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ABSTRACT

In response to environmental concerns and restrictions on isocyanate-based materials, researchers
and the coatings industry are focused on developing eco-friendly isocyanate-free polyurethanes.
This article introduces a novel class of environmentally-friendly, initiator/catalyst-free, UV-
curable, self-healing non-isocyanate polyurethanes (NIPUs) synthesized from bio-based
carbonated soybean oil (CSO) and non-toxic coumarin. The synthesis of these polymers is based
on using a photo-reactive coumarin that undergoes a reversible [2+ 2] cycloaddition upon
exposure to the wavelength of UV light. UV-curable three coumarin-terminated isocyanate-free
polyurethane prepolymers were synthesized using CSO and three different amines and epoxy
coumarin. Subsequently, a set of cross-linked NIPU polymers were obtained with exposure of
365 nm UV irradiation. The photo-reversible nature of these polymers was investigated in
response to various wavelengths of UV radiation. Additionally, their self-healing ability and the
thermal and mechanical properties of NIPU coatings were studied using optical microscopy,
thermogravimetric analysis, differential scanning calorimetry, and a universal testing machine.
The outcomes demonstrate that this polyurethane has the potential to provide a sustainable
alternative to isocyanate-based materials. Two examples of stimulated healing are given, that of
healing a scratch and the other being the healing of a sample that has been mechanically
stressed to failure in a tensile mode.
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Introduction synthesis of PUs was carried out via polycondensation

between polyols and diisocyanates (72), where isocya-
nates were derived from highly toxic phosgene (73). In
addition, the waste material that remains in the used
products can potentially harm human health and the

The need for environmentally friendly, functional poly-
meric materials continues to motivate researchers to
use renewable resources to create intelligent and
advanced polymeric materials, as these renewable

resources can reduce dependence on fossil substituents
and decrease greenhouse gas emissions (7,2). With
worldwide consumption of 7% (3), polyurethanes (PUs)
are among the essential polymers used in our daily
life, with a broad range of applications, such as coatings,
adhesives, foams, sealants, clothes, packaging, drug
delivery and elastomers (4-17). However, traditional

environment (74,15). Therefore, in the last two decades
researchers have developed alternative ‘green’ non-iso-
cyanate polyurethanes (NIPUs) pathways to address
these issues. The more efficient and sustainable
method for the synthesis of NIPUs is ring-opening
polymerization of multifunctional cyclic carbonates
with difunctional amines (76). Indeed, cyclic carbonates
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are promising and safe intermediates employed as
building blocks for commercial monomers, polymers,
curing agents, plasticizers, surfactants, cross-linking
agents, and environmentally friendly solvents with
high boiling temperatures (77). In addition, the synthesis
of cyclic carbonates involves the insertion of CO, into
epoxides, which has been considered one of the most
promising strategies for transforming CO, into chemical
raw materials with added value (78,79). Moreover, the
NIPUs synthesized via the cyclic carbonate route have
better thermal stability and water and chemical resist-
ance than the traditional PUs (20).

Adhering to the principles of green chemistry, the use
of bio-based starting materials can further improve the
sustainability aspects of NIPUs and reduce their depen-
dence on fossil fuels (27-24). Renewable raw materials,
such as plant oils, furfural, limonene and lignin-derived
materials are the known starting materials for the syn-
thesis of cyclic carbonates, followed by the NIPUs (24—
29). Among these, epoxidized soybean oil with an ade-
quate number of epoxy groups, commercial availability,
biocompatibility, renewability, easy processability and
easy synthesis from non-toxic soybean oil make it a
promising raw material for the synthesis of bio-based
cyclic carbonates and NIPUs (30-34).

Self-healing polymers are promising for a range of
applications, especially when material longevity and
durability are essential. Furthermore, self-healing poly-
mers can repair themselves when damaged, thus
improving the material’s lifespan and reducing waste
generation. In recent years, significant progress has
been made in developing self-healing polymers based
on various physical and chemical mechanisms (35). Intro-
ducing dynamic covalent bonds into polymer chains is
an effective strategy for creating healable polymeric net-
works, as these bonds are reversible autonomously or in
the presence of external stimuli (36-38). Due to the
advantages associated with the self-healing polymeric
materials, researchers are keen to develop self-healing
NIPUs. However, few attempts have been reported
with regards to the synthesis of self-healable NIPUs
from carbonated soybean oil (CSO). Xiuxiu and his co-
workers reported the self-healing NIPUs from CSO and
renewable 1,8-menthane diamine using the advantage
of dynamic carbamate bonds (30). Jincheng et al. utilized
disulfide and hydrogen bonds to fabricate self-healable
NIPUs from CSO (39). Recently Xinxin and colleagues
synthesized a self-healing NIPU from CSO using
disulfide exchange and transcarbamylation chemistries
(40). However, these NIPU systems from CSO require
elevated temperatures for their formation and healing.
In addition, the systems possess poor mechanical prop-
erties and most of these films are opaque (30,40).

Light-stimulated polymerization is a green alternative
to thermal methods because it can produce polymers at
room temperature and in solid states, eliminating toxic
solvent utilization (47). In recent years, light stimulated
[2 + 2] dimerization reactions have gained much atten-
tion as these reactions can be carried out without a cat-
alyst or initiator, and no by-products are formed (38,42).
Moreover, these reactions are reversible and can be
achieved by simply varying the wavelength of the light
source (43-45). For example, the most common moieties
of coumarin, thymine and cinnamic acid readily undergo
photo-reversible [2+ 2] cycloaddition reactions (38).
Among these, coumarin, which is plant-based and
non-toxic with better reversible efficiency and readily
available in many functionalized forms, gained must
attention to exploring its reversible chemistries in the
areas of self-healing coatings, photo-resists, reversible
adhesives, smart membranes, hydrogels and polymer
particles (43,46-54). For example, researchers utilized
coumarins [2 + 2] reversible chemistries to fabricate the
isocyanate-based  self-healing  coatings  (55-57).
However, to the best of our knowledge, no reports are
available that utilizes [2 + 2] reversible cycloadditions
to synthesize UV-curable self-healing NIPUs.

In this study, we report new sustainable, catalyst-free,
UV-curable and self-healing NIPUs from renewable CSO
and non-toxic photo-active coumarin. The photo-active
coumarin terminated NIPU prepolymer systems were
synthesized using three different chain-length amines
to fabricate cross-linked NIPU networks. The modifi-
cation of CSO was carried out in eco-friendly and econ-
omical ways without using solvents and catalysts. As a
result, the coumarin-terminated NIPU prepolymers
readily form cross-linked rigid polymer networks via [2
+2] cycloadditions of coumarins under 365 nm UV
light. Further, irradiation of NIPUs with 254 nm UV radi-
ation breaks the coumarin dimers and transforms the
cross-linked materials into a flowable state to heal the
damage. We examined the effect of the amine chain
length on the curing kinetics and thermal, mechanical
and self-healing properties of the obtained NIPUs. This
study leads to the development of a new generation
of photo-curable green NIPUs with enhanced and tune-
able thermal and mechanical properties.

Materials and methods
Materials

Epoxidized soybean oil with an epoxy equivalent weight
of 237 g (4.01 epoxy groups per triglyceride and had
a molar mass of approximately 950 g/mol) was pur-
chased from Makwell plasticizers, Mumbai, India.



Tetrabutylammonium  bromide, 7-hydroxycoumarin,
ethylenediamine, hexamethylenediamine and 4,7,10-
trioxa-1,13-tridecanediamine were purchased from
Sigma-Aldrich, USA. Chloroform was obtained from
Ajax Finechem, Australia.

Experimental procedures

Synthesis of carbonated soybean oil (CSO)

The carbonization of epoxy soybean oil (ESO) was
carried out in a high-pressure reactor. To the reaction
vessel, about 250 g of ESO and a catalytic amount of
tetrabutylammonium bromide (TBAB, 8.8wt.%) with
respect to the weight of ESO is added and the reaction
mixture is continuously stirred and heated to 120°C.
After the temperature is reached, CO, was passed
into the reactor, pressurized to 10 bars, and maintained
for 24 hrs at 120°C. After the completion of the reaction,
the pressure was released, and the viscous oil was col-
lected through the exit valve located at the bottom of
the reactor. The crude product was dissolved in ethyl
acetate and washed thoroughly with distilled water in
a separating funnel. The organic layer was dried over
anhydrous Na,SO, and the solvent was removed
using a rotary evaporator to yield a highly viscous
clear and brownish CSO. Yield 97% "H NMR (400 MHz,
CDCl3) 6 0.88 (m), 1.22 (m, br), 2.3 (s, br), 4.22 (m, br),
4.48 (m, br), 4.75 (m, br), 5.24 (s, br) ppm. *C NMR
(400 MHz, CDCl3) 6 13.9, 21.0, 22.3, 22.7, 24.1, 256,
26.6, 27.8, 29.7, 31.2, 31.9, 33.4, 34.0, 57.2, 60.4, 62.1,
68.9, 75.4, 79.4, 82.0, 153.8, 171.1, 172.7, 173.1 ppm. IR
(ATR) 2925, 2855, 1794, 1738, 1462, 1372, 1167, 1048,
774 cm™".

Synthesis of CSO-2-Coumarin

CSO 2 g (1.78 mmol) and 426 mg (7.1 mmol) of ethyle-
nediamine were placed in a round bottom flask, and
the reaction mixture was stirred for 1hr at 80°C. After
1 hr, 1.55 gm (7.1 mmol) of epoxy coumarin was
added to the reaction mixture and the temperature
increased to 135°C, and the reaction mixture was
stirred for one more hour. The reaction mixture was
allowed to cool to room temperature, dissolved in
chloroform, and filtered, and the chloroform was
removed under reduced pressure. The synthesized
CSO-2-Coum was a yellow colored brittle solid. Yield
96%. 'H NMR (400 MHz, DMSO-dg) & 0.85 (s, br), 1.22
(m, br), 2.26 (s, br), 2.6 (s, br), 3.02 (s, br), 3.95 (m, br),
4,52 (s, br), 5.17 (s, br), 6.27 (m, br), 6.96 (m, br), 7.59
(m, br), 7.989 (m, br) ppm. '*C NMR (400 MHz, DMSO-
de¢) 6 14.3, 22.5, 24.8, 28.8, 29.1, 29.4, 29,4, 31.72, 33.8,
62.2, 67.8, 68.4, 71.8, 101.6, 112.7, 129.9, 144.8, 155.7,
160.9, 162.4, 173.0 ppm. IR (ATR) 3347, 3083, 2924,
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2854, 1720, 1611, 1554, 1509, 1459, 1230, 1122, 1027,
834, 774 cm™ .

Synthesis of CSO-6-Coumarin

CSO 2 g (1.78 mmol) and 824 mg (7.1 mmol) of hexam-
ethylenediamine were placed in a round bottom flask,
and the reaction mixture was stirred for Thr at 80°C.
After 1 hr, 1.55 gm (7.1 mmol) of epoxy coumarin was
added to the reaction mixture and increased the temp-
erature was increased to 135°C and the reaction
mixture was stirred for one more hour. After cooling to
room temperature, the reaction mixture dissolved in
chloroform. It was then filtered, and the chloroform
removed under reduced pressure. The synthesized
CSO-2-Coum was a yellow colored brittle solid. Yield
96%. 'H NMR (400 MHz, DMSO-d¢) & 0.85 (s, br), 1.21
(m, br), 2.26 (s, br), 2.93 (s, br), 3.89 (m, br), 4.51 (s, br),
5.18 (s, br), 6.24 (m, br), 6.87 (m, br), 7.55 (m, br), 7.93
(m, br) ppm. *C NMR (400 MHz, CDCl5) & 14.39, 22.6,
29.2, 29.5, 29.9, 31.8, 49.9, 63.2, 68.4, 69.8, 71.9, 101.9,
112.8, 130.0, 144.8, 155.83, 162.4, 172.5 ppm. IR (ATR)
3345, 3081, 2924, 2854, 1721, 1708, 1611, 1543, 1509,
1459, 1230, 1122, 1028, 834, 774 cm™".

Synthesis of CSO-13-Coumarin

CSO 2 g (1.78 mmol) and 1.56 gm (7.1 mmol) of 4,7,10-
trioxa-1,13-tridecanediamine were placed in a round
bottom flask, and the reaction mixture was stirred for
Thr at 80°C. After 1 hr, 1.55 gm (7.1 mmol) of epoxy cou-
marin was added to the reaction mixture and the temp-
erature was increased to 135°C and stirred for one more
hour, with the mixture being allowed to cool to room
temperature, dissolved in chloroform, and filtered, and
the chloroform was removed under reduced pressure.
The synthesized CSO-2-Coum was a yellow colored
sticky material. Yield 97%. "H NMR (400 MHz, DMSO-
dg) 6 0.83 (s, br), 1.20 (m, br), 2.24 (s, br), 2.57 (m, br),
3.0 (s, br), 3.44 (m, br), 3.93 (m, br), 4.48 (s, br), 5.15 (s,
br), 6.24 (m, br), 6.94 (m, br), 7.58 (m, br), 7.95 (m, br)
ppm. >C NMR (400 MHz, CDCl5) & 14.3, 22.5, 24.8, 27.3,
30.0, 31.7, 33.8, 36.3, 47.0, 52.5, 70.2, 71.9, 101.6, 112.7,
113.3, 130.0, 144.9, 155.7, 161.0, 162.4, 173.0 ppm. IR
(ATR) 3344, 3081, 2924, 2856, 1725, 1709, 1612, 1555,
1509, 1459, 1230, 1122, 1029, 835, 773 cm™".

Characterization

FTIR spectroscopic analysis was performed using an
Agilent Cary 630 spectrometer with a resolution of
4 cm™" in the range of 4000-600 cm™', aggregating 60
scans. 'H NMR was recorded in the DMSO-dg solvent
on a 400 MHz Bruker DRX 400 NMR spectrometer. UV-
Viss spectroscopic analysis was carried out on the UV-
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1800 Shimadzu spectrometer. Photo-polymerization and
depolymerization reactions were carried out in UVP UV
crosslinker CL-1000L 365 nm and CL-1000 254 nm,
respectively. Thermal degradation of the synthesized
polymer networks was analyzed on a Mettler Toledo
TGA/DSC1 STAR instrument with a heating rate of
10°C/min under the nitrogen. The glass transition temp-
eratures (T,) of the cross-linked polymer networks were
determined using a Perkin ElImer DSC8000 under a nitro-
gen atmosphere with a gas flow rate of 25 mL/min and a
heating rate of 10°C/min. Mechanical properties of the
polymers were determined on an Instron 5965 equipped
with a 10 KN load cell at a speed of 5 mm min~" at room
temperature. Optical images of scratched and healed
polymer surfaces were obtained from Olympus GX51
optical microscope.
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Results and discussions
Synthesis of carbonated soybean oil

The carbonization of ESO was carried out as displayed in
(Scheme 1). The synthesized CSO was characterized by
using FTIR and '"H NMR. As shown in Figure 1,the charac-
teristic absorption peak of the epoxy group at 821 cm™
disappeared, and the appearance of new absorption
peaks at 1794cm™' correspond to carbonyl (C=0)
stretching of the cyclic carbonate, which confirms the
successful conversion of epoxy groups into cyclic car-
bonates (30,37). The conversion of ESO to CSO is
further supported by 'H NMR analysis. As shown in
Figure 1, the peaks at 2.8 - 3.2 ppm belonging to the
epoxy groups have disappeared, and new peaks belong-
ing to the cyclic carbonate appeared at 4.4 - 5.0 ppm.

co,

o 0 (0]
Scheme 1. Synthetic route for carbonated soybean oil.
ESO j
/ 1
821 cmr
Epoxy %‘07,#
ESO
cso ‘ 2 A
o_ 0
1794 cmt T
C=0 cyclic carbonate Ccso

r T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

7.0

6.5 6.0 5.5 5.0 4.5 4.0 3.5

Chemical Shift (ppm)

3.0 2.5 2.0 15 1.0 0.5

Figure 1. FTIR analysis (left) and "H NMR analysis (right) of ESO and CSO.



Synthesis and characterization of CSO-2-coum,
CS0-6-Coum and CSO-13-Coum

In this work, three types of coumarin-terminated NIPU
prepolymer systems were synthesized from carbonated
soybean oil and three different amines were used such
as ethylene diamine (ED), hexamethylene diamine
(HMDA) and tridecane diamine (TDA), named as CSO-
2-Coum, CSO-6-Coum and CSO-13-Coum. The reactions
were carried out in a continuous two-step pathway
without solvent and catalyst (Scheme 2). Initially, the
CSO reacted with diamines to yield amine-terminated
intermediates via ammonolysis of cyclic carbonate
groups of the CSO. Amine-terminated intermediates
were further reacted with epoxy coumarin to yield cou-
marin-terminated CSO-2-Coum, CSO-6-Coum and CSO-
13-Coum. The epoxy coumarin was synthesized follow-
ing our previous report from naturally-occurring umbel-
liferon (7-hydroxycoumarin) (46).

o
o 0 [o}

\/\/\/\)Wo

o _0 o_ o0
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The amine-terminated intermediates from CSO were
characterized by FTIR spectroscopy. Figure 2 shows the
FTIR spectrums of the CSO and amine-terminated inter-
mediates, all samples demonstrating a similar appear-
ance. The characteristic absorption of the cyclic
carbonate carbonyl group at 1794cm™' disappeared in
all three systems, which conforms to the ammonolysis
of the cyclic carbonate. The appearance of new broad
peaks at 3200 - 3400 cm™' correspond to the O-H and
N-H (free amine) stretching, and the peak 1694 and
1526 cm™" correspond to the C = O stretching and N-H
bending vibrations of the urethane linkage (30,39). The
FTIR results confirm the successful formation of the
amine-terminated intermediates.

Further, amine-terminated intermediates were
reacted with epoxy coumarin to yield CSO-2-Coum,
CSO-6-Coum and CSO-13-Coum. As shown in Figure
2, the absorption in the 3200 - 3400 cm™! region for all

M_Q_MWOTI)\/OM_(\/W\
Y Y (o] o OYO

o 0o

H,N" N7 0 o]

(o)

“NH,
HZN\/\NHZ

HZN/\/\/\/NHZ
HZN/\/\0/\/0\/\0/\/\NH2

Scheme 2. Synthetic route for coumarin terminated NIPU prepolymers and photo-reversible dimerization of prepolymers.
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1794 cm™?
C=0 Cyclic carbonate

‘ r Cso

CSO-2-NH, CSO-6-NH,
N-H, Amine
1611 cm™ \
=0 Urethané 1526 cm*
N-H, Urethane
CSO-2-Coum CSO-6-Coum
/ 1654 cm™!
O-H N-H amide
1611 cm? L
C=C Coumarin®__ c:cjial::ocumarirf/
r T T T T T T r T T T T T T
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
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CSO-13-NH,

CS0-13-Coum

T T T T T
3000 2500 2000 1500 1000

Wavenumber (cm™)

r T
4000 3500
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C€50-13-Coum

L

CSO-6-Coum

C€SO-2-Coum

cso AL

.0 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 0S5
Chemical Shift (ppm)

Figure 2. FTIR and "HNMR spectrums of CS0-2-Coum, CSO-6-Coum and CSO-13-Coum.

three becomes smoother, indicating the reaction
between epoxy coumarin and free amines of amine-ter-
minated intermediates. The appearance of new charac-
teristic peaks of coumarin pyrone ring C=C stretching
and C=C H bending vibrations at 1611 and 834 cm™'
confirmed the grafting of coumarin onto the amine-ter-
minated intermediates. In addition, the low intensity
peaks at 1654 cm™' appeared in all three, materials cor-
responding to the amide from aminolysis of a triglycer-
ide of CSO and diamines (30,33,39). Further, 'H NMR
spectroscopy was also used to characterize the chemical
structures of CSO-2-Coum, CSO-6-Coum and CSO-13-
Coum, as shown in Figure 2, the appearance of new
peaks corresponding to coumarin in the aromatic
region and disappearance of peaks corresponding to
cyclic carbonate, further supported the successful syn-
thesis of the coumarin terminated NIPU prepolymers.

Photo-reversibility of NIPU’s

Using the synthesized three prepolymers, four cross-
linked NIPU polymers were produced: three polymers
were synthesized separately from CSO-2-Coum, CSO-6-
Coum and CSO-13-Coum and the fourth polymer was
synthesized from the 50:50 wt % mixture of CSO-2-

coum and CSO-13-Coum, which was further named as
CSO-2 + 13-Coum. The polymerization was carried out
at 365 nm, and depolymerization was done under
254 nm UV light irradiation. The formation of photo-
crosslinked NIPU polymers and their photo-reversibility
were examined using UV-Vis and FTIR spectroscopy.
CS0O-2-Coum, CSO-6-Coum, CSO-13-Coum and CSO-2 +
13-Coum were dissolved in chloroform and spin-coated
over quartz slides, the samples were exposed to 365 nm
UV light, and the progression and degree of the polymer-
ization reaction determined by comparing and monitor-
ing the signals from coumarin double bonds at 323 nm.
Figure 3, and Figure S1, S2 and S3 in the supporting infor-
mation show the UV-Vis spectra of the samples at
different irradiation times of polymerization, depolymeri-
zation and repolymerization. As shown in Figure 3a, the
absorbance at 323 nm corresponding to the coumarin
double bond decreases significantly after each dose of
irradiation for all the systems, indicating the dimerization
of the coumarin units of the prepolymers. The percentage
of reacted coumarin units was calculated to be 86%, 87%,
87% and 86% for CSO-2-Coum, CSO-6-Coum, CSO-13-
Coum and CSO-2 + 13-Coum, respectively. To investigate
the photo-reversible character of the formed NIPUs, the
samples were subsequently irradiated with 254 nm UV
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Figure 3. Photo-reversibility monitoring of CSO-2-Coum polymers by UV-Vis spectroscopy a) polymerisation, b) depolymerisation, c)

repolymerization and d) FTIR analysis.

radiation. With increasing irradiation time, the absor-
bance at 323 nm was increased (Figure 3b), which indi-
cated cleavage of the cyclobutane ring and reformation
of coumarin double bonds. The absorbance increased
with increasing irradiation dose and further irradiation
showed no change in the absorbance due to the equili-
brium between the forward and reverse reactions under
254 nm UV irradiation (58). The calculation showed that
68%, 71%, 72% and 73% of the dimers were cleaved for
CSO-2-Coum, CSO-6-Coum, CSO-13-Coum and CSO-2 +
13-Coum. Due to structural similarity, all of the systems
showed similar polymerization and depolymerization
characteristics. However, the NIPUs with flexible amines
showed better decrosslinking than the short-chain
amine, which is attributed to the greater mobility of the
coumarin units. Samples were again irradiated with
365 nm of UV light to repolymerize them, as shown in
Figure 3c, the absorbance at 323 nm again decreased
with increasing irradiation dose, and 96%, 94%, 98%
and 99% of coumarins were repolymerized for CSO-2-
Coum, CSO-6-Coum, CSO-13-Coum and CSO-2+ 13-
Coum, respectively. Figure 3d, and Figure S1d, S2d and

S3d in the supporting information show FTIR analysis of
pure prepolymers and polymerized, depolymerized and
repolymerized of four NIPU systems. After the polymeriz-
ation under the 365 nm UV light in all four systems, the
carbonyl stretching frequencies shifted to higher wave-
numbers (1708cm™'- 1740cm™") due to the cleavage of
C=C bonds of the pyrone ring of coumarin during the
formation of coumarin dimers, along with the frequencies
at 1611, and 1553 cm™" corresponds the C = C shifted to
1621 and 1587 cm™". Additionally, a reduction in peak
intensities at 834cm™' corresponded to the C-H
bending of C=C. The subsequent irradiation with
254 nm UV light cleaved the coumarin dimers and
restored the C=C bonds of the pyrone ring of coumarin
as a result, the carbonyl and C =C stretching frequencies
were shifted to the original, and the intensities of C-H
bending of C=C at 834 cm™" restored. Again, irradiation
with the 365 nm UV light caused the coumarin to
undergo dimerization, and the carbonyl (C=0) and C=
C stretching frequencies were shifted to the higher
wave numbers and the intensities of C-H bending of C
=C at 834cm™' decreased. The FTIR analysis further
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supports the successful reversible polymerization of the
NIPUs with respect to the UV irradiation wavelengths.

Thermal properties of NIPUs

The thermal stability of the synthesized NIPUs was inves-
tigated using thermogravimetric analysis (TGA). Figure
S4 in the supporting information shows the thermo-
grams of the NIPUs. The NIPUs showed similar decompo-
sition patterns with thermal stability (T;q¢,) ranging from
250 - 280°C. The NIPUs showed better thermal stabilities
compared to traditional UV-curable vegetable oil-based
PUs derived from isocyanates and acrylates, which
degrade at 200-270°C (T;q9) (59).

The glass transition temperature (Tg) of the NIPUs was
measured using differential scanning calorimetry (DSC),
and results are shown in Figure S5-58 and Table 1. As
expected, the NIPU CSO-13-Coum with more flexible dia-
mines showed the lowest Ty of the four due to greater
mobility, whereas CSO-2-Coum, with a shorter diamine,
showed the highest T;. The NIPUs CSO-6-Coum and
CSO-2 + 13- Coum T, values were between these values.

The light-stimulated healing of the polymeric systems
depends on the depolymerized Ty of the system
(44,46,60). Therefore, we calculated the depolymerized T,
of all systems after the irradiation with 254 nm UV light.
The results are shown in Figure S9-S12 in the supporting
information and Table 1. The results indicated a significant
change in Ty for all four systems after the irradiation with
254 nm UV light, evidence of the successful depolymeriza-
tion of NIPUs.

Table 1. Glass transition temperatures (T) of the NIPUs in the
polymer state and after depolymerization.

Entry Polymerized T, (°C) Depolymerized Ty (°C)
CSO-2-Coum 77.3 453
CSO-6-Coum 56.1 27.8
CSO-13-Coum 13.2 6.3
CSO-2 + 13- Coum 474 219

Light-stimulated scratch healing of the NIPUs

To study the light-stimulated healing of the NIPUs, the
polymers were prepared on a glass slide under 365 nm
of UV light, scratched with a sharp blade, the cracks
having a width of 30 - 40 um on the polymer surfaces
(Figure 5). The damaged polymer surfaces were then
irradiated with 254 nm of UV light to initiate the
healing process and observed using an optical micro-
scope. The light-stimulated healing mechanism of the
cross-linked photo-reversible polymer networks is
based on the formation of flowable oligomeric/mono-
meric units during the depolymerization process of cou-
marin dimers, which can fill the scratched regions,
reducing surface area (and thus decreasing surface
energy), the mobility of the smaller units depending
on their T,. Figure 4 shows the schematic representation
of the light-stimulated healing mechanism.

The damages on the surfaces of CSO-6-Coum, CSO-13-
Coum and CSO-2 + 13- Coum NIPUs were healed with the
0.69, 2.1 J cm™2 dose of 254 nm irradiation, respectively
(Figure 5d, f and h). As the depolymerized polymers
have a Ty below the room temperature (Table 2), the
depolymerized materials are readily flow into the
damaged areas, and scratches were healed. However,
the CSO-2-Coum polymer surface was not healed comple-
tely (Figure 5b). This is most likely because the rigid struc-
tural design and high T, (454°C) after the
depolymerization make it difficult for depolymerized
materials to move freely into the scratched areas and fill
them in order to cause healing (46).

Mechanical properties of the NIPUs

To evaluate the mechanical properties of the NIPUs, the
polymer films with a thickness of 25 —30 um were pre-
pared via solution casting followed by polymerizations
under 365 nm UV radiation. Figure S13 in the supporting
information shows the prepared NIPU film. The CSO-2-
Coum results in a brittle film due to the shorter

Figure 4. Schematic representation of the self-healing mechanism of photo-reversible polymers.
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Table 2. Thermal and mechanical properties of NIPUs.

Young's Tensile Young's Tensile
Modulus strength Modulus strength
Entry Sample (MPa)? (MPa)? (MPa)® (MPa)®
2 CSO-6- 1402 + 27 36+2
Coum
3 CSO-13- 267 + 46 10+3 264 =50 101
Coum
4 CSO-2+13 767 £111 18+4 612+ 141 14+1
Coum

?pristine polymers and Phealed polymers

diamine and high cross-linking density. The mechanical
properties of the NIPUs are summarized in Table 2. As
shown in Figure 6, by increasing the amine chain
length from CSO-6-Coum to CSO-13-Coum, the tensile
strength, Young’s modulus decreased, and elongation
at break increased. The 50 + 50 wt% mixture of CSO-2-
Coum and CSO-13-Coum mechanical properties lying
between CSO-6-Coum and CSO-13-Coum. Moreover,
the synthesized NIPUs showed better mechanical prop-
erties (10 - 36 MPa) than previously reported NIPUs
based on CSO, which had values between 2 - 13 MPa
(30-32,39,40). This study also showed that the NIPUs
can have their mechanical properties tailored to
specific applications by adjusting the ratios of their pre-
polymer components.

Further, we also investigated the mechanical proper-
ties of the healed samples. First, the samples were cut
into two pieces using a scissor, and the cut samples
were irradiated on an area of 50 mm? with 254 nm UV
light to initiate depolymerization (Figure 6). Afterwards,
the samples were held together by overlapping with an
area of 50 mm? and irradiated with 365 nm of UV radi-
ation to polymerize (Figure 6) the samples. The healed
samples of CSO-13-Coum and CSO-2+13 Coum also
showed similar mechanical properties as pristine before

they failed (Table 2). Moreover, the breakage did not
occur at the healed position (Figure S14), which
confirms the efficient and effective healing of NIPUs.
However, the sample CSO-6-Coum was not
healed, the two pieces separated without any force due
to its glassy, rigid surface and high depolymerization T
(27.8°C), which makes the depolymerized surfaces
unable to adhere to each other as for the other softer
samples, and thus unable to form a strong adhesive bond.

Conclusions

This work demonstrated sustainable catalyst-free UV-
curable and self-healing NIPUs from plant-based CSO
and non-toxic coumarins, which can assist in addressing
environmental concerns and restrictions on isocyanate-
based materials in the coatings industry. We successfully
synthesized three coumarin-terminated NIPU prepoly-
mers using different amines from CSO to create four
photo-reversible cross-linked NIPU polymers using the
photo-reversible dimerization from coumarins. All four
polymer systems showed efficient photo-reversibility
with alternating irradiation of 365 and 254 nm UV
irradiation. The results show that the thermal, mechanical
and self-healing properties of the NIPUs largely depend
on the diamines used. The polymer derived from CSO-
2-Coum, which possesses a short chain diamine (ED),
resulted in a brittle coating with a Ty of 77.3°C, whereas
the polymers CSO-6-Coum, CSO-13-Coum and CSO-2 +
13-Coum had a Ty of 13.2°C to 56.1°C. Moreover, the
NIPUs showed better mechanical properties with a
tensile strength of 10+ 3 MPa to 36 +2 MPa compared
to the previous studies. In addition, the thermal and
mechanical properties of the NIPUs can be tuned by
varying the prepolymer components. The self-healing
abilities of the polymers were investigated by observing
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Figure 6. a) Light-stimulated healing process of the NIPUs and Stress-Strain curves of b) pristine NIPUs and c) healed NIPUs.

the scratches made on the coating surfaces under 254 nm
UV irradiations. The polymers CSO-6-Coum, CSO-13-
Coum and CSO-2 + 13-Coum efficiently healed at room
temperature. In addition, we also investigated the mech-
anical properties of the healed polymers, and the results
showed that healed polymers recovered to possess
similar mechanical properties to pristine NIPUs.
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