of UV light.

2. RESULTS AND DISCUSSION

Photo-CANs are prepared using bifunctional vinyl oligomers
and multifunctional thiol oligomers with Norrish type I

photoinitiators (Figure 1a). The composition begins as a
solution (sol).When exposed to UV, radicals generated from the
initiators catalyze the reaction of thiol and ene groups to form
sulfide bonds and the composition forms a solid elastomer when
the UV is turned off. When the UV is turned on again, the
elastomer changes back to the sol state, where it behaves like a
viscous liquid. We demonstrate the generality of UV-induced
dynamic bonding in thiol−ene networks using stress relaxation
measurements on elastomer compositions with a wide diversity
of backbone chemistries and vinyl groups (Figure 1b). Backbone

Figure 1. (a) Schematic illustration of radical-mediated photoswitching of thiol−ene elastomers from a gel network to a fluid (sol) state. (b) Stress
relaxation measurements showing the generality of the UV-induced switching in thiol−ene networks using different polymer backbones and vinyl
chemistries at an intensity of 16.7 mW/cm2. (c) Stress relaxation measurements with divinyl siloxanes of varying molecular weights. (d) PDMS-based
photo-CAN resides in the fluid state when illuminated, allowing the metal sphere to fall under gravity. However, when the UV light is turned off, the
photo-CAN resolidifies into a high viscosity gel that holds the sphere in place.
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chemistries consisted of polydimethylsiloxane (PDMS), poly-
(ethylene glycol-ethylene sulfide) (PEG-PES55), and polyur-
ethane diacrylates (PUAs) with vinyl groups of allyl, vinyl ether,
and acrylate, respectively. In all the compositions, nearly
complete stress relaxation occurs within 30 s of UV exposure.
Additionally, during 10 s of low-intensity UV exposure (3.65
mW/cm2), 0.8 and 9.4 kDa PDMS divinyl samples exhibited
∼90% stress relaxation, while the 28 kDa sample relaxed by
∼80% (Figure 1c). This short UV exposure corresponds to a
dose of only 36.5 mJ/cm2. Figure 1d vividly illustrates the effect
of UV illumination on the viscosity of an optimized photo-CAN
elastomer with a 9.4 kDa divinyl PDMS backbone, 1:3 vinyl/
thiol ratio, and 75:25 ratio of polythiol/dithiol groups. In a
variant of the classic Stokes experiment, a steel ball (8.2 g) is
encased in the cured elastomer inside a glass vial. When the UV
is off and the glass vial is turned upside down, the elastomer
supports the steel ball against gravity. However, upon UV
illumination for 10 s, the steel ball moves downward due to a
sharp decrease in elastomer viscosity. When the UV light source
is turned off for 10 s, the steel ball remains solidified in place
indicating that the elastomer has returned to its original solid
(gel) state (Video S1).
We explored the effects of the photo-CAN composition using

photorheology measurements. We focused on PDMS-based
systems due to the availability of oligomers with a wide range of
molecular weights and functionalities. To probe compositional
effects on photoswitching, we systematically varied the ratio of
vinyl-to-thiol moieties, thiol functionality, and divinyl molecular

weight. The effect of the vinyl/thiol ratio was investigated using
a divinyl oligomer with a molecular weight of 9.4 kDa (Figure
2a). The vinyl/thiol ratio is varied from 1:1 to 1:10 by adding
different amounts of a thiol-functionalized oligomer with a
functionality of ∼4.75 (polythiol). Elastomers with a thiol ratio
of 1:1 and 1:2 (near ideal stoichiometry) exhibited no
photoswitching behavior, as reflected by a near constant value
of the storage modulus (G′) (Figures 2b and S1). For thiol
contents greater than 1:3, G′ quickly decreases upon UV
exposure due to the radical-induced dynamic properties of the
sulfide bonds. The slow increase of G′ during UV exposure is
hypothesized to be caused by the photoinduced depletion of
initiators (reduction in the concentration of radicals) and the
occurrence of side reactions that induce the formation of
carbon−carbon cross-links that are not dynamic (Figure
S2).56,57 In this range of thiol contents greater than 1:3, the
photoinduced change in the storage modulus increased with the
thiol content, while the G′ in the solid state (UV off) decreased.
Stress relaxation measurements corroborate the increased
plasticity of the matrix with an increasing degree of stress
relaxation at higher thiol contents (Figure 2c). Gel fraction and
swelling measurements were conducted to give information into
the cross-linking state of these materials (Figure S3). After
reaching a maximum gel fraction of 88.9± 0.58% at a vinyl/thiol
ratio of 1:2, the gel fraction progressively decreased with
increasing thiol content, reaching a value of 48.9 ± 1.73% at a
vinyl/thiol ratio of 1:10. Within this composition range, the
swelling ratio increased from 4.35 ± 0.04 to 25.8 ± 1.79. These

Figure 2. (a) Schematic of photo-CANs with a constant divinyl content and a varying thiol content with a 4.75 functional thiol oligomer. (b)G′ vs time
during photoswitching for systems with different vinyl/thiol ratios. (c) Stress relaxation during photoswitching for systems with different vinyl/thiol
ratios. (d) Schematic of photo-CANs with a constant vinyl/thiol ratio of 1:3 and a varying thiol functionality. (e)G′ vs time during photoswitching for
systems with different dithiol contents. The legend indicates the molar content of dithiols in %. (f) G′ (UV off) and viscosity (UV on) as a function of
dithiol molar content. (g) Schematic of photo-CANs with a constant polythiol/dithiol ratio of 75:25 and a varying molecular weight of the divinyl
oligomer. [Note: the sample denoted 0.8 kDa is prepared with a vinyl/thiol ratio of 1:2, while the 9.4 and 28 kDa samples are prepared with a vinyl/
thiol ratio of 1:3.] (h)G′ vs time during photoswitching for systems with different divinyl molecular weights. (i)G′ (UV off) and viscosity (UV on) for
systems with different divinyl molecular weights. In (b,c,e,h), the transparent magenta regions indicate that UV is turned on.
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observations follow expected trends in the properties of off-
stoichiometry elastomers in which the cross-link density
decreases with an increasing degree of super-stoichiometry.58

A control experiment was carried out using a dithiol backbone
and polyvinyl cross-linkers to test the effect of excess vinyl
groups. As the vinyl/thiol ratio increased from 1:1 to 20:1, no
photoswitching is observed (Figure S4). This observation that
photodynamic behavior is promoted by excess thiols, but not
excess vinyls, indicates that free thiols are necessary to enable the
desired photoswitching reaction.
To probe the effect of thiol functionality, photo-CANs were

prepared with a fixed vinyl/thiol ratio of 1:3 and varying ratio of
polythiol/dithiol oligomers (Figure 2d). As the dithiol
proportion increased, the photoinduced relative change in G′
increased (Figure 2e and S5). Consistent with the role of dithiols
as chain extenders rather than cross-linkers,59 G′ (UV off)
decreases with increasing dithiol content (Figure 2f). Similarly,
the viscosity (UV on) decreases with an increasing dithiol
content. The strong dependence of photoswitching behavior on
thiol functionality suggests that a polymer network structure has
a strong impact on its photodynamic behavior. According to the
theory by Flory,60 the gel point shifts to a larger proportion of
converted bonds as the precursor functionality decreases.
Hence, a decreasing proportion of dynamic bonds are needed
to induce the liquid state in systems with lower precursor
functionality. By combining the results of experiments varying
thiol content (Figure 2b) and thiol functionality (Figure 2e) on
the same plot (Figure S6), we find overlapping trends in the
photoinduced change in G′ versus G′ (UV off), confirming the
important effect of cross-link density on the switching process.
Next, we investigated the effects of divinyl molecular weight

using oligomers of varying molecular weights (Figure 2g). We
focused on a 75:25 ratio of polythiol/dithiol due to its favorable
photoswitching behavior demonstrated in Figure 2e. Samples
prepared with 0.8 and 9.4 kDa divinyl oligomers exhibited larger
photoinduced changes in G′ than those with 28 kDa (Figure
2h). G′ (UV off) and viscosity (UV on) both increased with the
molecular weight of the divinyl component (Figure 2g). This
ability to tune the viscosity of the sol state during UV exposure
could be deployed for applications in which specific viscosities
are required. The results in Figure 2f−i do reveal a potential
limitation of our photo-CANs, which is limited to G′ < 100 kPa.
However, we note that this modulus range is compatible with
several targeted applications, including dielectric elastomer
actuators,61 pneumatic soft robots,62 cell culture substrates,63

and wearable electronics.64

We studied the stability and longevity of photoswitching using
different initiators in photo-CANs containing a 1:3 vinyl/thiol
ratio, polythiol/dithiol ratio of 75:25, and 9.4 kDa divinyl groups
(Figure 3a−d) and different light intensities (Figure 3f−h).
Type I radical initiators break into two fragmentseach of
which have one carbon-centered radical. Type II initiators
interact with a sensitizer that can donate an electron or hydrogen
atom to generate a radical on the sensitizer such as a nitrogen or
thiol group. Type I initiators enable large switching magnitudes
(Figure 3c and S7) with 2-hydroxy-2-methyl-1-phenyl-propan-
1-one (HMPP) exhibiting the best combination of large
switching magnitude and stability over many cycles. By contrast,
type II initiators induce curing but not switching. While the
identification of the precise reaction intermediates will be the
subject of future work, we expect that this difference between
type I and type II initiators is related to the difference in the
energy of the radicals that are produced. Type I initiators

generate carbon-centered radicals that have energies that are
higher than that of a typical C−S bond. Type II initiators
generate thiol-centered radicals that have energies lower than

Figure 3. (a) Schematic of photo-CANs with a constant divinyl
content, thiol functionality, and varying photoinitiator composition.
(b)Molecular structure of different photoinitiators, whereHCPK refers
to PDMS-functionalized 1-hydroxycyclohexyl phenyl ketone (Irgacure
184), MMMP refers to 2-methyl-4′-(methylthio)-2-morpholinopro-
piophenone, BAPO refers to phenylbis(2,4,6-trimethylbenzoyl)-
phosphine oxide, MBF refers to methylbenzoylformate, and IPTX
refers to isopropyl thioxanthone. (c) Comparison of optical switching
for type I photoinitiators (solid lines) and type II photoinitiators
(dashed lines). (d) G′ vs time during photoswitching for materials with
different concentrations of HMPP initiator. The legend indicates the
concentration of HMPP in μmol/cm3. (e) G′ vs time during
photoswitching for materials with more initiator added after 15 cycles
at 16.7 mW/cm2. (f) Schematic of the cyclic testing, which consisted of
a series of stress relaxation measurements at 20% strain with a UV
exposure time of 10 s. (g) Stress relaxation measurements (cycles 5 and
100 are shown) during photoswitching of systems subjected to different
UV light intensities of 3.65 mW/cm2 and 100 mW/cm2, respectively.
The legend indicates the light intensity (in mW/cm2) and cycle
number. (h) Time constants as a function of cycle number obtained
from the stress relaxation measurements during cycling. [Note: The
solid lines are a linear fit to the data. All measurements were conducted
using the optimized composition consisting of a divinyl oligomer with
9.4 kDa, a vinyl/thiol ratio of 1:3, and a polythiol/dithiol molar ratio of
75:25.]
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that of a C−S bond, which may be insufficient to induce the
dynamic bonding.65

While the type of photoinitiator determines the free radicals
formed and how they react with other molecules, the amount of
the photoinitiator determines the free radical concentration.
Consequently, we observe an increase in switching magnitude as
the HMPP concentration increases from 30 to 240 μmol/cm3

(Figure 3d and S8). We also find that adding more HMPP can
enhance the magnitude of subsequent switching cycles. For
example, the magnitude of switching decreased during the first
15 cycles due to the photoinduced depletion of the initiator but
then increased upon adding additional HMPP (Figure 3e and
S9). This striking observation reveals that photoswitching
behavior depends upon creating free radicals, which can be
replenished. Our findings also indicate that lower switching
magnitudes are observed when illuminated in the UVAB portion
of the spectrum. Indeed, negligible switching is observed when
illuminated in the 400−500 nm range because HMPP absorbs
between 245 and 331 nm rather than these longer wavelengths66

(Figure S10).
The cycle life of our photo-CANs were measured by the UV-

induced stress relaxation at 20% shear strain (Figure 3f). At a low
UV intensity of 3.65 mW/cm2, their stress relaxation behavior at
cycle 5 and cycle 100 were similar (Figure 3g). Over 180 cycles,
the time constant for relaxation exhibits a moderate increase
from 1.2 to 1.8 s (Figure 3h), indicative of reversible dynamic
switching. However, at a higher UV intensity of 100 mW/cm2,
the materials exhibit fast stress relaxation in the first several
cycles, but the time constant for stress relaxation increases
linearly with a cycle number from less than 0.2 s at low cycle
numbers to greater than 3 s at 100 cycles. The faster stress
relaxation at higher intensity UV is presumably due to the larger
proportion of dynamic bonds induced by the higher
concentration of photoinduced radicals. However, the higher
UV intensity also depletes the initiator more quickly, limiting the
cycle life of the switching behavior. In addition, the increase in
G′ (UV off) with increasing cycles indicates progressive curing
due to side reactions.38 By the 50th cycle, the elastomer no
longer reaches full stress relaxation within 10 s.
The dependence of the rheology on the oscillation frequency

can give further insights into the dynamics of CANs (Figure 4a).
When illuminated by UV light with an intensity of 16.3 mW/
cm2, the slope of log G′/log ω = 2 and log G″/log ω = 1 at
frequencies lower than the cross-over point is indicative of a
Maxwell fluid composed of either uncross-linked or lightly cross-
linked polymers,67 supporting the liquid-like nature of the
dynamic state. Absent UV light, the photo-CANs exhibit the
mechanical properties of typical elastomers. This nearly ideal
entropic elasticity is a common trait in elastomer-based CANs37

and manifests as minimal hysteresis in the tensile stress−strain
behavior (Figure 4b), minimal stress relaxation (Figure 4c), and
minimal creep (Figure S11).
The mechanical properties of thermally activated dynamic

networks (e.g., disulfides,68 hydrogen bonded networks,18,69 and
vitrimers28) are sensitive to the temperature. By contrast, the
shear modulus of our photo-CANs (Figure 4d) remains nearly
constant as the temperature is increased from 25 to 100 °C. In
comparison, systems based on disulfide bonds typically soften
and begin to flow at ∼70 °C,70−73 indicting that the presence of
dynamic disulfides are not the dominant factor leading to the
observed reversibility of our photo-CANs. The small increase in
G′with the temperature is consistent with entropic elasticity (G′
= kT/Mc), where Mc is the molecular weight between cross-

links. The stable mechanical properties of UV-induced dynamic
covalent bonding in response to thermal perturbations make
them appropriate for applications, where the thermal cycling of
devices is necessary, such as thermally activated actuators.42,43

The thermal stability of the elastomer also suggests that UV-
induced thermal heating of the material is likely not a
contributing factor to the switching behavior.
The dramatic decrease in viscosity when photoilluminated,

together with the recovery of their properties after the UV light is
turned off, suggest several applications, including photo-
bondable/de-bondable adhesives, damage recovery and healing,
and remoldable, conformable devices, as illustrated in Figure 5.
To explore damage recovery and healing under UV light, dog-
bone samples of an optimized elastomer were cast and cured for
tensile stress−strain characterization. Three samples were cut,
the cut surface were placed together and then illuminated for 60
s. A video of the healing process is included as Video S2. As
indicated in Figure 5a, the stress−strain behavior of the as-cast
samples and the healed samples were very similar. The healing
efficiency in terms of the elongation at break is 94%.
Significantly, the broken and healed samples generally failed in
locations other than the initially cut region (marked), indicating
that the healed location is not the weakest section. There was a
slight increase in the elastic modulus after healing, probably due
to continued simultaneous curing and switching of the network,
as shown in Figure 2. Strikingly, when stretched to 100% strain,
the original and healed elastomers exhibited very small
hysteresis values of 6 and 5% of a full scale output, respectively
(Figure S12).
To determine the flow stress under UV illumination, samples

were stretched at constant displacement rates of 1 mm/s (Figure
5b) and 5 mm/s (Figure S13, Video S3) while measuring the
force. The flow stress behavior is highly dependent on material
composition, as shown in Figure 5b. For the PDMS-based
photo-CANs composed of a 1:7 vinyl/thiol ratio with only
polythiols and different divinyl oligomers, photoplastic behavior
was observed illustrating a constant flow stress following an
initial yield drop once the UVwas turned on (Figure 5b(i)). The

Figure 4. (a) Shear modulus as a function of frequency for the
optimized composition consisting of a divinyl oligomer with 9.4 kDa, a
vinyl/thiol ratio of 1:3, and a polythiol/dithiol molar ratio of 75:25 with
and without UV light. (b) Stress vs strain measurements for this system.
(c) Shear stress relaxation for this system in the absence of UV light. (d)
Shear modulus as a function of temperature for this system.
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elongation under UV was considerably larger than without the
UV illumination (black curve) and it finally failed by abrupt
necking. The same material cured for only 30 s exhibited the
same photoplastic behavior until the UVwas turned off and then
the initial elastic response was recovered (Figure 5b(ii)). At the
same testing deformation rate, the same material but having a
1:3 vinyl/thiol ratio, stretched under its ownweight once theUV
was turned on so the apparent flow stress steadily decreased with
continued displacement (Figure 5b(iii)).
Notably, the adhesive strength of the photo-CANs is reduced

under UV illumination (Figure 5b(iv)). In the absence of UV
light, the peeling force is almost constant with the peeling
displacement (black curve) indicating steady-state peeling.
When UV light is turned on at 30 s, the peeling force (red
curve) drops to nearly zero. Viscous necking of this elastomer as
it transitions to a liquid-like state can be seen in Video S4.
The reduced viscosity and liquid-like behavior under UV

exposure provides opportunities for processing at ambient
temperatures without heating. Typically, an uncured elastomer

can be poured onto a surface, where it flows to match the surface
features that are then imprinted onto the cured elastomer. While
the same pre-cure patterning can be achieved with the
photodynamic elastomers in the absence of UV light, post-
curing patterning can also be achieved under UV light. For
instance, a flat cured sheet of the optimized elastomer with 9.4
kDa divinyl oligomer is placed on coin A and then illuminated
(Figure 5c). After exposure and peeling away this elastomer, the
surface conforms to that of the coin. When repeated on another
area of the coin, the original imprinted features are replaced by
features corresponding to the new location on the coin. Our
light-processable polymers have several advantages over prior
demonstrations.15 First, thermally processable elastomers can
build up stress during the process of cooling from the
solidification temperature to room temperature. By using
light-based processing at room temperature, this stress buildup
can be avoided. Second, the energy required for light-induced
remolding can be lower because stress relaxation can be induced
with exposure doses as low as 36.5 mJ/cm2. By comparison,

Figure 5. (a) Comparison of the tensile stress−strain behavior of as-cast and cut/healed photo-CANs composed of a vinyl/thiol ratio of 1:3, a molar
ratio of polythiol/dithiol of 75:25, and a 14 kDa divinyl oligomer. The cut samples were healed by photoillumination for 60 s. (b) (i,ii) Stress measured
at a 1 mm/s displacement rate for photo-CANs exposed to UV and no UV, respectively, for a 9.4 kDa divinyl oligomer with a vinyl/thiol ratio of 1:7,
and cured for 60 and 30 s. (iii) Comparison of the stress−strain behavior of the 14 kDa divinyl oligomer having a vinyl/thiol ratio of 1:3 and a molar
ratio of polythiol/dithiol of 75:25, once UV was turned on. Observations indicate that under UV, the sample sagged under its own weight. (iv) Peeling
force as a function of the clamp distance for two PE substrates (20 μm) bonded together with a photo-CAN consisting of 9.4 kDa PDMS divinyl at a 1:3
vinyl/thiol ratio with 75:25 polythiol/dithiols. Red curve is for the bonded substrate exposed to UV light of 100% intensity after a displacement of 20
mm. (c) Photoinduced re-molding and re-patterning of silicone elastomer networks. Repeatable patterning and repatterning of photo-CANs with
different surface engravings, showing the high resolution of features.
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assuming a heat capacity of 1.38 kJ/kg K, PDMS-based, thermal
CANs require approximately 4.3 J/cm2 to heat them from 25 to
90 °C. Hence, photo-CANs may be of significant interest for the
sustainable manufacturing of functional elastomers and devices.

3. CONCLUSIONS

A new class of radical-induced covalent adaptive networks based
on dynamic thiol−ene chemistries has been demonstrated.
Large and reversible photoswitching from a network gel state to
a sol state are observed over a range of thiol-to-alkene moieties
and molecular weights at ambient temperature. Their fast
photoswitching behavior is attributed to a dynamic covalent
bonding associated with the creation of radical species under UV
illumination. The transition leads to several photoplastic effects
including UV-induced healing of damage, large plastic
deformation, and decreased viscosity. These have potential
applications as debondable adhesives, remoldable elastomers,
and in damage recovery for extended life applications.

4. EXPERIMENTAL METHODS
4.1. Photo-CANs. PEG-PES elastomers were prepared as described

previously.55 In brief, a divinyl component [tri(ethylene glycol)divinyl
ether, Aldrich] and a dithiol component [2,2′-(ethylenedioxy)-
diethanethiol, Aldrich] were combined in a stoichiometric ratio of
10:9 with 1 wt % of UV initiator Irgacure 651 (2,2-dimethoxy-2-
phenylacetophenone). After UV polymerization for 10 min, the
resulting vinyl-terminated oligomers have a molecular weight of ∼3.7
kDa. These PEG-PES oligomers were combined with tetrathiols
[pentaerythritol tetrakis(3-mercaptopropionate), Aldrich] at a vinyl/
thiol ratio of 1:2. This ratio resulted in 5 g of 3.7 kDa PEG-PES
oligomers being combined with 0.67 g of tetrathiols. PUA (CN9028)
was received from Sartomer. We added 0.45 g of tetrathiols per 5 g of
CN9028, which is sufficient to give rise to the photodynamic behavior
depicted in Figure 1c.
Vinyl-terminated PDMS (DMS-VXX, where XX is 05 for 0.8 kDa

oligomers, 22 for 9.4 kDa oligomers, PDV for 14 kDa oligomers, and 31
for 28 kDa oligomers), polyfunctional mercaptopropyl-functionalized
PDMS (SMS-042), and bifunctional PDMS end-terminated with thiols
(DMS-SM21) were purchased from Gelest. Irgacure 1173 (2-hydroxy-
2-methyl propiophenone, HMPP) was purchased from Sigma-Aldrich.
In the optimized PDMS composition (Figure 1b), 0.94 g of SMS-042
and 1.06 g of DMS-SM21 were mixed together using a Thinky Mixer
ARE-310 for 1 min. Vinyl terminated PDMS was added at a 1:3 vinyl/
thiol stoichiometric concentrations(1.33 g) with 1 wt % photoinitiator
andmixed homogeneously at 2000 rpm for 5min. After mixing, the vials
are covered with aluminum foil to prevent any photoinitiator activation.
For compositions with high vinyl contents, 10 kDa PDMS end
terminated with thiols (DMS-SM21 from Gelest) was combined with a
vinyl-functional cross-linker (VDT-431 from Gelest) in vinyl/thiol
ratios from 1:1 to 20:1.
Several photoinitiators were used, including MMMP, BAPO, MBF,

IPTX, and camphorquinone (CQ) purchased from Sigma-Aldrich. 1-
Hydroxycyclohexyl phenyl ketone (HCPK, Irgacure 184) was not
sufficiently soluble in PDMS, so it was chemically modified with PDMS.
HCPK and epoxy-functionalized PDMS (DMS-E12 from Gelest) were
combined in a 1:1 ratio of HCPK to epoxy groups in a vial. Chloroform
was added as a cosolvent, and the mixture was stirred at 50 °C for 2
days. After evaporation of the chloroform, the PDMS-modified HCPK
did not show any phase separation.
Samples were prepared with the optimized PDMS composition (4 g

of 9.4 kDa divinyl PDMS, 2.82 g of polythiol PDMS, and 3.19 g of
dithiol PDMS) and 60 μmol/g of the initiator. 8 g of dichloromethane
was then added to the composition and mixed in a speedmixer for 10
min to dissolve the initiator. The samples were mixed for 10 min to
evaporate dichloromethane.
4.2. Gel Fraction and Swelling Measurements. The elastomers

were cured at 100% intensity for 60 s inside the photorheometer with a

thickness of 1 mm. Dimensions and mass of the cured elastomers were
recorded. The elastomers were immersed in toluene for 3 days and
stirred every 12 h. Toluene was decanted, and dimension and mass of
the samples were measured while elastomers were swelled. Then,
elastomers were dried at 50 °C under vacuum for 5 h. The mass and
dimensions of the dried elastomer were recorded once values stabilized.

4.3. Photorheology Measurements. The photosource used was
an Omnicure model S2000, which emits a broadband spectra from 250
to 600 nm. The Omnicure was connected to a photorheology
attachment on a TA Discovery DHR-3 rheometer equipped with a
20 mm flat steel plate. In the photorheometer system, the Omnicure
output an irradiance of 100 mW/cm2 in the UV range (<400 nm). The
irradiance was altered by changing the intensity of the Omnicure.
Rheology measurements were conducted with a gap of 500 μm. Cross-
linking studies were done while measuring the rheology at an oscillation
strain of 1% and frequency of 1 Hz. Stress relaxation measurements
were conducted by applying 20% strain and turning on the UV light.
Creep measurements were conducted by applying a stress equal to the
shear modulus of the cross-linked material. Temperature-dependent
measurements were completed by cross-linking the sample for 60 s at
100 mW/cm2, raising the top plate (with the sample still adhered), and
replacing the photorheology attachment with a Peltier plate. After
lowering the top plate so that the sample was in contact with a Peltier
plate, measurements were conducted at an oscillation strain of 1% and a
frequency of 1 Hz, while the temperature was ramped at a speed of 2
°C/min.

4.4. Mechanical Property Measurements. To quantify damage
recovery and healing under UV, dog-bone samples of an optimized
elastomer (3 mm thick) were cast and cured for tensile stress−strain
characterization. The selected composition was a 14 kDa divinyl PDMS
at a 1:3 vinyl/thiol ratio with 75:25 polythiol/dithiol ratio and 1 wt %
(∼60 μmol/cm3) of the HMPP photoinitiator. All samples were first
cured under nitrogen for 150 s at 35 mW/cm2 UV exposure. Some
samples were tested in their cast and cured state to provide reference
mechanical data. Others were cut in half with a knife and then placed in
contact for healing. Under nitrogen, the cut samples were exposed to
broadband UV light for 60 s at 35 mW/cm2 exposure. After the samples
were healed, a marker indicated the place of healing. Tensile stress−
strain curves were performed with the test samples in a horizontal
direction. In all cases, the tensile tests were performed at a nominal
displacement rate of 1 mm/s, and the load recorded with a 10 N load
cell. In a video recording, the material was observed to flow while the
UV was on and heal the cut and then solidify when the UV is turned off
(Video S2). The mechanical properties of these samples were then
measured and compared to the as-cast samples.

Elastomer samples of 9.4 kDa PDMS divinyl at a 1:3 vinyl/thiol ratio
with 75:25 polythiol/dithiols with 1 wt %HMPPweremade to quantify
the peeling force with and without exposure to UV. Elastomer samples
(60mm× 10mm× 150 μm) were cured under nitrogen, for 150 s at 35
mW/cm2 on 20 μm of the polyethylene film substrate. After curing,
another layer of 20 μm of the PE film was placed on top and UV was
exposed through the top substrate for an additional 30 s. Peeling force
as a function of the clamp distance was measured using an in-house
tensile setup with 50 N load cell at a displacement rate of 1 mm/s. After
20 mm displacement, the UV was turned on and debonding measured
with the UV source 10 cm directly above the sample at 100% intensity.

4.5. Molding/Remolding of Photo-CANs. Elastomer samples of
9.4 kDa PDMS divinyl at a 1:3 vinyl/thiol ratio with 75:25 polythiol/
dithiols at 1 wt % HMPP were made to demonstrate patterning and
repatterning under UV exposure. Elastomers (1 mm thick) were cured
under nitrogen for 150 s at 35 mW/cm2 on the ITO/PET substrate.
The sample was placed above a quarter-dollar coin, and UV was
exposed through the ITO/PET for 60 s. When the elastomer is
removed from the coin, microscopy shows similar features to the
surface of the coin. The same elastomer sample was then placed onto
another coin with different surface features. Under the same UV
exposure, the elastomer is able to repattern from the features of one coin
to another.
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