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Conventional shape memory polymers (SMPs) are restricted to predetermined permanent shapes and

therefore cannot be reconfigured arbitrarily to adapt to variant application scenarios. Meanwhile, shape

memory behaviour is mostly thermally active and is often induced by direct heating and lacks spatial or

remote control. Herein, we report a novel SMP with a reconfigurable network containing a semi-crystal-

line polymer chain, radically exchangeable covalent bond and photothermoresponsive carbolong

complex moiety. The photothermal effect of the carbolong complex and the thermal responsiveness of

the semi-crystalline polymer chain and radically exchangeable covalent bond lead to shape memory

behaviour and network topological rearrangement using near-infrared light irradiation. Such a strategy

offers an opportunity for building reconfigurable shape memory polymers that can be manipulated by

either direct heating or remote light irradiation.

Introduction

Shape memory polymers (SMPs) are cross-linked polymer net-
works that are able to switch between a temporary shape and a
permanent shape in response to an external stimulus.1–4 SMPs
are anticipated to be applied in the fields of biomedical
devices,10 aerospace industry,11 actuators,12 flexible elec-
tronics13 and so on. Although shape-memory polymers have
been known for decades, growing interest in recent years has
immensely pushed forward the development of SMPs, such as
multi-shape memory,5,6 reversible shape-memory,7,8 and rapid
shape-memory materials.9

Conventional SMPs often have ‘permanent’ shapes immobi-
lized that are hard to meet the demand of complex geometries
for practical applications. The emergence of thermadapt
polymer networks,14 achieved via dynamic covalent bond
exchanges, offers an ideal solution to tackle this problem.15–19

The integration of thermal plasticity allows SMPs to reconfi-
gure the permanent shape in an almost unrestricted manner.

Therefore, the ‘permanent’ shapes are not limited by the
initial moulding techniques. Up to now, a great variety of
dynamic covalent bonds have been adopted to achieve thermal
plasticity in polymer networks and/or thermadapt SMPs, such
as disulfide bonds,20 Diels–Alder moieties,19,31 hydroxyl-
esters,21,22 urethanes,17,23 imines,24 C–N bonds,25 boronic
esters,26 and radically exchangeable covalent bonds.27–30

Radically exchangeable covalent bonds are available with a variety
of structures and exhibit different dynamic behaviours under
various temperatures without catalysts and show great advantages
towards the construction of thermadapt polymer networks and
SMPs. We have reported the synthesis of a 2,2′-bis (2-phenylin-
dan-l,3-dione) radically exchangeable covalent bond for the con-
struction of dynamic polymer networks and SMPs.32,33

Both shape memory behaviour and dynamic bond exchange
are mostly thermally active and are often triggered by direct
heating that lacks spatial or remote control. Triggering through
photothermal effect, especially near infrared (NIR) irradiation
induced photothermal effect, characterized by remote spatio-
temporal selectivity, large penetration depth, and less damage
to the polymeric material, is anticipated to address this chal-
lenge. We speculate that a synergistic combination of shape
memory, thermal plasticity and photothermal effect in a single
SMP system may offer an opportunity to manipulate the shape
memory and the network topological rearrangement of a
polymer in a precise spatial and temporal controlled way.

To this end, we constructed a polyurethane-based SMP with
a semi-crystalline polycaprolactone chain, radically exchange-
able TEMPO-based alkoxyamine moiety whose thermal
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exchange is tolerant of many functional groups34 and an inte-
grated photothermally responsive carbolong complex moiety
(Scheme 1a). Taking advantage of the photothermal effect of
the carbolong complex and the thermal responsiveness of the
semi-crystalline polymer chain and the radically exchangeable
covalent bond, we were able to manipulate the shape memory
behaviour and network topological rearrangement using near
infrared light irradiation (Scheme 1b).

Results and discussion
Synthesis of polymer networks

The carbolong complex (denoted CLC556, Scheme 1a) used
here is a metal bridgehead polycyclic framework featuring a

long carbon chain (≥7C) coordinated to a metal via metal–
carbon bonds35,36 and has been demonstrated to be an excel-
lent NIR-responsive photothermal conversion moiety.37–42 The
hydroxyl functionalized carbolong complex compound 1
was synthesized according to the published procedure.37

1-(2-Hydroxy-1-phenylethoxy)-2,2,6,6-tetramethylpiperidin-4-ol
(compound 2), containing a radically exchangeable TEMPO-
based alkoxyamine moiety (denoted TEMPO-C), was syn-
thesized in two steps from commercially available materials
(Scheme S1†).43 A polyurethane-based network (CLPU1) con-
taining a carbolong complex, a TEMPO-C and a polycaprolac-
tone chain was readily synthesized via a two-step condensation
polymerization protocol (Scheme 1a and ESI†). Two control
polymer networks, one containing the carbolong complex but
not TEMPO-C (CLPU2) and the other containing neither the

Scheme 1 (a) Synthesis of polymer network containing a semi-crystalline polycaprolactone chain, radically exchangeable TEMPO-based alkoxy-
amine covalent bonds and a photothermoresponsive carbolong complex moiety. (b) Schematic illustration of the optically reconfigurable shape
memory of the polymer network.
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carbolong complex nor a TEMPO-C (CLPU3), were also pre-
pared. The details of the polymer synthesis were elaborated in
the ESI.†

Photothermal effect of the polymer networks

The photothermal effect of the carbolong complex CLC556 in
the polymer matrix was studied via NIR laser irradiation (λ =
808 nm, 0.5 W cm−2). The sample temperature was monitored
by using a thermal imaging camera. For CLPU1 and control
CLPU2, the surface temperature was increased to over 100 °C
in 30 s and can be maintained at around 110 °C (Fig. 1a, b,
and c) for one hour without significant attenuation, suggesting
the excellent photothermal conversion capability and stability
of CLC556 in the polymer network. This thermal stability can
be attributed to the unique aromaticity of the carbolong
complex. Indeed, when heated under air conditions, the car-
bolong complex compound 1 could survive up to 160 °C
without significant decomposition, as little change in the
molecular structure was detected by NMR. Not surprisingly,
the control CLPU3 without CLC556 showed almost no temp-
erature increase upon NIR laser irradiation (Fig. 1a and d).
Taking advantage of the photothermal conversion capability
and thermal stability, heating and cooling of CLPU1 can be
repeated for several cycles without visible attenuation
(Fig. 1e) by switching on and off the NIR laser. Therefore, it is
possible to manipulate the shape memory behaviour and
topological rearrangement by using NIR in a spatiotemporal
manner.

Dynamic properties of the polymer networks

We started by examining the thermal dissociation of the
TEMPO-C moiety in compound 2 by using electron spin reso-
nance (ESR) spectroscopy measurements. As shown in
Fig. S6,† the ESR signals of compound 2 in DMF solution
started to strengthen when heated above 50 °C. The signal was
significantly enhanced as the temperature reached 110 °C,
indicating the abundant dissociation of compound 2 at high
temperatures. Such a temperature-dependent trait is in accord-
ance with the generation of radicals.27 CLPU1 containing
TEMPO-C was then examined by variable temperature ESR.
The ESR signals as a function of temperature are shown in
Fig. 2. It is clear that TEMPO-C also showed a thermal dis-
sociation behaviour in the polymer network. It is worth noting
that a significant increase in the ESR signal only occurs at
around 100 °C, higher than that of compound 2 in the solu-
tion state. This can be due to the fact that TEMPO-C is less
dynamic in the solid-state polymer network. Moreover, it can
be deduced that significant dissociation of TEMPO-C occurs at
higher temperatures than at the melting temperature of poly-
caprolactone crystallites (Fig. S8†). This temperature difference
is suitable for the manipulation of shape memory based on
the melting and crystallization of polycaprolactone and the
rearrangement of its topological network structure due to the
dissociation and reformation of TEMPO-C at different temp-
eratures. By adjusting the power of the NIR laser, the photo-
thermally induced temperature increase can be controlled at
lower magnitudes. Therefore, we were able to manipulate both

Fig. 1 (a) Surface temperature of polymer networks as a function of NIR laser (λ = 808 nm, 0.5 W cm−2) irradiation time; infrared thermal images of
irradiated spots from (b) CLPU1, (c) CLPU2, and (d) CLPU3; and (e) reversible light triggered heating and cooling cycles of CLPU1.
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shape memory and rearrangement of a topological network
structure by NIR irradiation. Meanwhile, the carbolong
complex CLC556 has been verified to be stable at 110 °C,
which guarantees the steady operation of the system.

The dynamic property of CLPU1 was also verified by a swell-
ing experiment. Two pieces of square CLPU1 samples were
soaked in DMF at room temperature (Fig. 3a) and 110 °C
(Fig. 3b), respectively. After 30 min, the sample soaked at room
temperature was swollen into an enlarged organic gel, similar
to conventional covalent polymer networks. This phenomenon
indicates that CLPU1 is a covalent polymer network and the
dynamic moieties in the network are stable at room tempera-

ture. However, the sample soaked at 110 °C was completely
dissolved after 30 min, more like the behaviour of thermoplas-
tic polymers. This unique behaviour can be ascribed to the
dynamic bond breaking of TEMPO-C moieties in the polymer
network at elevated temperatures.

The incorporation of dynamic covalent bonds can endow
the polymer networks with unique stress relaxation and creep
behaviours. Indeed, stress relaxation tests of CLPU1 (Fig. 4a)
showed that at relatively low temperatures (<50 °C), the stress
declined quickly in the beginning and then relaxed very slowly,
akin to that of the control CLPU2 without TEMPO-C. When
heated to 80 °C and above, the stresses of both CLPU1 and
CLPU2 relaxed faster towards zero than when operated at lower
temperatures. The relaxation was much slower for control
CLPU2 than CLPU1 (80 °C and 110 °C). Such stress relaxation
behaviours indicate that CLPU1 is more like a conventional
thermoset polymer at relatively low temperatures due to the
slow dissociation of TEMPO-C and the melting of polycaprolac-
tone crystallites (Fig. S7 and S8†). While at elevated tempera-
tures, the significant dissociation of TEMPO-C led to the
rearrangement of polymer segments to relax the stress faster.
Besides the unique stress relaxation behaviours, the polymer
network with TEMPO-C also showed a distinct creep behaviour
compared to the control. The strain of sample CLPU1 with a
constant stress loading developed very slowly below 50 °C,
which is again analogous to conventional thermoset polymers
(Fig. 5a). However, the creep rate boosted dramatically when
the sample was heated up to 110 °C, exhibiting plasticity as a
result of the thermal dissociation of TEMPO-C in the network.

Fig. 2 (a) ESR spectra of CLPU1 measured at variable temperatures; (b)
ESR signals of CLPU1 at 3310 G and 3313 G as a function of
temperature.

Fig. 3 Swelling behaviours of CLPU1 in DMF at (a) room temperature
and (b) 110 °C.

Fig. 4 Stress-relaxation curves of (a) CLPU1 (b) CLPU2 at variable
temperatures.
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In contrast, CLPU2 without TEMPO-C did not show such a dra-
matic creep rate change as temperature increased, despite the
melting of polycaprolactone crystallites (Fig. 5b).

Shape memory and topological rearrangement of the polymer
network

As demonstrated above, the melting of polycaprolactone crys-
tallites occurs at a temperature lower than that for the signifi-
cant thermal dissociation of TEMPO-C in the polymer
network. Therefore, we were able to use the polycaprolactone
crystallites as temporary crosslinks and their reversible
melting-crystallization process to realize the shape memory
behaviour.18,44 When combined with the carbolong complex
CLC556 and its photothermal effect, the shape memory behav-
iour of the polymer network can be remotely controlled by NIR
irradiation. As a demonstration, a rod-like CLPU1 sample was
stretched under NIR irradiation. The sample started to
elongate when the temperature of the irradiated spot increased

above 50 °C, owing to the melting of the polycaprolactone crys-
tallites (Fig. S7 and S8†). When the sample was cooled down to
room temperature after removing the NIR laser, the elongated
shape of the sample was maintained owing to the crystalliza-
tion of the polycaprolactone segments that froze the network
temporarily. The sample was then hung on by using two
clamps, and the shape memory behaviour was triggered by
NIR irradiation. As shown in Fig. 6, upon NIR irradiation, the
elongated sample contracted back to its initial length within a
minute as evidenced by the lifting up of the lower clamp, indi-
cating a relatively rapid one-way shape memory process. The
strain–stress correlation during one-way shape memory of
CLPU1 was confirmed by a DMA test. As shown in Fig. 7, the
sample was deformed when loaded with constant stress at
50 °C. The deformation was maintained when the temperature
was decreased to −20 °C and the stress was removed succes-
sively. When the sample was heated up to 50 °C without stress
loading, the shape of the sample returned to the initial state,
indicating the shape memory behaviour of the sample. This
process was repeated for six cycles and the shape memory
property of the sample was mostly stable, although a slight
permanent deformation was accumulated during these cycles.
The accumulated permanent plastic deformation should be
ascribed to the partial dissociation of dynamic TEMPO-C in
the polymer network, which partially released the intrinsic
stress of the sample and resulted in plastic deformation of the
sample for each cycle (Fig. S9†).

Conventional shape memory materials are restricted by
their predetermined initial shapes after processing, which

Fig. 5 Creep curves of (a) CLPU1 (b) CLPU2 at variable temperatures.

Fig. 6 One-way shape memory behaviour of CLPU1. The sample was first programmed into the temporary shape by stretching under NIR
irradiation. No oxygen care was taken during this demonstration.

Fig. 7 DMA cycling tests for one-way shape memory of CLPU1.
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cannot be reconfigured arbitrarily to adapt to various appli-
cation scenarios.16 A combination of plasticity and the shape
memory property can overcome this limitation and make it
possible to reset the permanent shape of the materials. In
brief, a material goes through a designed plastic deformation
under certain conditions and then the deformation is immobi-
lized as a new permanent shape. The newly shaped sample
can then perform a shape memory behaviour when triggered
by a specific stimulus. To this end, our dynamic covalent
CLPU1 polymer network turns out to be an ideal candidate. As
shown in Fig. 8, an “I” shape of the CLPU1 sample was irra-
diated by NIR light for 1 h. During this period, the temperature
of the sample was increased to 110 °C, thus dissociating the
dynamic bonds from the moiety of TEMPO-C. Thereafter, the
polymer was reconfigured into an “S” shape as the new perma-
nent shape, on account of the plastic property of the sample
under this condition. The new shape was then immobilized
after removal of the irradiation and cooling down to reform
the dynamic bonds. Next, the sample was reheated by NIR
irradiation again, and the temperature of the sample was con-
trolled to be 50 °C. While such a relatively low temperature can
minimize the dissociation of the dynamic bonds, meanwhile,
the melting of polycaprolactone crystallites was ensured. In
this case, the sample can be programmed into a temporary “I”
shape due to the melting and crystallization of polycaprolac-
tone segments. When the sample was irradiated again, the
new temporary “I” shape switched back to the permanent “S”
shape, thus finishing one shape memory cycle. The plastic
shape memory was also evidenced by the DMA test. As shown
in Fig. 9, when the set temperature was lower than the dis-

sociation temperature of the TEMPO-C moiety, the sample
showed a typical one-way shape memory behaviour as demon-
strated above. When the temperature was increased up to
110 °C, the TEMPO-C moiety dissociated and destroyed the
polymeric network structure partially and temporarily. At this
time, the sample was deformed by loading with transient
stress. Such a deformation was maintained when the sample
was cooled down, i.e. a new permanent shape was formed.
Afterwards, when the same programming was applied again,
the sample experienced a one-way shape memory process
again on the basis of the new permanent shape, indicating a
plastic shape memory behaviour.

Conclusions

We have synthesized a novel polyurethane network with a
semi-crystalline polycaprolactone chain, the photothermally
responsive carbolong complex CLC556 and a radically
exchangeable dynamic TEMPO-C moiety. The radical dynamic
covalent bond moiety endows polymer networks with dynamic
property, while the photothermally responsive carbolong
complex enables remote manipulation of the materials using
NIR laser irradiation. Importantly, the combination of the
photothermal effect of the carbolong complex, the thermal
responsiveness of the semi-crystalline polymer chain and the
radically exchangeable covalent bonds led to the reconfigur-
able shape memory behaviour that can be remotely controlled
through NIR irradiation. We believe this line of research pro-
vides a general strategy to construct SMPs that can be manipu-
lated in a precisely controlled way that is generally unrealized
by conventional shape memory materials.

Experimental
General information

Polycaprolactone diol (Mn 2000) was purchased from J&K with
vacuum drying before usage. Dibutyltin dilaurate (98%), 1,6-
diisocyanatohexane (99%), 4-hydroxy-2,2,6,6-tetramethyl-piper-
idinooxy were purchased from Energy Chemical and used
directly. Dichloromethane (AR) from Sinopharm was dried by
CaH, styrene (95%) from Energy Chemical was purified by a
basic Al2O3 column to remove the inhibitor, and benzoyl per-

Fig. 8 Plastic shape memory of CLPU1. (a) Original permanent shape. (b) New permanent shape. (c) Temporary shape. (d) The temporary shape
switched back to the new permanent shape. (I) The sample irradiated by NIR light and its temperature increased to 110 °C. (II) The sample was
heated to 50 °C by NIR light. (III) The sample was heated to 50 °C by NIR light again. No oxygen care was taken during this demonstration.

Fig. 9 DMA test for the plastic shape memory of CLPU1.
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oxide from Energy Chemical was dried by anhydrous Na2SO4.
Argon (≥99.99%) from Linde Industrial Gases was used
directly.

Tensile tests were carried out by using an Instron 3343
single-arm stretcher at a stretching rate of 5% of the initial
length of the sample per second. The tensile tests were
repeated three times for each sample for error analysis. The
sample strip was 5.0 × 2.0 × 0.7 mm (length × width ×
thickness).

Nuclear magnetic resonance (NMR) spectra were recorded
by using a Bruker Avance II 400 MHz, using tetramethyl silane
(TMS) as an internal standard and deuterium methylene chlor-
ide as the solvent. Photothermal tests were performed by using
an stl808t1-15w fiber coupling system and the data were col-
lected by using a FLIR A35 FOV 24 thermal imager.

Differential scanning calorimetry (DSC) measurements were
performed by using a DSC 240 F1 at a heating rate of 10 °C
min−1 under N2 atmosphere.

Optical images were taken by using an optical microscope
(Guangzhou optical instrument factory), XDS-1 equipped with
a 0.5 × CCD adapter.

X-ray powder diffraction (XRD) was performed by using a
Rigaku Ultima-IV diffractometer with Cu Kα as the radiation
source (λ = 0.154 nm).

Infrared spectra were recorded by using a Nicolet 380
Fourier transform infrared spectrometer, using KBr pellets.

Electronic spin resonance spectra were recorded by using a
Bruker EMX-10/12 electronic spin resonance spectrometer.

Dynamic thermomechanical analysis was carried out by
using a dynamic thermal mechanical analyser TA 850 at a test
frequency of 1 Hz and a heating rate of 5 °C min−1 in N2.

Stress relaxation tests were conducted by using a TA 850
dynamic thermal mechanical analyser. In stress relaxation
tests, the sample was stretched for 1 mm first and then the
length of the sample was maintained.

Creep tests were conducted by using a TA 850 dynamic
thermal mechanical analyser. For creep tests, a stress of 0.1 N
was applied on the sample for 10 min and then the stress was
removed.

Synthesis of 2

Anhydrous benzoyl peroxide (0.63 g, 0.45 eq.), 4-hydroxy-
2,2,6,6-tetramethyl piperidine oxygen (1.0 g, 1.0 eq.), and
20 mL of distilled styrene were mixed into a 50 mL round-
bottom flask. The mixture was stirred at 90 °C under Ar for
24 h. Then the excess styrene was removed by distillation and
the remaining mixture was dried by rotary evaporation. The
crude product was purified by silica column (200–300 mesh)
and eluted by petroleum ether (PE) : ethyl acetate (EA) = 3 : 1,
resulting in a light yellow oily liquid (0.74 g, yield 36%). The
light yellow oily liquid (1.00 g, 1 eq.) was dissolved in 20 mL of
ethanol in a 50 mL round-bottom flask. Then, 2 mL of KOH
(0.39 g, 2.8 eq.) aqueous solution was added to the flask. The
solution was refluxed for 16 h, then ethanol was removed by
rotary evaporation, and the residue was extracted using di-
chloromethane (30 mL) : water (30 mL) = 1 : 1 mixed solvent,

which was followed by dichloromethane (30 mL × 2). The
organic phase was then dried by anhydrous Na2SO4. After evap-
oration, the crude product was purified by a silica column
(200–300 mesh), using petroleum ether : ethyl acetate = 1 : 1 as
the eluent, to obtain compound 2 as a light yellow oil (0.59 g,
yield 80%).

Synthesis of polymer networks

A series of polyurethane samples were synthesized as shown in
Table 1. Taking CLPU1 as an example, the general synthesis
route was: polycaprolactone (1.00 g, 20 eq.), compound 1
(5 mg, 0.14 eq.), and compound 2 (73.3 mg, 10 eq.) were added
into a 50 mL round-bottom flask under N2. Super dry dichloro-
methane (5 mL) and 1,6-diisocyanate (215 uL, 53.5 eq.) were
then added to the flask. Polymerization was carried out at
30 °C for 4 h and then triethanolamine (30 uL, 9 eq.) was
added. After crosslinking for 2 h, the mixture was poured into
a PTFE mold, and then dried under 30 °C to obtain the cross-
linked polyurethane film with a thickness of 0.7 mm.
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