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Abstract

Smart and functional properties of coumarin and ®@sed polyurethane (PU)
nanocomposites reinforced with both pristine siliGanoparticles and silica nanopatrticles
modified with coumarin, have been studied. Coumaria photo-responsive derivative, which
induces photo-crosslinking when it is incorporatedhe PU moieties. Swelling measurements
were performed to study the photo-crosslinkingtfeacand the results are in concordance with
the degree of crosslinking (DC) calculated by UVasweements. Shape memory behavior was
studied by thermo-mechanical cycles, by measuhegstrain recovery and shape fixity ratios of
the photo-crosslinked films. The modification oficgi nanoparticles allows an improvement in
the dispersion of the reinforcements into the PUrimawhich leads to an enhancement of the
shape memory properties. Finally, the materialseveisintegrated under composting conditions

at laboratory scale level to confirm their biodisigrable behavior.

1. Introduction

Coumarin derivatives are systems commonly used hatgachemistry owing to its
capability to assemble dimers under the effect df itadiation [1-4]. Coumarin molecules
reach a [2+2n] cycloaddition photo-reaction with itself, in wiidhe lactone double bond of
one coumarin reacts with another one to arrangeaidbn ring. The dimerization of coumarin
is a reversible process, in which the photo-dinsian is usually activated above 300 nm and
the photo-cleavage is a shorter duration procetgated below 300 nm [5]. These properties
lead to coumarin as one of the most used systentkeirdevelopment of photo-responsive
polymers [1, 6-8]. Furthermore, poty¢aprolactone) diol (PCL) is a biodegradable polymith
good physical properties such as high elongatiooredk or low crystallinity, widely used for
flexible film production. PCL is used as soft segini@ the synthesis of polyurethanes (PUSs) in
order to obtain materials with optimal elasticignsile strength, transparency or low toxicity [9-

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



gas-separation membranes [16], films for food pgrig[13, 17] or surface coatings [18-21]
have been reported. Furthermore, inorganic naeddilre typically used to reinforce PUs and to
obtain nanocomposites with enhanced performance dpecific applications. Besides,
nanoparticles can be functionalized to achieveebatteraction with the polymeric matrix [22],
leading to an improvement on its physico-chemicapprties [23]. PCL-based PUs have shown
good compatibility with inorganic reinforcements2[124, 25], for example with silica
nanoparticles (SiNPs), deeply used for its low cdsgh surface area, hardness, chemical
stability and high thermal resistance [26, 27].

Moreover, the formation of a PU network can be aéa@ by a gelation process, in which
a crosslinked polymer is able to soak up waterrgamic solvents into their internal network. A
polymer gel can form a soft and wet surface whaa gwollen. Gelation or swelling behavior
depends on the stoichiometry, functionality, kirffdsolvent or temperature [28, 29]. The use of
coumarin moieties in the formation of gels has beeplored due to its intrinsic photo-
crosslinking behavior [30, 31]. The crosslinkinggtee of polyurethane elastomers can be
reached by swelling measurements in numerous argahrents [32].

In addition, PUs are widely used as smart matemaself-healing approach as well as in
shape memory applications. In particular, shape ongrbehavior consists in the capability of
the material to fix a temporary shape and to recdsenitial shape upon the application of an
external stimulus, like temperature [33], humid®¢], pH [35] or light [36] among others. In
thermally-activated shape memory polymers, thevatitin usually takes place at a transition
temperature that could be the glass transitigh @i the melting temperature ) [37]. PUs are
able to undergo shape-memory behavior owing ta fiease separation morphology, in which
the different chemical interaction between hard BEI® soft (SS) segments produces two active
phases [13]. The fixity phase (HS) is responsibleecover the original shape of the material,
meanwhile the switching phase (SS) is the resptgb fixing the temporary shape. The

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



therefore, can modify its shape memory behaviol.[S&veral strategies are reported in the
literature to improve the shape memory propertie$ds by developing either chemical or
physical modifications, such as the adjustment afdo-soft segment ratio [39], the

incorporation of crosslinking networks [40], or thddition of inorganic nanoparticles, among
others [41]. In this sense, it has been shown ttiatcapability to fix the temporary shape of
PCL-based PUs can be improved by the developmentoohposites [13, 42] and/or

nanocomposites [43, 44].

The use of biodegradable polymers is a currentdtrearried out because of the
considerable accumulation of plastic wastes inetindronment after their useful life. The use of
PCL-based PUs in the industrial sector is triggdnedheir upright behavior as film or coatings
[18, 19]. PCL-based PUs can be disintegrated uca@posting conditions, which starts through
a hydrolytic degradation process, followed by tkesson of the polymer chains, which are
susceptible for a further microorganism attack A5,

In our previous work, PCL and coumarin-based plootsslinkable PUs were
synthesized [20] and further reinforced with ne?dF% [19] as well as with coumarin-modified
silica nanoparticles, mSiNPs [21] studying theiotahcrosslinkage by UV irradiation as well as
their mechanical and thermal properties. In thesg@mework, the best formulations of those PUs
and both SiNPs and mSIiNPs nanocomposites wereteglend photo-crosslinked by UV
irradiation at 365 nm. These materials were herelled to study their crosslinking fraction,
which was compared with the degree of crosslink{iBf®) previously obtained by UV
measurements [21]. Moreover, with the main objectiv evaluate the possibility to use these
materials as smart thermally-activated shape mermaaings, in this work thermo-mechanical
cycles were performed to study their shape memmpesties. Finally, the nanocomposites were

biodisintegrated under composting conditions toalmorate their sustainable end-life option.



2. Materials and Methods

2.1 Materials

2,2-Bis(hydroxymethyl)propionic acid, p-toluenesulic acid (PTSA), 1,4-dioxane, 2,2-
dimethoxypropane, N,N’-dicyclohexylcarbodiimide (DY, dichloromethane (DCM), ethyl
acetoacetate, resorcinol, 2-bromoethanol, ethytatee 4-(dimethylamino)pyridine (DMAP),
triethylamine (TEA), potassium carbonate, Dowekreksin, poly¢é-caprolactone) diol (M=530

g molY), poly-caprolactone) diol (ME2000 g mof), stannous octoate (Sn(OYf)
hexamethylene diisocyanate (HDI), 1,2-dichloroeth@DCE), N,N-dimethylformamide (DMF),
HPLC grade lithium bromide (LiBr) and (3-aminoprdgrethoxysilane (APTES) were supplied
by Sigma-Aldrich. Acetone, DMHRy-hexane, chloroform, ethanol and methanol, werelggh
by Scharlau. Sulfuric acid (98%), ammonia (30%) a&uwdlium chloride were supplied by
Panreac. Sodium bisulfate and succinic anhydridee veaipplied by Fluka and anhydrous
magnesium sulfate (MgSPwas supplied by Quality Chemicals. Thin liquidramatography
(TLC) silica gel 60 Essaluminum sheets (2020 cm) were purchased from kMé&wemed silica
dioxide nanopowder (primary particle average sizd4 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 dedamba previous work [20]. The
synthesis is showed in ti8eheme 1. In brief, coumarin diol (CD) was synthesized adaag to
the synthesis of Seoane-Rivero et al. [46]. Equamaimounts (0.1 eq) of CD and hexamethylene
diisocyanate (HDI) were dissolved in 20 mL of DCEBA °C. After 2 hours of mixing, the pre-
polymer was reacted with a solution of PCL (0.9,8¢DI (0.9 eq.) and Sn(Ogtj20 pL) in 20
mL of DCE and stirred at 100 °C. The reaction ead ¥ollowed by FTIR until the -NCO group

band (2270 ci) disappears. The mixture was poured into PTFEdaublds, until the solvent



was evaporated. The obtained films showed thickmege range of 200-250m and they were
allowed to dry at vacuum for 10 hours before charazation.

Non-reinforced PUs were characterized as obtaired the synthesis. Meanwhile, the samples
reinforced with coumarin-modified and unmodifiearfed silica nanoparticles were prepared by
following the procedure described in previous wofk8, 21]. Briefly, modification of silica
nanoparticles was achieved by reacting fumed sil{@aminopropyl)triethoxysilane and a

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

Finally, the samples were photo-crosslinked thrawg®0 minutes on both sides of the film
using a CL-1000 Ultraviolet Crosslinker (UVP-Madri®épain) at 365 nm with 5x8 W
(maximum UV energy exposure setting of 999,90@&nf). All the samples studied in this work

are summarized imable 1.

Table 1. Collects the samples used in this work.



PCL Coumarin SINPs (wt %) Modified SINPs (wt %)

(Mn) (% mol) 0 1 1
530 5 PU530CD5 PU530CD5-Sil PU530CD5-mSil
2000 0 PU2K
5 PU2KCD5 PU2KCD5-Si1 PU2KCD5-mSil

2.3 Swelling behavior

Swelling measurements were conducted by followihg procedure shown in the
Scheme 2. Photo-crosslinked PU films were cut in a rectdagshape (1 cmx 0.5 cm),
weighted (W) and stirred at 60 rpm in a flask with 3 mL of aldform for 24h at room
temperature. Then, the solvent was replaced umtécuilibrium weight was reached (y\and
the swelled PUs were dried for 24h at 40 °C andghted again (W to determine the
crosslinking fraction (CF). Three replicates wereasured for each sample.

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

W1—Wy
Wo

Sw (%) = x100 (1)

W, is the weight of swelled material anch W the initial weight.
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Scheme 2. Depiction of the swelling study for photo-crosgkd PU-based nanocomposites.

The crosslinking fraction was obtained by followithg Equation 2 [48, 49]:
W2
CF (%) = —=x100 (2
Wo

W, is the weight of swelled material after drying.

These results were compared with the degree ofslon&sg of nanocomposites
previously calculated [19-21] by measuring the dase of the absorption band of coumarin at
320 nm and using thequation 3:

A320,

43200-4320¢ 1100 €©)
A320,

DC (%) =
2.4 Shape memory characterization
To perform the shape memory analysis, first oftaky thermal properties of the samples
were studied in order to choose the right transitemperature (&n9 and fixing temperature

(Tsx) to be used for the thermo-mechanical cycles.edpgffitial Scanning Calorimetry (DSC)



measurements were performed using a TA InstrumeBsS Q2000 (New Castle, DE, USA)
under nitrogen atmosphere (50 mL/min). The sampkse placed in sealed aluminum pans and
heated from -80 to 90 °C at a heating rate of Y¥MAC The thermal properties were taken from
the DSC first heating scan in order to study thapprties of the material as used for the shape
memory measurement and simulating the potentialicgtion of the materials without any
added thermal treatment after processing. The tiractivated shape memory properties were
studied by thermo-mechanical cycles. The measuresmerre carried out in a Dynamic
Mechanical Thermal Analyzer (DMTA Q800) from TA tnsments in film tension mode with
controlled force. The samples were cut from castéohs of photo-crosslinked PU
nanocomposites with rectangular shape of 6 mrAa.5 mmx 0.2 mm. The samples were
submitted to a cycle composed by different stepshé programming step, the samples were
first equilibrated at 40 °C for 5 min in order tceelinthe PCL-based crystalline phase and then,
they were stretched until 50% of strain, applyindeasile stress ramp with a rate of 0.05
MPa/min. Afterwards, the sample was cooled dowid &/min to 0 °C () to promote the
crystallization of PCL maintaining the same temp@efor 10 min to ensure the maximum PCL
crystallization and, consequently, a good fixatanthe temporary shape. The stress is finally
released at 0.05 MPa/min to 0 MPa and the temperatas maintained for another 15 min to
evaluate the real fixity ratio of the samples. Hinan the recovery step, a temperature ramp was
applied at 3 °C/min to 40 °C to activate the recpwd the original shape and the temperature
was maintained for 30 min to achieve the equilimriand consequently the maximum strain
recovery ratio values. A resumed process is showetthe Scheme 3 as well as the visual
appearance of a film sample of PU2KCD5 during Hegrhally activated shape memory process.

The strain recovery ratio has been calculated tlomiquation 4:

R.(N) = =™ 100 (4)

Em—&p(N-1)
Meanwhile, the capability of the material to recotree temporary shape is defined by the

strain fixity ratio, that is calculated from tBguation 5:



Rp(N) = 22x100 (5)
Whereen is the deformed straim, is the recovered strain apgthe fixed strain [34].
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Scheme 3. Evolution of the shape memory process studiedh®PU nanocomposites.

2.5 Disintegration under composting conditions

PU-based films and nanocomposites were disintedynateler composting conditions at
laboratory scale level according to the ISO 202@@dard [50]. The samples (15 ml5 mm
x 0.15 mm) were dried and weighed and then they Weried inside a textile mesh (to allow the
removal of the disintegrated samples and also tibess of the microorganisms and moisture)
[51] at 4-6 cm depth in pricked plastic containevkjch contained a solid synthetic wet waste
prepared with 10% of compost (Mantillo, Spain), 3@8bbit food, 10% starch, 5% sugar, 1%
urea, 4% corn oil, 40% sawdust and about 50 wt%aier content. Containers were incubated
at aerobic conditions at 58 °C. Film samples wecevered at 1, 7 and 10 days of disintegration,
washed with distilled water, dried firstly in aneyvat 37 °C for 24 h and then under vacuum,
and finally reweighed. A qualitative check of théypical disintegration in compost was
followed by taken photographs as time-related, evhihe degree of disintegrability was
calculated by normalizing the sample weight at etwste to the initial value. Finally, the
structural and chemical changes during compostirgrewstudied by SEM and FTIR

spectroscopy.



3. Results and discussion

Considering that the crosslinked materials has lob¢sined by irradiation with UV light
and this is a superficial treatment, PUs were stlithy swelling measurements in chloroform to
evaluate the efficiency of crosslinking after thieadiation process at 365 nm in the overall
material. Several pictures of the PUs were takear ahe photo-crosslinking process. The
measurements were performed in two steps: in tts¢ dine, the irradiation and subsequent
swelling caused a deformation of the films (as sadfig. 1), which is indicative of an irregular

photo-crosslinking process that will be discusseerl

original swelled _ dried
B HE
i-PU2KCD5 | = O‘ e e | = @‘
A A | 3P | 4
o= ICTR | = MC7% | = 1CTP
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-mSil N Y ‘ [N
o ICTP o N ICTP

Fig. 1. Visual appearance of PU films before and aftezlbmg measurements.

Afterwards, the materials were washed and driedketermine the amount of crosslinking
fraction (CF). The results are shownTiable 2 and compared with experimental values of DC
previously obtained [19-21] calculated by measuring decrease of the absorption band of

coumarin at 320 nm (shown in italic characters).



Table 2. Comparison between crosslinking degree (DC) \wlaobtained by UV experiments and

crosslinking fraction (CF) obtained by swelling reagements

Films i-PU2K CD5 i-PU2K CD5-Si1 iI-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 moistieggers the photo-crosslinking of
the polymer matrix allowing its swelling behavidihe swelling degree results clearly show that
both SiNPs and coumarin-modified SiNPs restrictawelling behavior in chloroform, the silica
hinders the crystallization degree and providesidngrosslinking degrees in the final materials.
The swelling degree data confirms that PU-nanocaigm® have higher crosslinking degree than
non-reinforced PUs, as it was previously measungdJW spectrophotometry [19, 21]. The
swelling behavior with the incorporation of silicanoparticles into PU matrices was already
studied by Kim et al. They found that the incorpam of silica could provide an additional
barrier effect on the solvent migration [52]. Tleiéect could be similar in our materials, where

both unmodified and modified SINPs could obstriuet $olvent diffusion into the polymer bulk.

The DSC thermograms of all the samples are showngn?2. It is well known that the
addition of nanoparticles to the polymer matrix change its properties in term of crystallinity,
mechanical response as well as compatibility betvwkierent phases or domains, affecting the
shape memory response of the nanocomposites. lbbgEsved that irradiated neat PU (i-PU2K)
shows a broad melting transition of PCL crystadlitstarting around 30 °C and reaching the

maximum value at 49 °C ).
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Fig. 2. DSC first heating scan of PU-nanocomposites.

On the other hand, the addition of coumarin masetwehin the PU chains, which form a
photo-crosslinked network, lead to a different stuual distribution of PCL crystallites in the PU
matrix. As it is possible to notice iRig. 2, i-PU2KCD5 and its nanocomposites show two
melting processes. The first one is characterize@ Ibroad peak with low melting enthalpy,
which take place from 30 to 45 °C and is relatec tBCL poorly organized and less stable
crystallites. This is probably due to the limitatido SS crystallization by means of the
crosslinking network that can lockesh amount of soft segment and hinders the goodmack
PCL crystallites, promoting the formation of smsllecrystallites which melt at lower
temperature compared to PCL crystals formed in rthat PU matrix [53]. Therefore, the
introduction of coumarin groups and the crossligkaan partially disrupt the order of the soft
domain, changing the extent of phase mixing betwssd#hand hard domains [54, 55]. In fact,
this phenomenon is clearly reflected in the DSCGrttograms where two melting temperatures
were detected. The second process is the meltiak) r@dated to better organized PCL crystals,
which are more stable than that formed in the Réashowing a higher melting temperature that
is shifted from 48 °C in i-PU2K to 51 °C in photmsslinked materials [20]. Moreover, the

addition of both silica nanoparticles, unmodifiefiBs and functionalized mSiNPs, emphasizes



this effect provoking the narrowing of the meltipgak, as it is possible to observeFry. 2,
particularly in i-PU2KCD5-mSil. This behavior hagem ascribed to the good interaction
between coumarin moieties of PU matrix and SiNRsclvis even better in the case of mSiNPs
[19, 21]. In order to thermally-activate the shapemory effect, the presence of two different
segments, a hard or permanent segment and a switdr soft segment, which can be
influenced by the temperature, is needed. The pegnissegment is responsible for retaining the
original shape and can be achieved through chemrioaslinking in the polymer network or by a
crystalline phase. The switching segment tempagrdiites the programmed shape by a
thermally-induced transition or interaction suchtfaes crystallization [56]. In this work, the HS
of PU together with the biggest and more stable R@/stallites act as permanent segment,
while the less organized PCL crystallites act agching segment. Therefore, thgals used to
activate the shape memory response was taken b#ferenelting peak, at 40 °C. At this
temperature, the less thermally stable PCL crysalmelt and the material can be stretched to
program its temporary shape. On the other handpénmanent segments are able to store the
elastic strain energy produced during the deformngbrocess, which is the driving force for the
shape recovery stage, after the fixation of theptmary shape by freezing at 0 °C and inducing
the crystallization of PCL crystallites. The phatwsslinking of the network by coumarin
moieties dimerization was proposed to increasestability of the permanent segment and
consequently to improve the shape memory propestidse materials. Moreover, the addition of
the silica nanopatrticles increases the crosslindiegyee of the network, as it is showed also for
the swelling behavior, and thus it is expected 8i&lPs and mSiNPs will improve the ability of
the material to retain the original shape of thenfament segment and consequently they will
increase the strain recovery ratio. For this reaaond in order to verify the shape memory
behavior of the developed materials in a first stdge samples were heated at 40 °C and they

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



the films were cooled to 0 °C maintaining the defation constant. The applied stress was then
removed, and the recovery of the original shapeiscoy re-heating the samples at thg,d
Thermo-mechanical cycles were performed for neat(PRU2K), photo-crosslinked PU (i-
PU2KCD5) and its nanocomposites (i-PU2KCD5-Sil aRtU2KCD5-mSil). 2D strain-stress-
temperature-time diagrams are showtrig. 3. 3D thermo-mechanical strain-stress-temperature
cycles and 2D strain-stress diagrams are displayé&dg. 4. Furthermore, the strain-fixity (Rf)
and strain-recovery (Rr) ratios are reportedTeble 3. The samples were programmed in a

training cycle (not showed) at the same conditibas cycles 1 and 2.
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Fig. 3. 2D strain-stress-temperature-time diagram&)afPU2K, B) i-PU2KCD5,C) i-PU2KCD5-Si1,
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Table 3. Values of strain recovery {Rand strain fixity ratio (R for the shape memory behavor of photo-

crosslinked PU nanocomposites.

CYCLE
R, Ry
SAMPLE 1 2 1 2
i-PU2K 99 80 87 83
i-PU2KCD5 73 91 85 78
I-PU2KCD5-Sil 99 100 79 80
I-PU2KCD5-mSil 90 98 91 87

Firstly, when the films were strained, they shoveeskress relaxation recovery typically
observed in PUs [57]. Therefore, the recovery ratig calculated from this point. Neat i-PU2K
shows a good shape memory behavior, that is cleagicted in thé-ig. 4-A. The film presents
a high recovery ratio for the first cycle (99%)d3eble 3) and the recuperation begins near to
the T, caused by the melting of less thermally stabld. R@ystallites. However, in the
programming cycle, the most of crystallites meitethe PU2K could not be recrystallized again
after the cooling; therefore, at the cycle 2 thegla is strained at low values of streBgy(4-A).

On this subject, the incorporation of coumarin #mel photo-crosslinking process decreases the
crystallinity degree in the PU [19] and consequgritie recovery ratio decreases significantly in
the first cycle. The crosslinking process reacloea higher tensile strength in the i-PU2KCD5
film (Fig. 4-B), showing no significantly changes in the fixitgtio regarding to the neat
polymer. The difference of strain recovery raticetved between the cycles 1 and 2 in i-PU2K
and i-PU2KCD5 could be explained by the inner strered during the film deformation
leading to creep [58]. Therefore, the photo-crogslig network obtained introducing the
coumarin moieties did not increase the stabilityhef permanent segment.

Nevertheless, different situation has been obsefimetthe nanocompositefig. 4-C and

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



during the photo-crosslinking process [19, 21]. Htein recovery ratio is enhanced in the
nanocomposites (i-PU2KCD5-Si1 and i-PU2KCD5-mSit) ¢omparison with the non-
reinforced PUs (i-PU2K and i-PU2KCD5). The unmacetifireinforcement (SiNPs) also drives to
a slightly decrease in the fixity ratio, probabBlated with a dissimilar interaction between
SiNPs and HS/SS in the PU matrix. In fact, changeshe phase separation have several
influences in the mechanical properties. The aoldiof SINPs decreases the tensile strength in
the PU-nanocomposites, as previously reported [[B9this sense, the modification of SINPs
allows a higher interaction between the nano-reggiment and the PU matrix, which stimulates
a lower phase separation and a greater stressatielaxin the PU chains, and therefore,
enhancing the tensile strength. Therefore, PU2K@GT$-shows the best relationship between
fixity and recovery ratios.

Finally, to corroborate the biodisintegrable ch&ganof the nanocomposites, they were
exposed to simulated composting conditions at ktooy scale level. The visual appearance of
recovered films at different time of disintegrationcomposting conditions is shownfing. 5-A.
Meanwhile, the mass loss induced by the compostitugbation times is representedrig. 5-B,
where it is clear to observe that the presenceoafnarin, besides the hydrophilic nature of
SiNPs speed up the overall disintegration proc&ébese results are in agreement with the
previously observed for PCL-based nanocompositedoreed with hydrophilic particles [13,

59].
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Polymer disintegration mainly begins with a hydsiy process, in which the water
diffusion thought the polymer matrix is restrictbyg the crystallinity of the system, since the
ordered structure in the crystalline fraction ofe timaterials could retain the action of
microorganisms [60]. In this sense, the less dgirdted material was the neat PU, which
showed the highest crystallinity degree. (X 31%) with regard to the already reported
crystallinity of coumarin based PUs {>between 26 - 27%) [21]. Concerning the photo-
crosslinked polyurethanes, the disintegrabilityréegshows similar diminishing tendency to the
surface wettability [21]. In fact, PU2KCD5-Sil samshowed the most hydrophilic surface
(water contact angle = 71+ 1°) [21] and the higlaés of disintegration.

After 7 days in composting conditions, the chanastie high transparency of PCL-based
PUs [45] decreased and films became opaque asseqaence of the changes in the polymer
matrices refraction index, owing to the water apgson and/or the presence of products formed
by the hydrolytic degradation process [61, 62]tlA$ stage of disintegration, the materials were
opaque and acquired increasing yellow-brown topalit

The disintegration process was further assesse@HM (Fig. 6). The initial PU2K
microstructural surface was smooth and non-poréug 6-A), while it became slightly more
porous after 7 days in compost medium showing semges of disintegrationFig. 6-B), in
accordance with the significant macroscopic chamipserved at this disintegration stageg(
5-A).

At 10 days of disintegration, small dark brown ggevere recoveredrig. 5-A). Finally,
after 14 days the samples reached the goal of teiggmbility test (90% of disintegration
according to 1ISO 20200¥-(g. 5-B). The evolution of compost medium showed changemsg
the composting test; resulting in a dark humus dod to the aerobic fermentation (not shown)
[63].

Coumarin-based PUs are more disintegrated at 7 afagsintegration test. In fact, they

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



by SEM analysis for coumarin-based PUs (PU2KCPBRf. 6-C) and nanocomposites
(PU2KCD5-Sil1Fig. 6-E and Fig. 6-G), which after 7 days in the compost medium showed
higher microstructural signs of disintegrationagreement with the higher mass losgy(5-B),
such as a marked increase in the surface rouglioe$dJ2KCD5 Fig. 6-D). In the case of
nanocomposites, they showed more degraded ardasavitties Fig. 6-F andFig. 6-H), which
imply a non-homogeneous mechanism for the deg@datiocess. This phenomenon has been
previously observed and was attributed to bettettamd of the compost in the most degraded

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



PU2KCD5
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Fig. 6. SEM pictures of PU films before and after 7 dafydisintegration under composting conditions.

TheFig. 7 shows the FTIR spectra of coumarin-based PU filefsre and after 7 days in
composting conditions. An intensity increase waseobed in the region of —-OH and —NH

stretch (3600-3006m™), related with a disintegration process of thethaee bonds, which



resulted particularly intense in the case of ndatfiim (Fig. 7-A). This intensity increase is
followed by an increase of the signal at 1650 q@seeFig. 7-B), belonging to the asymmetric
stretching vibration of carboxylate ions [62, 64]he increase of these bands reveals the
typically disintegration behavior of PCL-based P4S]. Moreover, the increase of the O-H
stretching signals, corresponding to the carboxgthd groups, is considerably enhanced in the
PU2K in comparison with coumarin-based PBigy(7-C) and its nanocompositesig. 7-G and
7-E), suggesting that in the neat PU, the degradd#ke place via hydrolytic rupture of both
urethane and ester linkages. This can be corraimiat the decrease of the bands at 1736 cm
(C=0 stretching) and at 1239 éntasymmetric C-O-C stretching).

A different behavior is presented in the sample ROR5 (Fig. 7-C and7-D), which shows a
smaller increase of the O-H stretching band that R&). The lower amount of free —OH (3600-
3000cm ) are probably forming hydrogen bonding interactionith the carbonyl groups of
coumarin.

The addition of both SINPS$-(g. 7-E and7-F) and modified SINPsHg. 7-G and7-H)
leads to a less increase of the —OH stretch bamekeTis also a higher decrease of the bands at
1730 cnit (C=0 stretching) and at 1239 ¢nfasymmetric C-O-C stretching) in comparison with
the sample PU2KCD5 corroborating that disintegrafpoocess is enhanced by the presence of

the nanoparticles within the PU matrix.
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3 Conclusions

In this manuscript, stimuli responsive propertiéspboto-crosslinked coumarin-based
PUs and their nanocomposites were assessed. Thedftthe swelling behavior confirmed the
crosslinking degree previously calculated by UV-smwgaments. Thermally-activated shape
memory properties were studied by thermo-mechaipaks. The HS of PUs together with the
biggest and more stable PCL crystallites acted esm@anent segment retaining the original
shape, while the smallest PCL crystallites actedveisching segment and fixed the temporary
shape. All the samples showed good shape memopegies, displaying maximum,Ralues of
100% and Rvalues higher than 80%. Particularly, PU with canmbased silica nanoparticles
showed the highest strain fixity and strain recgvetios leading to the best shape memory
performance for i-PU2KCD5-mSi nanocomposite. Thedlsintegration test under composting
conditions revealed that SiNPs enhance the disatieg of the PU matrix. This information can
provide a better knowledge to the development aditings 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.



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




	Portada 1
	Functional properties of photo-crosslinkable biodegradable polyurethane nanocomposites_accepted

