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Metallopolymers combine the functionality of metal centres with the processabilities of polymers, leading
to rapidly expanding interest in the design and development of novel functional materials and devices.
Carbolong complexes are a brand-new family of Mdbius metalla-aromatics among which specific struc-
tures exhibit excellent photothermal properties under near infrared (NIR) light. Here, NIR photothermally
healable carbolong polyurethanes (CLPUs) carrying covalently embedded 12C-carbolong motifs in the
backbone are reported for the first time. CLPUs with a very low content of 12C-carbolong (down to
0.10 wt%) exhibit fast (<1 min), spatially resolved, and repeatable (>5 cycles) healing whose efficiency can
be tuned by the content of the carbolong complex and NIR power. The healing mechanism is ascribed to
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the accelerated dissociation of physical interactions, melting of polymer crystallites and chain diffusion
induced by the NIR photothermal effect of carbolong embedded in the CLPUs. The fruitful chemistry and
the unique photothermal properties of carbolong complexes make them versatile for the design of light-

rsc.li/polymers

1. Introduction

Synthetic polymers that contain metal centres as building
blocks, i.e., metallopolymers, have sparked a great deal of
interest in the past decade because of their unique properties.
The presence of metal elements in a polymer chain provides a
versatile platform for combining the chemical, electronic,
magnetic, optical, redox, catalytic, and mechanical properties
of metal centres with the synthetic efficiencies and ready pro-
cessabilities of organic polymers. So far, a variety of metal
centres have been harnessed and incorporated into polymer
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controlled and light-powered self-healing materials.

backbones, including but not limited to lanthanides and
main- and transition-group metals. The interactions between
the metal ions and the ligands can be tailored to vary continu-
ously from strong and static binding (covalent) to weak and
reversible coordination interactions (non-covalent).> Moreover,
the location of the metal centres in the polymer chain (the
main chain® or the side chain®®) and the chain topology
(linear, branched or dendritic®) offer metallopolymers great
flexibilities in the structure and architecture design. Such
structural and dynamic diversity have secured a prominent
role of metallopolymers in a myriad of applications as diverse
as photovoltaics,” data storage,® catalysis,” and stimuli-respon-
sive'®'" and self-healing materials.>**”

Among various metal-ligand complexes, polymers carrying
“carbolong” complexes are rarely explored.'®*° Carbolong
complexes are a brand-new family of M6bius metalla-aromatics
developed by the Xia group, in which the transition metal che-
lates with highly conjugated carbon ligands.”’* Carbolong
complexes are particularly useful to construct functional poly-
meric materials because of their (a) fruitful chemistry to be
covalently incorporated into polymers,'®>° enabling versatile
polymer design, and (b) excellent optical,”® single-molecular
conductive,”” photoacoustic,”® and particularly photothermal
properties, depending on their specific structures.'®2%>29

Self-healing materials are one kind of intelligent material
that can recover functions and mechanical properties after

This journal is © The Royal Society of Chemistry 2019
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damage. Among various ways to achieve self-healing, light
initiated self-healing processes provide a convenient way to
remotely control the mending of materials in a spatiotemporal
manner in situ. The underlying healing mechanisms may
involve photo-crosslinking reactions, photoinduced meta-
thesis,®® and photothermal effects, ie., the conversion
of photons into heat via non-radioactive relaxation
mechanisms.>** For instance, Rowan and co-workers pio-
neered a metallo-supramolecular polymer carrying a metal-
ligand complex that exhibits fast and efficient healing upon
UV irradiation.? For those self-healing dynamic polymers, the
heat generated by light not only promotes local chain
diffusion across the interface of wounded regions but also
accelerates the dissociation of dynamic bonds like a metal-
ligand complex,” hydrogen bonding,>® and Diels-Alder
adduct.’® Near infrared (NIR) light irradiation is advantageous
over UV light due its low photochemical effect and deep
sample penetration. So far, a variety of photothermal conver-
sion reagents has been reported for self-healing applications,
such as gold nanoparticles,?*?”*® carbon nanotubes®® and gra-
phenes,® and conjugated polymers.>® Although these
materials are efficient and promising to prepare self-healing
polymers, they form heterogeneous systems and usually have
poor interfacial interactions with a polymer matrix.*” On the

cr
o o
—[Os]
& s PPh,

\é
2

View Article Online

Paper

basis of the fruitful chemistry and excellent NIR photothermal
properties of carbolong, we envisage that polymers covalently
carrying carbolong complexes may achieve spatially resolved,
repeated and fast healing of materials in a remote way by light.
In this regard, Xia and co-workers have successfully syn-
thesized copolymers,'® tadpole-like amphiphilic polymers,*®
and cylindrical polymers with carbolong complexes on the
side groups or chain ends in preliminary attempts.>® All three
metallopolymers exhibited excellent photothermal properties
under NIR light irradiation.

Herein, for the first time, we report on the development of
NIR photothermally healable carbolong polyurethanes
(CLPUSs) by covalently incorporating carbolong complexes into
the backbones of linear polyurethanes (Fig. 1). CLPUs with
very low contents of carbolong exhibited fast and highly
efficient photothermal responses under NIR irradiation and
the photothermal effect could be readily modulated by the
content of carbolong complexes and the light intensity. The
strong photothermal effect allowed not only NIR-triggered, fast
(<30 s) and repeatable (>5 cycles) healing of CLPUs, but also
localized spatiotemporal control of the healing process. We
hope that our demonstration will pave the way for the appli-
cations of carbolong complexes in a variety of versatile self-
healable polymeric materials.
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Fig. 1 (a) Synthesis of dihydroxyl 12C-carbolong complex 2 containing polymerisable groups and the corresponding carbolong polyurethanes. (b)
CLPU specimens of CLPUO, CLPU7, CLPU10, CLPU15, CLPU20, and CLPU30 (from left to right). The scale bar is 0.5 cm. (c) Schematic illustration of

the NIR triggered healing process.
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2. Results and discussion
2.1. Synthesis of dihydroxyl 12C-carbolong complex 2

A 12C-carbolong complex 1 was first synthesized and further
derived with hex-5-yn-1-ol to give a dihydroxyl carbolong
complex 2 in 90% yield according to Xia’s reported route
(Fig. 1a).”*> The chemical structure of 2 was confirmed by NMR
spectroscopy, X-ray crystallography, and liquid chromato-
graphy-mass spectrometry (Fig. S1-S8 and Table S1f). To
prepare carbolong polyurethanes, 2 was polymerized with 1,6-
hexyldiisocyanate and poly(e-caprolactone) (PCL, number aver-
aged molecular weight M,, = 2 kDa). PCL would impart good
mechanical and potential shape memory properties to CLPUs,
and its melting and recrystallization are of importance to self-
healing. The molecular weight of CLPUs was determined by
gel permeation chromatography (GPC, Fig. S9-S147) and is
listed in Table S2.f The M, of all samples is in the range of
95-150 kDa with a polydispersity of 1.30-1.78. The content of
2 in the CLPUs was determined by UV-vis against a standard
curve (Fig. S151) and ranged from 0 to 0.30 wt% (Table S27).
Samples are denoted as CLPUX where X/100% is the weight
percent of complex 2. For example, CLPU20 denotes that the
content of 2 in polyurethane is 0.20 wt%. Thin films (ca.
0.7 mm thick) of CLPUs were prepared by solution drop-
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casting. The as-prepared films were flexible and mechanically
freestanding at room temperature. As shown in Fig. 1b, the
colour of the films gradually changes from white to dark
yellow by increasing the content of 2.

2.2. Microstructure, thermal and mechanical properties of
CLPU films

We first characterized the microstructure, thermal, and
mechanical properties of these carbolong polyurethane films.
Fig. 2a depicts the X-ray diffraction (XRD) profiles of 2, CLPUO,
and CLPU20. The XRD profile of 12C-carbolong complex 2 is
featureless in the studied 26 range, whereas two sharp peaks
appear at 20 = 21.4° and 23.7° for all CLPU films (Fig. 2a and
Fig. S16-5177), which, respectively, represent the (110) and
(200) crystal planes of the PCL crystallite.*""** This result indi-
cates that 2 did not disturb the crystallization of PCL segments
in the CLPUs.

To explore the long-ranged morphology, we performed
small angle X-ray scattering (SAXS) on CLPU films (Fig. 2b). A
shoulder peak can be recognized at around g = 0.35 nm ™" for
CLPUO, which comes from the interference of scattering
objects within the samples. To estimate the precise peak posi-
tion, we applied Lorentz correction to the scattering data
(Fig. $181)** and the peak position was determined to be g* =
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(a) XRD, (b) SAXS, and (c) DSC of CLPUO and CLPU20. (d) Stress—strain curves of CLPU films with varying contents of 2 as indicated in the

legend. The dashed circle indicates the sawtooth feature during plastic deformation.
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0.40 nm™", which corresponds to a characteristic length * =
15.7 nm (2xn/q*). We assigned this length to the inter-lamellar
spacing of the PCL crystallite according to literature
studies.*"**> Nevertheless, CLPUs show similar SAXS profiles to
the control CLPUO in terms of both the scattering intensity
and the peak position (Fig. S18-S197), indicating that the pres-
ence of 2 did not result in a new long-ranged morphology.

Fig. 2c shows the differential scanning calorimetry (DSC)
curves of CLPUO and CLPU20. The pure polyurethane film has
an endothermic peak at 59 °C and this peak slightly shifts to a
lower temperature (58 °C) for CLPU20. In line with the DSC
results, the two diffraction peaks of the PCL crystallite dis-
appeared at 60 °C for both CLPUO and CLPU20 (Fig. S177).
Therefore, we ascribe the endothermic peak in Fig. 2c to the
melting of the PCL crystallite.?”

The shape of the stress—strain curves of all CLPUs is typical
of semi-crystalline polymers (Fig. 2d and Fig. S20%). After
passing the elastic region, necking initiates and continues to
propagate along the entire length of the gauge section. The
final ascent of the stress—strain curves displays sawtooth fluc-
tuations (dashed circle) which can be attributed to the cold
drawing of the materials from the gripped region of the
specimen.**

Mechanical properties of CLPUs such as Young’s modulus,
yield strength and ultimate strength and more are listed in
Table S3.1 The introduction of carbolong complex 2 shows no
systematical or consistent effects on these parameters. The
variation of the mechanical properties (e.g., Young’s modulus
and yield strength) is more likely due to the variation of the
molecular weight and the polydispersity of these carbolong
polyurethanes.

Collectively, the above results suggest that the incorporation
of carbolong complex 2 into polyurethane has no obvious
impacts on the microstructure, thermal, and mechanical pro-
perties of the polymer matrix. This is of particular importance
for practical applications of the carbolong polyurethanes
where the processing conditions of the products can be
retained to the greatest extent.

2.3. Photothermal properties

We next investigated the photothermal properties of the
CLPUs. UV-vis spectra of CLPUs in dimethylformamide (DMF)
show excellent absorption across a wide wavelength region
(Fig. 3a). We chose NIR irradiation for photothermal tests
because of its low energy and deep sample penetrability.
Rectangular samples were irradiated with an intensity-modu-
lated NIR solid-state diode laser (4 = 808 nm, diameter of the
beam spot: 1.1 cm). The increase of the surface temperature at
the laser spot was recorded as a function of irradiation time by
using a thermal infrared camera. Typical thermographic
images of CLPU20 under 0.5 W c¢cm™> NIR irradiation are
depicted in Fig. 3b and Fig. S21.f When irradiated, the
polymer did not show any visible fluorescence emission, and
the photons absorbed by the polymer were converted to heat.
As shown in Fig. 3¢, the surface temperature of CLPU20 at the
beam centre rapidly increases to more than 55 °C within 1 min

This journal is © The Royal Society of Chemistry 2019
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and reaches a steady-state because of the quasi-equilibrium
between light-to-heat conversion of 2 and the thermal dissipa-
tion of the polymer matrix to the environment. CLPUs with
different contents of 2 all show similar photothermal behav-
iour. In stark contrast, the control CLPUO shows little tempera-
ture increase (4 °C) under the same conditions. To the best of
our knowledge, such rapid and efficient photothermal
responses of polymers having chemically incorporated photo-
thermal agents are still rare. We then explored the effects of
the content of carbolong complex 2 and the power density of
the laser on the photothermal performance of CLPU films
(Fig. 3c and d). At a fixed power density of 0.50 W cm >, the
temperature increase at the steady-state, ATy, clearly depends
on the content of 2. For example, ATy increases from 30 to
70 °C as the content of 2 changes from 0.07 to 0.30 wt%,
respectively. On the other hand, AT is also dependent on the
laser power for a given content of 2. For quantitative analysis,
the temperature increase, A7, was fitted to a phenomenologi-
cal exponential function AT = ATy, (1 — e ") where k denotes
the apparent rate constant of the photothermal conversion
process and ¢ is the irradiation time of the laser.*> The effects
of the content of 2 and the power density of the laser on AT
and k are shown in Fig. 3e and f. ATy as a function of the
content of 2 displays two different linear regimes with a break
temperature of 55 °C. After passing this point, increasing the
content of 2 causes decreased heating efficiency (the slope of
the two dashed lines). Interestingly, similar behaviour with a
break around 63 °C was observed when AT, is plotted as a func-
tion of laser power. In other words, increasing the laser power
above this break point is less efficient in heating the polymer.
So far, the detailed molecular origin of this behaviour has been
elusive, but it might be related to the melting of the PCL crystal-
lites as the crossover temperatures shown in Fig. 3e and f are
both higher than the melting temperature of the PCL crystallite
(Fig. 2c¢). In general, the specific heat capacity of the crystalline
phase is usually smaller than that of the amorphous phase for
the same polymer, and therefore the heat accumulation is more
efficient when the crystalline phase is present. Moreover, the
apparent rate constant of the photothermal conversion, &, has
an average value of 1.17 + 0.13 min~" (except the control
CLPUO) and is insensitive to the content of 2 (0.07-0.30 wt%) or
the laser power (0.33-0.74 W cm™?), suggesting that k captures
the inherent photothermal kinetics of 2.

In consideration of the importance for applications, the photo-
thermal stability of 2 was investigated by subjecting the CLPU20
film to 6 ON/OFF light irradiation cycles at a power of 0.5 W cm™>
(Fig. 3g and Fig. S227). The temperatures at the peaks and valleys
remain almost unchanged (+0.5 °C), which attests the photother-
mal stability of CLPU films in long-term service.

2.4. Self-healing properties

Having understood the photothermal properties of the carbo-
long polyurethanes, we then directed our efforts to explore
their self-healing properties. In the first demonstration, we
focused on the healing of microcracks. In this regard, a
0.5 mm deep cut was made on the surface of the 0.7 mm thick

Polym. Chem., 2019, 10, 386-394 | 389
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Fig. 3 Optical and photothermal properties of CLPU films. (a) UV-vis spectroscopy. The arrow indicates the increase of the content of 2. (b) Typical
thermographic images of CLPU20 under NIR light (1 = 808 nm, 0.5 W cm~?) at given times. All the thermographic images are in the same scale
range. (c and d) The increase of temperature, AT, as a function of irradiation time with (c) varying contents of 2 (laser power density 0.5 W cm™2) and

(d) varying laser power densities (W cm™2

, indicated in numbers) for CLPU20. (e and f) The temperature increase at the steady state, AT, and the

apparent rate constant of the photothermal conversion, k, as a function of (e) the content of 2 and (f) the laser power density. Error bars are the
standard deviation from three independent measurements. (g) Temperature variation of CLPU20 under ON/OFF NIR irradiation for 6 cycles.

films for all samples. The cut was then irradiated with NIR
light (4 = 808 nm) and a photograph of the crack was taken by
using an optical microscope at a given time. For most of the
samples, the crack closed within 10 min after irradiation and
the more carbolong complex 2 was loaded, the faster the crack
closed (Fig. 4 and Fig. S237). For example, a film of CLPU20
showed complete healing within 15 s compared to that of 50 s
for CLPU10 and more than 540 s for CLPU7. The fast and
efficient healing can be more clearly observed from the video
(ESIT). On the other hand, the control sample CLPUO showed
no healing even after 10 minutes of NIR irradiation, suggestive
of the key role of carbolong complex 2 in this NIR-triggered
healing process. To the best our knowledge, examples of
metallopolymers that show photothermal healing as a conse-
quence of the NIR photothermal effect of the organometallic
complex are very limited.

We next turned to verify the spatially resolved self-healing
of CLPU films. Particularly, we cut a long crack (>3 cm,
0.5 mm deep) across a CLPU20 film and irradiated the centre
of the crack with NIR light for 15 s (diameter of the spot was

390 | Polym. Chem., 2019, 10, 386-394

1.1 c¢m, Fig. 5a). Fig. 5b shows the photographs of the crack at
different distances from the spot centre before and after
irradiation. As expected, the crack within the beam spot was
completely healed, whereas that just outside the spot (0.7 cm
away from the spot centre) remained unchanged. We attribute
this result to the temperature gradient of the sample around
the light spot (Fig. 3b), as only the irradiated area could
convert light into heat and the surface temperature is the
highest at the spot centre and then drastically decreases to
ambient temperature with increasing distance from the spot
centre. For those areas far from the laser spot, the temperature
is not sufficient to initiate self-healing.

Having demonstrated the light-triggered self-healing of car-
bolong polyurethanes, we turned to evaluate the recovery of
mechanical properties. As shown in Fig. 6a, dog-bone shaped
specimens were punched from a CLPU20 film. For each speci-
men, we cut a notch at the gauge section (0.5 mm wide, the
width of the gauge section is 2.0 mm). The two faces of the
notch were kept in contact and then irradiated with NIR light
for 15 s. For some specimens, we repeated the notching-

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Optical images of the healing process for CLPUO, CLPU10, CLPU20, and CLPU30 after NIR irradiation (1 = 808 nm, 0.5 W cm™2). The

numbers indicate the irradiation time. The scale bar is 200 pm.

healing cycle several times at the same position and they were
denoted as CLPU20-X where X represents the notching-
healing cycles. We define the healing efficiency ; as the restor-
ation of toughness (the area under the stress-strain curve),
that is, the ratio of toughness of the healed specimen to that
of the pristine one (no notch). Typical stress—strain curves of
pristine, notched, and healed specimens are shown in Fig. 6b.
Unlike the pristine sample, the notched specimen showed no
necking after passing the yield point and failed at much
smaller strain (<200%) compared with that of the pristine
specimen (1100%) because of the fast propagation of the
notch. In stark contrast, necking behaviour appeared again in
the healed specimen CLPU20-1 and the specimen almost
regained the mechanical properties. Moreover, the specimen
after repeated notching-healing cycles like CLPU20-3 and
CLPU20-5 showed a similar mechanical performance to
CLPU20-1. Quantitatively, n of all healed CLPU20 specimens is
above 85% (Fig. 6¢). We conducted similar experiments on
other CLPU films. To achieve a similar value of 5, longer
irradiation time was required for samples with a lower content
of 2 (Fig. S24-25 and Table S4+). In stark contrast, the control
CLPUO showed no healing at all. The above results are consist-
ent with the optical observation shown in Fig. 4.

This journal is © The Royal Society of Chemistry 2019

Based on the above results, we propose here a simplified
healing mechanism (Fig. 1d). When the crack is irradiated
under NIR irradiation, the chemically incorporated carbolong
complex 2 within the beam spot efficiently converts light into
thermal energy. The cumulated heat leads to an abrupt
increase in the local temperature which is sufficient to dis-
sociate physical interactions (i.e. hydrogen bonding) and accel-
erates the chain diffusion (by melting PCL crystallites and
releasing constraints due to chain entanglement, etc.) across
the wounded interfaces, leading to the closure of the crack.
Once the NIR irradiation is removed, the local temperature
decreases to an environmental value (room temperature). As a
consequence, physical interactions reform, PCL segments
recrystallize, constraints rebuild and chain dynamics slows
down, and as a result, the sample regains its mechanical
properties.

3. Experimental
3.1. Synthesis of dihydroxyl 12C-carbolong complex 2

The sources of all reagents, chemicals, materials, and solvents
involved in the synthesis and the functionalization of carbo-

Polym. Chem., 2019, 10, 386-394 | 391
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Fig. 5 Spatially resolved healing of a CLPU20 film. (a) Schematic
drawing of the test. White dots represent the sampling position along
the crack. (b) Optical images of the crack at a given position before and
after NIR irradiation for 15 s. The numbers denote the distance from the
center of the laser spot. The diameter of the laser spot is 1.1 cm and the
scale bar is 100 pm.
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long complex 1 are listed and described in the ESL.} Briefly, 1
was synthesized according to the literature.”* For functionali-
zation, hex-5-yn-1-ol (496 pL, 4.5 mmol, 5 eq.) was injected
into a mixture of 1 (1000 mg, 0.9 mmol, 1 eq.) and silver tetra-
fluoroborate (526 mg, 2.7 mmol, 3 eq.) in dichloromethane
(20 mL). The reaction mixture was stirred at 30 °C for 5 h to
yield a green solution, and then the solid suspension was
removed by filtration. The filtrate was reduced under vacuum
to approximately 2 mL, and then purified by column chrom-
atography (neutral alumina, eluent: dichloromethane/metha-
nol = 5:1) to give a green solution. The green solid of complex
2 (1100 mg, 90%) was collected after the solvent was evapor-
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ated to dryness under vacuum and the resulting residue was
washed with diethyl ether and then dried under vacuum.
Detailed structural and spectroscopic characterization of 2 is
shown in Fig. S1-S8 and Table S1.7

3.2. Synthesis of CLPUs

For a typical polyurethane reaction, 2, 1,6-diisocyanatohexane
(911 pL, 5.67 mmol), dry PCL (M, = 2000 g mol™', 10 g,
5 mmol), and dibutyltin dilaurate (DBTDL, 5 pL) were mixed
with 50 mL of DMF in a 100 mL flask. N, was pumped into the
flask three times to get rid of the oxygen. The mixture was
reacted at 50 °C for 12 h to yield polyurethane. The polymer
was then precipitated twice by methanol to remove oligomers
and unreacted reagents. We systematically varied the initial
content of 2 (0-0.5 wt%) in the reaction mixture and the accu-
rate value in the final CLPUs was determined by UV-vis spec-
troscopy against a standard curve.

3.3. Film preparation

1.1 g of CLPU was dissolved in 5 mL of dichloromethane and
the solution was transferred into a homemade Teflon caster.
The caster was then dried in an oven at 50 °C to remove the
solvent. Films with a uniform thickness of ca. 0.7 mm were
harvested.

3.4. General characterization and measurements

2 or CLPU was dissolved in DMF with an overall volume of
3 mL and UV-vis absorbance was then measured by using a
Shimadzu UV 2550 spectrophotometer. DSC was performed on
a DSC 240 F1 at a heating rate of 10 °C min™" under a N, atmo-
sphere. The heat flow between 0 to 120 °C was recorded.
Variable temperature XRD measurements were conducted on a
Bruker D8 Discover diffractometer (4 = 0.154 nm). NIR (4 =
807 nm) irradiation was generated by using a STL808T1-15W
fibre-coupled laser system (Stone Company) and the local
temperature as a function of time was recorded by using an
FLIR A35 FOV 24 thermal imaging camera. For thermo-
gravimetric analysis (TGA) tests, samples of about 8.0 mg were
loaded onto a TA STD Q600 instrument under a nitrogen atmo-
sphere and the weight loss was monitored from 40 to 800 °C at

a heating rate of 10 °C min™".

a b ¢
1 5 = CLPU20 (Pristine) 1 20
= = +CLPU20 (Notched)
NIR light e

el |_ E 10} ——cLPu20-5 = 80r
—_ =3 2\5

Cut | &5 40t

1
0 , , . ol L.
0 400 ( 3())0 1200 CLPU20-1 CLPU20-3 CLPU20-5
EEng °

Fig. 6 Recovery of the mechanical properties of CLPU20 films after healing. (a) Dog-bone shaped specimens with a notch (0.5 mm wide) at a
gauge section (gauge width 2.0 mm). (b) Typical stress—strain curves of pristine, notched, and healed specimens. (c) Healing efficiency, 7, after mul-

tiple notching—healing cycles.
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3.5. Small angle X-ray scattering (SAXS)

SAXS tests were performed on an Anton-Paar SAXess mc” plat-
form using slit collimation (slit dimensions: 20 x 0.33 mm?).
The camera length was 260 mm and the exposure time was
5 minutes. The 1D scattering intensity was desmeared auto-
matically using the commercial software SAXSqudrant and
plotted as a function the magnitude of the scattering vector
g = 4n/Asin(f), where 1 is the wavelength of the X-ray
(0.154 nm) and 26 is the scattering angle.

3.6. Mechanical tests

The mechanical properties of CLPU films were determined on
an Instron 3343 machine. Dog-bone shaped specimens were
punched from films with a cutter. The width and the length of
the gauge section were 2 mm and 5 mm, respectively. Small
pieces of the same material were wrapped around the testing
specimen in the regions of the clamps to minimize slippage.
Specimens were stretched at a cross-head speed of 0.25 mm
s' and the data were interpreted in terms of engineering
Stress opng = FIS, (F is the force at the grips and S, is the area
of the cross-section of the as-prepared specimen) as a function
of engineering strain egn, = (I — ly)/ly x 100% ([, and [ are the
distance between the grips before and after stretching).

Cracks (0.5 mm deep) were cut on the sample surface by
using a razor blade and irradiated by NIR light for a given
time. Images of cracks before and after healing were recorded
with an optical microscope (XDS-1, Guangzhou Liss Optical
Instrument Co., Ltd). To evaluate the healing of mechanical
properties, a 0.5 mm wide notch was made at the gauge
section of dog-bone shaped specimens and irradiated with
NIR light for a prescribed time. For some specimens, the
cutting and healing procedures were repeated several times.
The mechanical properties of the specimens were determined
and the healing efficiency 7 is defined as the ratio of material
toughness (the area under stress-strain curves) of the healed
specimen to that of the pristine one.

4. Conclusions

In summary, we present in this study a series of novel carbo-
long polyurethanes that are capable of fast, spatially resolved,
and repeated self-healing under NIR light irradiation in a
remote and programmable way. The covalently linked carbo-
long complex endows the metallopolymers with excellent
photothermal properties that depend on the content of carbo-
long complexes and the power density of NIR irradiation. The
capacity of light-to-heat conversion allows these metallopoly-
mers with a very low carbolong content to heal efficiently and
the healing process can be spatially controlled with high pre-
cision by a laser pattern. This work represents the first
example where the healing of metallopolymers is triggered by
the NIR photothermal effect of the organometallic complex.
Although in our first demonstration we focused on poly-
urethanes with simple non-covalent interactions (i.e., polymer
crystallization and hydrogen bonding), we envisage that carbo-

This journal is © The Royal Society of Chemistry 2019
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long complexes are versatile and will be applicable to a wide
range of more advanced polymers of various forms such as
fibres, elastomers, composites and so on. We are currently
broadening the uses of carbolong complexes by integrating
them with thermo-reversible motifs other than simple hydro-
gen bonding and polymer crystallites, such as strong multiple
hydrogen bonding, dynamic covalent adducts, liquid crystal-
line components, etc., into polymers of various chemical struc-
tures and hierarchical topologies, targeting a wider variety of
light programmable materials and light-powered actuators.
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