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ABSTRACT: It is appealing to develop dynamic polymer systems with
multifunctionl properties. Herein, we report a polyurethane elastomer with a
dynamic covalent polymer network containing a radically exchangeable 2-
arylindane-l,3-dione dimer as thermally sensitive and reversible cross-links.
In addition, the carbolong complex, an excellent photothermal agent, is
incorporated into the dynamic network backbone. With the irradiation of
NIR light, the carbolong complex rapidly generates thermal energy, which
subsequently triggers the cleavage of the dynamic covalent bond to generate
radicals and activate the polyurethane network. In proof-of-concept
experiments, we demonstrate that the utility of a combination of radically
exchangeable covalent bond and carbolong moiety brings multiple
functional characteristics to the polymer network with a capability of
spatiotemporal control, including thermochromism, photochromism,
rewritability, malleability, and self-healing. This study holds potentials for
exploring more tunable dynamics and improved material properties.

The construction of polymer networks that simultaneously
possess topological stability and reprocessability has

always been a major challenge in polymer science. In recent
years, the rediscovery of dynamic covalent bonds in the role of
polymer networks has been found to be an ideal solution to
address this challenge.1−3 The reversible cleavage and
generation of dynamic covalent bonds inherently tackles the
plastic flow problem of polymer network, making the materials
to integrate both the merits of thermosets and thermoplastics.
Up to now, series of dynamic covalent systems have been
explored in constructing dynamic covalent polymer networks,
such as disulfide linkages,4 Diels−Alder adducts,5,6 trans-
esterification,3,7−12 urethane exchange,13−15 transamidation,16

imine exchange,17,18 transalkylation,19,20 olefin metathesis,21

boronic ester exchange,22,23 silyl ether exchange,24 free radical
systems.25−30

It is appealing to develop novel dynamic covalent moieties
with multiple properties for constructing multifunctional
dynamic polymer systems. In addition, the stimuli for
triggering the dynamic properties are of great importance.
While most dynamic covalent bonds used direct and indirect
heating, we are intrigued by photothermal triggering,31,32

particularly use of near-infrared (NIR) light is preferred,33 for
the benefits of remote spatiotemporal selectivity,32,34 deep
penetration, and low photochemical effect on polymeric
materials.
Recently, we have developed a series of novel carbolong

complexes, which are metal bridgehead polycyclic frameworks

featured with a long carbon chain (≥7C) coordinated to an
osmium atom via metal−carbon bonds35,36 as viable photo-
thermal agents for functional materials.37−40 We envisage that
the excellent photothermal effect of carbolong can be utilized
for triggering the thermoresponsiveness of dynamic covalent
bonds, which can offer unique opportunities in constructing
NIR-responsive dynamic covalent polymer systems.
Herein, we report the first dynamic covalent polymer

network, which carries dynamic covalent moieties and
carbolong complexes in the backbone (Scheme 1a). A dynamic
covalent moiety, 2,2′-bis(2-phenylindan-l,3-dione) (BPID),
which can be thermally activated into two stable 2-phenyl-
indan-l,3-dione-yl radicals, has been employed in this work
(Scheme 1b). With the irradiation of NIR light, the carbolong
complex rapidly generates thermal energy that heats up the
polymer matrix and consequently triggers the cleavage of the
BPID moiety to generate radicals, inducing the segment
reshuffling and rearrangement in the polymer network
(Scheme 1c). The combination of these two functional
moieties brings multiple characteristics to the polymer
network, including thermochromism, photochromism, rewrit-
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ability, malleability, and self-healing. Importantly, these
properties can be manipulated in a spatiotemporal controlled
manner.
We began by designing 2,2′-bis[2-(4′′-(2-hydroxyethyl)

(methyl)aminophenyl)indan-l,3-dione] (BPID-OH), the hy-
droxyl-functionalized BPID, which can be readily incorporated
into polymer backbones. The newly designed BPID-OH
compound was synthesized in two steps and 40% yield from
commercially available materials (Scheme S1). The synthesis
of hydroxyl functionalized carbolong complex compound 556-
OH was accomplished according to the published procedure
(Scheme S2).40 The polyurethane network (PUN) was
synthesized via a two-step condensation polymerization
(Schemes 1a and S3).
The dynamic property of BPID was first studied by a simple

heating−cooling cycle of BPID-OH solution in DMF. As
shown in Figure 1a, the color of the BPID-OH solution
gradually changed from light yellow to yellow green when the
temperature was raised from 20 to 100 °C and recovered to
the initial light yellow when cooling down to 20 °C (Figure
1a). The UV−vis spectra of the BPID-OH solution (Figure
S8) were observed to changed accordingly during the heating
process. The observed green color and change in absorption
when heating up suggests the cleavage of C−C bond in BPID
and the generation of PID radicals,41 while the return of yellow
color when cooling down indicates the coupling of radical
molecular fragments and regeneration of the BPID moieties.
The generation of radicals was then further confirmed by
electron spin resonance (ESR) spectroscopy measurements. As
is clearly shown in ESR spectra (Figure 1b), distinct ESR
signals originated from radicals with calculated g value of
2.0068 were observed during the heating process, in contrast to
the sample at around room temperature. Moreover, the ESR

signals were significantly strengthened as the temperature was
increased over 90 °C, indicating a faster generation of radicals
at higher temperatures. The temperature dependence is in
accordance with the mechanism of radical generation.42 The
study also indicated that the PID radical can be well
maintained for about 1 h in high temperature solution (Figure

Scheme 1. (a) Schematic Structure of Dynamic Polyurethane Network (PUN); (b) Reversible Cleavage and Generation of
BPID; (c) Schematic Illustration of the Dynamic Property of PUN Triggered by 808 nm NIR Light

Figure 1. (a) Color change of BPID-OH in DMF solution (3.4 ×
10−3 M) at various temperatures. (b) ESR spectra of BPID-OH in
DMF solution at various temperatures.
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S7). Meanwhile, it is worth noting that changes of color and
UV−vis spectra were also observed when mixing the BPID-
OH with 556-OH in DMF, suggesting good compatibility of
the PID radicals with carbolong complex (Figures S9 and S10
in SI).
We then studied the dynamic property of PUN by swelling

and thermochromism experiments. A piece of sample (6 mm ×
6 mm) was swollen in DMF to an enlarged gel with a 600%
increase in mass (Figure S11a) at 25 °C after 6 h, and
remained almost unchanged (9 mm × 9 mm) in the next 6 h
soaking (Figure S11b). The sample can be continuously
swollen when further soaked at higher temperatures and
completely dissolved into a homogeneous solution at 120 °C
for 10 h. This phenomenon indicates that the PUN is a true
covalent polymer network at room temperature but more close
to a thermoplastic polymer at high temperature. This behavior
can be ascribed to the dynamic bond breaking and exchange of
BPID moieties at elevated temperatures, leading to a complete
rupture of the cross-linked network. Furthermore, a wafer-like
polymer sheet was heated in an oven from 20 to 100 °C. As
shown in Figure S12, color change into more greenish started
to show up when heating up to around 60 °C and turned
deeper as the temperature was further increased, indicating
that the thermally induced dissociation of the BPID moieties
became more prominent at elevated temperatures. As
expected, the sample returned to the original color after
cooling down, which is akin to the phenomenon of BPID-OH
solution. This reversible color changes during heating−cooling
cycle indicates the homolysis and regeneration of C−C bond
in the BPID moiety on the polymer network, which
corresponds to a reversible deconstruction and recovery of
polyurethane cross-linked network.
The dynamic bond also endows the polymer network stress

relaxation and creep behavior of typical dynamic network. At
relatively low temperatures, the stress declined dramatically at
the beginning and reached a plateau (Figure 2a). Such a stress
relaxation behavior is analogue to the conventional cross-
linked polymers, indicating that PUN is close to a thermoset
polymer at relatively low temperature (<50 °C). While heating
up to 60 °C and higher temperatures, the stress relaxed more
and more quickly to zero, consistent with the faster
dissociation of BPID moieties and consequent reshuffling of
polymer segments to form less stretched networks at elevated
temperatures. This relaxation results agree well with the
swelling and thermochromism behaviors. The activation
energy of the relaxation was calculated to be 63.31 kJ/mol,
comparable to the reported value.14,43 For the creep tests, as
shown in Figure 2b, the stress led to higher strains and larger
permanent deformations after removing the stress when
temperature was increased. Meanwhile, in DMA analysis
(Figure S14), the elasticity modulus and storage modulus
decreased simultaneously as the temperature increased over
room temperature. These results again are consistent with the
faster dissociation of dynamic covalent BPID bonds at elevated
temperatures and indicates excellent plasticity and malleability
of the PUN at high temperatures.
When irradiated with NIR light (808 nm, 0.5 W cm−2), the

surface temperature of PUN at the laser spot increased rapidly
and reached a steady state of around 80 °C (Figure S15) as a
consequence of the photothermal property of carbolong
complex. On account of the photothermal effect, the plasticity
and malleability of PUN can be achieved using NIR irradiation.
As can be seen from Figure 3, with the help of NIR irradiation,

a certain pattern can be easily stamped onto the surface of the
PUN specimen and remained after removing the light source.
Stretching a piece of NIR-irradiated PUN specimen can also
lead to permanent deformation (Figures S16 and S17 and
videos 1 and 2 in SI). Thanks to the dynamic covalent BPID
bond, the PUN combines the merits both of thermoset and
thermoplastic polymers, that is, the topological stability and
processability, which are normally incompatible in a single
polymer system.
An intriguing application of such a dynamic polymer system

is photo triggered self-healing materials. To this end, rectangle
samples (20 mm (L) × 2 mm (W) × 0.6−0.8 mm (T)) with a
0.4 mm deep and 4 mm long cut on the surface were irradiated
by NIR light for healing. Compared to the legible cut at first,
the polymer matrix beside the crack started to coalesce and
narrowed down the crack gradually during irradiation. After 30
min, the cut was almost unobservable, putatively complete
healing was achieved (Figure 4a), consistent with healing using
direct heating (Figure S18). In contrast, no photothermal
effect (Figure S19) and no healing (Figure S20) were observed
for a control PUN sample (Scheme S4) without carbolong

Figure 2. (a) Stress relaxation behavior of PUN at different
temperatures. (b) Creep behaviors of PUN at different temperatures.

Figure 3. Pattern stamped on the surface of PUN with the help of
NIR light.
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complex irradiated with NIR light. The efficiency of healing
was also evaluated by tensile tests. Dog-bone specimens with a
cutting notch (0.4 mm wide, 0.4 mm deep) were tested before
and after NIR healing for various irradiation times.
Representative stress−strain curves of the cut, healed and the
pristine samples are displayed in Figures 4b and S21−S25, and
the detailed mechanical data are summarized in Figure S26 and
Table S1 in the Supporting Information. As can be clearly seen,
for NIR-irradiated samples, the longer healing time, the higher
mechanical strength regained. A 30 min healing guaranteed
almost full recovery of the mechanical property.
Taking advantage of the photothermal property of carbolong

moiety and the thermochromism of the dynamic covalent
BPID bond, the PUN can be used as an ideal NIR rewritable
material. As a demonstration, we irradiated the PUN sheet by
NIR through a photomask with “X” shape hole (Figure 5a).

After NIR irradiation for about 10 min, the exposed region
turned to green, whereas the unexposed region retained the
original color (Figure 5b). The green “X” pattern was then
easily “erased” when the sheet was cooled down to room
temperature.
In conclusion, we have developed a novel dynamic covalent

polymer network by introducing radically exchangeable
covalent BPID bond and metallo-organic complex with
excellent photothermal effect into the polymer backbone.
The dynamic covalent BPID bond was shown to be thermally
responsive with coloration that is reversible, because the
colored free radicals reformed the BPID upon cooling.
Swelling results reflected both covalent and dynamic character-
istics of the BPID in the polymer network. Relaxation tests
confirmed the dynamic covalent characteristics of the
elastomer, and the creep tests indicated excellent plasticity
and malleability of the PUN at high temperatures, which are
suitable for material reprocessing. The dynamic nature of the
BPID also led to thermochromism of the polymer, which could
be triggered by direct heating and photothermal heating by
using the carbolong agents. The NIR triggered dissociation and
consequent thermochromism made the elastomer useful for
remote patterning and rewriting. The as-prepared elastomers
exhibited high elongation and excellent toughness (>700% and
>400 MJ m−3, respectively). Finally, the material was found to
be fully healable. The marriage of dynamic covalent BPID
bond and carbolong complex endows the polymer network
excellent dynamic properties, featured by thermochromism,
photochromism, NIR rewritability, malleability, and self-
healing. We believe that this line of research will offer a
general strategy for a wide range of versatile dynamic covalent
polymer systems toward smart properties with great tunability.
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