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Abstract  Polyurethanes consisting of tri-functional homopolymer of hexamethylene diisocyanate (tri-HDI) and polyethylene 
glycol (PEG) are synthesized, in which photo-reversible coumarin moieties act as pendant groups. Accordingly, the 
polyurethanes can be repeatedly self-healed under UV lights at room temperature by taking advantages of the 
photodimerization and photocleavage habits of coumarin. Molecular weight of the soft segment, PEG, is found to be closely 
related to the healing performance of the polyurethanes. Lower molecular weight PEG that corresponds to higher initial 
coumarin concentration in the polymer is critical for obtaining higher healing efficiency in the case of the first healing action. 
Nevertheless, it does not guarantee high reversibility of the photo-remendability during the repeated healing events. In 
contrast, the polyurethane with moderate molecular weight PEG has achieved balanced performance. Reaction kinetics is less 
important for the healing effect. 
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INTRODUCTION  

Recently, more and more research interests have been paid to the development of self-healing polymers, which 
allow for eliminating small damages in the materials so that the subsequent catastrophic failure is prevented. The 
healing strategies proposed so far can be classified as extrinsic and intrinsic self-healing[1−6]. Compared to 
extrinsic self-healing that operates through the pre-embedded healing agent[7−9], intrinsic self-healing only 
depends on intra- or intermolecular bonding and enables multiple rehabilitation in principle[10, 11]. 

Among the available intrinsic self-healing approaches, photo-stimulated self-healing based on 
photoreversible reaction is quite attractive because the use of light is clean, cheap and readily available. The 
following chemistries have shown their capability of imparting photochemical remendability to polymers: 
cycloaddition of cinnamate[12] and coumarin[13−15], dissociation of alkoxyamine[16], reshuffling of thiuram 
disulfide[17] and trithiocarbonate[18], dimerization of anthracene[19], dissociation and re-complexation of 
metallosupramolecular interaction[20], host-guest complexation of azobenzene dimer and β-cyclodextrin 
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trimer[21], and trans-cis isomerization of azobenzene[22]. It is worth noting that the healing processes involved in 
Ref. [18−22] have one thing in common – they include fluidification in the course of bond rearrangement, which 
is different from the works described in Ref. [12−17]. 

In our proof-of-concept experiment, monohydroxyl coumarin derivatives were synthesized and introduced 
into polyurethane networks as crosslinkable side groups[13]. By using reversible photodimerization (under       
350 nm UV light) and photocleavage (under 254 nm UV light) characteristics of coumarin[23, 24] (Fig. 1), the 
crosslinked polyurethane has acquired repeated self-healing ability. Additionally, the polyurethane also 
possessed low glass transition temperature, Tg, optical transparency, good elasticity and strength. It was found  
that mobility of the dangling chains[25] at the fractured surface is critical for not only interdiffusion and 
entanglement of macromolecules but also dimerization of cleft coumarin moieties across the interface.  

 

 
Fig. 1  Photodimerization and photocleavage of coumarin upon irradiation of 350 nm and 254 nm UV light 

 

To optimize the composition of the photo-healable polyurethane networks with coumarin crosslinkages and 
further reveal the effect of soft segments on the self-healability, a series of polyurethanes containing                 
tri-functional homopolymer of hexamethylene diisocyanate (tri-HDI), polyethylene glycol (PEG, Mw = 200, 400 
and 800 g/mol) and photo-reversible moieties 7-(hydroxyethoxy)-4-methylcoumarin (HEOMC) as pendant 
groups (Fig. 2) are prepared and characterized in this work. It is hoped that the obtained knowledge would 
benefit future design of photoinduced reversible self-healing polymers. 

EXPERIMENTAL 

Materials and Reagents 
Resorcinol, ethyl acetoacetate, ethyl acetate, 2-bromoethanol, 1,4-dioxane, sulfuric acid (95.0%−98.0%), 
PEG200 (Mw = 200 g/mol), PEG400 (Mw = 400 g/mol) and PEG800 (Mw = 800 g/mol) were obtained from Alfa 
Aesar GmbH, Germany. Dibutyltin dilaurate (DBTDL, T-12) was purchased from Sigma Aldrich Co., while tri-
HDI (Desmodur N3300) was obtained from Bayer Materials Science. All the above chemicals were used as 
received. N,N-dimethylformamide (DMF) was purified by vacuum distillation after drying with 
anhydrous magnesium sulfate.  

Characterization 
UV-Vis spectra were recorded by a Hitachi 3900 UV-Vis spectrophotometer to study photodimerization and 
photocleavage behaviors. The specimen was prepared by casting the DMF solution of THHPEG (25 wt%) on the 
outside wall of a quartz cell. Afterwards, the solvent was evaporated and the cell was put into a photochemical 
reactor (model RPR-100, Rayonet, equipped with 16 UV lamps). The specimen was firstly illuminated by       
350 nm light for a preset period of time, and then by 254 nm light.  

Fourier transform infrared (FTIR) spectra were collected by a Bruker EQUINOX55 spectrometer. Powder 
samples were examined by the KBr-disc method.  

Proton nuclear magnetic resonance (1H-NMR) and carbon 13 nuclear magnetic resonance (13C-NMR) 
spectra were measured by a VARIAN Mercury-Plus 300 (300 MHz) apparatus with dimethyl sulfoxide (DMSO-
d6) as solvent. Electronionization mass spectrometry (EI-MS) measurements were conducted on a Thermo DSQ-
EI-Mass spectrometer. Elemental analysis was performed with a Vario EL elemental analyzer.  

Gel permeation chromatography (GPC) measurements were carried out with a Waters system equipped with 
a refractive index and a photodiode array detector. DMF served as eluent (elution rate = 1 mL/min) and 
polystyrene standard was used for calibration. 
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Fig. 2  Synthesis of polyurethane carrying coumarin side groups, THHPEG  
According to the molecular weights of PEG, three types of THHPEG are produced: THHPEG200, THHPEG400, 
and THHPEG800. HMC: 7-hydroxy-4-methylcoumarin. Because hydroxyl of HMC is difficult to react with 
isocyanate due to its low nucleophilicity, HMC is modified by BrEtOH to improve the reactivity. 

 

Differential scanning calorimetry (DSC) measurements were performed on a TA Instruments DSC Q10 at a 
heating rate of 5 K/min using nitrogen purge and an empty aluminium pan as the reference. Dynamic mechanical 
analysis (DMA) was conducted on a TA Instruments DMA 2980 under 1 Hz at a heating rate of 5 K/min in 
nitrogen. Molecular weight between crosslinks of the crosslinked polyurethanes, Mc, was calculated from[26]:  

 Mc = 3ρRT(1−2/ϕ)/E′ (1) 

where E′ stands for storage modulus at rubbery plateau zone, ρ density, R gas constant, T absolute temperature, 
and ϕ functionality of the polymer, respectively. In this work, E′ values at T = Tg + 30 °C were used for the  
calculation.  

To quantify healing performance of the materials, tensile test was conducted on filmy specimens. First, the 
aforesaid DMF solution of THHPEG was cast into a polytetrafluoroethene (PTFE) mould, which was then put in 
a vacuum oven at 80 °C for 48 h to remove the solvent. The resultant film ((200 ± 25) μm thick) was pre-
crosslinked with 350 nm irradiation for 90 min on both sides and cut into standard dumbbell-shaped specimen 
(115 mm × 6 mm) refer to ISO 527-3. By using a SANS-CMT6103 universal tester, the THHPEG specimens 
were tested to failure at (23 ± 2) °C with a crosshead rate of 10 mm/min. The fractured surfaces were irradiated 
by 254 nm UV light for a certain period of time, placed back in contact immediately, and exposed to 350 nm 
light for re-bonding. The ratio of tensile strength of healed specimen to that of the virgin one gives the measure 
of healing efficiency. Five specimens were tested for each case. 
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Synthesis of HMC 
Resorcinol (11.0 g, 0.1 mol) and acetacetic ether (13.0 g, 0.1 mol) were completely dissolved in 1,4-dioxane   
(40 mL). Then, concentrated sulfuric acid (3 mL) was dropped in the mixture, which was subsequently warmed 
up to 65 °C for 3 h. Afterwards, the suspension was cooled to room temperature and poured in icy water         
(300 mL) to get yellowish precipitate. The crude product was dried in a vacuum oven and recrystallized twice in 
ethyl acetate, offering white crystals of HMC with a yield of 70%.  

FTIR (KBr): ν = 3160, 3014, 2961, 2938, 1678, 1599, 1452, 1390, 1370, 1274, 1241, 1158, 1136, 1068, 
982, 846, 747 cm−1. 1H-NMR (300 MHz, DMSO-d6): δ = 10.49 (s, 1H, ―OH), 7.57 (d, J = 8.7 Hz, 1H, Ar―H), 
6.78 (dd, J = 8.6, 2.4 Hz, 1H, Ar―H), 6.68 (d, J = 2.3 Hz, 1H, Ar―H), 6.11 (d, J = 1.1 Hz, 1H, C＝C―H), 2.36 
(d, J = 1.1 Hz, 3H, ―CH3). 

13C-NMR (75 MHz, DMSO-d6): δ = 161.68, 160.81, 155.37, 153.93, 127.06, 113.44, 
112.62, 110.88, 102.80, 18.87. EI-MS: 176 (M+). Element analysis for C10H8O3 (%): Calcd.: C 68.02, H 4.51; 
found: C 68.18, H 4.55. 

Synthesis of HEOMC 
HMC (4 g, 0.0227 mol) was dissolved in DMF (20 mL) in a 150 mL two neck round-bottom flask. BrEtOH  
(4.3 g, 0.0344 mol) diluted in DMF (10 mL) and potassium carbonate (6.3 g, 0.0456 mol) were added to the 
system. The reaction mixture was stirred under Ar atmosphere for 18 h at 88 °C, cooled down to room 
temperature, poured into ice water (70 mL), and filtrated to get the crude product, which was then recrystallized 
twice in ethyl acetate to obtain HEOMC with a yield of 86%. 

FTIR (KBr): ν = 3449, 3069, 2954, 2930, 1692, 1618, 1556, 1393, 1294, 1211, 1151, 1075, 987, 851,      
573 cm−1. 1H-NMR (300 MHz, DMSO-d6): δ = 7.70−7.60 (m, 1H, Ar―H), 7.00−6.89 (m, 2H, Ar―H), 6.18 (d, 
J = 1.0 Hz, 1H, C＝C―H), 4.91 (t, J = 5.4 Hz, 1H, ―OH), 4.08 (t, J = 4.8 Hz, 2H, ―CH2), 3.73 (dd, J = 9.9, 
5.2 Hz, 2H, ―CH2), 2.38 (d, J = 0.8 Hz, 3H, ―CH3). 

13C-NMR (75 MHz, DMSO-d6): δ = 162.37, 160.71, 
155.28, 153.93, 126.99, 113.67, 113.06, 111.73, 101.82, 71.03, 60.14, 18.93. EI-MS 220 (M+). Element analysis 
for C12H12O4 (%): calcd.: C 65.38, H 5.38; found: C 65.45, H 5.45. 

Synthesis of THHPEG 
Tri-HDI (2 g, NCO content = 10 mmol) was added into a 50 mL three neck round-bottom flask, which was 
degassed for 1 h at 80 °C, and cooled down to 50 °C. When it was diluted with DMF (3 mL), the solution of 
HEOMC (0.81 g, 3.68 mmol) in DMF (7 mL) and two drops of DBTDL were added dropwise within 1 h under 
stirring and Ar protection. When the mixture was heated up to 60 °C, the reaction was allowed to proceed for   
1.5 h, and then for 2 h at 70 °C. To achieve a stoichiometric ratio of the total NCO and OH reactive groups 
(NCO:OH = 1:1), different dosages of PEG dissolved in DMF (e.g., for PEG400, 1.26 g (3.16 mmol) PEG400 
was diluted in 5 mL DMF) were respectively added dropwise for 30 min. The reaction temperature was kept at 
70 °C for 12 h, and then the mixture was poured into distilled water. After filtration, the precipitate was dried in 
a vacuum oven at 50 °C for 48 h, yielding transparent solid THHPEG. 

The number averaged molecular weight, Mn, of the products measured by GPC is 4.84 × 104 for 
THHPEG400, 4.87 × 104 for THHPEG200, and 4.02 × 104 for THHPEG800. 

1H-NMR spectroscopy was used to confirm the structure of THHPEG. Figure 3 shows the spectrum of 
THHPEG400 as an example. It is seen that the signal of aliphatic hydroxyl of HEOMC at around δ = 4.91 is 
absent, whereas the peaks attributed to N―H protons of carbamate groups (―O―(C＝O)―NH―) appear at δ 
= 7.11−7.21. Moreover, the signals representing the main backbone of HEOMC are observed, such as the peaks 
of methyl protons at δ = 2.37, methylene protons at δ = 4.26, and the protons of benzopyrone ring at δ = 6.17, 
6.95, and 7.62. The lower peaks at around δ = 1.23−1.49 can be attributed to methylene protons of tri-HDI. 
Additionally, the methylene protons of tri-HDI that are adjacent to carbamate group give higher δ peaks at 2.93 
and 3.68 due to the electron-withdrawing effect of the latter. Similarly, the peaks of methylene protons of 
PEG400 shift to δ = 3.49 and 4.01. On the basis of this discussion, the composition of THHPEG400 can be 
estimated by using the peak areas at δ = 2.93 (representing 6 H of tri-HDI), 2.37 (representing 3 H of HEOMC), 
3.49 and 4.01 (representing 34.28 H of PEG400). That is, the measured ntri-HDI:nHEOMC:nPEG of THHPEG400 is 
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1:1.1:0.84, which is very close to the molar feed ratio 1:1.1:0.90. Following the same procedure, the molar 
proportions of THHPEG200 and THHPEG800 are also obtained. They are 1:1.09:0.87 and 1:1.1:0.82, 
respectively.  

 

 
Fig. 3  1H-NMR spectrum of THHPEG400 in DMSO-d6 

RESULTS AND DISCUSSION 

Reversible Photodimerization and Photocleavage Behaviors of THHPEG 
By taking advantage of reversible photodimerization and photocleavage of coumarin (Fig. 1), the polyurethane 
THHPEG can be repeatedly crosslinked and decrosslinked under irradiation of 350 nm and 254 nm UV light 
(Fig. 4). As a result, cracks on the material are self-healed without addition of catalyst or healing agent. 

To know whether the photoreversibility has been imparted to the polyurethanes, UV-Vis spectroscopic 
analysis of THHPEG was carried out. Figure 5 indicates that the characteristic absorption bands of                      
4-methylcoumarin chromophores, including the π-π* transition of conjugated benzene nucleus (289 nm) and that 
of pyrone nucleus (320 nm)[27, 28], are perceived. With a rise in the time of exposure to 350 nm light, the 
absorbance at 320 nm gradually decreases (Figs. 5a, 5c and 5e) due to dimerization of the double bonds of         
4-methylcoumarin. The formation of cyclobutane rings destroys the conjugation between double bonds and 
phenyl groups (Fig. 4). In this context, the maximum absorbance at 320 nm can be used to describe the 
dimerization degree of the 4-methylcoumarin moieties. 

According to Lambert-Beer law, the concentration change of the photosensitive 4-methylcoumarin groups, 
i.e. the dimerization degree, can be calculated from:  

 Dimerization (%) = (1−At/A0) × 100% (2) 

where At and A0 denote the absorbance at 320 nm at time t and 0, respectively. The insets in Figs. 5(a), 5(c) and 
5(e) show that the dimerization degree increases with increasing the time of 350 nm irradiation and eventually 
reaches the equilibrium. The higher molecular weight of the PEG, the higher the equilibrium dimerization degree 
of THHPEG (Table 1). Since the measurements were conducted at room temperature, it can be deduced that the 
longer soft segments (or the lower Tg of the soft segments) facilitate dimerization of the coumarin moieties  
attached to the side chains (i.e. photocrosslinking) of the polyurethanes. As for crosslinked THHPEG200, its 
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glass transition temperatures of both soft and hard segments are higher than room temperature. The molecular 
movement has to be greatly restricted. Owing to the higher coumarin content, however, THHPEG200 still has 
the lowest Mc or highest crosslinking degree despite the relatively low dimerization degree as compared to 
THHPEG400 and THHPEG800. It is worth noting that the glass transition temperatures of soft segments of 
crosslinked THHPEG400 and THHPEG800 shift to higher temperature regime, while those of hard segments 
shift to lower temperature regime, as compared to the uncrosslinked versions. This should originate from 
disordering of the short-range order of the hard segments[29] due to the improved miscibility between the soft and 
hard segments after crosslinking.  

 

 
Fig. 4  Photodimerization and photocleavage of coumarin moieties in THHPEG upon irradiation of 
350 nm and 254 nm UV lights 

 
On the other hand, when the crosslinked specimens are exposed to 254 nm light, the cyclobutane 

derivatives would be recovered to 4-methylcoumarin moieties as a result of photocleavage (Fig. 4). Therefore, 
the dimerization degree rapidly decreases (refer to Figs. 5b, 5d and 5f and the insets), but the minimum values do 
not reach zero because photocrosslinking and photocleavage of 4-methylcoumarin groups co-exist upon 254 nm 
irradiation[30]. Compared to THHPEG200 with the minimum dimerization degree of 21.5%, THHPEG400 and 
THHPEG800 only possess 4.11% and 6.54% dimerization degree after 254 nm irradiation (Table 1). It means 
that the crosslinked THHPEG400 and THHPEG800 with much lower Tg of the soft segments can be easily  
decrosslinked. In contrast, the coumarin groups are less mobile in THHPEG200, which not only lowers their 
collision probability and equilibrium dimerization degree in the course of photocrosslinking, but also leads to the 
appearance of relatively higher content of irreversible coumarin dimers. 

In summary, the results of Fig. 5 confirm that the polyurethanes have acquired the photoreversibility as 
expected, which provides the basis of photoremendability of the materials. To have further understanding of the 
reversibility, photodimerizaton and photocleavage of THHPEG were repeated for six times. Figures 6(a), 6(b) 
and 6(c) demonstrate that the maximum absorbance at 320 nm of the three polyurethanes fluctuate with the 
alternating irradiations at 350 nm and 254 nm. After each cycle, however, the peak height of the plot decreases 
due to appearance of small amount asymmetric fission products of coumarin dimer during photocleavage under  



J. Ling et al. 1292

 
Fig. 5  UV-Vis spectra of (a and b) THHPEG200, (c and d) THHPEG400, and (e and f) THHPEG800; (a, c 
and e) photodimerization upon irradiation at 350 nm (14.4 mW/cm2) and (b, d and f) photocleavage upon 
irradiation at 254 nm (15.6 mW/cm2) 

 

254 nm illumination[31]. Accordingly, a parameter called percentage recovery is introduced to describe the 
variation in reversibility. It is defined as: 

 Percentage recovery = (A0
n−A∞

n)/(A0−A∞) × 100% (3) 

where A0
n denotes the peak absorbance at 320 nm of the specimen exposed to 254 nm UV light during the n-th  

(n = 1…6) cycle of test, A∞
n is the minimum absorbance at 320 nm after the n-th (n = 1…6) exposure to 350 nm 

UV light, A∞ is the minimum absorbance at 320 nm after first exposure to 350 nm UV light, A0 is the original 
absorbance at 320 nm prior to 350 nm exposure. By using the data in Figs. 6(a), 6(b) and 6(c), dependences of 
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the percentage recovery on cycle numbers are plotted in Fig. 6(d). It is seen that the photoreversibility of the 
polyurethanes gradually decays, which is more obvious in THHPEG200. The difference in the variation rate of 
reversibility implies that the less flexible molecules of THHPEG200 might (i) limit dimerization of coumarin 
groups, (ii) result in more irreversibly crosslinked structure, and (iii) favor asymmetric fission of coumarin dimer 
under 254 nm illumination so that the products could no longer be recrosslinked in the subsequent exposure to 
350 nm light. 

 
Table 1. Characterization of the first cycle of photodimerization and photocleavage of the polyurethanes in  

relation to their structural information 

Materials 

Initial 
coumarin 
content 

(mol/dm3) 

Equilibrium 
dimerization degree 

due to 
photocroslinking (%)

Minimum 
dimerization degree 
after photocleavage 

(%) 

Mc
 

(g/mol)
Tg

1 (ºC) Tg
2 (ºC) 

THHPEG200 1.44 74.2 21.5 553 3.7 (57.6) 44.9 (70.1) 
THHPEG400 1.20 77.5 4.1 881 −19.6 (58.6) −7.1 (41.2) 
THHPEG800 0.94 81.1 6.5 2103 −54.4 (54.5) −48.9 (47.5) 
Initial coumarin content: calculated from molar proportions (measured by 1H-NMR spectroscopy) and molecular weights of 
the monomers  
Mc: average molecular weight between crosslinks of the photocrosslinked polyurethanes measured by DMA (see Eq. 1)  
T1

g and T2
g: glass transition temperatures of the uncrosslinked and crosslinked polyurethanes measured by DSC. The data  

outside and inside the parentheses are glass transition temperatures of soft and hard segments, respectively. 
 

     

     
Fig. 6  Absorbance at 320 nm of (a) THHPEG200, (b) THHPEG400 and (c) THHPEG800 under alternating 
irradiations at 350 nm and 254 nm; (d) Percentage recovery of THHPEG200, THHPEG400 and THHPEG800 as 
a function of number of cyclic exposure to 350 nm and 254 nm light 
Irradiation times: (a) 105 min for 350 nm light and 2 min for 254 nm light, (b) 60 min for 350 nm light and 1 min 
for 254 nm light, (c) 60 min for 350 nm light and 1 min for 254 nm light   
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In addition to the reversibility, kinetics of the photoreaction is another important factor dealing with 
photoremendability of the polyurethanes. Eqs. (4) and (5) give the first- and second-order kinetics of 
photodimerizaton: 

 ln[1/(1−y)] = k1t  (4) 

 1/(1−y)] = ak1t + 1 (5) 

where y represents conversion of coumarin, which equals to the dimerization degree (Eq. 1) when UV-Vis 
spectra are used, a the initial concentration of coumarin groups (Table 1), k1 rate constant of photodimerizaton. 
Linear fit of the data of THHPEG200 gives a rate constant with a regression coefficient of 0.973 for the first-
order plot and 0.998 for the second-order one, suggesting that the second-order kinetics reaction should be more 
reasonable. Moreover, the photodimerizaton of THHPEG400 and THHPEG800 also exhibits greater regression 
coefficients for the second-order plots than those of the first-order ones. Therefore, only the rate constants 
estimated from the second-order kinetics are listed in Table 2. With respect to photocleavage, similar 
calculations can be made to determine the rate constants k−1. 

 
Table 2. Rate constants of the first cycle of photodimerization and photocleavage of the polyurethanes 

Materials THHPEG200 THHPEG400 THHPEG800 
k1 × 102 (dm3/mol·min) 2.0 4.7 6.9 
k−1 × 102 (dm3/mol·min) 8.1 66.9 52.9 

 

Evidently, mobility of the macromolecules greatly affects the kinetic feature of the photoreactions. In the 
case of photodimerization, the coumarin groups are more mobile in THHPEG800 than in THHPEG200 and 
THHPEG400 because of the longer PEG chains (or lower Tg of the soft segments) of the former, so that  

THHPEG800 can be photocrosslinked more quickly than the other two. When the crosslinked polyurethanes are 
exposed to 254 nm light for photocleavage, the less restrictive micro-environment of THHPEG800, which has 
the lowest crosslinking density (Table 1), seems to be more favorable for fission of the coumarin dimmers   
(Table 2). 

Photochemical Self-healability 
The last sub-section has revealed photoreversibility of the polyurethanes. To ascertain their self-healing 
capability, tensile tests are carried out. When the virgin specimen is broken under tension, the fractured surfaces 
are first exposed to 254 nm light allowing cleavage of the coumarin dimers (i.e. decrosslinking) and then 
exposed to 350 nm light for re-dimerization of the coumarin (i.e. crack healing). Since the photoreactions need 
time to proceed, the effect of healing time on healing efficiency should be known in advance.  

Figure 7 depicts the results of THHPEG400 as an example. For the constant time of exposure to 254 nm 
light of 5 min (Fig. 7a), healing efficiency increases with a rise in the time of 350 nm irradiation and reaches the 
equilibrium value of 69.3% at 90 min. It follows the variation trend of dimerization degree observed in Fig. 5. 
On the other hand, it is worth noting that a healing efficiency of about 14% is measured at the time of 0 min. In 
this case, the decrosslinked surfaces of the specimen have not yet been recrosslinked by 350 nm light. Therefore, 
hydrogen bonding should be responsible for the reconnection[32−34]. Figure 7(b) further illustrates the influence of 
the time of 254 nm irradiation on healing efficiency in the case of fixed time of 350 nm illumination of 90 min. 
The healing efficiency at 0 min (without 254 nm irradiation) is 33.5%. This can be explained by the fact that a 
certain amount of cyclobutane rings of coumarin dimers are destroyed by the tensile force and recovered to 
coumarin groups, because of the lower strength of four-membered rings[9, 35]. When these coumarin groups are 
dimerized by 350 nm UV light, the fractured surfaces are re-bonded. After all, the stress induced fission of the 
coumarin dimers is not as efficient as 254 nm irradiation. Figure 7(b) shows that the healing efficiency increases 
with the time of 254 nm irradiation and starts to level off at 1 min, giving the maximum value of 70.2%. It means 
that irradiation of 254 nm light is more important for decrosslinking of the polymer or cleaving the coumarin 
dimers.  
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In accordance with the results of Fig. 7, the optimal healing conditions for THHPEG400 can be determined: 
irradiation of 254 nm light for 1 min followed by irradiation of 350 nm light for 90 min (254 nm – 1 min – 350 
nm – 90 min, for short). In the similar way, the optimal healing conditions for THHPEG200 and THHPEG800 
are found to be 254 nm – 5 min – 350 nm – 150 min and 254 nm – 1 min – 350 nm – 90 min, respectively. 

 

 
Fig. 7  (a) Effect of irradiation time of 350 nm light on healing efficiency of THHPEG400 (Irradiation time of 254 nm 
light is set at 5 min.) (b) Effect of irradiation time of 254 nm light on healing efficiency of THHPEG400 (Irradiation 
time of 350 nm light is set at 90 min.) 

 

Table 3 lists equilibrium healing efficiencies of the polyurethanes during repeated tensile failure-healing 
tests. For the first healing event, THHPEG200 offers the highest healing efficiency than THHPEG400 and 
THHPEG800. When looking at the data in Table 1, it is known that the initial coumarin concentration plays the 
leading role. The more coumarin groups are involved in the dimerization, the higher ultimate healing efficiency. 
Kinetic issues are less important under the circumstances because glass transition temperatures of soft segments 
of all the uncrosslinked polyurethanes are lower than room temperature. For the second and third healing, 
healing efficiencies of all the three polyurethanes keep on decreasing. Reduction in the photoreversibility (Fig. 6) 
and misalignment of the fractured surfaces should account for the decline. Since the rate of healing efficiency 
attenuation of THHPEG200 is the highest, which coincides with the trend of percentage recovery exhibited in 
Fig. 6(d), it is known that chemical factor dominates the variation. The more remarkably reduced collision 
probability of coumarin groups and higher concentration of irreversible coumarin dimers and asymmetric fission 
products of coumarin dimer in THHPEG200 may result in significant decay of the multiple healability. 

 
Table 3. Healing efficiencies of THHPEG determined by tensile test 

Materials 
Healing efficiency (%) 

First healing Second healing Third healing 
THHPEG200 86.8 ± 13.3 72.7 ± 4.7 45.3 ± 7.4 
THHPEG400 70.2 ± 12.5 62.9 ± 10.1 56.6 ± 11.9 
THHPEG800 61.7 ± 10.5 46.5 ± 7.6 43.1 ± 6.5 

 

However, THHPEG800 that contains the longest soft segments among the three polyurethanes does not 
necessarily represent the optimal version because its coumarin concentration is so low that the absolute healing 
efficiency is not comparable to the values of the other two polyurethanes (Table 3). On the whole, the balanced 
performance of THHPEG400 makes it suitable for possible application in practice. 

CONCLUSIONS 

Polyurethanes with coumarin as side groups were synthesized. By using the photodimerization and 
photocleavage characteristics of coumarin, the polyurerthanes were able to be repeatedly crosslinked and 
decrosslinked under successive illumination of 350 nm and 254 nm UV lights, which allowed the materials to be 
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self-healed at room temperature.  
It was found that molecular weight of the soft segment, PEG, greatly affected the healing performance. 

Although longer chains of PEG facilitated movement of the neighboring molecules, which should be favorable 
for the photoreactions among the coumarin groups, the coumarin concentration in the material was diluted. It 
determined the number of coumarin dimers or crosslinking density after photodimerization. Accordingly, the 
efficiency for the first healing event increased with increasing the initial coumarin content or with decreasing 
molecular weight of PEG of the polyurethane.  

On the other hand, the polyurethane with lower molecular weight PEG was less flexible. The pendant 
coumarin groups seemed to be easier to produce irreversible dimers during photodimerization, while the 
reversible dimers might be more easily asymmetrically cleft during photocleavage leading to higher amount of 
products that could not be recrosslinked. As a result, the efficiency of multiple healing had to more rapidly decay 
as compared with the polyurethanes with higher molecular weight PEG.  

The outcomes of the present work would help to design and application of the photo-stimulated self-healing 
polyurethanes. 
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