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Abstract: In this study, polymerization and characterization of trisalicyl borate (TSB) with epoxidized soybean oil (ESO)
was evaluated. Synthesis of TSB is involved by the reaction between boric acid and salicylic acid at the first step of the
reaction. Then TSB was polymerized with ESO at 95 C for 6 hours. All the compounds synthesized were characterized
by FTIR and 'H NMR techniques. Characteristic bands of the boron esters appeared at 1644, 1610, 1578, 1472, 1276,
784, 757, 656, and 530 cm™. '"H NMR technique indicated that hydrogens of the free carboxyl groups revealed at 10.8
ppm. The resultant polymers of TSB and ESO were rubbery materials. Mechanical, thermal and electrical properties of
the TSB-ESO polymer was determined. They exhibit small stress at break values with high strain percentages. Thermal
and mechanical characterization of the polymers were performed by differential scanning calorimetry (DSC), ther-
mogravimetric analysis (TGA) and Stress-Strain tests. It was found that TSB-ESO polymer exhibited highest swelling
ratio in toluene. The TSB-ESO polymer was a rubbery material that showed 0.1 MPa stress at break value with 240%
elongation. Thermal properties of the synthesized polymer were evaluated with DSC and TGA methods. TSB-ESA
showed one Tg at -2 C and a melting peak at 92 C. TGA plot showed 2 segmental weight loss. As an indicator for ther-
mal stability, 5% weight loss temperature was measured as 112 C. Additionally, DC analysis reveals that the resistivity
and conductivity of the polymeric sample is measured as 2.375 MQm and 0.401 pS/m respectively.
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Introduction

Human settlements are at the center of sustainable devel-
opment, and demographic data contains important implications
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for the economy, social development, and environmental sus-
tainability.' It is understood that the population, which was 2.5
billion in 1950, reached 6.1 billion by the year 2000 (in a 50-
year period), with a nearly double increase. In the future pro-
jection, it is foreseen that the world population will increase by
100% after only 80 years, and a population of 11.2 billion will
be formed in 2100.? As the population increases, the variety of
materials used in technology also increases. However, these
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materials are expected to be compatible with non-sustainable
development goals and the environment. The variety of petro-
leum based materials utilized in industrial products is expand-
ing along with the world population. Due to the sustainable
development and environmental concerns, industrial designs
should use new materials that obtained from renewable resources.

The development of alternative sources is an important issue
both in terms of sustainability and minimizing the environ-
mental impact. Additionally, these alternative resources would
provide a great advantage in maximum adaptation to innovative
technologies. Therefore, the demand for innovative materials is
increasing day by day. Plant oil derived materials are getting
more and more attention todays because they would be prom-
ising materials for environment, sustainable development and
innovative technologies.

Plant oil triglycerides are valuable materials due to their
structure. Complex nature of those molecules makes them valu-
able starting material for many compounds and polymers.*
Additionally, plant oil triglycerides have positive impacts on
the environment and sustainable development.™ A typical plant
oil triglyceride contains 4 different reactive positions. Those
are ester group, a-carbon to carbonyl, double bonds, allylic and
double allylic positions respectively.” Conversion of those
positions via special reactions lead to triglycerides based reac-
tive monomers and polymers.'*"

Addition to double bonds is one of the most preferred
method to modify plant oil triglycerides. Halogen and hydro-
gen halide additions are extensively preferred. Besides this
type of addition reaction, insertion of oxygen atom to double
bonds would yield epoxidized plant oil triglycerides. Those
compounds are industrially accessible. Epoxidized soybean
oil (ESO) is one of the most produced epoxidized plant oil
triglycerides.

Epoxide groups are oxygen bearing three membered strained
rings. Thus, they are reactive to nucleophilic and electrophilic
attacks. When an epoxide ring is reacted with a carboxylic
acid. The product is a S-hyroxy ester. Polymerization reaction
of ESO with dicarboxylic acids are studied well."*"3

Among the many types of acids boric acid has some special
features. When it dissolved in water the solution is not acidic.
It is a weak acid that contains 3 hydroxyl groups. When boric
acid is reacted with an aliphatic alcohol or a phenol, congruent
ester is easily formed.'*'® Boric acid or boron compounds also
impart the flame retardancy properties of the materials.'® Ester-
ification reaction of boric acid and alcohols is generally carried
under mild conditions. Those esterification reactions can just
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Figure 1. Synthesis and the structure of trisalicyl borate (TSB).

be monitored by measuring the amount of evaluated water.
When boric acid reacted with a hydroxyl group containing car-
boxylic acid, carboxyl functionalized boric acid esters would
be synthesized (Figure 1). Those carboxyl group containing
boric acid ester also polymerizes with ESO through free car-
boxyl groups. Reaction proceeds abstraction of H" ion by
epoxide rings than nucleophilic attack of carboxylate group
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Figure 2. Synthesis and the structure of TSB-ESO polymer.
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occurs. The final product is a hydroxyl group containing ester
(Figure 2).

It is not possible to find a detailed study about polymers that
are obtained from the reaction between ESO and carboxyl
functionalized boric acid esters. This work investigates the
synthesis and characterization of TSB-ESO as a novel poly-
meric material. Electrical properties of final rubbery materials
are evaluated.

Experimental

Materials and Methods. Epoxidized soybean oil (ESO)
was kindly donated by Hall Star Company (Chicago, IL). Boric
acid, diethyl ether, hexane, salicylic acid and toluene purchased
from Merck (Darmstadt, Germany). Infrared (IR) characterization
of compounds and polymers was performed by Nicolet 380
Fourier-transform infrared (FTIR) spectrometer with Smart
Diamond ATR. The hydrogen nuclear magnetic resonance (‘H
NMR) spectra were recorded on a Varian 400-MHz NMR
instrument operating at a frequency of 399.986 MHz for pro-
ton. Thermal stabilities of the material were characterized by
“Thermal Analyses” Q 50 model thermogravimetric analysis
(TGA) instrument with a 10 ‘C/min heating rate under nitrogen
atmosphere. Stress-Strain behavior was measured by Devotrans
DVG 925 type instrument. Stress-strain test of the polymer was
determined according to the ISO 8256 method with an elon-
gation rate of 20 mm/min. Swelling ratios were measured with
Gartner type travelling microscope. Electrical properties of the
samples were tested by using GW-Instek LCR-6300 LCR Meter
which supplies 2V AC voltage under varying (20 Hz to 2 kHz)
frequencies.

Synthesis of TSB. In a 250 mL round bottom flask, 0.618 g
(0.01 mol) boric acid and 4.15 g (0.03 mol) salicylic acid were
mixed in 100 mL toluene. System was equipped with Dean-
Stark apparatus and the mixture was refluxed until 0.5 mL
(0.03 mol) water was collected. Then toluene was removed
under reduced pressure. Trisalicyl borate was obtained as a
white powder. TSB is a water sensitive material and should be
stored in a desiccator.

Polymerization of ESO with TSB. For a typical polym-
erization reaction, 9.52 g (0.01 mol) of ESO was mixed with
422 g (0.01 mol) of TSB in a 50 mL beaker. After that, the
mixture was transferred to a silicon mold quickly. The mold was
then placed in a vacuum oven. Temperature was set to 95 C
and then the mixture was cured under nitrogen atmosphere.
Reaction was completed in 6 hours.
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Results and Discussion

FTIR and NMR Characterization of Synthesized Materials.
FTIR is a technique used to analyze the molecular composition
of a sample by measuring the absorption or transmission of
infrared radiation through the sample. The resulting spectrum
can provide information about the functional groups and chem-
ical bonds present in the sample.

FTIR spectra of the starting materials and ESO-TSB polymer
are shown in the Figure 2 and 3. The main peaks of the boric
acid appeared at 3213, 1461, and 1194 cm™. Characteristic peaks
of salicylic acid, on the other hand, appeared at 3240, 3013,
1662, 1613, 1464, 1251, 1212, 1157, 760, 699, and 661 cm’
respectively. When salicylic acid was esterified, trisalicyl borate
was obtained. Characteristic peaks for TSB was observed at
3220, 1644, 1610, 1578, 1472, 1276, 784, 757, 656, and 530 cm™.
Esterification reactions were performed by using toluene azeo-
trope. At the temperatures toluene boils boric acid just reacted
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Figure 3. FTIR spectra of a- boric acid, b- salicylic acid and c- tri-
salicyl borate.
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Figure 4. FTIR spectrum of ESO-TSB polymer.

with free -OH groups of salicylic acid. The side product water,
removed by toluene azeotrope. The peak of the boric acid at
3213 cm™ and the peak of salicylic acid at 3240 cm™ disappeared.
A new peak observed at 3220 cm™. Probably due to the inter-
action with free carboxyl groups and boron ester, the peak
shifted to 1644 cm™ and the intensity of the peak at 1610 cm’
increased.

When TSB mixed with ESO, Polymerization reaction was
completed in 6 hours. Characteristic peaks of TSB-ESO poly-
mer appeared at 3209, 2925, 2855, 1741, 1672, 1613, 1585,
1212, 1157, 1087, and 757 cm™.

'H NMR spectrum of TSB is shown in the Figure 4. According
to that spectrum, peaks revealed at 7.0, 7.6, 8.0, and 10.4 ppm.
The peak at 7.0, 7.6, and 8.0 ppm depicted the presence of
aromatic hydrogens. The integration ratio of those peaks was
determined as 2/1/1 respectively. The peak at 10.4 ppm indi-
cated the presence the hydrogen of free carboxyl group. Inte-
gration ratio of the hydrogens of carboxyl groups to aromatic
hydrogens was determined as Y.

Thermal Characterization of Polymers. Differential scan-
ning calorimetry (DSC) and TGA techniques were used to
evaluate the thermal properties of the materials synthesized.
DSC is a technique used to measure the thermal behavior of
materials. It measures the difference in heat flow between a
sample and a reference material as a function of temperature or
time, while both materials are subjected to a controlled tem-
perature program. DSC mainly used to determine the thermal
stability, melting point, glass transition temperature. DSC
graph of the TSB-ESO polymer is exhibited in Figure 5.
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Figure 5. '"H NMR of trisalicyl borate.

According to that trace, the polymer exhibited a 7, at -2 C and
a melting point at 92 C. That melting behavior is typical for
boric acid esters.”

TGA is a technique used to study the thermal stabilities of
materials by measuring the weight change as a function of
temperature or time. This technique is widely used in order to
elucidate the thermal stability, decomposition, and oxidation of
materials. TGA graph of the TSB and TSB-ESO polymer are
shown in Figure 6 and 7 respectively.

TGA thermogram revealed that during thermal decompo-
sition, 4 plateau observed. First one started at 84 C and com-
pleted at 121 C. Second decomposition started at 121 C and
ended at 206 C. Third one was observed between 206 and

Polym. Korea, Vol. 47, No. 5, 2023
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Figure 6. DSC trace of ESO-TSB polymer.
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Figure 7. TGA thermogram of TSB.

375 C and the last one revealed between 375 and 485 C. For
each decomposition intervals 7.4, 29, 32.5, and 15.7% weight
losses were observed respectively.

For polymers two types of information can be obtained from
TGA measurements. Those are 5% and 50% weight loss tem-
peratures. 5% weight loss temperature was identified as 185 C
and 50% weight loss was depicted as 405 C.

Mechanical Characterization of Polymers. In order to
evaluate mechanical properties of the materials, stress-strain
and swelling tests were applied. This test involves subjecting a
sample of the material to a gradually increasing tensile or com-
pressive force, while simultaneously measuring the resulting
deformation or strain. The stress-strain curve obtained from
this test provides valuable information about the material’s
mechanical behavior, including its strength, stiffness, ductility,
and toughness (Figure 8). Stress-strain test of the polymer was
determined according to the ISO 8256 method with an elon-
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gation rate of 20 mm/min. TSB-ESO polymers showed high
elongation with small stress values. Stress at break value was
detected as 100 kPa with 230% elongation. Due to the lack of
long chains.

The swelling behaviors of the products in hexane, diethyl
ether and toluene were evaluated by a traveling microscope.
The samples were put in a closed container, and the experiment
was continued until the solvent uptake ceased. Hexane, diethyl
ether and toluene was used for trials (Figure 9). The highest %
of swelling was measured in toluene the lowest value was
determined in hexane case.

Electrical Properties of Polymers. Polymeric sample was
tested based on its electrical properties under AC and DC sup-
ply voltages. In DC analysis, the polymeric sample’s resistivity
and conductivity is measured by using two-point measurement
technique.”’* Two-point resistivity measurement is simple
technique, which is rely on ohm’s law. The test set-up of this
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Figure 8. TGA graph of ESO-TSB polymer.
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Figure 9. Stress-Strain curve of ESO-TSB polymer.

300
250
200
150

% Swelling

100

50
0

0 50 100 150 200 250 300 350
Time (Minutes)

Figure 10. Swelling Behaviors of ESO-TSB polymer.

technique is given in Figure 10. In the test set-up the polymeric
samples (x,y and L dimensions are known) are tested by using
Unit UT502A Insulation Tester. During AC analysis polymeric
sample is subjected to AC source with different frequency val-
ues. Circular samples (3 mm thickness) are placed between cir-
cular copper electrodes with the diameter of 2.89 cm. Copper
electrodes are preferred due to their low resistance and high
contact ability with sample. Samples are shielded and grounded
to avoid electromagnetic interactions, which may interfere capac-
itance measurements. Samples are tested by using GW-Instek
LCR-6300 LCR Meter which supplies 2V AC voltage under
varying (20 Hz to 2 kHz) frequencies. Test set-up and the sam-

Multimeter

F"\.x\> k__/---I.

Figure 11. Two-point resistivity measurement set-up.

Figure 12. Impedance measurement set-up.

ple arrangement with copper electrodes are given in Figure 11
and Figure 12.

Polymeric sample exhibits insulator properties. DC analysis
reveals that the resistivity and conductivity of the polymeric
sample is measured as 2.375 MQm and 0.401 puS/m respec-
tively. According to AC analysis, sample is highly capacitive
(it varies from 6.77 to 5.97 pF). With the increasing frequency,
the impedance value of the sample is decreased (from about
1 GQ to 10 MQ). Based on its electrical properties, produced
polymeric sample can be evaluated as insulator.

Conclusions

The creation of alternative sources is crucial for sustainability
and for environment. As an alternative material, the thermal,
mechanical and electrical properties of the polymer of trisalicyl
borate and epoxidized soybean oil is explained. Like a rubbery

Polym. Korea, Vol. 47, No. 5, 2023
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material, this polymer show low tensile strength with high strain.

This polymer have good insulation properties and it would be

used for electrical applications where high tensile strength is

not

needed such as transformer insulator or wire insulator.
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