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Abstract 

Smart and functional properties of coumarin and PCL-based polyurethane (PU) 

nanocomposites reinforced with both pristine silica nanoparticles and silica nanoparticles 

modified with coumarin, have been studied. Coumarin is a photo-responsive derivative, which 

induces photo-crosslinking when it is incorporated in the PU moieties. Swelling measurements 

were performed to study the photo-crosslinking fraction and the results are in concordance with 

the degree of crosslinking (DC) calculated by UV measurements. Shape memory behavior was 

studied by thermo-mechanical cycles, by measuring the strain recovery and shape fixity ratios of 

the photo-crosslinked films. The modification of silica nanoparticles allows an improvement in 

the dispersion of the reinforcements into the PU matrix, which leads to an enhancement of the 

shape memory properties. Finally, the materials were disintegrated under composting conditions 

at laboratory scale level to confirm their biodisintegrable behavior. 

 

1. Introduction 

Coumarin derivatives are systems commonly used in photo-chemistry owing to its 

capability to assemble dimers under the effect of UV irradiation [1-4]. Coumarin molecules 

reach a [2π+2π] cycloaddition photo-reaction with itself, in which the lactone double bond of 

one coumarin reacts with another one to arrange a 4-carbon ring. The dimerization of coumarin 

is a reversible process, in which the photo-dimerization is usually activated above 300 nm and 

the photo-cleavage is a shorter duration process activated below 300 nm [5]. These properties 

lead to coumarin as one of the most used systems in the development of photo-responsive 

polymers [1, 6-8]. Furthermore, poly(ε-caprolactone) diol (PCL) is a biodegradable polymer with 

good physical properties such as high elongation at break or low crystallinity, widely used for 

flexible film production. PCL is used as soft segment in the synthesis of polyurethanes (PUs) in 

order to obtain materials with optimal elasticity, tensile strength, transparency or low toxicity [9-

13]. Several applications of PUs as biomedical devices [14], tissue engineering materials [15], 



gas-separation membranes [16], films for food packaging [13, 17] or surface coatings [18-21] 

have been reported. Furthermore, inorganic nanofillers are typically used to reinforce PUs and to 

obtain nanocomposites with enhanced performance for specific applications. Besides, 

nanoparticles can be functionalized to achieve better interaction with the polymeric matrix [22], 

leading to an improvement on its physico-chemical properties [23]. PCL-based PUs have shown 

good compatibility with inorganic reinforcements [12, 24, 25], for example with silica 

nanoparticles (SiNPs), deeply used for its low cost, high surface area, hardness, chemical 

stability and high thermal resistance [26, 27]. 

Moreover, the formation of a PU network can be revealed by a gelation process, in which 

a crosslinked polymer is able to soak up water or organic solvents into their internal network. A 

polymer gel can form a soft and wet surface when it is swollen. Gelation or swelling behavior 

depends on the stoichiometry, functionality, kind of solvent or temperature [28, 29]. The use of 

coumarin moieties in the formation of gels has been explored due to its intrinsic photo-

crosslinking behavior [30, 31]. The crosslinking degree of polyurethane elastomers can be 

reached by swelling measurements in numerous organic solvents [32]. 

In addition, PUs are widely used as smart materials in self-healing approach as well as in 

shape memory applications. In particular, shape memory behavior consists in the capability of 

the material to fix a temporary shape and to recover its initial shape upon the application of an 

external stimulus, like temperature [33], humidity [34], pH [35] or light [36] among others. In 

thermally-activated shape memory polymers, the activation usually takes place at a transition 

temperature that could be the glass transition (Tg) or the melting temperature (Tm) [37]. PUs are 

able to undergo shape-memory behavior owing to their phase separation morphology, in which 

the different chemical interaction between hard (HS) and soft (SS) segments produces two active 

phases [13]. The fixity phase (HS) is responsible to recover the original shape of the material, 

meanwhile the switching phase (SS) is the responsible of fixing the temporary shape. The 

relation between HS and SS determines the microstructural morphology in the PU matrix and 



therefore, can modify its shape memory behavior [38]. Several strategies are reported in the 

literature to improve the shape memory properties of PUs by developing either chemical or 

physical modifications, such as the adjustment of hard-to-soft segment ratio [39], the 

incorporation of crosslinking networks [40], or the addition of inorganic nanoparticles, among 

others [41]. In this sense, it has been shown that the capability to fix the temporary shape of 

PCL-based PUs can be improved by the development of composites [13, 42] and/or 

nanocomposites [43, 44]. 

The use of biodegradable polymers is a current trend carried out because of the 

considerable accumulation of plastic wastes in the environment after their useful life. The use of 

PCL-based PUs in the industrial sector is triggered by their upright behavior as film or coatings 

[18, 19]. PCL-based PUs can be disintegrated under composting conditions, which starts through 

a hydrolytic degradation process, followed by the scission of the polymer chains, which are 

susceptible for a further microorganism attack [13, 45]. 

In our previous work, PCL and coumarin-based photo-crosslinkable PUs were 

synthesized [20] and further reinforced with neat SiNPs [19] as well as with coumarin-modified 

silica nanoparticles, mSiNPs [21] studying their photo-crosslinkage by UV irradiation as well as 

their mechanical and thermal properties. In the present work, the best formulations of those PUs 

and both SiNPs and mSiNPs nanocomposites were selected and photo-crosslinked by UV 

irradiation at 365 nm. These materials were here swelled to study their crosslinking fraction, 

which was compared with the degree of crosslinking (DC) previously obtained by UV 

measurements [21]. Moreover, with the main objective to evaluate the possibility to use these 

materials as smart thermally-activated shape memory coatings, in this work thermo-mechanical 

cycles were performed to study their shape memory properties. Finally, the nanocomposites were 

biodisintegrated under composting conditions to corroborate their sustainable end-life option. 

 



2. Materials and Methods 

2.1 Materials 

2,2-Bis(hydroxymethyl)propionic acid, p-toluenesulfonic acid (PTSA), 1,4-dioxane, 2,2-

dimethoxypropane, N,N’-dicyclohexylcarbodiimide (DCC), dichloromethane (DCM), ethyl 

acetoacetate, resorcinol, 2-bromoethanol, ethyl acetate, 4-(dimethylamino)pyridine (DMAP), 

triethylamine (TEA), potassium carbonate, Dowex H+ resin, poly(ε-caprolactone) diol (Mn=530 

g mol-1), poly(ε-caprolactone) diol (Mn=2000 g mol-1), stannous octoate (Sn(Oct)2), 

hexamethylene diisocyanate (HDI), 1,2-dichloroethane (DCE), N,N-dimethylformamide (DMF), 

HPLC grade lithium bromide (LiBr) and (3-aminopropyl)triethoxysilane (APTES) were supplied 

by Sigma-Aldrich. Acetone, DMF, n-hexane, chloroform, ethanol and methanol, were supplied 

by Scharlau. Sulfuric acid (98%), ammonia (30%) and sodium chloride were supplied by 

Panreac. Sodium bisulfate and succinic anhydride were supplied by Fluka and anhydrous 

magnesium sulfate (MgSO4) was supplied by Quality Chemicals. Thin liquid chromatography 

(TLC) silica gel 60 F254 aluminum sheets (20×20 cm) were purchased from Merck. Fumed silica 

dioxide nanopowder (primary particle average size: 7-14 nm) was purchased from Interchim 

Innovations. All the products were used as received. 

 

2.2 Synthesis of nanocomposites 

PCL and coumarin-based PUs were obtained as described in a previous work [20]. The 

synthesis is showed in the Scheme 1. In brief, coumarin diol (CD) was synthesized according to 

the synthesis of Seoane-Rivero et al. [46]. Equimolar amounts (0.1 eq) of CD and hexamethylene 

diisocyanate (HDI) were dissolved in 20 mL of DCE at 80 ºC. After 2 hours of mixing, the pre-

polymer was reacted with a solution of PCL (0.9 eq.), HDI (0.9 eq.) and Sn(Oct)2 (20 μL) in 20 

mL of DCE and stirred at 100 ºC. The reaction end was followed by FTIR until the -NCO group 

band (2270 cm-1) disappears. The mixture was poured into PTFE round molds, until the solvent 



was evaporated. The obtained films showed thickness in the range of 200-250 μm and they were 

allowed to dry at vacuum for 10 hours before characterization. 

Non-reinforced PUs were characterized as obtained from the synthesis. Meanwhile, the samples 

reinforced with coumarin-modified and unmodified fumed silica nanoparticles were prepared by 

following the procedure described in previous works [19, 21]. Briefly, modification of silica 

nanoparticles was achieved by reacting fumed silica, (3-aminopropyl)triethoxysilane and a 

coumarin derivative. 

 

 

Scheme 1. Synthesis of PU-based on PCL and coumarin. 

 

Finally, the samples were photo-crosslinked throughout 90 minutes on both sides of the film 

using a CL-1000 Ultraviolet Crosslinker (UVP-Madrid, Spain) at 365 nm with 5×8 W 

(maximum UV energy exposure setting of 999,900 μJ/cm2). All the samples studied in this work 

are summarized in Table 1. 

 

Table 1. Collects the samples used in this work. 



PCL 

(Mn) 

Coumarin 

(% mol) 

SiNPs (wt %) Modified SiNPs (wt %) 

0 1 1 

530 5 PU530CD5 PU530CD5-Si1 PU530CD5-mSi1 

2000 0 PU2K   

5 PU2KCD5 PU2KCD5-Si1 PU2KCD5-mSi1 

 

2.3 Swelling behavior 

Swelling measurements were conducted by following the procedure shown in the 

Scheme 2. Photo-crosslinked PU films were cut in a rectangular shape (1 cm × 0.5 cm), 

weighted (W0) and stirred at 60 rpm in a flask with 3 mL of chloroform for 24h at room 

temperature. Then, the solvent was replaced until an equilibrium weight was reached (W1) and 

the swelled PUs were dried for 24h at 40 ºC and weighted again (W2) to determine the 

crosslinking fraction (CF). Three replicates were measured for each sample. 

The swelling degree was obtained by following the Equation 1 [47]: 

�� (%) =
�	
��

��
�100     (1) 

W1 is the weight of swelled material and W0 is the initial weight. 

 



 

Scheme 2. Depiction of the swelling study for photo-crosslinked PU-based nanocomposites. 

The crosslinking fraction was obtained by following the Equation 2 [48, 49]: 

�� (%) =
��

��
�100     (2) 

W2 is the weight of swelled material after drying. 

These results were compared with the degree of crosslinking of nanocomposites 

previously calculated [19-21] by measuring the decrease of the absorption band of coumarin at 

320 nm and using the Equation 3: 

 

�� (%) =
�����
�����

�����
�100       (3) 

 

2.4 Shape memory characterization 

To perform the shape memory analysis, first of all, the thermal properties of the samples 

were studied in order to choose the right transition temperature (Ttrans) and fixing temperature 

(Tfix) to be used for the thermo-mechanical cycles. Differential Scanning Calorimetry (DSC) 



measurements were performed using a TA Instruments DSC Q2000 (New Castle, DE, USA) 

under nitrogen atmosphere (50 mL/min). The samples were placed in sealed aluminum pans and 

heated from -80 to 90 ºC at a heating rate of 10 ºC/min. The thermal properties were taken from 

the DSC first heating scan in order to study the properties of the material as used for the shape 

memory measurement and simulating the potential application of the materials without any 

added thermal treatment after processing. The thermally-activated shape memory properties were 

studied by thermo-mechanical cycles. The measurements were carried out in a Dynamic 

Mechanical Thermal Analyzer (DMTA Q800) from TA Instruments in film tension mode with 

controlled force. The samples were cut from casted films of photo-crosslinked PU 

nanocomposites with rectangular shape of 6 mm × 2.5 mm × 0.2 mm. The samples were 

submitted to a cycle composed by different steps. In the programming step, the samples were 

first equilibrated at 40 °C for 5 min in order to melt the PCL-based crystalline phase and then, 

they were stretched until 50% of strain, applying a tensile stress ramp with a rate of 0.05 

MPa/min. Afterwards, the sample was cooled down at 1 ºC/min to 0 ºC (Tfix) to promote the 

crystallization of PCL maintaining the same temperature for 10 min to ensure the maximum PCL 

crystallization and, consequently, a good fixation of the temporary shape. The stress is finally 

released at 0.05 MPa/min to 0 MPa and the temperature was maintained for another 15 min to 

evaluate the real fixity ratio of the samples. Finally, in the recovery step, a temperature ramp was 

applied at 3 ºC/min to 40 ºC to activate the recovery of the original shape and the temperature 

was maintained for 30 min to achieve the equilibrium and consequently the maximum strain 

recovery ratio values. A resumed process is showed in the Scheme 3 as well as the visual 

appearance of a film sample of PU2KCD5 during the thermally activated shape memory process. 

The strain recovery ratio has been calculated from the Equation 4: 

��(�) =
��
��(�)

��
��(�
�)
�100      (4) 

Meanwhile, the capability of the material to recover the temporary shape is defined by the 

strain fixity ratio, that is calculated from the Equation 5: 



� (�) =
�!(�)

��
�100       (5) 

Where εm is the deformed strain, εp is the recovered strain and εu the fixed strain [34]. 

 

Scheme 3. Evolution of the shape memory process studied for the PU nanocomposites. 

 

2.5 Disintegration under composting conditions 

PU-based films and nanocomposites were disintegrated under composting conditions at 

laboratory scale level according to the ISO 20200 standard [50]. The samples (15 mm × 15 mm 

× 0.15 mm) were dried and weighed and then they were buried inside a textile mesh (to allow the 

removal of the disintegrated samples and also the access of the microorganisms and moisture) 

[51] at 4-6 cm depth in pricked plastic containers, which contained a solid synthetic wet waste 

prepared with 10% of compost (Mantillo, Spain), 30% rabbit food, 10% starch, 5% sugar, 1% 

urea, 4% corn oil, 40% sawdust and about 50 wt% of water content. Containers were incubated 

at aerobic conditions at 58 ºC. Film samples were recovered at 1, 7 and 10 days of disintegration, 

washed with distilled water, dried firstly in an oven at 37 ºC for 24 h and then under vacuum, 

and finally reweighed. A qualitative check of the physical disintegration in compost was 

followed by taken photographs as time-related, while the degree of disintegrability was 

calculated by normalizing the sample weight at each time to the initial value. Finally, the 

structural and chemical changes during composting were studied by SEM and FTIR 

spectroscopy. 



 

3. Results and discussion 

Considering that the crosslinked materials has been obtained by irradiation with UV light 

and this is a superficial treatment, PUs were studied by swelling measurements in chloroform to 

evaluate the efficiency of crosslinking after the irradiation process at 365 nm in the overall 

material. Several pictures of the PUs were taken after the photo-crosslinking process. The 

measurements were performed in two steps: in the first one, the irradiation and subsequent 

swelling caused a deformation of the films (as seen in Fig. 1), which is indicative of an irregular 

photo-crosslinking process that will be discussed later. 

 

 

Fig. 1. Visual appearance of PU films before and after swelling measurements. 

 

Afterwards, the materials were washed and dried to determine the amount of crosslinking 

fraction (CF). The results are shown in Table 2 and compared with experimental values of DC 

previously obtained [19-21] calculated by measuring the decrease of the absorption band of 

coumarin at 320 nm (shown in italic characters).  

 



Table 2. Comparison between crosslinking degree (DC) values obtained by UV experiments and 

crosslinking fraction (CF) obtained by swelling measurements 

Films i-PU2KCD5 i-PU2KCD5-Si1 i-PU2KCD5-mSi1 

DC (UV) (%) 83 95 96 

Swelling degree (%) 3600 ± 100 1690 ± 30 1600 ± 300 

CF (%) 85 ± 5 93 ± 1 92 ± 1 

 

The incorporation of coumarin within the PU moieties triggers the photo-crosslinking of 

the polymer matrix allowing its swelling behavior. The swelling degree results clearly show that 

both SiNPs and coumarin-modified SiNPs restrict the swelling behavior in chloroform, the silica 

hinders the crystallization degree and provides higher crosslinking degrees in the final materials. 

The swelling degree data confirms that PU-nanocomposites have higher crosslinking degree than 

non-reinforced PUs, as it was previously measured by UV spectrophotometry [19, 21]. The 

swelling behavior with the incorporation of silica nanoparticles into PU matrices was already 

studied by Kim et al. They found that the incorporation of silica could provide an additional 

barrier effect on the solvent migration [52]. This effect could be similar in our materials, where 

both unmodified and modified SiNPs could obstruct the solvent diffusion into the polymer bulk. 

 

The DSC thermograms of all the samples are shown in Fig. 2. It is well known that the 

addition of nanoparticles to the polymer matrix can change its properties in term of crystallinity, 

mechanical response as well as compatibility between different phases or domains, affecting the 

shape memory response of the nanocomposites. It was observed that irradiated neat PU (i-PU2K) 

shows a broad melting transition of PCL crystallites, starting around 30 ºC and reaching the 

maximum value at 49 ºC (Tm). 



 

Fig. 2. DSC first heating scan of PU-nanocomposites. 

 

On the other hand, the addition of coumarin moieties within the PU chains, which form a 

photo-crosslinked network, lead to a different structural distribution of PCL crystallites in the PU 

matrix. As it is possible to notice in Fig. 2, i-PU2KCD5 and its nanocomposites show two 

melting processes. The first one is characterized by a broad peak with low melting enthalpy, 

which take place from 30 to 45 ºC and is related to a PCL poorly organized and less stable 

crystallites. This is probably due to the limitation to SS crystallization by means of the 

crosslinking network that can locked an amount of soft segment and hinders the good packing of 

PCL crystallites, promoting the formation of smallest crystallites which melt at lower 

temperature compared to PCL crystals formed in the neat PU matrix [53]. Therefore, the 

introduction of coumarin groups and the crosslinking can partially disrupt the order of the soft 

domain, changing the extent of phase mixing between soft and hard domains [54, 55]. In fact, 

this phenomenon is clearly reflected in the DSC thermograms where two melting temperatures 

were detected. The second process is the melting peak related to better organized PCL crystals, 

which are more stable than that formed in the neat PU showing a higher melting temperature that 

is shifted from 48 ºC in i-PU2K to 51 ºC in photo-crosslinked materials [20]. Moreover, the 

addition of both silica nanoparticles, unmodified SiNPs and functionalized mSiNPs, emphasizes 
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this effect provoking the narrowing of the melting peak, as it is possible to observe in Fig. 2, 

particularly in i-PU2KCD5-mSi1. This behavior has been ascribed to the good interaction 

between coumarin moieties of PU matrix and SiNPs, which is even better in the case of mSiNPs 

[19, 21]. In order to thermally-activate the shape memory effect, the presence of two different 

segments, a hard or permanent segment and a switching or soft segment, which can be 

influenced by the temperature, is needed. The permanent segment is responsible for retaining the 

original shape and can be achieved through chemical crosslinking in the polymer network or by a 

crystalline phase. The switching segment temporarily fixes the programmed shape by a 

thermally-induced transition or interaction such as the crystallization [56]. In this work, the HS 

of PU together with the biggest and more stable PCL crystallites act as permanent segment, 

while the less organized PCL crystallites act as switching segment. Therefore, the Ttrans used to 

activate the shape memory response was taken before the melting peak, at 40 ºC. At this 

temperature, the less thermally stable PCL crystallites melt and the material can be stretched to 

program its temporary shape. On the other hand, the permanent segments are able to store the 

elastic strain energy produced during the deformation process, which is the driving force for the 

shape recovery stage, after the fixation of the temporary shape by freezing at 0 ºC and inducing 

the crystallization of PCL crystallites. The photo-crosslinking of the network by coumarin 

moieties dimerization was proposed to increase the stability of the permanent segment and 

consequently to improve the shape memory properties of the materials. Moreover, the addition of 

the silica nanoparticles increases the crosslinking degree of the network, as it is showed also for 

the swelling behavior, and thus it is expected that SiNPs and mSiNPs will improve the ability of 

the material to retain the original shape of the permanent segment and consequently they will 

increase the strain recovery ratio. For this reason and in order to verify the shape memory 

behavior of the developed materials in a first stage, the samples were heated at 40 °C and they 

were further stretched at 50% of strain to fix the material in a temporary shape. Subsequently, 



the films were cooled to 0 °C maintaining the deformation constant. The applied stress was then 

removed, and the recovery of the original shape occurs by re-heating the samples at the Ttrans. 

Thermo-mechanical cycles were performed for neat PU (i-PU2K), photo-crosslinked PU (i-

PU2KCD5) and its nanocomposites (i-PU2KCD5-Si1 and i-PU2KCD5-mSi1). 2D strain-stress-

temperature-time diagrams are shown in Fig. 3. 3D thermo-mechanical strain-stress-temperature 

cycles and 2D strain-stress diagrams are displayed in Fig. 4. Furthermore, the strain-fixity (Rf) 

and strain-recovery (Rr) ratios are reported in Table 3. The samples were programmed in a 

training cycle (not showed) at the same conditions than cycles 1 and 2.  

 

Fig. 3. 2D strain-stress-temperature-time diagrams of A) i-PU2K, B) i-PU2KCD5, C) i-PU2KCD5-Si1, 

D) i-PU2KCD5-mSi1. 
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Fig. 4. 3D thermomechanical strain-stress-temperature cycles and 2D stress-strain diagram of A) i-PU2K, 

B) i-PU2KCD5, C) i-PU2KCD5-Si1, D) i-PU2KCD5-mSi1. 

 



Table 3. Values of strain recovery (Rr) and strain fixity ratio (Rf) for the shape memory behavor of photo-

crosslinked PU nanocomposites. 

 
CYCLE 

 
Rr Rf 

SAMPLE 1 2 1 2 

i-PU2K 99 80 87 83 

i-PU2KCD5 73 91 85 78 

i-PU2KCD5-Si1 99 100 79 80 

i-PU2KCD5-mSi1 90 98 91 87 

 

Firstly, when the films were strained, they showed a stress relaxation recovery typically 

observed in PUs [57]. Therefore, the recovery ratio was calculated from this point. Neat i-PU2K 

shows a good shape memory behavior, that is clearly depicted in the Fig. 4-A. The film presents 

a high recovery ratio for the first cycle (99%) (see Table 3) and the recuperation begins near to 

the Tm, caused by the melting of less thermally stable PCL crystallites. However, in the 

programming cycle, the most of crystallites melted in the PU2K could not be recrystallized again 

after the cooling; therefore, at the cycle 2 the sample is strained at low values of stress (Fig 4-A). 

On this subject, the incorporation of coumarin and the photo-crosslinking process decreases the 

crystallinity degree in the PU [19] and consequently, the recovery ratio decreases significantly in 

the first cycle. The crosslinking process reaches to a higher tensile strength in the i-PU2KCD5 

film (Fig. 4-B), showing no significantly changes in the fixity ratio regarding to the neat 

polymer. The difference of strain recovery ratio observed between the cycles 1 and 2 in i-PU2K 

and i-PU2KCD5 could be explained by the inner stress stored during the film deformation 

leading to creep [58]. Therefore, the photo-crosslinking network obtained introducing the 

coumarin moieties did not increase the stability of the permanent segment.  

Nevertheless, different situation has been observed for the nanocomposites (Fig. 4-C and 

4-D). As mentioned in a previous work, the addition of SiNPs enhances the crystal nucleation 



during the photo-crosslinking process [19, 21]. The strain recovery ratio is enhanced in the 

nanocomposites (i-PU2KCD5-Si1 and i-PU2KCD5-mSi1) in comparison with the non-

reinforced PUs (i-PU2K and i-PU2KCD5). The unmodified reinforcement (SiNPs) also drives to 

a slightly decrease in the fixity ratio, probably related with a dissimilar interaction between 

SiNPs and HS/SS in the PU matrix. In fact, changes in the phase separation have several 

influences in the mechanical properties. The addition of SiNPs decreases the tensile strength in 

the PU-nanocomposites, as previously reported [19]. In this sense, the modification of SiNPs 

allows a higher interaction between the nano-reinforcement and the PU matrix, which stimulates 

a lower phase separation and a greater stress relaxation in the PU chains, and therefore, 

enhancing the tensile strength. Therefore, PU2KCD5-mSi shows the best relationship between 

fixity and recovery ratios. 

Finally, to corroborate the biodisintegrable character of the nanocomposites, they were 

exposed to simulated composting conditions at laboratory scale level. The visual appearance of 

recovered films at different time of disintegration in composting conditions is shown in Fig. 5-A. 

Meanwhile, the mass loss induced by the composting incubation times is represented in Fig. 5-B, 

where it is clear to observe that the presence of coumarin, besides the hydrophilic nature of 

SiNPs speed up the overall disintegration process. These results are in agreement with the 

previously observed for PCL-based nanocomposites reinforced with hydrophilic particles [13, 

59].  



 

Fig. 5. A) Evolution of PU films visual appearance as well as compost soil before and after different 

recovered days of disintegration under composting conditions and B) Disintegration degree of PU films 

under composting conditions as a function of time. 

 



Polymer disintegration mainly begins with a hydrolysis process, in which the water 

diffusion thought the polymer matrix is restricted by the crystallinity of the system, since the 

ordered structure in the crystalline fraction of the materials could retain the action of 

microorganisms [60]. In this sense, the less disintegrated material was the neat PU, which 

showed the highest crystallinity degree (Xc = 31%) with regard to the already reported 

crystallinity of coumarin based PUs (Xc between 26 - 27%) [21]. Concerning the photo-

crosslinked polyurethanes, the disintegrability degree shows similar diminishing tendency to the 

surface wettability [21]. In fact, PU2KCD5-Si1 sample showed the most hydrophilic surface 

(water contact angle = 71± 1º) [21] and the higher rate of disintegration.  

After 7 days in composting conditions, the characteristic high transparency of PCL-based 

PUs [45] decreased and films became opaque as a consequence of the changes in the polymer 

matrices refraction index, owing to the water absorption and/or the presence of products formed 

by the hydrolytic degradation process [61, 62]. At this stage of disintegration, the materials were 

opaque and acquired increasing yellow-brown tonality.  

The disintegration process was further assessed by SEM (Fig. 6). The initial PU2K 

microstructural surface was smooth and non-porous (Fig. 6-A), while it became slightly more 

porous after 7 days in compost medium showing some signs of disintegration (Fig. 6-B), in 

accordance with the significant macroscopic changes observed at this disintegration stage (Fig. 

5-A).  

At 10 days of disintegration, small dark brown pieces were recovered (Fig. 5-A). Finally, 

after 14 days the samples reached the goal of disintegrability test (90% of disintegration 

according to ISO 20200) (Fig. 5-B). The evolution of compost medium showed changes during 

the composting test; resulting in a dark humus soil due to the aerobic fermentation (not shown) 

[63]. 

Coumarin-based PUs are more disintegrated at 7 days of disintegration test. In fact, they 

became in breakable and small pieces (Fig. 5-A). More porous surfaces were initially observed 



by SEM analysis for coumarin-based PUs (PU2KCD5 Fig. 6-C) and nanocomposites 

(PU2KCD5-Si1 Fig. 6-E and Fig. 6-G), which after 7 days in the compost medium showed 

higher microstructural signs of disintegration, in agreement with the higher mass loss (Fig. 5-B), 

such as a marked increase in the surface roughness for PU2KCD5 (Fig. 6-D). In the case of 

nanocomposites, they showed more degraded areas with cavities (Fig. 6-F and Fig. 6-H), which 

imply a non-homogeneous mechanism for the degradation process. This phenomenon has been 

previously observed and was attributed to better contact of the compost in the most degraded 

areas and/or to a non-homogeneous growth of the microorganisms on the sample surface [61]. 



 

Fig. 6. SEM pictures of PU films before and after 7 days of disintegration under composting conditions. 

 

The Fig. 7 shows the FTIR spectra of coumarin-based PU films before and after 7 days in 

composting conditions. An intensity increase was observed in the region of –OH and –NH 

stretch (3600-3000 cm-1), related with a disintegration process of the urethane bonds, which 



resulted particularly intense in the case of neat PU film (Fig. 7-A). This intensity increase is 

followed by an increase of the signal at 1650 cm-1 (see Fig. 7-B), belonging to the asymmetric 

stretching vibration of carboxylate ions [62, 64]. The increase of these bands reveals the 

typically disintegration behavior of PCL-based PUs [45]. Moreover, the increase of the O-H 

stretching signals, corresponding to the carboxylic end groups, is considerably enhanced in the 

PU2K in comparison with coumarin-based PUs (Fig. 7-C) and its nanocomposites (Fig. 7-G and 

7-E), suggesting that in the neat PU, the degradation take place via hydrolytic rupture of both 

urethane and ester linkages. This can be corroborated by the decrease of the bands at 1730 cm-1 

(C=O stretching) and at 1239 cm-1 (asymmetric C-O-C stretching). 

A different behavior is presented in the sample PU2KCD5 (Fig. 7-C and 7-D), which shows a 

smaller increase of the O-H stretching band than neat PU. The lower amount of free –OH (3600-

3000 cm−1) are probably forming hydrogen bonding interactions with the carbonyl groups of 

coumarin. 

The addition of both SiNPs (Fig. 7-E and 7-F) and modified SiNPs (Fig. 7-G and 7-H) 

leads to a less increase of the –OH stretch band. There is also a higher decrease of the bands at 

1730 cm-1 (C=O stretching) and at 1239 cm-1 (asymmetric C-O-C stretching) in comparison with 

the sample PU2KCD5 corroborating that disintegration process is enhanced by the presence of 

the nanoparticles within the PU matrix. 

 



  

Fig 7. FTIR spectra before and after 7 days of disintegration under composting conditions of: PU2K A) 

4000–2400 cm-1 and B) 2000–800 cm-1; PU2KCD5 C) 4000–2400 cm-1 and D) 2000–800 cm-1; 

PU2KCD5-Si1 E) 4000–2400 cm-1 and F) 2000–800 cm-1; PU2KCD5-mSi1 G) 4000–2400 cm-1 and H) 

2000–800 cm-1. 
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3 Conclusions 

In this manuscript, stimuli responsive properties of photo-crosslinked coumarin-based 

PUs and their nanocomposites were assessed. The study of the swelling behavior confirmed the 

crosslinking degree previously calculated by UV-measurements. Thermally-activated shape 

memory properties were studied by thermo-mechanical cycles. The HS of PUs together with the 

biggest and more stable PCL crystallites acted as permanent segment retaining the original 

shape, while the smallest PCL crystallites acted as switching segment and fixed the temporary 

shape. All the samples showed good shape memory properties, displaying maximum Rr values of 

100% and Rf values higher than 80%. Particularly, PU with coumarin-based silica nanoparticles 

showed the highest strain fixity and strain recovery ratios leading to the best shape memory 

performance for i-PU2KCD5-mSi nanocomposite. The biodisintegration test under composting 

conditions revealed that SiNPs enhance the disintegration of the PU matrix. This information can 

provide a better knowledge to the development of coatings with tunable properties and 

sustainable end-life option. 
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Highlights 

• Functional polyurethanes based on poly-e-caprolactone and coumarin have 

been evaluated as coatings. 

• Photo-crosslinking degree was measured by swelling and the results are in 

concordance with UV measurements. 

• The incorporation of coumarin-functionalized silica nanoparticles leads to a 

enhancement of the shape memory performance. 

• The nanocomposites were completely disintegrated after 14 days under 

composting conditions. 
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