7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

From thermoplastic polyurethane to covalent
adaptable network via reversible photo-
crosslinking of a biobased chain extender
synthesized from caffeic acid¥
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An original segmented thermoplastic polyurethane (TPU) has been synthesized with a biobased aromatic
chain extender prepared from caffeic acid (EC-diol). Some reference TPUs were also synthesized with ali-
phatic or aromatic chain extenders, for comparison. The TPUs were characterized by NMR, FTIR, TGA,
DSC, DMA and tensile tests. The TPU based on EC-diol presents the characteristic features of thermoplas-
tic elastomers, with phase segregation between soft and hard segments, leading to remarkable mechani-
cal and thermal properties. Thanks to the peculiar structure of EC-diol, the corresponding TPU presents
unsaturated esters as pendant chains, which are able to dimerize under UV irradiation by [2 + 2] cyclo-
addition, leading to crosslinking. The photodimerization was followed by UV-vis and FTIR spectroscopies.
It is complete in about 2 h on thin films but is limited by the penetration depth of the UV radiation, and
longer exposure is required to fully crosslink the TPU in the bulk. Photocrosslinking leads to significant
changes in the physical properties of the material, with for instance an increased rigidity. When irradiated
with UV light of shorter wavelength, the photodimerization is reversible, leading to decrosslinking.
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However, the reversibility is only partial. This study thus shows an original TPU able to reversibly crosslink
upon UV irradiation at different wavelength, but also points some limitations of this dissociative covalent
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Introduction

Thermoplastic polyurethanes (TPUs) are a class of highly versa-
tile polymer materials, whose properties can easily be tuned by
adjusting their macromolecular architecture, leading to a large
range of industrial applications. They are conventionally syn-
thesized in two-steps: first a prepolymer is obtained by reac-
tion of a long polyol with an excess of diisocyanate, then a
short diol is added as chain extender. The obtained TPUs
possess a block copolymer structure, with soft segments (SS)
constituted by a long polyol and hard segments (HS) formed
by reaction between the diisocyanate and the chain extender.
In HS, the high density of urethane linkages allows the for-
mation of hydrogen bonds acting as physical crosslinks,
leading to rubber-like properties. Thermodynamic incompat-
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adaptable network for developing thick materials, because of the well-known limited penetration depth

ibility between SS and HS can further induce phase separation
giving rise to a multiphase structure, where rigid HS domains
can act as reinforcement of a soft matrix constituted by the
$S.'”® This specific morphology brings remarkable properties,
as in the case of thermoplastic elastomers.

In the frame of the recent development of the circular
bioeconomy and to develop sustainable materials, a large
range of renewable and performing TPU have been synthesized
from different biobased building blocks,**° even at an indus-
trial level."" A very rich chemistry with new architectures has
then been developed. To increase the sustainability and to
decrease the environmental impact of these materials, both
the beginning (biogenic carbon) and the end of life of these
polymers must be simultaneously considered.'**?

Hydroxycinnamic acids, such as p-coumaric acid, ferulic
acid or caffeic acid, are interesting biobased molecules with a
high potential in the development of innovative and perform-
ing materials."*'® They can be (i) extracted from ligno-
cellulosic biomass,'® (ii) bioproduced by engineered microbes
(fermentation) or (iii) obtained by more conventional (green)
chemical synthesis (Fig. 1a).”° Since they contain both
hydroxyl and carboxyl functional groups, they have often been
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main stereoisomers.

used as monomers in the synthesis of homo- or co-polyesters,
and integrated into a large range of macromolecular
architectures.>*** They have also been introduced as pendant
side chains by post-functionalization of synthetic or natural
polymers.>*?°

Cinnamic acid and its derivatives are known for more than
a century for their ability to dimerize by [2 + 2] cycloaddition
upon exposure to UV light. Up to 11 stereoisomers can poten-
tially be obtained, but the most common are o-truxillic and
f-truxinic acid, resulting from head-to-tail or head-to-head
dimerization, respectively (Fig. 1c).*® The dimerization is
reversible, since exposure to shorter wavelengths results in
cleavage of the cyclobutane ring. Cinnamic acid derivatives
have been used in polymer systems to prepare covalent adapt-
able networks (CANs),*”*® allowing the design of self-healing
and memory shape materials thanks to the reversible
dimerization.**™**

A single study reported the inclusion of cinnamic acid
derivatives in TPUs. Wu et al®® used a diol presenting a
pendent cinnamoyl moiety, N,N-bis(2-hydroxyethyl)cinnama-
mide, in combination with a polycaprolactone-diol (PCL-diol),
a poly(t-lactic acid)-diol and hexamethylenediisocyanate (HDI)
to synthesize TPUs. The cinnamoyl photosensitive groups were
included as pendant side chains in the SS. Their reversible
photocycloaddition was exploited to prepare light-induced
shape memory materials. A temporary shape was first fixed by
photo-crosslinking under irradiation at 365 nm. Then, the
initial shape could be recovered by irradiation at lower wave-
length (254 nm), leading to the cleavage of the cyclobutane
rings. Several studies focused on the synthesis of TPUs carry-
ing other photoactive groups, such as coumarins*®>° or
anthracenes.’™*> The materials could be crosslinked and de-
crosslinked several times by irradiation at different wave-
lengths, although a significant loss in efficiency was often
observed after several cycles.*”**>' The reversible crosslinking
was also exploited to design self-healing materials, capable of
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(a) Chemical structure of hydroxycinnamic acids, (b) synthesis of EC-diol from caffeic acid, (c) dimerization of cinnamic acid showing the two

healing cracks, or welding two parts together after being
Cut.47_49’51
Recently, our group synthesized an original biobased diol
from caffeic acid and ethylene carbonate (EC-diol, Fig. 1b).”*
EC-diol is an interesting biobased building block with two
highly reactive primary hydroxyl groups and an unsaturated
ester. It was used in the synthesis of original polyesters by
enzymatic polymerization. Given the peculiar structure of EC-
diol, the aromatic groups are included into the polymer back-
bone, leading to enhanced thermal properties, while the
photoactive unsaturated esters end up as pendant chains,
resulting in high reactivity in photo-crosslinking reactions.>
The structure of EC-diol also makes it an attractive building
block for the synthesis of TPUs. In this study, we report the
synthesis, characterization, and reversible photo-crosslinking
of a TPU based on EC-diol, which was used as chain extender.
The TPU has been extensively characterized by NMR, FTIR,
DSC, TGA, DMA and tensile tests. To better understand the
impact of EC-diol on the structure and physical behavior of the
TPU, two model TPUs were synthesized for comparison with
the same SS but different chain extenders, 1,4-butanediol and
1,2-bis(hydroxyethyl)catechol, respectively. The ability of EC-
diol to dimerize upon light exposure was later exploited to
achieve the reversible crosslinking of the TPU by [2 + 2] photo-
cycloaddition of the pendant unsaturated esters (Fig. 2). The
kinetics of the photo-crosslinking was followed by spectro-
scopic techniques (UV-vis and FTIR), and changes in physical
properties of the TPU were thoroughly evaluated.

Experimental part

Materials

Pyrocatechol (PC, 99+%) and 1,4-butanediol (1,4-BDO; 99+%)
were purchased from Acros Organics. Caffeic acid (3-(3,4-dihy-

droxyphenyl)acrylic acid, 95%) was purchased from

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Reversible crosslinking by [2 + 2] photocycloaddition of TPU prepared from EC-diol.

Fluorochem, and ethylene carbonate (EC, 99%) from Alfa
Aesar. 4,4"-Methylene bis(phenyl isocyanate) (MDI, Suprasec®
1306) was  obtained from  Huntsmann  (USA).
Polytetrahydrofuran (M;,, = 1000 g mol™', PTHF 1000) was
obtained from BASF. It was dried under vacuum at 40 °C prior
to use.

Synthesis of pyrocatechol-diol (PC-diol, 1,2-bis(hydroxyethyl)
catechol)

Pyrocatechol (5.51 g, 50 mmol), K,CO; (1.38 g, 10 mmol) and
EC (9.25 g, 105 mmol) were introduced in a three-necked
round bottom flask. The mixture was stirred under an argon
flux for 1 h at 150 °C, after which it was cooled down to room
temperature in a water bath. The crude was then dissolved in
100 mL chloroform and extracted twice with 100 mL brine.
The organic layer was then dried over MgSO,, and evaporated
to dryness in a rotary evaporator, yielding 6.66 g of a white
powder (67% yield). The product was further purified by recrys-
tallization from ethyl acetate.

5y (400 MHz, DMSO) 7.02-6.93 (2H, m), 6.91-6.82 (2H, m),
4.80 (2H, t, ] 2.9), 3.97 (4H, t, J 5.2), 3.70 (4H, q, ] 5.2).

Synthesis of ethyl caffeate-diol (EC-diol, ethyl 3,4-bis
(hydroxyethyl)caffeate)

EC-diol was synthesized in two steps from caffeic acid, as pre-
viously reported.® First, ethyl caffeate was prepared quantitat-
ively by Fisher esterification of caffeic acid in ethanol. Then
ethyl caffeate (3.50 g, 16.8 mmol), K,CO; (0.47 g, 3.4 mmol)
and EC (3.11 g, 35.3 mmol) were introduced in a three-necked
round bottom flask. Anhydrous DMF (100 mL) was added, and
the mixture was stirred under an argon flux for 3 h at 130 °C,
before to be cooled down to room temperature in a water bath.
400 mL ethyl acetate were then added, and the organic phase
was washed with brine (250 mL), saturated NaHCO; solution
(250 mL) and brine (250 mL). The organic layer was then dried
over MgSO, and evaporated to dryness in a rotary evaporator,
yielding a brown solid. The product was further purified by
column chromatography (gradient of ethyl acetate and metha-
nol), yielding 2.30 g of a pale beige powder (47% yield).

5y (400 MHz, DMSO) 7.56 (1H, d, J 16.0), 7.37 (1H, d, J 2.0),
7.22 (1H, dd, J 8.5, 2.0), 7.00 (1H, d, J 8.4), 6.53 (1H, d, J 16.0),
4.84 (2H, dt, J 9.2, 5.5), 4.17 (2H, q, J 7.1), 4.04 (4H, dt, J 7.7,
5.1), 3.72 (4H, q, ] 5.2), 1.25 (3H, t, J 7.1).

This journal is © The Royal Society of Chemistry 2023

TPUs synthesis

TPUs were synthesized in two steps, as depicted on Scheme 1.
First, a prepolymer was synthesized from PTHF 1000 and MDI,
with an NCO/OH index of 2.0. PTHF 1000 was introduced in a
three-necked round bottom flask, which was placed in an oil
bath regulated at 80 °C, and extensively flushed with argon.
MDI was then added via syringe. The mixture was stirred with
a mechanical stirrer and allowed to react for 1 h at 80 °C. The
chain extender (1,4-BDO, PC-diol or EC-diol) was dissolved in
about 5 mL of dry THF and added to the prepolymer via
syringe. The amount of chain extender was adjusted to obtain
an NCO/OH index of 1.0. The mixture was stirred with high
agitation (500 rpm), before to be poured on a Teflon plate
when the viscosity started to increase. The final TPUs were
obtained after curing in an oven at 80 °C overnight. They were
then compression molded into films of 1 mm thickness using
a hot press (LabTech Engineering Company Ltd) and molds of
10 x 10 cm®. The polymers were first heated at 150 °C without
pressure for 10 min, then pressed at 160 bar for 20 min, and
finally cooled down to room temperature with a water circulat-
ing system within the plates.

The TPUs have been synthesized with the same molar ratio
between PTHF, MDI and chain extender. Since the chain exten-
ders have different molar masses, the HS contents of the
TPUs, calculated on a weight basis according to eqn (1), are
different. HS contents are 37.5, 41.5 and 44.7 wt% for
TPU-BDO, TPU-PC and TPU-EC, respectively.

Mypr + McE
MprHF + MMp1 + McE

HS content(wt%) = 100 x

Mypr, Mce and mpryr represent respectively the mass of MDI,
chain extender and PTHF used for the synthesis of TPU-

Photo-crosslinking of TPU

TPU samples were irradiated in a photoreactor (LZC-4Xy,
Luzchem Research Inc) equipped with 14 UV lamps (8 W) with
emission centered at 355 nm. For the photo-crosslinking study
by UV-Vis spectroscopy, 10 mg TPU was dissolved in 1 mL of
chloroform/TFA mixture (1:1 v/v). 20 pL of the solution were
then spread on a microscope quartz slide, and the solvent was
allowed to evaporate under a fume hood. The quartz slide was
then irradiated, and UV-Vis spectra were recorded at regular
intervals on a Shimadzu UV-2600 spectrometer in the
200-500 nm range. To study the cyclo-reversion reaction, the

Polym. Chem., 2023, 14, 2685-2696 | 2687
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Scheme 1 TPUs two-step synthesis.

photoreactor was equipped with 14 UV lamps (8 W) with emis-
sion centered at 254 nm. The quartz slide was irradiated and
UV-Vis spectra were recorded at regular intervals.

For the photo-crosslinking study by FTIR, TPU films of 1.0,
0.4 or 0.2 mm thickness prepared by compression molding
were placed on a rotating plate in the photoreactor. FTIR
spectra were recorded at regular intervals on both sides, the
irradiated one and the non-irradiated one. Finally, for photo-
crosslinking prior to DSC, DMA and tensile tests, corres-
ponding samples were cut from films of 1 mm thickness and
irradiated in the photoreactor for 48 h, with turning them
upside down after 24 h, to ensure complete photo-crosslinking
in the bulk.

Memory shape experiments

A strip of TPU (approximately 45 x 10x0.2 mm?®) was used for
memory shape experiments. Two marks were drawn on the
sample to define the initial length (I,). The sample was then
elongated to [;, fixed in position on a quartz plate by two
clamps and irradiated at 365 nm for 6 h. One clip was
removed, and the length of the sample was measured (I,).
Finally, the sample was irradiated at 254 nm for 1 h, and the
final length (I;) was measured. Scheme and pictures of the
setup are available in the ESI (Fig. S197).

2688 | Polym. Chem., 2023, 14, 2685-2696
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The strain fixity (R¢) and strain recovery (R,) were calculated
using eqn (2) and (3), respectively:

Re(%) = 100 x L=k (2)
L—1

Ri(%) = 100 x 5 — ;3 (3)
1 0

Polymer characterizations

'H NMR spectra were recorded on a Bruker 400 MHz spectro-
meter. About 20 mg samples were dissolved in 600 pL of
CDCl,/trifluoroacetic acid mixture (5:1 v/v) and 16 scans were
collected at 25 °C.

Fourier Transform Infrared (FTIR) spectroscopy was per-
formed on a ThermoScientific Nicolet iS10 spectrometer
equipped with a diamond ATR probe at room temperature. 32
scans were collected at a resolution of 4 cm™".

Thermogravimetric analysis (TGA) was performed on a
Q5000 apparatus (TA instruments). Samples (1 to 3 mg) were
heated from 30 to 700 °C under nitrogen, at a heating rate of
20 °C min~"'. The temperatures where 95% of initial mass
remains are reported as Tos¢,, Whereas the temperatures at the

This journal is © The Royal Society of Chemistry 2023
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peak of derivative weight loss (DTG curves) are reported as
Tyeg-

Differential Scanning Calorimetry (DSC) was conducted on
a DSC25 apparatus (TA instruments). The samples were first
cooled to —80 °C and maintained at temperature for 3 min, fol-
lowed by heating to 250 °C at a rate of 10 °C min".

Dynamic mechanical analysis (DMA) was carried out in
torsion mode on a Discovery HR-3 apparatus (TA instruments),
using rectangular samples (about 25 mm x 10 mm x 1 mm).
Measurements were performed from —70 to 250 °C at a heating
rate of 3 °C min~" and a frequency of 1 Hz with 0.05% strain.

Uniaxial tensile tests were performed on a Zwick Roll dynam-
ometer equipped with a 5 kN load cell. Dumbbell-shaped
samples with an effective length of 20 mm, a width of 4 mm
and a thickness of about 1 mm were used. The tensile measure-
ments were performed using a preload of 0.1 N and pulling
speed of 100 mm min~" until sample failure. Elongation at
break (eprear), tensile strength (omax) and Young’s modulus (E)
are reported as average of 5 to 6 experiments with the corres-
ponding standard deviations. The plotted stress — strain curves
were selected to be representative of the average values.

Results and discussion
Synthesis of TPUs

The TPUs were synthesized in two steps, as depicted on
Scheme 1. Prepolymers with isocyanate chain ends were first pre-

View Article Online
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pared from PTHF and excess MDI, before adding the selected
chain extender to obtain the final TPUs. EC-diol was used to
prepare a TPU able to crosslink by photocycloaddition of the
pendant unsaturated ester (Fig. 2). To evaluate its influence on
the TPU structure and properties, two reference TPUs were pre-
pared for comparison, with selected aliphatic or aromatic chain
extenders. A first model TPU was prepared with 1,4-BDO as chain
extender, since this system is extensively described in the litera-
ture. A second model TPU was synthesized with the aromatic PC-
diol, which shares the same hydroxyethyl catechol structure as
EC-diol but without unsaturated ester pendant chain.

"H NMR confirmed the expected structure of the TPUs (ESI,
Fig. S5 and S67). Signals from the unsaturated side chains of
EC-diol are present (Fig. 3), indicating that they were
unaffected by the polymerization reaction. The TPUs could not
be analyzed by size exclusion chromatography (SEC) because
they were insoluble in common SEC solvents, such as THF or
chloroform, as often with high molar masses TPUs.

FTIR spectroscopy was used to monitor the level of hydro-
gen bonding of the carbonyl groups, and gain insights into the
organization of the TPUs depending on the chain extender
(Fig. 4). For TPU-BDO, 2 distinct peaks are located at 1700 and
1730 cm™'. They correspond to non-hydrogen bonded C=0
and strongly hydrogen bonded C=0, respectively.”**> The first
ones correspond to C=O in urethane linkages connecting SS,
whereas the latter can be assigned to C=O in urethane lin-
kages within HS. The low wavenumber indicates strong hydro-
gen bonding and is characteristic of crystalline HS.”*"’
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Fig. 3 *H NMR of TPU-EC. Assignation of the unsaturated ester side chains are indicated on the inset.
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Fig. 4 Detail of the FTIR spectra (1400-1900 cm™) of the different
TPUs.

The FTIR spectrum of TPU-PC is similar to that of
TPU-BDO. It thus indicates that strong hydrogen bonding
occurs in the HS, which should be well-separated from the SS
and probably present a crystalline structure. The spectrum of
TPU-EC is different from the others. Two peaks are also
observed for the C=0 stretch, but the second one appears at a
slightly higher wavenumber, about 1705 ¢cm™', revealing a
lower level of hydrogen bonding within HS. The ratio between
both peaks is also different. However, the ester group of EC-
diol also contributes to the C=O stretch band, thus complicat-
ing its analysis. In addition, TPU-EC presents a peak at
1634 cm ™', which correspond to the conjugated C—C bond of
the unsaturated ester. It thus confirms that the C=C bonds
were not affected by the polymerization, and that TPU-EC pre-
sents unsaturated esters as pendant side chains.

Thermal properties of TPUs

Thermal properties of the TPUs were evaluated by DSC and
TGA. Results of TGA are provided in the ESI (Fig. S71) and in
Table 1. All TPUs show a good thermal stability, with Toso,
ranging from 266 to 301 °C. The degradation follows a two-
step process, with a first step corresponding to the HS degra-
dation, which is dependent on the nature of the chain exten-
der, and a second one corresponding to the PTHF segments
degradation, which is common to all TPUs, with a main degra-
dation temperature (Tqe,) above 400 °C.

Table 1 Results of thermal analyses of TPUs by TGA and DSC

TPU Tosos * (°C) Taeg” (°C) T (°C) T (°C)
TPU-BDO 301 413 —40 115-170
TPU-PC 266 413 —41 99-130
TPU-EC 284 419 -32 nd
“Temperature at 5 wt% loss, measured by TGA (Fig. S77).

b Temperature at peak of DTG curves (Fig. S71). nd = not detected.
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Fig. 5 DSC of the different TPUs (10 °C min~* temperature ramp).

DSC analysis was then performed from —80 to 250 °C, since
TGA showed the absence of thermal degradation within
this temperature range. Results are presented on Fig. 5 and
Table 1. TPU-BDO presents the typical behavior of segmented
TPU with well-separated crystalline HS. It presents a T at low
temperature that corresponds to the T, of the SS, and an
endotherm at higher temperature corresponding to the
melting of the crystalline HS formed between BDO and MDI.
The multiple melting endotherm can be caused by various
phenomena, such as polymorphism or microphase mixing,
which have been abundantly discussed in the literature.’®%®
TPU-PC presents a similar behavior, but the melting
endotherm ends at lower temperature compared to TPU-BDO.
It means that HS formed between PC-diol and MDI can crystal-
lize, confirming the FTIR results, but melt at lower tempera-
ture than BDO-MDI HS. TPU-EC presents a significantly
different behavior. Its T, is about 10 °C higher than that of
TPU-BDO. It reveals a lower degree of phase segregation, with
the presence of HS dissolved in the soft phase, leading to an
increase of its T,. In addition, no crystallinity is detected. It is
likely that the presence of the pendent ester groups prevents
the HS formed between EC-diol and MDI to crystallize.
Similarly, the inclusion of EC-diol into polyesters led to a pro-
gressive loss of crystallinity.”?

All TPUs present a small endotherm close to 50 °C, which
can be assigned to the melting of crystalline PTHF soft
segments.®*’° Pure PTHF has a melting temperature between
15 and 20 °C (Fig. S87).

Mechanical and thermomechanical properties of TPUs

DMA results of the TPUs are shown on Fig. 6. TPU-BDO has a
relaxation temperature T, at —25 °C, which can be associated
to the T, of the SS observed by DSC. At high temperature, it
presents a rubbery plateau typical of thermoplastic elastomers
where the well-separated HS act as physical crosslinks. Above
the melting temperature of the crystalline HS (T > 170 °C) the
material starts to flow, and the storage modulus drops
abruptly. TPO-PC shows the same kind of behavior, with a low

This journal is © The Royal Society of Chemistry 2023
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Ty, but the plateau modulus is higher and extends over a nar-
rower temperature range. Indeed, as shown by DSC, the crystal-
line HS melt at lower temperature than the BDO-MDI HS,
leading to an earlier flow, starting around 100 °C and with an
abrupt drop of the storage modulus above 120 °C. The higher
plateau modulus can be explained by the slightly higher HS
content, or by the increased aromatic content brought by the
replacement of aliphatic BDO by aromatic PC-diol. TPU-EC has
a higher T, than the other TPUs, confirming a lower degree of
phase segregation. However, it still shows a rubbery plateau
extending over a wide temperature range, indicating that the
HS act as physical crosslinks. The plateau modulus is lower
than for the other two TPUs, probably because of the absence
of crystalline structures that can play the role of reinforce-
ments. TPU-EC starts to flow above 170 °C, similarly to
TPU-BDO. However, in this case it is not related to the melting
of crystalline HS nor to any thermal event detected by DSC. It
likely corresponds to the relaxation of the HS.

All the TPUs also show a decrease in the storage modulus
around 50 °C, which corresponds well to the thermal event
observed by DSC at this temperature. This decrease in
modulus is compatible with the potential melting of PTHF
soft segments.
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Table 2 Results of the uniaxial tensile tests and DMA of TPUs
TPU E (MPa) o (MPa) € (%) Ty (°C)
TPU-BDO 10.5+ 04 36.7+£5.0 997 + 100 -25
TPU-PC 14.7 £ 1.0 7.6 £0.5 1530 £ 66 =30
TPU-EC 6.5+0.4 29.8+1.5 1220 + 22 —-12
40
—TPU.BDO
3T —tPUPC
30 4 -TPU.EC (
—_ 25 1
©
o o
= 20 7
b
15 A
10 |
| _
0 ’ ' :
0 200 400 600 800 1000 1200 1400 1600

€ (%)

Fig. 7 Representative stress—strain curves of the TPUs by uniaxial
tensile tests.

The results of uniaxial tensile tests of the TPUs are pre-
sented in Table 2. Fig. 7 shows representative stress-strain
curves. The TPUs present typical behavior of thermoplastic
elastomers. TPU-PC presents the highest Young’s modulus,
confirming the DMA results. It shows much less strain harden-
ing than the other two TPUs, resulting in the lowest tensile
strength. TPU-EC presents remarkable mechanical properties,
with a tensile strength close to 30 MPa and an elongation at
break higher than 1200%, close to the properties of TPU-BDO.

UV-induced photo-crosslinking of TPU based on EC-diol

Cinnamic acid and its derivative are well-known for their
ability to dimerize by [2 + 2] photocycloaddition triggered by
UV light. The photodimerization of EC-diol was verified experi-
mentally (more details are available in the ESI). Irradiation of a
water suspension was found to be an efficient and green
method to produce the dimer of EC-diol quantitatively. As con-
firmed earlier by "H NMR and FTIR, TPU-EC presents the
photoactive unsaturated esters as pendant side chains, making
it suitable for Uv-induced crosslinking (Fig. 2).

The kinetics of the photo-crosslinking reaction of TPU-EC
was followed by UV-vis analysis after different irradiation times
of a thin film casted on a quartz plate (Fig. 8). Conjugation of
the unsaturated ester with the aromatic ring on EC-diol leads
to a strong absorption at 320 nm. The [2 + 2] cycloaddition
causes a loss of conjugation leading to the progressive dis-
appearance of this absorption band. Within 2 h, the absorp-
tion completely vanishes, indicating full crosslinking. Similar
results were previously recorded on polyesters based on EC-
diol.”®
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Fig. 8 UV-Vis spectra of TPU-EC after different irradiation times at
355 nm. The inset shows the evolution of the absorbance at 320 nm (nor-
malized by the absorbance before irradiation) with the irradiation time.

FTIR was also used to follow the photo-crosslinking. As
shown on Fig. 4, TPU-EC has a distinct peak at 1634 cm™"
related to the C=C bond of EC-diol. Upon photoirradiation,
the double bonds are consumed by the [2 + 2] cycloaddition,
leading to a progressive decrease of this band. Films of 1 mm
thickness were irradiated at 355 nm and analyzed by ATR-FTIR
at regular intervals. Spectra are available in the ESI (Fig. S117).
The penetration depth of the ATR-FTIR analysis is estimated
between 5 and 10 pm, which is much lower than the films
thickness. The ATR-FTIR measurement is thus mainly per-
formed on the surface and can be used to compare the cross-
linking reaction on both sides of the film. As seen on Fig. 9,
the intensity of the C=C band on the irradiated side quickly
decreases with irradiation time, to reach a plateau after about
1 h, in good agreement with the UV-Vis data. However, the
intensity of the C=C band remains constant on the non-irra-
diated side, meaning that photo-crosslinking only takes place

10 7 f
Non-irradiated side
9
. b ° ® . °
o 8
I
(8]
z 7t
[}
[
2 =}
£ 671
o
o o
51 Irradiated side
| ]
4 : ; ' t + i /f ‘
0 10 20 30 40 50 60 960
t (min)

Fig. 9 Intensity of the C=C band measured by ATR-FTIR (at 1634 cm™)
on a 1 mm thick film, depending on the irradiation time (1 = 355 nm).
The corresponding FTIR spectra are available in the ESI (Fig. S107).

2692 | Polym. Chem., 2023, 14, 2685-2696

View Article Online

Polymer Chemistry

on the irradiated surface, but not in bulk. The same experi-
ment was then performed on thinner films, to evaluate the
influence of the film thickness. The results are detailed in the
ESI (Fig. S12-S15%). They show that crosslinking also takes
place on the non-irradiated side for thin films, but only upon
long time exposure. For a 0.2 mm thick film, the level of cross-
linking on the non-irradiated side is roughly the same after
16 h of irradiation than after only 10 min on the irradiated
side. These results illustrate the strong limitation of photo-
polymerization for achieving polymerization in the bulk.*"

Influence of photo-crosslinking on the properties of TPU-EC

To ensure bulk crosslinking prior to the analysis of the
thermal, thermomechanical and mechanical properties, a
1 mm thick film of TPU-EC was exposed to UV light for 24 h
on both sides. The thermal stability, evaluated by TGA, is not
affected by the crosslinking (Fig. S16%).

DMA clearly reveals the effect of UV irradiation. T, is
unaffected (Fig. 10b). This transition corresponds to the relax-
ation of the SS whereas the UV-induced crosslinking reaction
takes place within the HS. However, the plateau modulus
increases and extends over a much wider temperature range
because of the crosslinking (Fig. 10a). The material did not
flow even at 250 °C thanks to the presence of covalent
crosslinks.

DSC further reveals the influence of the photo-crosslinking
on the thermal behavior (Fig. 10c). The T, is almost
unchanged (-36 °C, against —32 °C before irradiation), con-
firming DMA results. Surprisingly, the endotherm visible
around 50 °C, corresponding to the melting of PTHF crystal-
line segments,®>”° appears larger and shifted to higher temp-
erature, around 70 °C, after the irradiation. Analysis by modu-
lated DSC clearly shows that the endotherm is a non-reversing
thermal event (Fig. S177). It is no longer observed when a
second heating run is performed (Fig. S18t). It is unclear
whether this results from the photocrosslinking or only from
the storage of the material at room temperature, which may
have led to further crystallization of the PTHF SS. This
phenomenon would require deeper investigations. An
additional thermal event is also visible at higher temperature
on the thermogram of the TPU after irradiation, around
190 °C. Modulated DSC shows that is a non-reversing
endothermic event (Fig. S177). It may correspond to thermally
induced rupture of the cyclobutane rings, which has already
been reported to occur at high temperature.”*””> As it would
lead to decrosslinking, it could explain the decrease of the
plateau modulus observed by DMA above 200 °C (Fig. 10a).

The mechanical properties of the irradiated TPU were
finally evaluated (Fig. 10d). UV-induced crosslinking resulted
in a net increase of the Young’s modulus, as expected (8.2 +
0.5 MPa, against 6.5 + 0.4 MPa before irradiation). At a given
deformation, the corresponding stress is also significantly
increased by crosslinking. However, the elongation at break is
reduced by more than half after crosslinking (454 + 22 against
1220 + 22%), leading to an important decrease of the tensile
strength (8.6 + 0.5 against 29.8 + 1.5 MPa).

This journal is © The Royal Society of Chemistry 2023
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radiation at 355 nm.

UV-induced reversible decrosslinking and memory shape
properties of TPU-EC

Photo-crosslinked TPU-EC was then exposed to high-energy
UVC light (4 = 254 nm). Upon exposure, the cyclobutane rings
are broken, leading to decrosslinking of the material (Fig. 2).
The reaction reforms the unsaturated esters, leading to the
recovery of the absorbance at 320 nm on the UV-vis spectra
(Fig. 11). However, the recovery of the absorbance is incomplete,
only about 30% of the initial value, indicating that the decros-
slinking by rupture of the cyclobutane rings is only partial.
Several phenomena can explain this behavior. First, the
penetration depth of radiation inside the material depends on
the radiation wavelength. The low wavelength UVC light (4 =
254 nm) has a low penetration depth, meaning that the cyclor-
eversion is mainly limited to the surface since the radiation
cannot reach the core of the material. Complete decrosslinking
induced by UVC light has already been reported on PU cross-
linked with coumarins, but only on thin films (less than 5 pm
thickness).*®*° On other coumarin-based PU, only 30 to 60%
of the coumarins were recovered after rupture of the dimers by
UVC light.*”*® Here, the phenomenon is further accentuated
by the high absorbance of the material below 250 nm, due to
its high content in aromatic rings coming from EC-diol and
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Fig. 11 UV-Vis spectra of TPU-EC after different irradiation times at
254 nm. The inset shows the evolution of the absorbance at 320 nm (nor-
malized by the absorbance before irradiation) with the irradiation time.

MDIL. In addition, the dimerized and cleaved forms are in equi-
librium under irradiation at 254 nm, because both cyclo-
addition and cycloreversion are excited at this wavelength.”®
Finally, the cycloreversion can proceed in a non-symmetric
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Fig. 12 Evolution of the absorption at 320 nm measured by UV-vis
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254 nm wavelengths.

fashion, leading to cleaved products which are chemically
different from the starting compounds.””””® This would be the
case here if the cinnamic moieties dimerize in a head-to-head
(truxinates) rather than in head-to-tail configuration
(truxillates).*®

Several crosslinking - decrosslinking cycles were then per-
formed by successively exposing the material to UV light of
355 nm and 254 nm wavelengths. The changes in absorbance
at 320 nm were monitored by UV-vis spectroscopy and are
reported in Fig. 12. As discussed above, the decrosslinking is
only partial. The recovery is the same on the second cycle than
on the first one. However, the decrease of absorbance is less
important on the second and third cycles of irradiation at
355 nm. Such decrease in efficiency of the cycloaddition/
cycloreversion cycles is caused by the phenomena described
above, and has commonly been observed on e.g., coumarin-
based photo-responsive TPUs.*”*°

The UV-induced reversible crosslinking was also used to
obtain memory shape properties. The memory shape pro-
perties of TPU-EC were characterized using a setup described
in the ESI (Fig. S197). A temporary shape was fixed by irradiat-
ing the material at 355 nm. The material showed a relatively
modest strain fixity of 36% at 20% deformation, in the same
range as some early developed systems,”® but far from highly
sophisticated systems which can show strain fixity close to
100%. The modest strain fixity probably originates from the
low proportion of photoactive monomer in the designed TPU
(17 wt%). After irradiation at 254 nm, the material gets back to
its initial shape, with a strain recovery of 93%.

Conclusion

An original TPU was successfully synthesized from a biobased
aromatic chain extender prepared from caffeic acid (EC-diol),
and carefully characterized by NMR, FTIR, TGA, DSC, DMA
and tensile tests. TPU-EC was compared to two model TPUs
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prepared with aliphatic (1,4-BDO) and aromatic (PC-diol)
chain extenders, to better evaluate the influence of EC-diol on
the structure and properties of the TPU.

TPU-EC presents all the characteristic features of thermo-
plastic elastomers, with phase segregation between SS and HS,
leading to remarkable mechanical and thermal properties. In
addition, thanks to the peculiar structure of EC-diol, TPU-EC
possess unsaturated esters as pendant chains, which are able
to dimerize upon UV irradiation at A = 355 nm by [2 + 2] cyclo-
addition, leading to crosslinking. The photo-crosslinking reac-
tion was monitored on thin TPU films by UV-vis spectroscopy,
which reveals a successful cycloaddition that is complete in
about 2 h. FTIR spectroscopy was further used to evaluate the
photocrosslinking on samples of various thickness, by compar-
ing the progress of the cycloaddition reaction on both sides of
films during irradiation. It reveals that the reaction is mostly
limited to the surface of the material, because of the low pene-
tration depth of UV light. Only thin samples can be fully cross-
linked, since long exposure is required to achieve crosslinking
for thick materials. This mostly limits the applicability of the
developed systems to thin films or coatings. The irradiation
results in important modifications of the macroscopic pro-
perties of the material: its stiffness and thermomechanical
stability increase because of covalent crosslinking.

Irradiation at shorter wavelength (4 = 254 nm) leads to
decrosslinking by cleavage of the cyclobutane rings. The rever-
sion has been monitored by UV-vis spectroscopy, but appears
incomplete, because of (i) the well-known low penetration
depth of short wavelength UV light, and (ii) the potential equi-
librium between dimerized and cleaved forms. The efficiency
of the cycloaddition/cycloreversion cycles also decreases after
each cycle, which constitutes the main limitation for the use
of this system as covalent adaptable networks (CANs).
However, DSC and DMA of the photo-crosslinked TPU shows
that a thermally induced cycloreversion may take place above
200 °C, which could bring another option to decrosslink the
material on-demand and improve the potential of this cross-
linking strategy for the design of CANs. This potential thermal
pathway will be the focus of further investigations.
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