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In recent years, the preparation of thermoset materials based on renewable sources has received peculiar
attention. In this work, we prepared vegetable oil based antibacterial thermosets via thermal azide—alkyne
cycloaddition reactions. Dimer diamine was propargylated and mixed with azidated trimethylolpropane trigly-
cidyl ether and castor oil bearing azide and phosphorous groups. Two different propargyl functionalized cou-

Phosphorus . . > : ‘ y
Courgarin marins were also incorporated into the vegetable oil based formulations. All synthesized monomers were
Antibacterial characterized by Fourier-transform infrared (FTIR) and Nuclear magnetic resonance (NMR) spectroscopy. Me-

chanical, thermal and antibacterial properties of the obtained thermosets were also determined. The thermosets
behaved as elastomers and displayed elongation at break values between 39% and 82%. The phosphorylated
castor oil derivative improved the thermal properties and char yields as high as 13.83% at 750 °C were observed
under nitrogen atmosphere. Coumarin-containing thermosets were found to have antibacterial activity against

both gram-positive and gram-negative bacteria.

1. Introduction

Due to the environmental concerns in petroleum-based products and
the accelerated depletion of petroleum resources brought by the
increasing population and by the rapid consumption caused by tech-
nological developments, researchers have turned to more sustainable
systems using renewable resources (Ma et al., 2013; Besset et al., 2010;
Pansumdaeng et al., 2020; Auvergne et al., 2014; Gandini and Lacerda,
2015).

In recent years, many bio-based materials have been reported for a
wide range of applications which were prepared by using
environmental-friendly building blocks such as isosorbide (Cakmakci
et al., 2019), vegetable oils (Miilazim et al., 2011), vanillin (Harvey
et al., 2015), lignin (Calgeris et al., 2012), eugenol (Chen et al., 2019;
Chen et al., 2019), pyrogallol (Uemura et al., 2016), etc. Among these
renewable sources, vegetable oils are widely studied and utilized due to
their low cost and high abundance (Alam et al., 2014; Alam and Alandis,
2014). Besides, the presence of various functional groups such as ester
linkages, double bonds, allylic hydrogens, and hydroxyl groups
(depending on the nature of the fatty acids) in vegetable oils, make them
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highly attractive for a wide range of different modifications (Seker and
Cakmakci, 2020).

Click reactions that give high yields with a low amount of side
product formation, are modular, simple, effective, and environmental-
friendly. Thus, click reactions are fascinating tools in modern chemis-
try in terms of Green Chemistry (Tunca, 2018; Tasdelen and Yagci, 2013;
Kolb et al., 2001; Hoyle et al., 2010; Fernandez-Francos et al., 2016;
Arévalo et al., 2016; Gupta et al., 2020). Click chemistry protocols have
been widely used for the modification of bio-based building blocks and
the synthesis of polymers therefrom. For instance, various functional
groups such as carboxylic acid, hydroxyl, isocyanate, epoxy, amine, etc.,
were introduced with ease to vegetable oils via thiol-ene click reactions
for a broad spectrum of applications (Ionescu et al., 2015; He et al.,
2014; Feng et al., 2017). Another useful tool within the palette of click
chemistry is the azide-alkyne cycloaddition reaction which is a type of
Huisgen 1,3-dipolar cycloaddition and previously it was utilized for the
preparation of various bio-based materials (Singh et al., 2016; Han et al.,
2016; Xu et al., 2016; Besset et al., 2010). Generally copper-based metal
catalysts are required for this type of click reaction, however, these re-
actions can also be conducted by heating in the absence of a catalyst
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(Besset et al., 2010; Lutz, 2008). The latter route; thermal azide—alkyne
cycloaddition (TAAC) is an intriguing strategy to prepare sustainable
polymers from vegetable oils due to its straightforward and benign re-
action conditions. For instance; Hong et al. (2013) showed that azidated
vegetable oil can be crosslinked with different diynes to give polymers
that exhibit different characteristics such as rubber-like, brittle or tough
plastics. In another work Yuan et al. (2018) prepared elastomers via
TAAC by using alkyne-functionalized lignin and azide-functionalized
soybean oil-based acrylic polymers. The prepared elastomers exhibited
excellent elasticity with tensile strain percentages over 110%.

In this work, we aimed to prepare antibacterial and thermally stable
thermoset materials from vegetable oils via TAAC. We first synthesized a
tetra-propargyl functionalized dimer diamine oligomer. Dimer diamines
are low viscosity and hydrophobic building blocks which are synthe-
sized by the Diels—Alder reaction of fatty acids. They bring flexibility
and impact resistance when used in coatings (Froidevaux et al., 2016).
As for the azide component, we used azidated trimethylolpropane tri-
glycidyl ether (ATMPTGE) and castor oil (CO). We found an elegant way
to introduce both azide and phosphorous groups (for thermal stability)
to CO. Next, we incorporated two novel propargyl functionalized
coumarin derivatives for antibacterial activity. Coumarins which are
naturally occurring substances in many plants are useful platforms for
the synthesis of antibacterial agents, photosensitizers, drugs and several
organic molecules for different applications (Borges et al., 2005;
Abdallah et al., 2019; Zhang et al., 2016; Chen et al., 2019; Chen et al.,
2019). We characterized all synthesized oligomers and monomers by
FTIR and NMR spectroscopy. We measured the mechanical and thermal
properties of the obtained thermosets as well as their antibacterial
properties.

2. Experimental
2.1. Materials

2,4-Dihydroxybenzaldehyde, salicylaldehyde, phenylacetic acid, 4-
hydroxyphenylacetic acid, propargyl bromide, potassium carbonate,
propargyl acrylate (PA), phosphorus(V) oxychloride (POCls), castor oil
(CO), bromoethanol, anhydrous sodium sulfate, triethyl amine (TEA),
ammonium chloride, trimethylolpropane triglycidyl ether, sodium
chloride, dichloromethane (CH,Cly), methanol, diethyl ether, and N,N-
dimethylformamide (DMF) were all purchased from Sigma Aldrich and
used as received. Dimer diamine (PRIAMINE 1071 by Croda, its theo-
retical molecular weight is 547 g/mol and its amine number is 205 mg
KOH/g) was obtained as a gift from MCT chemicals (Turkey). Azidoe-
thanol (Daglar et al., 2021) and ATMPTGE (Kargarfard et al., 2018)
were synthesized according to the literature. S. aureus and E. coli were
obtained from a local company.

2.2. Characterization Methods

Fourier-Transform Infrared Spectroscopy (FTIR) spectra were
recorded on a Shimadzu FTIR 8300 spectrometer with ATR capability.
'H NMR (500 MHz) spectra were recorded using an Agilent VNMRS 500
instrument in CDCls. Elemental analyses carried out using a LECO CHN
932 were performed by the Instrumental Analysis Laboratory of the
Tubitak Marmara Research Center. Gel content values were determined
via soxhlet extraction with CHyCl; for 6 h. Thermal gravimetric analysis
(TGA) was carried out using thermal data were obtained by using the
Perkin Elmer Diamond Thermal Analysis instrument. The TGA mea-
surements were performed between 30 °C and 750 °C (under Ny, rate
10 °C/min). Differential scanning calorimetry (DSC) experiments were
performed under a nitrogen atmosphere on the Perkin Elmer Pyris
Diamond DSC apparatus. Samples were kept at — 50 °C for 2 min and
then heated to 50 °C with a heating rate of 20 °C/min. After holding 2
min at this temperature, samples were cooled to — 50 °C with a cooling
rate of 50 °C/min, followed by keeping at this temperature for 2 min.
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Finally, they were reheated to 50 °C with a heating rate of 20 °C/min.
Data from the second heating cycle were reported. Mechanical proper-
ties of the thermosets were determined by standard tensile stress-strain
tests to measure modules, ultimate tensile strength and elongation at
break. Standard tensile stress-strain experiments were performed at
room temperature on a Materials Testing Machine Z010/TN2S, with a
crosshead speed of 2 mm/min.

Antibacterial tests were conducted according to our previous publi-
cations (Cakmakci et al., 2019; Sen and Kahraman, 2018; Birtane et al.,
2021; Sen et al., 2017; Beyler-Cigil et al., 2021).

2.3. Synthesis of propargylated coumarins

The precursors; 7-hydroxy-3-phenyl-coumarin and 3-(4-hydrox-
yphenyl)-coumarin were synthesized according to the literature (Hu
et al., 2019).

2.3.1. 3-[4-(Prop-2-yn-1-yloxy)phenyl]-coumarin (PPC)

3.00 g (12.6 mmol) 3-(4-hydroxyphenyl)-coumarin and 1.50 g (12.6
mmol) propargyl bromide were dissolved in 30 mL DMF solution at
argon atmosphere. 2.61 g (18.9 mmol) potassium carbonate was added
slowly, and the reaction was stirred overnight at 65 °C. Then, the re-
action mixture was poured into the ice water. The precipitated product
was filtered and dried under vacuum. The crude product was purified by
column chromatography on silica gel using chloroform as eluent.

Yield 3.44 g (99.0%). Mp:182 °C. Anal. calcd. for C1gH;203: C, 78.25;
H, 4.38%; found: C, 78.28; H, 4.39%. FTIR (ATR): Umax, cm L 3285
(C=C-H), 3062 (Ar-CH), 29422865 (Aliphatic-CH), 2118 (C=CH),
1710 (C=0), 1608 (Ar-C=C). 'H NMR (p-CDCls, 500 MHz, 5, ppm):
7.80 (s, 1 H),7.73-7.70 (m, 1 H), 7.56 — 7.53 (m, 2 H), 7.39 (d, J = 8.2
Hz, 2H),7.31(d,J=6.2Hz,1H),7.09-7.07 (m, 2H), 4.76 (d, J = 3.6
Hz, 2 H), 2.56 (d, J = 4.9 Hz, 1 H).

2.3.2. 3-Phenyl-7-(prop-2-yn-1-yloxy)-coumarin (PC)

3.00 g (12.6 mmol) 7-hydroxy-3-phenyl-coumarin and 1.50 g (12.6
mmol) propargyl bromide were dissolved in 30 mL DMF solution at
argon atmosphere. 2.61 g (18.9 mmol) potassium carbonate was added
slowly, and the reaction was stirred overnight at 65 °C. Then, the re-
action mixture was poured into the ice water and precipitated. The
precipitated product was filtered and dried under vacuum. The crude
product was purified by column chromatography on silica gel using
chloroform as eluent.

Yield 3.48 g (100%). Mp: 138 °C. Anal. calcd. for C;gH;203: C, 78.25;
H, 4.38%; found: C, 78.26; H, 4.40%. FTIR (ATR): Omax, cm~ L 3280
(C=C-H), 3061 (Ar-CH), 2936-2870 (Aliphatic—-CH), 2121 (C=CH),
1714 (C=0), 1610 (Ar-C—=C). 'H NMR (p-CDCl3, 500 MHz, &, ppm):
7.80 (d,J=4.8Hz,1H),7.73-7.69 (m, 1 H), 7.46 (tt, J = 14.9, 7.4 Hz,
5H), 6.99 (dt, J = 27.4, 6.9 Hz, 2 H), 4.80 (d, J = 5.0 Hz, 2 H), 2.60 (d, J
=9.1 Hz, 1 H).

The synthesis of PC and PPC are presented in Scheme 1.

2.4. Synthesis of propargylated dimer diamine (PDD)

PDD was obtained via the aza-Michael reaction of dimer diamine
with PA. 5.47 g of dimer diamine (10 mmol) was dissolved in 20 mL of
methanol in a one-neck round bottom flask equipped with a dropping
funnel. The flask was immersed into an ice bath at O °C. Then 4.62 g of
PA (10.5 mmol, 1.05 times excess) was added to the flask drop by drop
within 30 min under stirring. The mixture was kept at 0 °C for 1 h after
the addition and then stirred overnight at room temperature. The
unreacted PA and methanol were all removed via rotary evaporator
under vacuum. PDD was obtained as a yellowish viscous liquid. The
synthesis of this tetra alkyne functional oligomer is depicted in Scheme
2.
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Scheme 1. The general synthesis scheme of the new coumarins bearing propargyl group.
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Scheme 2. Synthetic route to propargylated dimer diamine (PDD).

2.5. Synthesis of PAMCO

Phosphorous and azide bearing castor oil derivative (PAMCO) was
synthesized in two steps in one pot. In the first step 10.00 g of CO
(28.6 mmol OH), 30 mL of CH,Cl; and 3.04 g of TEA were transferred to
a three-neck round bottom flask equipped with a dropping funnel, a gas
inlet (N3) and a condenser. The flask was placed in an ice bath at 0 °C.
4.60 g of POCl3 (30 mmol) was dissolved in 20 mL of CH,Cl, and then
added to the CO solution dropwise within an hour under stirring and
nitrogen atmosphere. The solution was stirred at 0 °C for an additional
of 1 h after the addition was completed then further stirred for 4 h at
room temperature. In the second step, the flask was immersed into
another ice bath again and a mixture of 5.22 g of azidoethanol
(60 mmol), 6.07 g of TEA and 20 mL of CH2Cl, was added dropwise to
this mixture within 1 h. Then the solution was left to stir overnight.
CH,Cl, was removed via rotary evaporator and then 50 mL of diethyl
ether was added. The precipitated, undissolved salts were removed via
filtration. The organic phase was washed with brine (3 x20 mL) and
distilled water (3 x20 mL), respectively. The organic phase was sepa-
rated, dried over anhydrous sodium sulfate and after filtration, the ether

was evaporated under vacuum. The obtained yellow oil was kept in a
refrigerator. The structure of PAMCO is illustrated in Scheme 3.

2.6. Preparation of cured thermosets via TAAC

The thermoset materials were obtained via TAAC. A 1:1 azide to
alkyne ratio was maintained in the reactions. Required amounts of
PAMCO, PDD, ATMPTGE and propargylated coumarins (Table 1) were
weighed and a sufficient amount of DMF was added to dissolve all the
monomers. The obtained viscous solutions were poured into Teflon
molds. The molds were first heated to 65 °C for 16 h in a vacuum oven.
Then the films were kept for one hour at 85 °C and 100 °C, respectively
and finally the heating was continued for 6 h at 120 °C under vacuum.
Yellow/orange or brown/black colored films (Fig. 1) were obtained after
curing.

The TAAC curing of the synthesized monomers is illustrated in
Scheme 4. We added the coumarins at 20% and 40% of the total required
alkyne mole ratio. The samples were coded as DPA-PCX or DPA-PPCX
where D, P and A stand for PDD, PAMCO and ATMPTGE and X stands
for the weight percentage of the coumarins.

o (o]
_OJl\A/\A/\/W _OJ\/\/\/\/\/\(\/\/\
OH OH
o 1) POCl;, TEA, CH,Cl, o
)WW\/W 2) Azidoethanol, TEA, CH,Cl, )I\/\/\/\/\/\(\/\/\
—O —O
OH Osp O~y
II"OR 3
o] o] o
_o)l\/\/\/\/\/w _OJI\/\/\/\/\/Y\/\/\
OH 0L, O~y
~, 3
R: H or -CH,CH,N; a OR

Scheme 3. Synthesis of phosphorous-and azide-modified castor oil.
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Table 1
Recipe for the TAAC reactionsa.
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PDD (g) PAMCO (g) ATMPTGE (g) Propargyl coumarin (g) Propargyl phenylcoumarin (g)
DPA 0.4935 (0.5 mmol) 0.36 0.1528 - -
DPA-PC10 0.395 0.36 0.1528 0.1104 -
(0.4 mmol) (0.4 mmol)
DPA-PC20 0.2962 0.36 0.1528 0.2208 -
(0.3 mmol) (0.8 mmol)
DPA-PPC10 0.395 0.36 0.1528 - 0.1104
(0.4 mmol) (0.4 mmol)
DPA-PPC20 0.2962 0.36 0.1528 - 0.2208
(0.3 mmol) (0.8 mmol)

@ Approximately 0.5 mL of DMF was added to each formulation. PDD’s molecular weight was calculated as 987.44 g/mol (547 + 4 x110.11) and the required
amount of PAMCO and ATMPTGE were calculated based on their nitrogen contents determined by elemental analysis.

DPA DPA-PC10 DPA-PC20 DPA-PPC10 DPA-PPC20

bt

Fig. 1. The digital photographs of the prepared vegetable oil-based thermosets.
3. Results and discussion
3.1. Characterization of the synthesized monomers

The new coumarins bearing propargyl group were synthesized by the
nucleophilic substitution reaction at 65 °C temperature and argon at-
mosphere. Two new coumarins were characterized by spectroscopic
methods such as FTIR, 'H NMR, and elemental analysis. Fig. 2 displays
the 'H NMR spectra of PC and PPC. The =CH protons resonated at
around 2.6 ppm while the signals at around 4.80 ppm correspond to the
protons on the carbon adjacent to the oxygen. The aromatic protons as
well as the characteristic double bond protons of the coumarin ring
(-CH=C(COO0)C) were observed between 7.0 and 8.0 ppm.

The coumarins were further characterized by FTIR spectroscopy
(Fig. 3). The vibrational bands associated with the hydroxyl group on
starting coumarins vanished from their FTIR spectra, indicating the
propargylation of the coumarin derivatives. The formation of the cou-
marins PC and PPC were indicated by the observation of new alkyne
peaks at 3280 cm™! and 2121 ecm™! belonging to the vibration of
C=C-H and -C=C- bonds on these compounds, respectively.

The PDD was synthesized via aza-Michael addition reaction of dimer
diamine and PA. PA was taken slightly excess than the required stoi-
chiometry and then at the end of the reaction the excess PA was removed
via rotary evaporation and thus PDD was obtained quantitatively. The
structure of PDD was characterized by FTIR and 'H NMR spectroscopy.
The FTIR spectra of neat dimer diamine, PA and PDD are presented in

Fig. 4. The bands at 1610 em~! and 794 cm™? in the FTIR spectrum of
the neat dimer diamine are due to in plane and out of plane bending
vibrations of the -NHp groups, respectively. The bands between 2920
and 2850 cm ™! are due to the —~CH stretching vibrations while the bands
at 1458 and 1378 cm™! correspond to the scissoring vibrations of —CHy-
and ~CHj3 groups. C-N vibration bands were detected at 1076 cm ™ *. All
these findings are in good accordance with the literature (Agnaou et al.,
2014). The =CH vibrations in PA were detected at 3293 cm™'. The
characteristic acrylate double bond bands in PA were observed at 1635
and 807 cm ™! in addition to the characteristic ester carbonyl which was
detected at 1724 cm ™. After the reaction, as expected, the bands of the
acrylate double bonds were disappeared as can be seen from the spec-
trum of PDD. Moreover, the carbon-hydrogen bond of the alkyne groups
(=CH) was slightly shifted and observed at 3310 cm™ L. These results
clearly prove that PDD was synthesized successfully.

The structure of PDD was further characterized by 'H NMR spec-
troscopy. The characteristic aliphatic protons of neat dimer diamine
were observed in the range of 0.8-2.00 ppm (Fig. 5). The ~CH; protons
neighbouring the nitrogen (-CHoNH>) resonated at around 2.67 ppm.
Weak NMR peaks were detected at around 5.00-6.00 ppm (are not
shown in the spectrum for clarity) belonging to the hydrogens of the
alkene double bonds. After modification new peaks appeared in the
spectrum of PDD (Fig. 5). The terminal alkyne =CH hydrogens reso-
nated at around 2.38 ppm while the —CHj groups adjacent to the oxygen
were observed at 4.68 ppm. The 12 protons neighbouring the nitrogen
atoms were resonated at 2.51 ppm. Finally, the protons on the carbon
adjacent to the acrylate carbonyl groups were observed at 2.78 ppm.
Moreover, the absence of any signal at around 5.8-6.6 ppm which
correspond to the acrylate double bond protons (CHy, =CH-) clearly
proves that the synthesized PDD is pure. The integral ratios were
calculated and were found to be in good accordance with the structure of
the synthesized PDD.

Similarly, the structure of PAMCO was characterized by FTIR and
NMR spectroscopy. The FTIR spectrum of PAMCO is given in Fig. 6 along
with azidoethanol and neat CO. The characteristic carbonyl and hy-
droxyl vibration bands of CO were observed at 1743 and 3386 cm ™’
respectively (Miilazim et al., 2013). The bands observed at around 2855
and 2925 cm ™! were attributed to the symmetric and asymmetric ~CH
stretching vibrations. After the reaction of CO with POCl; and azidoe-
thanol, the intensity of the hydroxyl band declined and new peaks
appeared in the spectrum of PAMCO. The band at 2100 cm ™! in the
spectrum of PAMCO is due to the characteristic azide stretching vibra-
tions. Moreover, the bands at 1020 and 940 cm ™! were attributed to the
newly formed phosphate ester groups (Jia et al., 2016, 2015).

The 'H NMR spectra of neat CO and PAMCO are presented in Fig. 7.
The aliphatic protons of the fatty acid chains in neat CO were resonated
between 0.88 and 2.32 ppm as can be seen from the 'H NMR spectrum of
CO. The methylene (-CH>) protons (b) of the glycerol unit in CO were
resonated at 4.1-4.3 ppm while the —~CH proton (a) in the glycerol unit
was detected at 5.27 ppm. The double bond protons (h) were resonated
at 5.6-5.4 ppm. The characteristic peak of the proton adjacent to the



E. Cakmakg et al.

Industrial Crops & Products 182 (2022) 114870

o

-y ENN

o

Scheme 4. The synthetic route to TAAC cured bio-based elastomeric thermosets.

—OH group (f) was observed at 3.62 ppm. After phosphorylation and the
introduction of azide groups, the intensity of this peak at 3.62 ppm
decreased as can be seen from the spectrum of PAMCO. A new peak
appeared at 2.49 ppm in this spectrum was ascribed to the -CH-OP=0-
protons (k) (Jia et al., 2015). The protons adjacent to the azide func-
tionality were detected at 3.49 ppm (1) and the other neighbouring
protons ~OCH2CH,N3 (m), were found to resonate at around 4.35 which
partially overlapped with methylene protons of glycerol in PAMCO.
These peaks are in good accordance with the literature (Daglar et al.
2021). These results prove that the phosphorous and azide functional-
ities were successfully introduced to CO. Moreover, the PAMCO was
characterized by 3'P NMR (Fig. 7 C). The >'P NMR of PAMCO displayed
two peaks. The peak at — 0.45 was attributed to the monosubstituted
derivative (-OPO(OCH2CH2N3)OH) while the other peak at — 1.93 ppm
was ascribed to the double substituted phosphate ester groups (-OPO

(OCH3CH3N3)5). These observed peaks are in good accordance with
similar phosphate esters in the literature (Przybylak et al., 2021; Changi
etal., 2012; Howell and Ostrander, 2019). In the first step of the reaction
most of the -OH groups were reacted with POClI3 to give -OPOCI, groups
on CO. Then, as it is understood from the >'P NMR spectrum, only a
portion of the -OPOCI; groups were reacted with azidoethanol and the
remaining ~-OPO(OCH3CH,N3)Cl groups were hydrolyzed during the
washing steps to ~-OPO(OCH2CH2N3)OH. Moreover, the absence of any
peak in the P NMR spectrum of PAMCO over 0 ppm, proves that all
chlorine groups were removed. For instance; when, -OPOCly groups
were generated on CO, the oil exhibited a P NMR signal at 20 ppm (Jia
et al. 2015). Thus, based on these findings it can be concluded that
PAMCO was synthesized successfully.
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Fig. 2. 'H NMR spectra of PC and PPC.
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Fig. 3. FTIR spectra of PC and PPC.

3.2. Structural characterization of the thermally cured thermosets

In this work, thermoset materials were prepared by using azidated
CO and propargylated dimer diamine with the aid of ATMPTGE. When
ATMPTGE was not used, we could not be able to produce self-standing
films from only PAMCO and PDD, instead highly viscous rubber-like
masses were obtained. Nevertheless, we manage to keep the total ratio
of ATMPTGE at 15% with respect to the total weight to have a high
amount of renewable content.

The structural characterization of the bio-based networks was per-
formed by FTIR spectroscopy. The FTIR spectra of the films are given in

-C=C-H
DD

-C=0 -C=C-

wt| PA

PDD

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 380
Wavenumber (cm)

Fig. 4. FTIR spectra of DD, PA and PDD.

Fig. 8. All the obtained films displayed similar spectra. The bands be-
tween 3600 and 3400 cm ™! were due to the —OH stretching vibrations of
the ATMPTGE. The characteristic carbonyl stretching bands were
detected at around 1730 cm™! while the bands between 2920 and
2850 cm ™! were attributed to the aliphatic ~CH groups. When couma-
rins were incorporated the carbonyl bands were expanded due to the
overlapping of the bands of the carbonyls of the vegetable oil based
monomers and coumarins. Additionally, new peaks appeared at around
1600 cm™! in the spectra of the coumarin-containing samples corre-
sponding to the aromatic -C—=C- stretching vibrations. We must note
that in all spectra a weak band at around 2100 cm™! was detected which
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Fig. 5. 'H NMR spectra of neat DD (top) and PDD (below).

indicates that the azide groups were not completely reacted. This situ-
ation was also encountered previously in literature (Han et al., 2016; Xu
et al., 2016; Besset et al., 2010; Lutz, 2008; Hong et al., 2013).
Moreover, we determined the gel content values of the crosslinked
bio-based networks and the gel content values were found as 74%, 79%,
80%, 83% and 87% for DPA, DPA-PC10, DPA-PC20, DPA-PC10 and
DPA-PPC20, respectively. According to these results it can be said that
monofunctional coumarin derivatives were effective towards TAAC re-
actions and when their amount was increased in the formulations the gel
content values also increased. The gel content value of DPA was found to

be relatively low which could be ascribed to the steric effects arising
from the long alkyl chains of the fatty acids.

3.3. Mechanical properties

The mechanical properties of the TAAC cured thermosets were
evaluated by measuring their tensile strengths. The representative ten-
sile curves of the thermosets are presented in Fig. 9 and the average
tensile strength and elongation at break values are listed in Table 2. Note
that the values given in Table 2 are average values of at least three
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Fig. 6. FTIR spectra of azidoethanol, CO and PAMCO.

different specimens. The thermosets displayed very low tensile strengths
and high elongation at break values thus they behaved like elastomers.
These findings are in good accordance with the study of Yuan et al.
(2018). Contrary to the decreased crosslinking, the addition of the
monofunctional coumarins led to an increase in the tensile strengths
while decreasing the elongation percentages. This situation can be
explained by the rigid aromatic structures of the novel coumarins and
also it might be attributed to interactions like -1 stacking of the aro-
matic units or H-bonding ability of the carbonyl groups of the
coumarins.

3.4. Thermal properties

The thermal stability of the thermosets was investigated by TGA
under a nitrogen atmosphere. Figs. 10a and 10b display the TGA curves
and the corresponding derivative weight curves. The results of the
thermal analysis are collected in Table 2. All samples displayed similar
thermal decomposition behaviors. The 5% weight loss temperatures
were found to be above 200 °C and these weight losses were attributed
to the unreacted monomers and residual solvent confined within the
polymer matrix. All thermosets displayed two main degradation steps
over 340 °C however, DPA encoded samples displayed an additional
degradation step at around 260 °C. The incorporation of coumarins led
to a slight increase in the T; values while the Ty temperatures slightly
declined with PC, PPC improved the T5 values. Even though the rigid
coumarin rings increased the thermal decomposition temperatures, the
decreased crosslinking led to a decrease in the obtained char yields.
When compared, PC was found to be less thermally stable than PPC in
their corresponding thermosets.

In the work of Yuan et al., in which alkyne-functionalized lignin and
azide-functionalized fatty acid derivatives were used, the onset of
decomposition temperatures (5% weight loss) was found to be 280 °C
and the obtained char yields were below 5% at 700 °C (Yuan et al.
2018). According to the char yields in this work and that of Yuan et al., it
can be said that these phosphorylated CO-containing thermosets are
superior in terms of thermal stability despite the fact the 5% weight loss
temperatures were lower in this work. The early degradation of the
thermosets prepared herein can be attributed to the well-known early
decomposition of the phosphorus-containing agents.

Glass transition temperatures (Tg) of the thermosets were deter-
mined by DSC measurements. The Tg values are collected in Table 2. The
DPA encoded films displayed a Tg value of 3.3 °C. When coumarins were
added the Tg values increased in spite of the decreased crosslinking
density and this result could be ascribed to the steric hindrance induced
by the presence of the rigid and bulky aromatic coumarin rings as side
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chain constituents. However, a trend was not observed in the Tgs. When
the amount of PC was increased from 10% to 20%, the Tg value was
decreased, whereas in the same situation the PPC led to an increase in
the Tg value.

3.5. Wettability

The water repellency performance of materials generally depends on
two factors; the surface energy and the surface roughness. In many
studies in literature, to prepare hydrophobic coatings; fluorinated or
siloxane-based compounds are widely used due to their low surface
energy (Daglar et al., 2020) and silica nanoparticles are also used to
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Table 2
Thermal and mechanical properties of the thermosets.
Tensile Elongation at T;® Ty' Char Tg
Strength break (%) Q) (%) Q)
(MPa)
DPA 0.13 84+8 260/ 476 13.8 3.3
342
DPA-PC10 0.19 68+9 350 470 8.84 7.3
DPA-PC20 0.18 45 +11 346 470 7.74 5.4
DPA-PPC10 0.25 52+9 353 481 11.8 4.3
DPA-PPC20 0.46 39+ 12 359 480 12.5 9.5

? T; and T, are the maximum weight loss temperatures, which were deter-
mined from the maximum of the corresponding derivative curves.

increase the surface roughness (Seker and Cakmakgci, 2020). Vegetable
oils are good canditates due to their low surface energy and inherent
water repellency but adding polar constituents could lead to a decline in
water repellent properties. For example, tung oil was previously cured
under UV light in the presence of a cationic photoinitiator and due to
oxidative curing polar species such as -OH, -OOH, -COOH, formed and
the coatings displayed a WCA of 66° (Seker and Cakmakci, 2020).
Since the TAAC cured networks are vegetable-based, it can be ex-
pected from them to be water repellent. However, the polar triazole
rings, unreacted free azide groups as well as the hydroxyl groups of
ATMPTGE led to polar surfaces (Fig. 11). The addition of monofunc-
tional coumarins contributed to the polarity and thus the WCA values
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declined. Interestingly, the decrease in the WCA was much more pro-
nounced in PPC-containing thermosets.

3.6. Antibacterial properties

The antibacterial activity of the vegetable based thermosets was
tested against both gram-positive (S. aureus) and gram-negative (E. coli)
bacteria by measuring their diameter of inhibition zones. The inhibition
zone diameters of the TAAC cured samples are given in Table 3.

Previously, the antibacterial activities of several coumarins were
investigated (Abd El-Fattah et al., 2017; Kayser and Kolodziej, 1999; De
Souza et al., 2005). The antibacterial activity of coumarins stems from
their lipophilic character and their planar molecular geometry which
enables its penetration through the bacterial cell walls (de Souza et al.,
2005). The functional groups around the aromatic ring of a simple
coumarin structure affects its antibacterial activity against
gram-positive and gram-negative bacteria. Studies on coumarin de-
rivatives revealed that especially the dimethoxy-substituted ones are
effective againts fungal strains and bacteria due to the increased lip-
ophilicity, leading to ease of penetration (Kayser and Kolodziej, 1999;
Ceéspedes et al., 2006). Thus, the antibacterial activity of coumarins
strongly depend on their structure. Triazole derivatives are also known
for their antibacterial activity (Strzelecka and Swiqtek, 2021). Thus, in
this work a unique combination of antibacterial triazole groups with
coumarin takes place.

Abd El-Fattah et al. (2017) synthesized thiazole ring-containing
coumarins and incorporated them into polyurethane-based coatings.
But it must be noted that the coumarin derivatives were not bounded to
the polyurethane matrix, thus they were released during the antibacte-
rial test and this led to high zone inhibition diameters ranging from 21 to
42 mm depending on the coumarin structure and its concentration in the
polyurethane matrix.

Based on the antibacterial test results the DPA was found to be
inactive against bacteria. However, the addition of the coumarin species
led to antibacterial activity. PC-containing thermosets were found to be
much more efficient in killing the bacteria than the PPC-containing ones.
In the case of PC, propargyl group thus the triazole group is directly
bonded to the coumarin’s phenyl moiety and another phenyl group is
attached at position 3 in the coumarin. On the other hand, in PPC, the
propargyl group is attached to the phenyl group which is then connected
to the coumarin ring. Thus, the triazole group and the coumarin ring are
separated by the phenyl group. The reason for the relatively lower
antibacterial activity could be ascribed to this difference. Moreover, it
can be said that the phenyl ring in the structure of PC increases its lip-
ophilicity which further contributes to the antibacterial activity.

4. Conclusions

In this study, coumarin-containing, dimer diamine and CO-based
antibacterial thermosets were prepared via TAAC polymerization. Two
novel, vegetable oil-based oligomers were prepared for the first time in
literature. Phosphorus and azide functionalized CO was prepared in two
steps in one pot. Propargylated dimer diamine was synthesized via aza-
Michael reaction. The thermosets displayed low tensile strength values
and high elongation at break values. The use of phosphorylated CO
resulted in improved thermal properties and high char yields. The
incorporation of coumarin species into these vegetable oil-based ther-
mosets resulted in antibacterial properties. Thus, we successfully pre-
pared antibacterial thermosets via metal-free azide-alkyne click
chemistry.

Finally, we believe that this study will inspire researchers for the
synthesis and development of phosphorus-containing thermally stable
and antibacterial thermoset materials from renewable and sustainable
resources.



E. Cakmakg et al.

Industrial Crops & Products 182 (2022) 114870

a) 100 - b)
<
80 £
=
= 2
= 60 =
: :
5 2
g 40 e
DPA-PC10 E veeeeees  DPA-PC10 i
20 DPA-PC20 & DPA-PC20
DPA-PPC10 X o DPA-PPC10
DPA-PPC20 ;o o DPA-PPC20
(] - - -
200 400 600 200 400 600

Temperature (°C)

Temperature (°C)

Fig. 10. TGA curves (a) and the derivative weight curves of the thermosets (b).

DPA-PC10 DPA-PC20 DPA-PPC10 DPA-PPC20

DPA

Fig. 11. WCA values of the vegetable oil-based thermosets.

Table 3
Inhibition zone diameters of the thermosets.

E. coli (mm) S. aureus (mm)

DPA - -
DPA-PC10 10
DPA-PC20 11 11
DPA-PPC10 4 6
DPA-PPC20 8 10
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