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ABSTRACT: To study light-triggered self-healing in supramolec-

ular materials, we synthesized supramolecular thermoplastic

elastomers with mechanical properties that were reversibly

modulated with temperature. By changing the supramolecular

architecture, we created polymers with different temperature

responses. Detailed characterization of the hydrogen-bonding

material revealed dramatically different temperature and

mechanical stress response due to two different stable states

with changes in the hydrogen bonding interactions. A semi-

crystalline state showed no response to oscillatory shear defor-

mations while the melt state behaved as a typical energy dissi-

pative material with a clear crossover between storage and

loss moduli. Comparison studies on heat generation after light

excitation revealed no differences in photo-thermal conversion

when an Fe(II)-phenanthroline chromophore was either

physically blended into the H-bonding polymer or covalently

attached to the supramolecular network. These materials

showed healing of scratches with light-irradiation, as long as

the overlap of material absorbance and laser excitation was

sufficient. Differences in the efficiency and rate of photohealing

were observed, depending on the type of supramolecular inter-

action, and these were attributed to the differences in the ther-

mal response of the materials’ moduli. Such results provide

insight into how materials can be designed with chromophores

and supramolecular bonding interactions to tune the light-

healing efficiency of the materials. VC 2018 Wiley Periodicals,

Inc. J. Polym. Sci., Part A: Polym. Chem. 2018, 00, 000–000
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INTRODUCTION To create next-generation materials it is nec-
essary to design-specific bonding interactions into the mate-
rial to control the material properties.1–21 Stimuli-responsive
materials are promising, since this allows for precise control
of the bonding interactions in the polymer using external
stimuli. One possible design of such materials is a low
molecular weight amorphous polymer backbone with
dynamic bonds such as hydrogen (H-bonding) or metal coor-
dination bonds. These interactions link short polymer mole-
cules together to create a supramolecular network that
provides toughness and elasticity to the bulk material, but
allow for a dynamic response to the external stimulus.

In the past decade, there have been several reports on supra-
molecular thermoplastics – materials with both an amorphous
polymer backbone chain and a well-ordered supramolecular
network – that create crystalline segments or clusters in the

material. One approach to create these ordered crystalline
domains in the supramolecular thermoplastics is based on the
modification of end-groups of low molecular weight telechelic
polymers with multiple hydrogen bonding dynamic motifs that
“stick” together and assemble into a supramolecular network
in the solid state.22–31 Another technique to design a more
sophisticated supramolecular architecture in the polymer
matrix utilizes dynamic-bonding interactions between the
polymer end-group32,33 or side chain of block copolymers34–38

and small molecules. It is a challenge to make these materials
have stimuli-responsive properties, however, since the key
design feature of this class of supramolecular materials is
based on complex interactions of multiple hydrogen-bonding
motifs, which suffer from non-ideal photochemical properties
such as a lack of visible light absorption. This limits them as
stimulus-responsive materials, significantly reducing the
capacity to respond to light stimuli.4,8,39–47 Alternatively, in
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supramolecular materials using metal coordination motifs, the
metal coordination center can also serve as chromophore48 so
that visible light irradiation can be used to control the metal–
ligand interactions.47

Light-responsive materials that utilize a variety of different
metal-coordination bonding interactions – classic metal-
coordination interactions and metal nanoparticles – have been
designed.40,49–52 In these materials, healing was observed due
to local heat generation from the light irradiation – usually
because of the high absorbance of the UV light used – which led
to breaking of the supramolecular interactions in the local irra-
diation volume.40,49 In contrast, our group has recently shown
that materials can be designedwith light-induced bond labiliza-
tion, where visible light irradiation can be used to reversibly
soften materials, beyond that of any light to heat generation.47

These results evoke a question: is it necessary, or better, to
include the chromophore as part of the supramolecular struc-
ture and break the metal coordination bonds, or is it sufficient
to just generate heat from chromophore being dispersed into
the polymer matrix? Understanding the photophysics and pho-
tochemistry of the chromophores in these supramolecular
materials is critical then, to elucidate how light irradiation can
be used to control the bonding interactions in the polymers,
and ultimately the mechanical properties of materials.

To fully characterize how a light stimulus to a chromophore
can be used to control mechanical properties in supramolecu-
lar materials, we prepared new supramolecular polymers with
both H-bonding (Scheme 1) and metal coordination bonding
motifs, and compared the heat generation and self-healing of
these materials upon light irradiation. Specifically we created a
hydrogen-bonding supramolecular polymer with multiple
molecular recognition elements with thermoplastic mechani-
cal properties that can be reversibly modulated through chang-
ing the hierarchy of the supramolecular architecture from
crystalline to disordered. These two disordered and crystalline
materials had the same chemical composition of the building
units, and can act as a supramolecular thermoplastic or as a
viscoelastic polymer melt based on assembly of the H-bonding
network. We measured the heat generation and self-healing of
polymers with different bonding interactions using Fe(II)-phe-
nanthroline as a chromophore. We used IR thermography to
determine the heat generated in the materials during light irra-
diation, and showed that regardless of whether the absorber is
a part of the supramolecular assembly or dispersed in the H-
bonding polymer, it generates about the same amount of heat.

EXPERIMENTAL

Materials
Krasol HLBH-P 3000 polymer (hydroxyl terminated hydroge-
nated poly(ethylene-co-butylene)) was purchased from Cray
Valley SA. Diisopropylethylamine (DIPEA, 98%), ethanolamine
(99%), N-methylethanolamine (98%), phenylisocyanate
(98%), oxalyl chloride (99%) were purchased from Sigma-
Aldrich and stored under inert atmosphere. Celite 545, Na2SO4

(anhydrous), CDCl3 (99.5%), 1,10-phenanthrolin-5-amine

from Sigma-Aldrich were used as received. tris-(3,4,7,8-tetra-
methyl-1,10-phenanthroline)iron(II) sulfate was received from
ICN pharmaceuticals. sym-Trichlorotriazine was purchased
from TCI and stored under inert atmosphere in the freezer. All
solvents (EMD) were dried over 4 Å molecular sieves.

Synthesis of Polymers
Detailed synthetic procedures with schemes (Schemes S1–
S7) and NMR characterization (Figures S1–S6) are available
in the Supporting Information.

Briefly, the introduction of H-bonding motifs was accom-
plished in two steps upon heating of polymer (1) (Scheme
S1) in excess of 2-ethanolamine to obtain polymer (2) (Sup-
porting Information Scheme S2). Further reaction of the free
hydroxyl-groups of polymer (2) with phenyl isocyanate
yielded a supramolecular H-bonded polymer P1 (Supporting
Information Scheme S4). The H-bonded polymer P2 was syn-
thesized in the similar fashion as P1: Triazine-terminated
HLBH-P 3000 (1) was sequentially reacted with N-methyle-
thanolamine and phenyl isocyanate to obtain polymer (3)
and supramolecular polymer P2 (Supporting Information
Schemes S3 and S5). Metallosupramolecular polymer P3,
(Supporting Information Scheme S7), was obtained from first
synthesis of a precursor oxalyl monochloride terminated
HLBH-P 3000 polymer (4) by reaction of HLBH-P 3000 and
excess of oxalyl chloride (Scheme S6). Polymer P3 was then
synthesized by reaction of polymer (4) and 5-amino-1,10-
phenanthroline, with subsequent addition of 25% stoichio-
metric required amounts of Fe(OTf)2 in methanol/chloroform
solvent mixture. The ratio of Fe(II) ions to phenanthroline
terminated HLBH-P (5) was chosen to decrease the optical
density of the material and make the polymer film thick
enough for self-healing studies.

General Characterization
NMR was recorded on a Bruker AVANCE III spectrometer oper-
ating at 500 MHz. Steady-state UV–vis absorption spectra were
recorded with a Shimadzu UV-2600 spectrophotometer with
0.5 nm resolution. Differential scanning calorimetry traces
were obtained using DSC Q2000 system at a heating rate of
10 8C min21 from 285 8C to 155 8C using sample of approxi-
mately 2 mg. Powder X-ray diffraction patterns were recorded

SCHEME 1 General synthetic scheme to create supramolecular

polymers using sym-trichlorotriazine chemistry.
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on a Bruker D8 Advance Davinci powder X-ray diffractometer
with Cu Ka1 radiation (k5 1.5406 Å) within 2h range from 6 to
40 degrees. FTIR measurements were recorded using a JASCO
FTIR-4000 spectrometer on the neat polymer films. The tem-
perature of the irradiation spot of the polymers was deter-
mined using a Flir C2 Compact Thermal Imaging System. To
account for inhomogeneity of the chromophore distribution
along the polymer films, the temperature was determined at
three different spots on the material, and recorded tempera-
tures are averages. The microscope images were taken on an
OMAX optical microscope equipped with A35140U3 digital
camera operating in34 magnification mode.

Rheological Characterization
The mechanical properties characterization was performed
on a TA Instruments HR2-Discovery hybrid rheometer
equipped with a peltier plate in the parallel plates geometry.
Due to the presence of multiple H-bonding interactions and
the 2 states observed in the H-bonding polymer P1, sample
preparation was of great importance for good data reproduc-
ibility. First, H-bonded polymer P1 was heated at 110 8C in
the oven for 30 min into a Teflon mold to erase the presence
of any crystalline domains. Rapid cooling of the polymer
with liquid nitrogen provided polymer P1 in the melt state
(P1-M). The polymer was placed between the plates of the
rheometer and sheared at 0.5 Hz oscillation frequency for 30
min at 5 8C for better adhesion. To recover the crystalline
state (P1-X), the viscoelastic polymer mass P1-M was heated
at 60 8C for 12 h between the plates of the rheometer.

Time–temperature superposition (TTS) curves were generated
based on a set of frequency sweep tests performed on each
sample. The frequency sweep experiments were carried out at
0.5% strain and 0.1–10 rad/s frequency range within a 5–50
8C temperature range with 15 8C increments. The reference
temperature was 20 8C for all TTS master curves. The TTS tests
were performed three times to ensure reproducibility.

Relaxation tests were performed by applying a 0.5% step
strain c, and then the stress r and relaxation modulus
G(t)5 r/c were monitored over time at 15 8C.

Density Functional Theory (DFT) Calculations
First, molecular mechanics calculations were performed to per-
mit rapid and extensive conformational searching on hydrogen-
bonding dimers. After locating the conformational minima, the
geometries of the assemblies were calculated by the Density
Functional Theory (DFT) using the hybrid of Becke’s non-local
three parameter exchange and correlation functional with the
Lee–Yang–Parr functional (B3LYP)53–55 using Spartan 16
(Wavefunction, Inc.) software utilizing 6–31* basis set.

Polymer Films Preparation for Self-Healing Tests
A scoop (�2 mg) tris-(3,4,7,8-tetramethyl-1,10-phenanthroli-
ne)iron(II) sulfate was dissolved in methanol (MeOH). The
amount of solvent was adjusted such that 75 mL of the pre-
pared stock solution diluted in 3 mL of methanol has absor-
bance equal to 0.5 at the maximum absorbance peak in the
UV–vis spectrum. For the self-healing tests, amounts of the

chromophore stock solution corresponding to Abs5 0.5 were
taken, concentrated to �20 mL and diluted with extra 200 mL
of CHCl3. This polymer stock solution 330 mL (40 mg) was
added to the chromophore MeOH/CHCl3 solution and well
mixed. Then this final polymer/chromophore solution was
placed on a microscope slide and the solvent was evaporated
to form a solid film. The procedure was repeated until the
absorbance of the solid film matched the required value. Prior
to self-healing tests, the polymer films were dried in air over-
night. The polymer films were cut with a razor blade and the
cut area was irradiated with 455 nm CW laser equipped with a
455 nm notch filter and collimating lens at 100–350 mW radia-
tion power with 50 mW increment. The diameter of the laser
beam was 2.2 mm. Radiation time was 30 s.

RESULTS AND DISCUSSION

Synthesis of Supramolecular Polymers
We used our previously reported modular synthetic
approach to modify polymer termini groups via nucleophilic
aromatic substitution of the sym-trichlorotriazine ring47 to
create a series of hydrogenated poly(ethylene-co-butylene)
polymers (HLBH-P 3000). These polymers all had dynamic
bonding motifs that enhanced the elastic properties of the
materials via supramolecular interactions [Fig. 1(a)]. Polymer
P1 was designed with three H-bonding associates2 one

FIGURE 1 (a) Chemical structures of H-bonded supramolecular

polymers P1, P2, and metallosupramolecular polymer P3. (b)

Triazine–triazine (Tr–Tr) and (c) urethane–urethane (UT–UT)

hydrogen-bonding interactions.
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triazine–triazine (Tr–Tr) and two urethane–urethane (UT–
UT) binding groups per polymer termini [Fig. 1(b,c) and
Supporting Information Figure S12]. Polymer P2 was synthe-
sized with only two UT–UT per termini, respectively. With
the goal of specifically comparing how light irradiation
affects the properties of materials with either hydrogen
bonding or metal-coordination bonding interactions, a poly-
mer with metal-coordination binding (Polymer P3) was pre-
pared using the Fe(II)-phenanthroline metal-coordination
bonding. The starting HLBH-P 3000 was a viscous liquid
whereas, in contrast, supramolecular polymer P1 was a solid
material (after solution or thermal annealing) and P2 was a
viscoelastic melt. Metallopolymer P3 was a viscoelastic mate-
rial with dark orange/reddish color due to the absorbance of
the Fe(II)-phenanthroline moiety with an expected absor-
bance peak at 515 nm (Supporting Information Fig. S7).

Mechanical Properties of Supramolecular Polymers
The mechanical properties of the supramolecular polymers
P1, P2, and P3 were studied by oscillatory rheology. The
time–temperature superposition (TTS) master curve for a
reference temperature of 20 8C of the solution cast polymer
P1 [Fig. 2(a)] revealed that elastic properties dominated
over viscous losses (storage modulus G0 > loss modulus G00)
over a wide range of oscillation frequencies. However, if the
same polymer P1 was heated to 110 8C and rapidly cooled
down to room temperature with liquid nitrogen, the TTS
master curve displayed a liquid-like behavior of H-bonded
polymer P1 at low frequencies where loss modulus G00

exceeded storage modulus G0. The fact that the polymer P1
with the same chemical composition had temperature con-
trolled response to oscillatory shear stress was indicative of
an essentially different hierarchy of the supramolecular
architecture. We assigned these architectures as crystalline
(P1-X) and melt (P1-M) states of polymer P1 [Fig. 2(a,b)]. To
better understand the influence of the multiple hydrogen-
bonding interactions on the formation of these two different
states in polymer P1, the additional H-bonded supramolecu-
lar polymer P2 with the same UT–UT but without possibility
to form Tr–Tr H-bonding interactions [Fig. 1(a,c)] was pre-
pared for comparison. The TTS master curve of P2 [Fig.
2(c)] displayed oscillatory shear response similar to P1-M
rather than P1-X. Thus, both P1-M and P2 revealed TTS
curves consistent with viscoelastic polymer melts with a
clear crossover between G0 and G00 in accordance with their
transient hydrogen-bonding cross-links, whereas the P1-X
state behaved as a permanently cross-linked covalent net-
work despite being supramolecular polymer.

The metallopolymer P3 with Fe(II)-phenanthroline metal-
coordination bonding revealed typical oscillatory shear
response (TTS master curve) for energy dissipative materials5

[Fig. 2(d)] with a crossover point at (36 1)3 1023 rad s21.

Detailed Characterization of Supramolecular
Thermoplastic P1
For a better understanding of how differences in the assem-
bly of hydrogen bonding motifs in the supramolecular

FIGURE 2 (a) Time–temperature superposition (TTS) curves (Tref520 8C) of (a) crystalline state of polymer P1-X, (b) melt state of

polymer P1-M, (c) P2, and (d) metallopolymer P3. Storage modulus is shown as full circles, loss modulus as empty circles, and

complex viscosity as triangles.
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polymers govern the mechanical properties, we carried out
FTIR measurements on the polymer films to determine the
type of H-bonding interactions. The FTIR spectrum of the
polymer P2 with only UT–UT interactions possible revealed
broad signals centered at 3332 cm21 and 1709 cm21

assigned to H-bonded NAH stretching and H-bonded C@O
stretching modes of the urethane fragment, respectively
(Supporting Information Fig. S8). The infrared spectrum of
P1-X showed a much sharper NAH stretching mode at
3332 cm21 compared to the one in P2 spectrum and a sharp
C@O stretching signal centered at 1700 cm21. This
�10 cm21 energy difference between the C@O stretching of

P1-X and P2 is indicative of the formation of regular well-
ordered hydrogen bonding network in the P1-X state.56–58

Two new signals centered at 3435 cm21 and 3258 cm21 in
the P1-X state correspond to vibration of free and hydrogen
bonded NAH of the sym-triazine, respectively.59–61 Analysis
of the infrared absorption profile of the P1-M state showed
non-ordered urethane and sym-triazine hydrogen bonding
motifs as well as a significant contribution of free urethane
fragments (1738 cm21 C@O vibration).

To support FTIR and rheology data that suggested the pres-
ence of a well-ordered hydrogen bonding network in the P1-
X polymer, we performed differential scanning calorimetry
(DSC) and powder X-ray diffraction (PXRD) measurements.
The DSC trace of the solution cast polymer P1 [Fig. 3(a)]
showed an endothermic peak centered at 85 8C, which was
assigned to a phase transition between the well-ordered
crystalline hydrogen-bonding network (P1-X) and the melt
state (P1-M). The second heating cycle of the P1 polymer as
well as P2 polymer, however, did not reveal such a character-
istic signal at the DSC curve which correlates with viscoelas-
tic nature of both P1-M and P2 polymer and solid-like
behavior of the P1-X polymer. It should be noted that both
P1 and P2 H-bonding polymers displayed a glass transition
temperature at 249 8C on the DSC traces, which corresponds
to the soft phase formed by the poly(ethylene-co-butylene)
segments. Powder X-ray diffraction (PXRD) measurements
also supported the presence of the crystalline domains in
the P1-X state (Supporting Information Fig. S9). Heating of
the P1-X polymer at 110 8C and rapid cooling with liquid
nitrogen, however, erased these small features on the PXRD
pattern centered at 2�5 19.28 and 2�5 21.58 and left only
amorphous halo.

To further investigate the influence of the supramolecular
network architecture on the mechanical properties of the
materials, step-stress relaxation experiments were per-
formed. After stress was applied, both P1-M and P2 polymer
melts relaxed over time since their reversible hydrogen
bonding cross-links can be separated followed by diffusion
in the polymer matrix, and finally locating a new associative
partner [Fig. 3(b)]. In comparison, P1-X with a different hier-
archy of the supramolecular architecture (ordered hydrogen
bonding network in P1-X versus disorder in P1-M and P2)
inhibits the binding motifs to diffuse away and forces them
to reconnect back with the old associative partner, which
prevents formation of a new supramolecular network.
Because the hydrogen-bonding pairs break and re-form
many times without the possibility to be separated in the
P1-X polymer, the strain energy cannot dissipate, and the
observed relaxation time was extremely long [Fig. 3(b)].
Remarkably, such a long relaxation time is more characteris-
tic for permanent covalent networks rather than for supra-
molecular polymer assemblies.

The transition between the semi-crystalline P1-X and melt
P1-M states was reversible and could be achieved in both
directions. As previously described, melting and rapid

FIGURE 3 (a) Differential scanning calorimetry traces and (b)

step strain relaxation curves at 15 8C of P1-X (black), P1-M

(dark gray), and P2 (light gray) polymers. (c) Tan(d) (gray trian-

gles), storage G0 (solid circles), and loss G00 (empty circles)

moduli recovery curves from P1-M to P1-X state over time

upon heating at 60 8C. The “P1-M” and “P1-X” labels along

with the arrows indicate to mechanical properties of corre-

sponding state of the P1 polymer at 60 8C and 1 Hz oscillation

frequency.
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cooling of the P1-X polymer resulted in the viscoelastic mate-
rial P1-M. The P1-X state, however, could be recovered back
upon heating of the melt state at 60 8C for 3–4 h [Fig. 3(c)].
At this temperature, the spontaneously formed hydrogen
bonding network undergoes continuous rearrangement,
allowing the urethane and triazine binding motifs to find
their self-complementary associative partners and reform a
well-organized supramolecular network. In other words, the
P1-X can be assigned as a thermodynamic “state” and P1-M
as a kinetic “state.”

Photohealing with Fe(II)-Phenanthroline-Based
Chromophore
We compared the differences in photo-thermal effect
between physically blended Fe-phen chromophore into the
hydrogen-bonded polymer P1 (P1-Fe-phen) versus the met-
allopolymer P3, where the Fe-phenanthroline moiety was
covalently attached to the supramolecular system (Support-
ing Information Fig. S10). The samples were damaged with
well-defined, intersecting cuts with a razor blade, and then
irradiated with 455 nm continuous wave (CW) laser radia-
tion (OEM laser system with 455 nm band pass notch filter)

for 30 s at different laser powers. The output powers and
corresponding laser flux densities are listed in Supporting
Information Table S1. The heat generated in the polymers
was determined using an IR camera, and, the temperature of
the material increased at the irradiation spot. For more accu-
rate estimates of the relative amount of photons absorbed
by each polymer films, we used a modified formula for spec-
tral overlap (S.O.) which estimates the area overlap between
the chromophore absorbance and laser excitation profiles
(eq 1).

J kð Þ5
ð1

0

Ap kð Þk4Flaser kð Þdk (1)

where J(k) is a spectral overlap, Ap is absorbance of the poly-
mer film, k is wavelength, Flaser is the laser output spectrum
normalized to an area of 1. Despite some differences in the
absorption profiles of P1-Fe-phen and P3 [Fig. 4(a)], the
spectral overlap with the CW laser excitation profile was
similar for both polymer films (Supporting Information Table
S2). As seen from Figure 4(b), both P1-Fe-phen and P3 films
showed a linear increase in temperature generated with
increase in laser radiation power. Moreover, regardless of the
chromophore being the part of the supramolecular system or
not, both polymers P1-Fe-phen and P3 generated about the
same amount of heat at each laser excitation power [Fig.
4(b)]. This shows that the chromophore does not have to be
chemically incorporated into the material; simply physical
blending would give the same photo-thermal effect.

We used optical healing as a visualization tool to observe
when the stimulus (light) caused changes in the material.
Despite no differences in the heat generated between the
two Fe-phen systems (either physically blended chromo-
phore or covalently attached to the supramolecular net-
work), some differences in the healing were observed [Fig.
5(a–c)]. Specifically, the photo-thermal heating of the P1-X-
Fe-phen polymer molten the material when a temperature
threshold of �70 to 75 8C was reached [Fig. 5(a,d], which
correlated with the DSC curve of P1-X [Fig. 3(a)]. The melt-
ing of the P1-X polymer occurred only at the radiation area
creating a “well” with some invagination involved [see Fig.
5(a)], which shows how precise spatial control of the mate-
rial melting could be achieved when using light as an exter-
nal stimulus. Almost immediate disappearance of the
damaged area was observed in the P1-M-Fe-phen melt state,
which showed some flow characteristics (tan(d)> 1) already
at 40 8C [Fig. 5(b,e)]. Metallopolymer P3 slowly flowed upon
photoheating of the scratched area in accordance to its visco-
elastic behavior, where a gradual disappearance in the
scratched area was observed. The temperature threshold to
observe some flow in P3, however, was much greater than
for P1-M H-bonding polymer, and the healing was observed
at much higher laser irradiation power [Fig. 4(b) and 5]. It
should be noted that no photohealing was observed in the
polymers P1 and P2 without the chromophore (Supporting
Information Fig. S11). These results show that the

FIGURE 4 (a) Absorbance of the P1-Fe-phen and P3 films. (b)

Temperature generated at the 455 nm CW laser radiation as a

function of excitation power.
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temperature response of the polymer is more important to
consider in designing photo-healable materials, and covalent
attachment of the chromophore into the network is not nec-
essary to achieve a response.

CONCLUSIONS

Using a modular synthetic method, we were able to create H-
bonded and metal coordination supramolecular materials with
unique mechanical properties. Particular interesting was the
polymer whose mechanical properties could be modified
though temperature control of the supramolecular assembly.
The amorphous state, where urethane and triazine hydrogen
bonding units are randomly bound together or even have no
associative partner at all, revealed characteristic oscillatory
shear stress response to that of an energy dissipative material.
With simple temperature annealing, however, a semi-
crystalline state could be formed, where most of the hydrogen
bonding motifs are bound to their corresponding self-
complementary associative partner to form well-ordered
supramolecular network. This polymer was used as a platform
for detailed investigation of photohealing effect.

Comparison of the photo-self-healing and photo-thermo effects
of these supramolecular materials provided some answers to
our initial question: Is it necessary to include the chromophore
as part of the supramolecular structure to create light-
responsive materials? The answer: Not really. Using the IR imag-
ing, we detected about the same amount of heat generated in pol-
ymers with physically dispersed and covalently attached
Fe-phen-based chromophore. A more continuous healing was
observed for the metallosupramolecular P3 materials compared
to the chromophore/P1-X polymer. However, when the polymer
P1melt statewas used, a similar slower partial depolymerization
of the supramolecular network took place upon thermal break-
ing H-bonding. As opposed to the viscoelastic materials, in the
supramolecular thermoplastic P1-X, the H-bonding network
resisted moderate heating until melting region of �70 to 75 8C
was reached causing the whole H-bonded network to collapse,
and polymer filled the damaged area. These results also highlight
howmetal coordination bonding can be advantageous when cre-
ating photohealing materials since it can serve as the chromo-
phore and supramolecular binding motif. This creates a material
with gradual photohealing at a relatively high temperature,
which avoids any well formation while ensuring the material is
stable at higher temperatures.

FIGURE 5 Optical images of (a) P1-X-Fe-phen, (b) P1-M-Fe-phen, and (d) P3 mechanically damaged films irradiated at various exci-

tation powers. The black scale bar is 400 mm. The last image in the series shown as an example of IR-camera image taken at the

highest radiation power. Temperature sweep curves at 0.5 Hz oscillation frequency of (c) P1-X, d) P1-M, and (e) P3 supramolecular

polymers. Storage modulus is shown as full circles, loss modulus as empty circles, and tan(delta) as triangles.
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