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ABSTRACT

In this thesis, monomers and polymers derived from high oleic soybean oil are
investigated. The properties of these monomers and polymeric materials are characterized

and discussed.

Chapter 1 describes an overall background of bio-based resources, monomers,
polymers, and their potential impact on society. Polymerization techniques are introduced,

and the overall objective of my research is described.

Chapter 2 outlines the large scale preparation of a soybean based monomer and the
use of this monomer in thermoset elastomers. The synthetic procedures and
characterizations of the monomers and polymers are discussed. A model study using oleic
acid is described and proved to be successful. The methods from the model study were
applied to a soybean based monomer to obtain novel thermoset elastomers which
incorporated high weight percentages of the soy based monomer and showed promising
mechanical properties. Different curing experiments were completed and two different

curing processes were developed.

In Chapter 3 a hydrogen bonding donor/acceptor strategy was used to create
thermoplastic elastomers by free radical polymerization. The use of high Tq monomers

with hydrogen bonding properties allowed for good mechanical properties to be achieved,



ranging from thermoplastic elastomers to thermoplastics. The synthetic procedures and
characterizations of the polymers are discussed. Promising results were obtained using
even higher weight percentages of the soybean based monomer than in the thermoset
elastomers. This led to creating a one pot method to form a triblock TPE using the same
monomers as before. To achieve this, a difunctional RAFT agent was synthesized and a
one pot RAFT polymerization method was developed. The synthetic strategies for both the

difunctional RAFT agent and the one pot polymerization method are discussed.

An overall summary of my research as well as suggestions on future research

directions in my projects and renewable polymer materials are given in Chapter 4.
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CHAPTER 1

GENERAL INTRODUCTION



1.1 Renewable bio-based polymers and their potential impact on society

Our current polymer industry relies heavily on fossil fuels. Presently, 90% of the
chemicals used worldwide are fossil fuel based, and the production of synthetic plastics
accounts for the consumption of about 7% of fossil fuels®. In the United States, about
13% of fossil fuels are used towards non-fuel chemical production® 7. Environmental
concerns and the desire to change our dependence on fossil fuels have led to an upsurge in
the research of sustainable polymers* > 718, Goals have been set by the United States
Department of Agriculture and the Department of Energy to reach 25% of chemical use
from biomass by 2030°. Biomass can be divided two classes; small molecules and natural
polymers. Natural polymers such as natural rubber, cellulose, polysaccharides, lignin,
chitin, and chitosan are extensively studied, but lack processability, defined structures, and
uncontrolled mechanical properties® > 4 17 1925 Common small molecule biomasses
include plant oils, fatty acids, rosin acids, lactic acid/lactide, and many others® > 9 141517,
18, 21, 2434 Recently, these small molecule biomasses have opened new windows to
synthesize renewable monomers and polymers, with the potential of being made on an
industrial scale to replace synthetic plastics through a concept of biorefinery® . The
biggest challenge to overcome is to produce materials with similar properties as their
synthetic counterparts at a reasonable cost. Higher expenses and inferior performance have
resulted in a small market share (<5%)> *°. The future of this field relies on practical
synthetic strategies involving simple and industrially useful monomer and polymer

synthesis from a copious biomass.



1.2 Vegetable Oil

Vegetable oils are an extraordinary natural and renewable feedstock for polymer
synthesis, with annual global production increasing from 84.6 million tons in 2000 to 137.3
million tons in 2010%. Their natural abundance, inexpensive cost, and ease of
functionalization make them an ideal polymer feedstock in a world with an increasing
desire to find renewable alternatives to fossil fuels. The chemical structure of vegetable
oils consists of a triglyceride with three fatty acid chains. There are many common fatty
acids obtained from vegetable oils, which are displayed in Figure 1.1. The length of the
fatty acid chains and amount of unsaturation varies from 12 to 22 carbons and 0 to 6 per

fatty acid chain respectively.

M/W/\)LOH

ricinoleic acid

(0]
T T T OH
linolenic acid
(0]
A/\/\/\WOH
stearic acid
(0]
\/\/\/\/;/\/\/\)J\OH
oleic acid (0]
WOH
linoleic acid
(0]
MOH
10-undecenoic acid
(0]
WOH

palmitic acid

Figure 1.1. Common fatty acids found in vegetable oil.



1.3 Polymerization Techniques

Reversible Addition-Fragmentation Chain-Transfer (RAFT) Polymerization

RAFT polymerization is an extremely advantageous controlled radical
polymerization technique which has been employed for nearly 20 years. RAFT
polymerization has been used to prepare a myriad of polymers with complex architectures,
including block copolymers, brush polymers and dendrimers®¢-3. Reversible addition-
fragmentation transfer (RAFT) was first reported in literature by Rizzardo et al. in 19984,
RAFT entails a chain transfer between an active and a dormant species, which is achieved
by utilizing a chain transfer agent which has the appropriate Z and R groups for an efficient
transfer process (Figure 1.2). Common CTAs include dithioesters and trithioesters.
Generally, the Z group of the RAFT agent favors the formation of the radical intermediate.
Phenyl rings and functionalized phenyl rings are frequently used as Z groups. The R group
typically includes steric hindrance and contains an electron stabilizing group for the active
radical species. The fragmentation capability of the radical intermediate is largely

dependent on the R group. Commonly R groups are cumyl and cyanoisopropyl groups*®

41

M
Initiator I* > Pmi@
K

Figure 1.2. Overall mechanism of RAFT polymerization.
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1.4 Research Objectives

The objectives of this work consist of developing useful polymeric materials from
a sustainable resource. This included synthesizing novel soybean oil based monomers and
polymers. A highly efficient and scalable process was used to produce a soybean oil based
methacrylate monomer. Free radical polymerization was used to prepare polymers, which
were crosslinked to give the thermoset elastomers. Two curing processes, one solvent
assisted and one solvent free, were developed to obtain thermoset elastomers and improve
the mechanical properties. Good properties were achieved using high weight percentages
of the soybean based methacrylate monomer. Because this methodology is scalable and
efficient, the thermoset elastomers have potential to be used for packaging products, fabric
materials, in the clothing industry, etc.

The second objective is to make thermoplastic elastomers from the same soybean
based monomer used in the thermoset elastomers. This was done using two different
methods. One utilized free radical polymerization of the soybean based monomer with two
other co-monomers that contain hydrogen bonding donor/acceptor groups. The hydrogen
bonding interactions helped to improve the mechanical properties. Good properties were
achieved using even higher weight percentages of the soybean based methacrylate
monomer. The process is also scalable and efficient, so the resulting polymers could see
similar applications in packaging, fabric materials, the clothing industry, rubber materials,
etc. The second method involves a one pot RAFT polymerization method to prepare
triblock TPEs from the soybean based monomer and the same hydrogen bonding

monomers. This entails the synthesis of a difunctional RAFT agent, polymerizing the



soybean based monomer, then subsequent polymerization the other monomers. The

showed promise, but future research is needed for this project.



CHAPTER 2

THERMOSET ELASTOMERS PRODUCED FROM A NOVEL HIGH OLEIC SOYBEAN

OIL BASED MONOMER



2.1 Abstract

Thermoplastics, thermoplastic elastomers, and thermoset elastomers are extremely
vital in our current society. These materials are based heavily on the petroleum market.
There is a yearning to change our dependence on fossil fuels as a materials feedstock and
maintaining similar physical properties of our current polymeric materials is of paramount
importance. This has led to a massive research area in producing useful materials from a
bio-renewable and sustainable feedstock. It has been shown that plant oil based triblock
TPEs prepared using controlled techniques tend to have low tensile strengths due to the
low chain entanglement caused by their inherent long fatty acid side chains. We
hypothesized useful materials could be prepared by using free radical polymerization.
Encouraging initial studies using an oleic acid based monomer (OMA) led to the
preparation soybean based thermoset elastomers. High oleic soybean based copolymers
were prepared using a soybean based monomer (SBMA) and styrene as a high glass
transition temperature (Tg) co-monomer. A curing process was applied and promising
mechanical properties were achieved using high weight percentages of SBMA, ranging
from elastomeric to thermoplastic type behavior. The properties were tuned by the polymer
composition, the curing agent concentration, and the curing time. A solvent free curing
process was also developed, resulting in similar properties to that from solvent assisted

curing.
2.2 Introduction

From all the existing biomass, high oleic soybean oil has proven to be a very
popular choice, seeing applications in surfactants, paints, resins, coatings, biofuels, and

polymers®3 17:18.42.43 " Soyhean oil itself saw a 56% increase in production from the year



2000 to 2010%. The fatty acid composition of high oleic soybean oil consists of about 75%
oleic acid, around 7% linoleic acid, and less than 3% lenolenic acid, meaning it is mostly
monounsaturated. The main structural component of high oleic soybean oil is a
triglyceride. These triglycerides are useful in many chemical reactions such as hydrolysis,*
transesterification,® amidation,'® 4 hydrogenation,*” polymerization,t”- 18 48 49
epoxidation,®® oxidation,®> %2 and addition®* ®*. The chemical structure of high oleic
soybean oil can also be modified using the unsaturated carbon-carbon double bonds. These
cis alkenes can be transformed into epoxide groups and then polymerizable monomers with
further reactions, mostly resulting in thermoset polymers®>>’. The alkenes can also be used
for post polymerization modification to create thermoset polymers using free radical

initiators and high temperatures.

Thermoplastic elastomers (TPES) combine properties from both thermoplastics as
well as thermoset materials/vulcanized rubbers. They possess the processability
thermoplastics as well as the mechanical properties of both thermoplastics and rubber
materials. Conventional thermoplastic elastomers (TPES) are prepared from either triblock
copolymers or multigraft polymers. These polymeric designs combine the elasticity of a
low T4 polymer with the toughness of a high Ty polymer to create a material with both high
tensile strengths and strain at break” 2% 5862 TPEs prepared from triblock or multigraft
polymers undergo microphase separation, giving arise to an ordered morphology. These
morphologies allow the formation of reversible physical crosslinks between the soft and
hard domains, which play a large role in the mechanical properties of the material.
Preparing polymers of this type from vegetable oil and fatty acid based monomers is

extremely challenging and requires the use of controlled radical polymerization techniques,



which can be highly air and moisture sensitive. The subsequent thermoplastic elastomers
prepared from these types of polymers tend to have inferior performance to fossil fuel
based TPEs. It is well known that chain entanglement also plays a large role in the
mechanical properties of a material. The lesser mechanical properties of these bio-based
materials is a result of the high molecular weight between chain entanglement (Me) values
due to the long alkyl sidechains that exist in these polymers. This means vegetable and
fatty acid based polymers have little to no chain entanglement, making it very difficult to

prepare materials with high tensile strengthst” 6365,

Since controlled radical techniques are quite sensitive and can involve the use of
expensive reagents, we wanted to try to avoid using controlled radical techniques,
hypothesizing that useful materials could be prepared by simply using free radical
polymerization. This was done by preparing copolymers using plant oils and fatty acids as
the rubbery low Tg component and styrene as the rigid and high glass transition temperature
(Tg) component. To address the chain entanglement issue, a solvent assisted curing process
was used to create crosslinks between the unsaturated side chains of the soybean based
monomer to improve the mechanical properties. Promising mechanical properties ranging
from elastomeric to thermoplastic type behaviors were obtained by tuning the polymer
composition, the curing agent concentration, and the curing time. A solvent free curing
process was also developed, resulting in similar properties to that from solvent assisted

curing method.
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2.3 Experimental Section

2.3.1 Materials

Oleic acid (tech. 90% Alfa Aesar), oxalyl chloride (98% TCI), dicumyl peroxide (99%
Acros Organics), high oleic soy oil (Plenish® Dupont), 2-(methylamino) ethanol (99%
Sigma-Aldrich), methacrylic anhydride (94% Sigma-Aldrich), sodium methoxide (5.4 M
30 wt.% solution in methanol Sigma-Aldrich), and 4-(Dimethylamino) pyridine (99%
Sigma-Aldrich), were used as received. 2-Hydroxyethyl methacrylate (97%, stab. with ca
500ppm 4-methoxyphenol Acros Organics) was passed through alumina to remove the 4-
methoxyphenol inhibiter. Triethylamine (99% Acros Organics) was distilled over calcium
hydride (95% Sigma-Aldrich) and stored over molecular sieves. Styrene (99% stabilized
4-tertbutylcatechol Sigma-Aldrich) was passed through basic alumina to remove the 4-
tertbutylcatechol inhibiter. Azobisisobutyronitrile (98% Sigma-Aldrich) was recrystallized
from methanol before use. Tetrahydrofuran (THF) and toluene were obtained from dry
stills and stored over molecular sieves before use. Teflon molds used for film casting were
machined to have the following dimensions: length 2.76 in, width 1.95 in, and depth 0.274
in.

2.3.2 Characterization

'H NMR spectra were recorded on a Varian Mercury 300 spectrometer with
tetramethylsilane (TMS) as an internal reference. Molecular weights and distribution of
polymers were determined using gel permeation chromatography (GPC) using a Waters
system equipped with a 1525 Binary HPLC pump, a 2414 refractive index detector, and

three Styragel columns (HR1, HR3, HR5E in the effective molecular weight range of 100

11



5 K, 500-30 K, and 2 K-4 M, respectively) with HPLC grade THF as the eluent at 35°C
and a flow rate of 1.0 mL per minute. GPC samples were prepared by dissolving the sample
in THF with a concentration of 5.0 mg/mL. The dissolved samples were filtered through
microfilters with a pore size of 0.2 um (Teflon, 17mm Syringes Filters, National Scientific,
USA). The columns were calibrated against polystyrene standards. Fourier transform
infrared spectrometry (FTIR) spectra were taken on a PerkinElmer spectrum 100 FTIR
spectrometer. The glass transition temperature (Tq) of polymers was observed through
differential scanning calorimetry (DSC) conducted on a DSC Q2000 (TA instruments).
The samples were heated from 25 °C to 200 °C at a rate of 10 °C per minute, cooled to -50
°C at a rate of 10 °C per minute, and then heated to 200 °C at a rate of 10 °C per minute.
Data was obtained from the 3" cycle. The average sample mass was 10 mg and the nitrogen
flow rate was 50 mL per minute. Thermogravimetric analysis (TGA) was conducted on a
Q5000 TGA system (TA instruments), ramping from 25 °C to 1000 °C with a rate of 10°C
/min. The average sample mass was 10 mg. Tensile testing (stress-strain) was performed
on an Instron 5543A. Dumbbell samples with a length of 22 mm and a width of 5 mm were
cut from the casted films. The films were tested at room temperature with an extension rate
of 20 mm per minute. A Carver Laboratory Press Model C was used to prepare films of

the SBMA-co-St polymers at 150 °C to be used for the solvent free curing process.
2.3.3 Synthetic methods

Synthesis of Oleic Methacrylate (OMA). Oxalyl chloride (3.8 mL, 0.0424 mol) was
added to a round bottom flask containing 50 mL of THF and cooled to 0 °C. Oleic acid (11
mL, 0.0346 mol) was then added dropwise via syringe, and allowed to react at 0 °C for 1

hour and at room temperature for 18 hours. A 2 M potassium hydroxide bath was used to

12



neutralize the hydrochloric acid gas formed by the reaction. The crude product was
concentrated on a rotary evaporator. The resulting acid chloride was diluted with 10 mL of
dry THF and cooled to O °C. Triethyl amine (6 mL, 0.043 mol) and 2
hydroxyethylmethcrylate (5.1 mL, 0.042 mol) were diluted with 40 mL of THF in a
separate flask, added dropwise to the acid chloride under a nitrogen atmosphere, and
allowed to react at 0 °C for 1 hour and at room temperature for 18 hours. The salt byproduct,
triethyl ammonium chloride, was removed using suction filtration. The crude OMA
product was concentrated on a rotary evaporator, purified by silica gel chromatography,
and dried under vacuum to afford a yellow oil. Yield 90%. *H NMR (CDCly): 6.1 ppm (s,
1H, CH>=C); 5.57 ppm (s, 1H, CH,=C); 5.31 ppm (m, 2H, -CH=CH-); 4.31 ppm (m, 4H,

-OCH2CH0-).

Copolymerization of OMA with Styrene. The following procedure prepared a 15:85
OMA:St copolymer. To prepare different polymer ratios, the same procedure was
followed, changing the feed ratios accordingly. Oleic methacrylate (0.302 g, 0.761 mmol),
styrene (0.448 g, 4.31 mmol), azobisisobutyronitrile (8.3 mg, 0.051 mmol), and 1 mL of
toluene were added to a 10 mL schlenk flask. The contents were heated to 80 °C and
allowed to react for 20 hours. The crude polymer solution was then diluted with 5 mL of
THF, and precipitated twice in cold methanol to remove the unreacted monomers from the
polymer. The methanol was then decanted, and the polymer was concentrated on a rotary
evaporator and dried under vacuum. *H NMR (CDCly): 7.25-6.25 ppm (br, ArH); 5.35 ppm

(br, -CH=CH-).

Synthesis of Soybean Methacrylate Monomer (SBMA). High oleic soybean oil (844 g,

0.94 mol) was added to a 2 L reaction vessel and was heated to 100 °C. The contents were

13



purged with nitrogen at 100 °C for one hour. The contents were then cooled to 60 °C. 2-
(methylamino) ethanol (352.97 g, 4.7 mol) and 5.4 M sodium methoxide (13 mL, 1.5 wt%
to oil) were added to the vessel. The contents were allowed to react at 60 °C, and full
conversion was obtained in 1 hour. The contents were transferred to a 3 L separation vessel,
washed with a brine solution using mechanical stirring, and decanted into an Erlenmeyer
flask. The collected SBOH was washed with anhydrous magnesium sulfate, filtered,
concentrated on a rotary evaporator, and then dried under vacuum, affording an
orange/brown liquid. SBOH (500 g, 1.47 mol) was added to a round bottom flask, heated
to 100 °C, and purged with nitrogen for 1 hour. The contents were then cooled to 60 °C.
Methacrylic anhydride (238.53 g, 1.55 mol) and DMAP (3.6 mg, 2 mol% to SBOH) were
added to the flask. The contents were allowed to react at 60 °C, and full conversion was
reached in 18 hours. The contents were transferred to a 3 L separation vessel, washed with
a sodium bicarbonate solution using mechanical stirring, and decanted into an Erlenmeyer
flask. The collected SBMA was washed with anhydrous magnesium sulfate, filtered,
concentrated on a rotary evaporator, and then dried under vacuum, affording a yellow
liquid. Yield 95%. *H NMR (CDCl.): 6.1 ppm (s, 1H, CH,=C); 5.57 ppm (s, 1H, CH.=C);
5.34 ppm (m, 2H, -CH=CH-); 4.29 ppm (m, 2H, -OCH>CH2N-); 3.67ppm (m, 2H, -

OCH2CH3N-); 2.97 ppm (m, 3H, NCH5).

Copolymerization of SBMA with St. The following procedure prepared PSBMAS56. To
prepare different polymer ratios, the same procedure was followed, changing the feed ratios
accordingly. SBMA (11 g, 0.027 mol), styrene (8.43 g, 0.081 mol), azobisisobutyronitrile
(0.1771 g, 0.00098 mol), and 20 mL of toluene were added to a 100 mL round bottom

flask. The contents were heated to 80 °C and allowed to react for 20 hours. The crude
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polymer solution was then diluted with 5 mL of THF, and precipitated twice in cold
methanol to remove the unreacted monomers from the polymer. The methanol was then
decanted, and the polymer was concentrated on a rotary evaporator and dried under

vacuum. *H NMR (CDCly,): 7.25-6.25 ppm (br, ArH); 5.35 ppm (br, -CH=CH-).

Film Preparation and Curing of P(OMA-co-St) and P(SBMA-co-St) copolymers. The
following procedure prepared a cured film of PSBMAS54. To prepare different cured films,
the same procedure was followed, changing the variables accordingly. 0.73 g of PSBMA54
and 22.49 mg of DCP were dissolved in 15 mL of THF and added to a Teflon mold. The
mold was covered with a petri dish to allow the solvent to slowly evaporate. After 3 days,
the mold was placed in a vacuum oven at 45 °C for 12 hours with no vacuum applied, 25
°C under vacuum for 12 hours, and 45 °C under vacuum for 4 hours. This process ensured
removal of any residual solvent. The film was then cured under vacuum at 130 °C in for 3
hours, affording a free standing film with an average thickness of 0.25 mm. Dogbone cuts

were made from the cured film for tensile testing.

Solvent Free curing process. The following procedure prepared a cured film of
PSBMADS54. To prepare different cured films, the same procedure was followed, changing
the variables accordingly. PSBMAS4 was milled to obtain a flat sheet. A pocket was then
created in the polymer sheet, the curative was added into the pocket, and then folded into
the polymer sheet. The sheet containing the curative was then milled again to ensure the
curing agent was well dispersed throughout the polymer. A film of the polymer containing
the curing agent was then prepared using a hot press at 150 °C and a metal mold. The metal
mold was placed between two Teflon sheets, which was placed between to metal pieces.

The film was then placed in a vacuum oven and a weight was placed on top of the metal
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pieces to keep the polymer film flat. The film was then cured in a vacuum oven at 130 °C
for three hours, affording a free standing film with an average thickness of 0.3 mm.

Dogbone cuts were then prepared for tensile testing.
2.4 Results and Discussion

2.4.1 Thermoset elastomers from oleic acid derived copolymers P(OMA-co-St) as a

model study

The first step to addressing this issue was to design a model study. Oleic acid, a
monounsaturated C18 acid with one double bond between C9 and C10, is a naturally
occurring fatty acid found in numerous vegetable oils.? % A two-step monomer synthesis
was used to convert the acid into a readily polymerizable methacrylate monomer, named
oleic methacrylate (OMA). The first step involved the conversion of oleic acid into oleoyl
chloride using oxalyl chloride in THF. Afterwards, oleoyl chloride was reacted with 2-
hydroxy ethyl methacrylate (HEMA) with the presence of triethylamine (TEA) in THF.
The structure of the OMA monomer was confirmed by *H NMR (Figure 2.2) using CDCl3
as the solvent. The labeled spectra shows the methacrylate peaks at 6.1 ppm (s, 1H, CH>=C)
and 5.57 ppm (s, 1H, CH>=C), the double bond peak at 5.31 ppm (m, 2H, -CH=CH-) and

the methylene protons at 4.31 ppm (m, 4H, -OCH2CH20-).

OMA P(SBMA-co-St)
Oleic Acid :gzo o
OH
° 2
o]

O» SCI THF
o Yo 18nrs
Oxalyl

\ Chloride

HEMA
o TEA __ABN
\/\0” T T
anrs oluene
80°C

Figure 2.1. Synthetic routes for the OMA monomer and the P(OMA-co-St) copolymers.
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As shown in Figure 2.1, the oleic acid based monomer OMA was copolymerized
with styrene by free radical polymerization, utilizing OMA as the low T4 soft component
and styrene as the high T4 hard component. The polymerizations were conducted at 80 °C
using azobisisobutyronitrile (AIBN) as the initiator and dry toluene as the solvent. Keeping
the ratio of AIBN as 1 mol% to the monomers, copolymers P(OMA-co-St) were prepared
with varied monomers feeding ratios. All the polymerizations could reach high conversion
(over 85%). Table 2.1 outlines the copolymers with varying monomer feeding ratios,
actual ratios (mole percent and weight percent), and displays their resulting physical
properties (Tg, My, and D). As expected, the glass transition temperature (Tg) of the
copolymers exhibited an apparent dependence on the weight percentage of styrene in the
final copolymers. By increasing content of styrene from 11 wt% to 71 wt%, the T4 of
copolymers increased from -38 °C to 35 °C accordingly. Conferring to the results from
GPC characterization, the molecular weights of the copolymers were in the range of 19-60
K with dispersity values between 1.6 and 1.9. The labeled *"H NMR spectra POMA42;
shows the aromatic region at 7.25-6.25 ppm (br, ArH) from polymerized styrene and the

double bond peak from polymerized OMA at 5.35 ppm (br, -CH=CH-) (Figure 2.2).

76 5 4 3 2 1 0
Chemical Shift (ppm)

Figure 2.2. *H NMR of OMA monomer and POMA42;.
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Table 2.1. P(OMA-co-St) copolymers and their physical properties.

Polymer? Feed Mole Weight | Tq Mn D' | [M]:[1]
Ratio Ratio Percent | (°C)? | (g/mol)e
OMA:St | OMA:St°> | OMA:St®
POMA®89 70:30 68.5:31.5 | 89.2:10.8 | -38.0 60K 1.8 | 100:1
POMAT7 50:50 47.1:52.9 | 77.1:22.9 | -24.0 42K 19 100:1
POMAG1 30:70 29.1:70.9 | 60.8:39.2 | -14.8 38K 1.7 | 100:1
POMAS52 20:80 21.9:78.1 | 5151485 | 5.0 29K 19 100:1
POMA42 15:85 16:84 41.9:58.1 | 205 23K 1.8 | 100:1
POMA42, 15:85 16.7:83.3 | 43.1:56.9 | 20.2 76K 2.8 | 500:1
POMAZ29 10:90 9.9:90.1 | 29.4:70.6 @ 34.6 19K 16 | 100:1

2 The numbers after “POMA” represent the wt% of POMA in the copolymer. b¢
Determined by *H NMR. ¢ Measured by DSC. &f Measured by GPC.

POMA42 demonstrates a glass transition temperature around room temperature,
which is useful for a thermoset elastomer, but its molecular weight was quite low (23 K).
By reducing the content of AIBN to 0.2 mol% of the monomers, a higher molecular weight
polymer POMA42; (76 K) was prepared, while the composition and Tq of the final product
were similar to POMAA42 (Table 2.1). A free standing film was prepared from POMA42,
using a solvent casting method using a concentration of 5% solids, but the resulting film
was soft, highly elastic, and showed low mechanical strength. A cis internal double bond
is present in the OMA side chain of POMAA42;, so cross-linking based on the unsaturation

was employed to improve the mechanical properties.

Dicumyl peroxide (DCP) is a well-known curing agent that has been used for rubber
vulcanization based on a radical mechanism®’"%. Initial study of P(OMA-co-St) curing
process was done with DCP. DCP (8.0 mol% to double bond in the polymer) was dissolved

together with POMAA42; in THF and poured into a Teflon mold. After evaporation of the
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solvent, the film was placed in a vacuum oven at 130 °C and allowed to cure for 3 hours.
After the curing process, it was apparent that the strength and toughness of the polymer
films had increased. Dogbone specimens were cut from the cured film (Figure 2.3), and
monotonic tensile testing was used to determine the mechanical properties of the
crosslinked POMAA42,. The result was a thermoset elastomer with a stress at break value

of around 1.7 MPa and a strain at break value of 396%.

Stress (MPa)

0.0

T T T T
0 100 200 300 400

Strain (%)

Figure 2.3. (A) Cured POMA42; film, (B) Dog-bone specimen from cured POMA42, film,
(C) Stress-strain curve for cured POMA42,.
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2.4.2 Preparation of soybean oil derived copolymers P(SBMA-co-St)

As discussed above, random copolymers were prepared from an oleic acid derived
monomer, and thermoset elastomers were obtained through a curing process based on the
unsaturation from OMA using DCP as the thermal curing agent. The developed method
served as an initial model study to examine the possibility of making functional materials
from plant oil based fatty acids. Since oleic acid is a product that requires a stringent
purification process from plant oils, it could be more practical if polymerizable monomers
could be derived directly from plant oils. As unsaturation is also present in the fatty acid
chains of plant oils, the developed curing process could also be applied to improve the
mechanical properties of plant oil based polymers. Facile procedures to make plant oil

based polymerizable monomers are critical to expand the developed method.

High Oleic Soy Oil

o] o SBOH OH
R i Base HO~ JW/M/W + HO\)\/OH
20 J + HO~Ny»r — N
o Ry u 60°C, 1hr | Glycerql (Removed by
(o] Brine wash)

R3
DMAP
\g/ k o
60°C, 18hrs 1eq.
O O
N
0o AIBN 0
o « Toluene + )L[(O\/\NJ\/\/\/\/:/\/\/\/
80°C Jl |

P(SBMA-co-St) N— SBMA
o=
R

Figure 2.4. Synthetic route for the SBMA monomer and the P(SBMA-co-St) copolymers.

Recently, we reported a highly efficient two-step synthetic route to prepare
(meth)acrylate monomers from HOSO. A methacrylate monomer (SBMA) was prepared
from HOSO, which gave a homopolymer with a Tg= -6 °C after free radical polymerization.
As shown in Figure 2.4, the monomer preparation involves a base catalyzed amidation of

HOSO by 2-(methylamino) ethanol into a N-hydroxyalkyl amide (SBOH), which was then
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methacrylated with methacrylic anhydride by the aid of catalytic DMAP at 60 °C*® 46, Full
conversion, as demonstrated by fourier transform infrared spectrometry and *H NMR
(Figure 2.5B-D), was obtained for both steps, and purification was done through simple
aqueous washing. Since the monomer synthesis is so highly efficient, it shows great
promise for scalability. In our current research, the SBOH has been successfully prepared
on a 1.9 Ib scale using a 2 L reaction vessel and a mechanical stirrer (Figure 2.6A). Full
conversion was confirmed by IR (Figure 2.5B), which shows the appearance of the SBOH
hydroxyl stretch, the amide carbonyl stretch, and the disappearance of the HOSO ester
carbonyl stretch. After full conversion of HOSO, the product was washed with brine
solution in a 3.0 L separation flask with mechanical stirring (Figure 2.6B). After stopping
the stirrer, clear phase separation could be observed within one hour (Figure 2.6C) and the
product could be obtained as an orange/brown liquid (Figure 2.6D). Subsequently, the
preparation of monomer SBMA was done on a 1.0 Ib scale with the same instrument. The
structures of SBOH and SBMA were confirmed by *H NMR (Figure 2.5C&D). The
labeled spectra in Figure 2.5D shows peaks for the methacrylate group at 6.1 ppm (s, 1H,
CH»=C) and 5.57 ppm (s, 1H, CH2=C), the double bond from fatty chains at 5.34 ppm (m,
2H, -CH=CH-), the methylene next to the ester at 4.29 ppm (m, 2H, -OCH>CH2N-), the
methylene next to the amide at 3.67 ppm (m, 2H, -OCH2CH:N-), and the methyl protons

on the amide group at 2.97 ppm (m, 3H, NCHj3).
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Figure 2.5. (A) *H NMR of HOSO, (B) FTIR spectra of HOSO and SBOH, (C) *H NMR
of SBOH, (D)*H NMR spectra of SBMA monomer and PSBMA54.

Amidation Washing Separation SBOH Product

Figure 2.6. (A) Amidation of 1.9 Ibs HOSO in a 2.0 L reaction vessel, (B) aqueous washing
of SBOH product in a 3.0 L separation flask with mechanical stirring, (C) separation of
organic phase from aqueous phase, (D) SBOH product from 1.9 Ibs. scale reaction.
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After demonstrating the scalable preparation of SBMA, the copolymerization
behavior of SBMA with styrene was examined. As shown in Figure 2.4, P(SBMA-co-St)
copolymers were prepared from SBMA and St using the same method as that in the model
study. In P(SBMA-co-St) copolymers, SBMA served as the soft component and styrene
served as the hard component. The polymerizations were conducted at 80 °C using AIBN
as the initiator and dry toluene as the solvent. Different ratios of SBMA and St were used
to obtain a series of copolymers with varied composition. The 'H NMR spectrum of
PSBMAS54 shows the aromatic region at 7.25-6.25 ppm (br, ArH) from polymerized
styrene and the double bond peak from polymerized SBMA at 5.35 ppm (br, CH=CH-)
(Figure 2.5D). Table 2.2 outlines the copolymers with varying monomer feeding ratios,
actual ratios (mole percent and weight percent), and displays their resulting physical
properties (Tg, Mn, and D). GPC was used to characterize the molecular weights and

dispersity of the polymer chains (Figure 2.7A).

Table 2.2. P(SBMA-co-St) copolymers and their physical properties.

Polymer? Feed Mole Weight Ty Mn P' | [M]:
Ratio Ratio Percent | (°C) | (g/mol) [
SBMA:St | SBMA:St°> | SBMA:St¢ d €
PSBMA100 100:0 100:0 100:0 -6.0 47K 1.83 | 100:1
PSBMAG2 30:70 29.1:70.9 61.6:38.4 3.2 30K 1.76 | 100:1
PSBMAS56 25:75 24.2:75.8 55.5:44.5 6.8 38K 1.72 | 100:1
PSBMA54 23:77 23.1:76.9 54:46 14.2 79K 1.90 | 500:1
PSBMA49 20:80 20:80 49.4:50.6 | 19.9 | 69K | 2.19 | 500:1
PSBMAA45 17:83 17.4:82.6 452:54.8 | 26.4 81K 3.48 | 500:1

8 The numbers after “PSBMA” represent the wt% of PSBMA in the copolymer. b¢
Determined by *H NMR. 9 Measured by DSC. &f Measured by GPC.
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Figure 2.7. (A) GPC traces for P(SBMA-co-St) copolymers, (B) DSC curves for P(SBMA-
co-St) copolymers, (C) TGA curves for (un)cured P(SBMA-co-St) copolymers.

Similar to the results in the model study, the Ty of copolymers increased with
increasing contents of styrene, as shown by the DSC curves in Figure2.7B. All the
polymerizations could reach high conversion (over 85%). PSBMA54, PSBMAA49, and
PSBMAA45 were of interest since their glass transition temperatures were close to room
temperature. Films of these copolymers were prepared by a solvent casting method in THF
using a concentration of 5% solids. The film from PSBMA54 was very soft, showed high
elasticity, and low tensile strength. On the other hand, films of PSBMA49 and PSBMA45
showed decent mechanical properties on their own. PSBMA49 showed properties similar
to that of thermoplastic elastomers, and PSBMAA45 behaved more like a thermoplastic.

Decomposition temperatures of the (un)cured polymers were determined using
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thermogravametric analysis (TGA). All of the polymers began to degrade at around 340

°C (Figure 2.7C).
2.4.3 Curing experiments of P(SBMA-co-St) copolymers by a solvent assisted method

As in the P(OMA-co-St) copolymers, the P(SBMA-co-St) copolymers have cis
internal double bonds in the sidechains of the SBMA portion of the copolymers that were
used for post polymerization modification. In the case of the P(OMA-co-St) copolymers,
the fatty acid side chains were monounsaturated because they were derived from oleic acid.
Due to the fatty acid composition in high oleic soybean oil (75% oleic, 7% linoleic, and
<3% lenolenic) the P(SBMA-co-St) copolymers included mostly monounsaturated and
some diunsatrated/triunsaturated fatty acid sidechains, making these polymers very
interesting for curing studies. DCP was used as the curing agent for the crosslinking
process, aiming to improve the mechanical properties of the copolymers. Films were
prepared by a solvent casting method with the assistance of THF using a concentration of
5% solids, and the films were placed in a vacuum oven for curing after removing all the
solvent. Three curing experiments were designed to examine the effect of certain variables
on the final mechanical properties of the copolymers. The first experiment was used to
demonstrate the effect of the curing agent concentration, the second was to exhibit the
effect of the polymer composition, and the last was to show the effect of the curing time.

Table 2.3 shows the parameters and the results of these experiments.
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Table 2.3. Results for the curing experiments of the P (SBMA-co-St) copolymers

Polymer | mol | Weight | Curing | Stress at Stress at Strain at

% % of Time Yield Break Break

DCP | DCP Point

PSBMA54 | 3% | 1.2% 3hrs N/A 1.4+0.1MPa | 431+£27%
PSBMA54 | 8% | 3.0% 3hrs N/A 21+0.1MPa | 382+4%
PSBMA54 | 8% | 3.0% 4hrs N/A 22+0.1MPa | 323+10%
PSBMA54 | 8% | 3.0% 5hrs N/A 2.3+£0.04 MPa | 292 +5%
PSBMA54 | 8% | 3.0% 6hrs N/A 3.4+0.04 MPa | 196 + 4%

PSBMA54 | 8% | 3.0% ohrs 2.0 MPa 3.6 MPa 176%
PSBMA49 | 3% | 1.2% 3hrs N/A 27+0.1MPa | 300+4%
PSBMA49 | 8% | 3.0% 3hrs N/A 3.1+£01MPa | 222+ 3%
PSBMA45 | 3% 1.2% 3hrs 7.84 £ 7.4 +£0.1 MPa 220 £ 5%

0.43 MPa
PSBMA45 | 8% | 3.0% 3hrs 9.6 MPa 7.9 MPa 217%

Effect of curing agent concentration. All variables were held constant except the curing
agent concentration. This was done using the PSBMAS54 to demonstrate the effect of the
curing agent concentration on the final properties. Films containing 3-8 mole% of DCP to
the double bond in the SBMA side chain were prepared from the same copolymer. Both
samples were cured at 130 °C for 3 hours. The result is shown in Figure 2.9. Increasing
the curing agent concentration from 3.0% to 8.0% increased the stress at break from 1.4 +
0.1 MPato 2.1 + 0.1 MPa and decreased the strain at break from 431 + 27% to 382 + 4%.
This result could be explained by the higher extent of cross-linking in films with more DCP,
which would increase the mechanical strength but decrease the flexibility of the polymer

chains.
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Effect of copolymer compositions. All variables were held constant except the polymer
composition. This was done using PSBMA54, PSBMA49, and PSBMA45, which have
varying glass transition temperatures. Cured films were prepared using both 3% and 8%
DCP for each polymer to validate the effect of the polymer composition on the final
properties. All of the samples were cured at 130 °C for three hours. The result is shown in
Figure 2.9. Increasing the styrene content increased the toughness of the material. Cured
PSBMA49 and PSBMAA45 gave a higher stress at break and a lower strain at break values
than films from cured PSBMAS4. As stated previously, the stress and strain at break values
for cured PSBMAS54 samples with 3-8 mol% curing agent were 1.4 £ 0.1 MPa/431 + 27%
and 2.1 £ 0.1 MPa/382 + 4% respectively. The stress and strain at break values for cured
PSBMAA49 with 3-8 mol% curing agent were 2.7 + 0.1 MPa /300 = 4% and 3.1 £ 0.1 MPa
1222 + 3% respectively. The stress and strain at break values for the cured PSBMA45 with
3-8 mol% of curing agent were 7.4 + 0.1 MPa /220 + 5% and 7.9 MPa/217% respectively.
From the results of the cured PSBMAA45, it seems there is a critical point in the styrene
content where the properties of cured films transition from a thermoset elastomer behavior
to more thermoplastic behavior, resulting in a much higher tensile strength and an

observable yield point 7.84 + 0.43/9.6 MPa).

Dynamic mechanical analysis testing (DMA) was completed for cured PSBMA54
films containing 3-8 mol% of DCP to demonstrate the effect of the curing agent
concentration on the storage modulus and glass transition temperature. Cured PSBMA49
and PSBMAA4S5 films containing 8 mol% of DCP were also studied using DMA, validating
the effect of the polymer composition on the storage modulus and glass transition

temperature. Temperature sweep plots for storage modulus and tand are shown in Figure
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2.8. From the storage modulus graphs, it can be seen that cured PSBMA54 containing 3
mol% DCP fails above 80 °C, indicated a crosslinking network was not well formed in this
sample. However, the other polymer compositions containing 8 mol% DCP held their
storage modulus values fairly well up to 200 °C, indicated a well formed crosslinking
network. This result can be explained by a higher crosslinking density existing in the
samples with a larger amount of DCP. Cured PSBMA54 and PSBMA49 with 8 mol% DCP
show higher storage modulus values than that of cured PSBMAA45. This is due to the higher
PSBMA content in PSBMA54 and PSBMA49. A higher PSBMA content means more
reactive double bonds, leading to a higher crosslinking density. From the tand graphs it can
be seen the curing process lead to an increase in the Tg of the P(SBMA-co-St) copolymers
and that both an increase in the curing agent concentration as well as styrene content results
in a higher Tq. Ty values for cured PSBMA54 containing 3-8 mol% DCP were 33.6 °C
and 35.2 °C respectively. Cured PSBMA49 and PSBMA45 containing 8 mol% DCP

showed Tg values of 39.2 °C and 44.5 °C respectively.
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Figure 2.8. (Left) DMA E’ curves for cured P(SBMA-co-St) copolymers; (Right) DMA
tand curves for cured P(SBMA-co-St) copolymers.
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Effect of curing time. All variables were held constant except the curing time. This was
done using PSBMAS54, demonstrating the effect of the curing time on the final properties.
Films containing 8 mol% of DCP to the double bond were prepared and cured for 3,4, 5,
6 , and 9 hours. The result is shown in Figure 2.9. Increasing the curing time led to an
increase in the stress at break from 2.1 + 0.1 to 3.6 MPa, and a decrease in the strain at
break from 382 £ 4% to 183%. It can also be noted that after six hours it seems almost all
of the curing agent was consumed since there is a minuscule change in tensile properties

from a curing time of six to nine hours.

4.0
—— PSBMAS54-3% — 3hrs|
—— PSBMAS54-8%) 351 — 4hrs|

—— PSBMA49-3% —— Shrs|
—— PSBMA49-8% 3.0F —— 6hrs|
—— PSBMA45-3% 25l —— ohr
—— PSBMA45-8%) :

-

2.0
1.5
1.0

@ 05
L L 0.0

100 200 300 400 500 0 100 200 300 400
Strain (%) Strain (%)

Stress (MPa)

\

Stress (MPa)
O =2 N W Hh OO N ® O O

o

Figure 2.9. (Left) Stress-strain curves for P(SBMA-co-St) copolymers with various curing
agent concentrations and different polymer compositions; (Right) different curing times.

2.4.4 Solvent Free Curing Process

From the discussion above, thermoset elastomers derived from the P(SBMA-co-St)
copolymers were prepared using a DCP promoted curing process as developed in our oleic
acid based model study. Controlling the curing agent ratio, copolymer composition, and
curing time provided ideal adjustment over the properties of the cured films. However,
THF was used to make DCP containing films before the curing process. To avoid the use
of solvent and to make the process more time efficient, another curing process was
developed, utilizing a miller and a hot press, shown by Figure 2.10. In the first step of the

solvent free curing process, the polymer was milled to obtain a flat sheet (Figure 2.10A).
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A pocket is then created in the polymer sheet, the curative is added into the pocket, and
then folded into the polymer sheet (Figure 2.10B). The sheet containing the curative is
then milled again to ensure the curing agent is well dispersed throughout the polymer
(Figure 2.10C). A film of the polymer containing the curing agent was then prepared using
a hot press and a metal mold. The curing process was done under vacuum at 130 °C for 3
hours, resulting in the cured film with an average thickness of 0.3 mm (Figure 2.10D).
PSBMAS54 was cured using this process, and as shown from the stress vs. strain plot
(Figure 2.10E), the stress at break was about 2.8 + 0.1 MPa and the strain at break was
around 303 + 5%. Using the solvent free curing process actually results in a higher stress
at break and lower strain at break than the solvent casting method. This could be due to the
fact that the hot press method was done in an open air environment with temperatures close
to 150 °C, which could oxidize the double bond in the side chain of the SBMA portion of
the copolymer. The high temperatures could also cause crosslinking to occur during film
preparation since the curing agent is present in the milled polymer, leading to the final film
having a higher crosslinking density than with similar curing conditions using the solvent
casting method, thus higher stress at break values and lower strain at break values. By using
this method, cured films can be obtained in hours, compared to days from the solvent

casting method and still demonstrate comparable properties.
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Figure 2.10. (Left) Solvent free curing process and (Right) Stress-strain curves for
PSBMAJS54 cured using the solvent assisted and solvent free process.
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2.5 Conclusions

An efficient and scalable strategy was deployed to prepare high oleic soybean oil
based monomers and thermoset polymers. The thermoset polymers were prepared using
free radical polymerization and styrene was used as a high Tqco-monomer. Solvent assisted
and solvent-free curing processes were used to provide some sort of chain entanglement
for the polymers to improve their mechanical properties, creating thermoset elastomers.
Promising mechanical properties covering elastomers to plastics were achieved using high
weight percentages of the SBMA monomer. The mechanical properties could be tuned by
adjusting the polymer composition, the curing agent concentration, and the curing time.
Comparable properties were observed for polymers cured by either the solvent assisted or
the solvent-free methods. This process shows good potential for scalability and could be
applied to different plant oils, resulting in industrially useful bio-based materials which

could lower the use of petroleum based chemicals in plastics production.
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CHAPTER 3

THERMOPLASTIC ELASTOMERS PRODUCED FROM A NOVEL HIGH OLEIC

SoYBEAN OIL BASED MONOMER
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3.1 Abstract

The soybean oil based thermoset elastomers demonstrated promising mechanical
properties. The curing process could easily be applied to other vegetable oils, which could
lead to a huge impact on lowering the use of petroleum based plastics. However, since
these thermoset elastomers are crosslinked polymers, they are not reprocessable. We
hypothesized that incorporating hydrogen bonding junctions into soybean oil based
polymers could achieve good mechanical properties while maintaining processability,
creating thermoplastic elastomers. The polymers were prepared using the soybean based
monomer (SBMA) as the rubbery/low Tg monomer and MAA/4VP as both the hydrogen
bonding donor/acceptor as well as high T4 co-monomers. Two methods were developed to
prepare hydrogen bonding thermoplastic elastomers, one involved a free radical
polymerization. The second involved a one pot RAFT polymerization process to create a
triblock TPE. The first process resulted in good mechanical properties using high weight
percentages of SBMA, with the properties ranging from elastomeric to thermoplastic. The
properties were controlled by tuning the polymer compositions. In the second process, a
difunctional RAFT agent was synthesized and used to first polymerize SBMA, then

sequentially polymerize 4VP and MAA.

3.2 Introduction

Although good mechanical properties could be obtained from the thermoset
elastomers by both solvent assisted and solvent free curing methods, thermoset materials
suffer from the fact that they are not reprocessable, To overcome this disadvantage, a new
polymeric design with the same soybean based monomer was used to create reprocessable

thermoplastic elastomers with comparable properties to the thermoset elastomers.
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As previously stated, TPEs prepared from triblock or multigraft polymers undergo
microphase separation, giving arise to an ordered morphology. These morphologies allow
the formation of reversible physical crosslinks within the hard domains, which play an
important role in the mechanical properties of the material. It has been seen that
incorporating more crosslinking can increase the tensile strength of the materials, but to
keep the material processable, the crosslinking needs to be reversible. One popular method
used to achieve this is to incorporate supramolecular interactions, such as hydrogen
bonding junctions, into the polymer design. Historically, urethane and urea groups have
been commonly used to create hydrogen bonding TPEs’%74. More recently the 2-ureido-
[1H]-pyrimidin-4-one (UPy) moiety has been extensively studied and used in hydrogen
boding TPEs due to its intriguing quadruple hydrogen bonding junction and its higher

dimerization free energy®? ™ 76,

Promising results were obtained from the hydrogen bonding SBMA based
thermoplastic elastomer, such as scalability, the use of higher weight percentages of SBMA,
higher conversions, reprocessability, and comparable mechanical properties to that of the
thermosets. The purpose of using these free radical techniques were their simplicity. As
previously stated, controlled radical polymerization techniques can be quite sensitive and
involve the use of expensive reagents, where free radical polymerization is the opposite.
However, as these hydrogen bonding copolymers were prepared by free radical
polymerization, they lack ordered morphologies. Defined morphologies resulting from
microphase separation can only be obtained through controlled radical, not free radical
techniques, and it has been proven that well defined morphologies play a large role in the

mechanical properties of conventional TPEs!” 205862 To meet all of these criteria, a one
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pot process to prepare a hydrogen bonding triblock TPE utilizing RAFT polymerization
was designed. It was hypothesized that better microphase separation and ordered
morphologies could be obtained. We proposed that having the combination of hydrogen
bonding junctions with better microphase separation would lead to better mechanical

properties.

3.3 Experimental Section

3.3.1 Materials

High oleic soy oil (Plenish® Dupont), 2-(methylamino) ethanol (99% Sigma-
Aldrich), methacrylic anhydride (94% Sigma-Aldrich), sodium methoxide (5.4 M 30 wt.%
solution in methanol Sigma-Aldrich), 4-(Dimethylamino) pyridine (99% Sigma-Aldrich),
4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid (97% Strem), 1,8-octanediol (98%
Sigma-Aldrich), pivalic anhydride (98% Sigma-Aldrich and methacrylic acid (99% Sigma-
Aldrich), were used as received. 4-Vinylpyridine (95% Sigma-Aldrich) was distilled
before use. Azobisisobutyronitrile (98% Sigma-Aldrich) was recrystallized from methanol
before use. Tetrahydrofuran (THF) and toluene were obtained from dry stills and stored
over molecular sieves before use. Teflon molds used for film casting were machined to

have the following dimensions: length 2.76 in, width 1.95 in, and depth 0.274 in.
3.3.2 Characterization

'H NMR spectra were recorded on a Varian Mercury 300 spectrometer with
tetramethylsilane (TMS) as an internal reference. Molecular weights and distribution of
polymers were determined using gel permeation chromatography (GPC) using a Waters

system equipped with a 1525 Binary HPLC pump, a 2414 refractive index detector, and
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three Styragel columns (HR1, HR3, HR5E in the effective molecular weight range of 100—
5 K, 500-3 0K, and 2 K-4 M, respectively) with HPLC grade THF as the eluent at 35 °C
and a flow rate of 1.0 mL per minute. GPC samples were prepared by dissolving the sample
in THF with a concentration of 5.0 mg/mL. The dissolved samples were filtered through
microfilters with a pore size of 0.2 um (Teflon, 17 mm Syringes Filters, National Scientific,
USA). The columns were calibrated against polystyrene standards. Fourier transform
infrared spectrometry (FTIR) spectra were taken on a PerkinElmer spectrum 100 FTIR
spectrometer. The glass transition temperature (Tq) of polymers was observed through
differential scanning calorimetry (DSC) conducted on a DSC Q2000 (TA instruments).
The samples were heated from 25 °C to 200 °C at a rate of 10 °C per minute, cooled to -50
°C at a rate of 10 °C per minute, and then heated to 200 °C at a rate of 10 °C per minute.
Data was obtained from the 3 cycle. The average sample mass was 10mg and the nitrogen
flow rate was 50mL per minute. Tensile testing (stress-strain) was performed on an Instron
5543A. Dumbbell samples with a length of 22 mm and a width of 5 mm were cut from the
casted films. The films were tested at room temperature with an extension rate of 20 mm

per minute.
3.3.3 Synthetic methods

Copolymerization of SBMA, MAA, and 4VP. 4-Vinylpyridine was distilled by vacuum
distillation before use. The following procedure was used to prepare PSBMA93, to prepare
different polymer ratios, the same procedure was followed, changing the feed ratios
accordingly. SBMA (2 g, 0.0049 mol), MAA (0.0423 g, 4.91x10™* mol), 4VP (0.0516 g,
4.91x10* mol), azobisisobutyronitrile (9.66 mg, 5.89x10x10° mol), and 2 mL of toluene

were added to a 10 mL schlenk flask. The contents were purged with nitrogen for 20
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minutes, heated to 80 °C, and allowed to react for 12 hours. The crude polymer solution
was then diluted with 4 mL of THF, and precipitated twice in cold methanol to remove the
unreacted monomers from the polymer. The methanol was then decanted, and the polymer

was concentrated on a rotary evaporator and dried under vacuum.

Preparation  of  difunctional RAFT  agent (DIRAFT).  4-Cyano-4-
(phenylcarbonothioylthio) pentanoic acid (1 g, 0.0036 mol), 1,8 octanediol (0.25 g, 0.0017
mol), pivalic anhydride (0.67 g, 0.0036 mol) were added to a 4 mL reaction vessel and
dissolved in 2.4 mL of THF. The contents were placed in an oil bath at 60 °C and allowed
to react until full conversion was obtained. The crude product was concentrated on a rotary
evaporator, purified by silica gel chromatography, and dried under vacuum to afford a
sticky pink product. tH NMR (CDCIy): 7.90 ppm (d, 4H, ArH); 7.57 ppm (t, 2H, ArH);

7.39 ppm (t, 4H, ArH); 4.10 ppm (m, 4H, -OCH2-).

One pot hydrogen bonding triblock TPE by RAFT. In a 25 mL schlenk flask SBMA (3
g, 0.0074 mol), DIRAFT (49.3 mg, 7.36x10° mol), AIBN (3.6 mg, 2.21x10° mol), and 3
mL of toluene were added. Oxygen was removed from the flask by three freeze-pump-
thaw cycles and then the flask was backfilled with nitrogen. In a separate flask, MAA (0.9
g, 0.0105 mol), 4VP (1.1 g, 0.0105 mol), AIBN (2 mg, 1.22x10° mol), and 2 mL THF
were added. Oxygen was removed from this flask by the same way. The flask containing
the SBMA was placed in an oil bath at 80 °C and reached 90% conversion in 17 hours. The
contents from the other flask were then added to the flask containing the polymerized
SBMA under nitrogen, allowed to react at 80 °C, and reached 70% conversion in 9 hours.
The crude polymer solution was then diluted with 6 mL of THF and precipitated twice

from cold methanol to remove the unreacted monomers from the polymer. The methanol
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was then decanted, and the polymer was concentrated on a rotary evaporator and dried

under vacuum.
3.4 Results and Discussion

3.4.1 Hydrogen bonding SBMA based thermoplastic elastomer

One big advantage that the thermoset polymers possessed was that they were very
simple to prepare. The new polymeric design includes both advantages of simplicity and
reprocessability. We hypothesized that incorporating hydrogen bonding interactions into a
soybean based random copolymer could introduce physical crosslinking, leading to good
mechanical properties. For the random copolymer, a soft/rubbery low T4 component and a
tough/rigid high T4 component are needed. The SBMA monomer was used as the
soft/rubbery component due to t low Tgwhen polymerized, but it does not include any
hydrogen bonding donor or acceptor groups. It is well known that carboxylic acid and
pyridine groups can self-assemble to form hydrogen bonding networks and this idea has
been utilized in the polymer field”"82, Methacrylic acid (MAA) and 4-vinyl pyridine (4VP)
can undergo the same self-assembly to form hydrogen bonding junctions. They also have
Tgvalues of 228 °C and 142 °C respectively when polymerized, making them good choices
for both a hydrogen bond donor/acceptor groups and as hard/rigid components. Figure 3.1

outlines the synthetic route for the hydrogen bonding thermoplastic elastomers.
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Figure 3.1. Synthetic route for hydrogen bonding thermoplastic elastomers.

The polymerizations were conducted at 80 °C using AIBN as the initiator and dry
toluene as the solvent with a molar ratio of monomers to AIBN at 100:1. Different polymer
compositions were prepared using different feed ratios of MAA, 4VP, and SBMA. It was
observed that the polymerizations of the hydrogen bonded copolymers could reach higher
conversions in a shorter time than that of the random copolymers for the thermoset
elastomers (Figure 3.2A). The *H NMR spectra shows the monomers could nearly reach
full conversion, with the vinyl peaks from 4VP and the methacrylate peaks from both
methacrylic acid and SBMA almost completely disappearing after 12 hours. Table 3.1
displays the weight percentages of the hydrogen bonded copolymers and their resulting
physical properties (Tg, My, and D). DSC and GPC were used to characterize the glass
transition temperatures, molecular weight, and dispersity of the polymer chains (Figure

3.2B&C).
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Table 3.1. P(SBMA-co-MAA-co0-4VP) copolymers and their physical properties

Polymer Weight | Weight | Weight | Ty Mn Df
Percent of | Percent | Percent | (°C) | (g/mol)
SBMA1l | of MAA | of 4VP

PSBMAG98 97.8% 1.0% 1.3% 3.6 64K e
PSBMA96 95.5% 2.0% 2.5% 151 51K 2.1
PSBMAG93 93.4% 3.0% 3.6% 18.8 | 58K 2.5
PSBMA91 91.4% 3.9% 4.7% 26.6 62K 2.4
PSBMA90 89.5% 4.7% 5.8% 48,5 | 41K 3.2
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Figure 3.2. (A) *HNMR spectra, (B) GPC traces, (C) DSC curves for P(SBMA-co-MAA-
co-4VP) copolymers.

As seen in Figure 3.2, the glass transitions for the PSBMA98, PSBMAY6,

PSBMA93, and PSBMA91 copolymers were very broad and not easily observable, where
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the transition from the PSBMA90 copolymer was very sharp. The glass transition of the
PSBMA homopolymer is fairly broad, and the change of polymer compositions by adding
two co-monomers with hydrogen bonding junctions led to a broader transition. The shaper
transition of the PSBMA90 copolymer could result from the higher ratio of MAA/4VP
leading to some degree of phase separation. The Tq values were calculated as seen in the
DSC curves in Figure 3.2C, and as expected, the Ty of copolymers increased with
increasing contents of 4VP and MAA. PSBMA93 and PSBMAO91 were of interest for use
as a TPE since their glass transition temperatures were close to room temperature.
PSBMAO90 was of interest for use as a thermoplastic because of its higher T4 of 48.5 °C.
Films of these copolymers were prepared by a solvent casting method in THF using a
concentration of 5% solids. Some of the uncured P(SBMA-co-St) films discussed in section
2.4.2 were highly elastic, but soft and tacky. The P(SBMA-co-4VVP-co-MAA) films also
showed high flexibility and elasticity, but unlike the P(SBMA-co-St), were not as soft or
tacky. The mechanical properties of PSBMA93, PSBMA91, and PSBMA90 were
determined using monotonic tensile testing. Properties ranging from elastomeric to soft
thermoplastics could be obtained by tuning the copolymer compositions. Table 3.2 shows
the results of the tensile testing, and Figure 3.3 shows the stress vs strain curves for these
hydrogen-bonding copolymers. These copolymers exhibit comparable properties and many
advantages over those of the thermoset elastomers. The polymerizations can reach higher
conversions in a shorter time (85% in 18 hours vs =100% in 12 hours) and obtain
comparable properties while using a higher weight percentage of the SBMA1 monomer

(54-45 Wt% vs 90-93 Wt%).
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Table 3.2. Results for the tensile testing of P(SBMA-co-MAA-co-4VP) copolymers.

Polymer Stress at Yield Point | Stress at Break Strain at Break
PSBMA93 N/A 1.7+ 0.1 MPa 502 +11%
PSBMA91 2.1+0.1 MPa 2.5+ 0.1 MPa 277 £ 16%
PSBMA90 3.9+0.2 MPa 3.21+0.1 MPa 175 + 22%
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Figure 3.3. Stress-strain curves of P(SBMA-co-MAA-co-4VP) copolymers with different
polymer compositions.

3.4.2 One pot hydrogen bonded SBMA based triblock thermoplastic elastomer by
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Figure 3.4. Synthetic route of a difuctional RAFT agent.
To synthesize a TPE by a one pot method, a difunctional RAFT agent is used to

first polymerize the rubbery midblock so that the midblock can also be used as a macro
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chain transfer agent to sequentially polymerize the outside blocks. It is also necessary for
the RAFT agent to be a good chain transfer agent for all of the monomers involved in
preparing the triblock TPE. 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid is a
common CTA used to polymerize styrenes, methacrylates, and methacrylamides, meaning
it is a suitable CTA for SBMA, MAA, and 4VP. Also, it contains a carboxylic acid, which
can be used to easily synthesize a difunctional RAFT agent (DiRAFT). As shown in Figure
3.4, the synthesis of DIRAFT involves a one-step esterification reaction using 1, 8
octanediol as the linker, pivalic anhydride as an electrophile to promote the esterification,
DMAP as a catalyst, and dry THF as a solvent. As demonstrated by the *H NMR spectra
in Figure 3.5, full conversion was obtained after reacting at 60 °C for 18 hours. Figure 3.5
shows that after completion, the CH>OH peaks from the 1,8-octanediol at 3.7 ppm
completely disappeared and a new ester peak signifying the formation of the DIRAFT
appeared at around 4.0 ppm. The product was purified by silica gel column
chromatography and the structure was confirmed by *H NMR and gas probe mass
spectrometry (Probe-MS). The *H NMR in Figure 3.5 shows the ratio of the ester peaks to

the aromatic peaks at 5:2 which confirms a successful reaction.
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Figure 3.5. (Left) THNMR of starting material and crude DiRAFT, (Right) tHNMR of
purified DIRAFT with integrations.
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After demonstrating the successful synthesis of DIRAFT, the next step was the one
pot triblock copolymer synthesis. As shown in Figure 3.6, the triblock was prepared by
first polymerizing SBMA using DIRAFT, then adding in MAA and 4VP while the reaction
was still in a living condition, resulting in a hydrogen bonded pseudo triblock copolymer.
The polymerizations were conducted at 80 °C using AIBN as the initiator and dry toluene
as the solvent. The feed ratios were 40wt% MAA/4VP and 60 wt% SBMA. We assumed
40 wt% of the hard monomers would be too high, but wanted to use this overestimate as a
starting point and to help determine what weight percentage would be best for the desired
properties. The *H NMR spectra shown in Figure 3.7 shows that ~91% conversion of
SBMA was reached in 16 hours, before feeding in MAA and 4VP, which attained =~70%
and =~72% conversion in 9 hours respectively. The crude polymer was dissolved in THF

and purified by precipitation in methanol and dried under vacuum for 24 hours.
| 0 S CN /\/\/\/\/o\[]/ic)< I
N\/\O)k[r . @)‘\SMO I S)b
b} (0]

AIBN
80°C

@*W *%;ik@

N
_N\R 80°cl4VP MAA

o s
[¢] S)‘K@
ANNSNNAO c
8 v © NC o X o Yo
N (7 O d Z) o HO
g | 30 [A.B,CI-b-[C]-b-[A,B,C] 2 ¥ 2

N

)

S
Sa'e
OH

N_

b S " K
Figure 3.6. Synthetic route for one pot hydrogen bonding triblock TPE by RAFT
polymerization.
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Figure 3.7. (Left) THNMR showing conversion of SBMA, (Right) THNMR showing
conversion of MAA and 4VP.

After drying the polymer, it was only partially soluble in common organic solvents
such as DCM, chloroform, THF, DMF, toluene, etc. This is demonstrated by Figure 3.8B,
where the polymer forms a very cloudy solution in THF. The solubility issue could be a
result of the high weight percentages of MAA and 4VP, resulting in very strong hydrogen
bonding interactions, leading to a low solubility. Because of this, GPC could not be taken,
but the theoretical molecular weights, according to the tHNMR conversion values were 37
K for the middle block (SBMA) and 10.5 K for the outside blocks (4VP/MAA/SBMA).
Since a one pot method was used, the middle block was not purified before feeding in the
4P and MAA monomers. 91% conversion of SBMA was achieved for the middle block,
meaning 9% of the SBMA monomers were left when the MAA and 4VP was added. This
means that the outside blocks contain a small weight percentage (6%) of SBMA. The
weight percentage of 4VP and MAA in the triblock copolymer was calculated to be 33.3%.
DSC was used to determine the Tg4 of the polymer and is shown in Figure 3.8A. Two Ty
values were observed, which is indicative of microphase separation, but other methods

such as SAXS and AFM are still needed to confirm any microphase separation or ordered
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morphologies. The transition for the soft SBMA phase was broad and not immediately
observable, but was calculated to be 4.43 °C. The T, for the hard phase was a fairly sharp
transition and was calculated to be 203.95 °C. Since 6 wt% of SBMA was incorporated
into the outside blocks, SBMA and 4VP could lower the Tg of MAA, so the Tg value of

203.95 °C for the outside block is plausible.

-50 0 50 100 150 200 250

Temperature (OC)

Figure 3.8 (A) DSC curve for the triblock, (B) Attempt to dissolve triblock in THF, (C)
cracked film of triblock.

We attempted to make a film of the triblock hydrogen bonded TPE using a solvent
casting method using a concentration of 5% solids, but the low solubility of the polymer
caused difficulties. As seen in Figure 3.8C, instead of a uniform film, pieces of a polymer

film were obtained. It is possible that a film did not form due to the solubility issue. The

46



midblock is soluble in THF, but since the outer blocks have a high amount of hydrogen
boding, they may not be as soluble. The midblock of the polymer may have dissolved,
while the outer blocks aggregated, leading to a micelle formation with a core/shell
structure. When the solvent evaporated, the different phases may still have strong

aggregation, causing the film to crack.
3.5 Conclusions

The thermoset elastomers showed encouraging properties, but suffered from the
fact that they were not reprocessable. To overcome this, the same high oleic soybean oil
based monomer was used to create reprocessable TPEs. These TPEs incorporated hydrogen
bonding junctions to help improve the mechanical properties. These polymers were
prepared by free radical polymerization using 4VP and MAA as the hydrogen bonding
donor/acceptor groups as well as high Tg co-monomers. The synthesis of the hydrogen
bonded copolymers was efficient than that of the thermoset polymers, reaching almost full
conversion in just 12 hours. The hydrogen bonded copolymers incorporated much higher
weight percentages of the SBMA monomer while still achieving comparable mechanical
properties, ranging from elastomers to thermoplastics, without needed a curing process.
The properties could be tuned by adjusting the polymer compositions. PSBMA has a T4 of
-6 °C, which is fairly high for a polymer that is used as a soft/rubber phase. In the future, a
lower T4 soybean based monomer could be used which may result in better mechanical

properties and TPE behavior.

Both thermoset polymers and hydrogen bonded polymers prepared from SBMA
were prepared by free radical polymerization. Both processes were very simple, but not

well controlled and ordered morphologies cannot be achieved by using free radical
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polymerization. In order to achieve better microphase separation and an ordered
morphology while maintaining simplicity, a one pot RAFT process was developed to create
hydrogen bonded triblock TPEs. A difunctional RAFT agent (DIRAFT) was successfully
synthesized and used for the polymerization. Since the midblock was not purified before
the addition of the other monomers, a small amount of SBMA monomer was also
incorporated into the outside blocks. A polymer containing 33.3 wt% 4VP and MAA was
prepared. Because of the strong hydrogen bonding due to the relatively high weight
percentage of the donor/acceptor monomers, the polymer was not fully soluble in common
organic solvents. A weight fraction of 33.3% of the hard phase meant that TPE properties
could not be obtained, but this polymer could serve to help estimate what the weight
fraction should be to get the desired properties. The synthesis of the DiIRAFT and the
preliminary data for this project shows promise. In the future, more compositions of the
triblock copolymers that incorporate lower weight percentages of 4VP and MAA should
be prepared. Also, a lower T4 soybean based monomer could be used as the midblock to
create an array of polymer compositions and the mechanical properties of these

compositions and the SBMA compositions could be compared.
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CHAPTER 4

SUMMARY AND OUTLOOK
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In this thesis, two major research goals were achieved. First, renewable soybean oil
based thermoset elastomers with promising mechanical properties were prepared. This
involved developing an efficient, solvent free, and scalable monomer synthesis, a simple
polymerization process, and two effective curing processes, one being solvent assisted and
one solvent free. An array of polymer compositions were prepared using free radical
polymerization to co-polymerize the soft and rubbery SBMA monomer with the hard
styrene monomer. The curing processes were used to increase the mechanical properties of
the polymers. The properties could be tuned by the polymer composition, the curing agent
concentration, and the curing time. Mechanical properties, ranging from elastomeric to
thermoplastic, were achieved using high weight percentages of the SBMA monomer, The
developed monomer synthesis and curing process could be applied to other vegetable oils,
seeing applications in packaging, fabrics, the clothing industry, and rubber materials,
resulting in lowering the use of petroleum based plastics.

Second, sustainable soybean oil based thermoplastic elastomers incorporating
hydrogen bonding junctions were prepared. This entailed using free radical polymerization
to prepare different compositions using the same SBMA monomer and the 4VP and MAA
co-monomers. The SBMA acted as the soft and rubbery component, while the 4VP and
MAA acted as the hydrogen bonding donor/acceptor junctions as well as hard components.
Properties ranging from elastomeric to thermoplastic were achieved. The hydrogen bonded
TPEs exhibited comparable mechanical properties to the thermoset elastomers while
attaining higher monomer conversion in a shorter time, using higher weight percentages of
SBMA, and remaining reprocessable. This process is also scalable, and potential

applications include packaging, fabrics, the clothing industry, rubber materials, etc.
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However, microphase separation and ordered morphology cannot be obtained using free
radical polymerization. To overcome this, a one pot RAFT polymerization method was
developed to synthesize SBMA, 4VP, and MAA containing triblock copolymers. This
involved synthesizing a difunctional RAFT agent to use in the one pot process. SBMA was
polymerized by the difucntional RAFT agent, to act as a rubbery midblock as well as a
macro chain transfer agent. 4VP and MAA were then sequentially polymerized as the
outside blocks, acting as the hydrogen bonding donor/acceptor junctions as well as the hard
components. A 33.3wt% 4VP/MAA triblock was prepared, assuming this weight
percentage of the hard monomers would be too high and that this overestimate could be
used as a starting point and to help determine which weight percentage would be best for
the desired properties.

Due to the desire to change our dependence on fossil fuels, research in renewable
bio-based polymer materials has been gaining a lot of momentum in the last decade and
will keep growing in the future. Soybean based polymers are relatively new and represent
a growing field. Though not many useful polymers prepared from soybean oil currently
exist, the field will continue to grow because of its potential impact. Soybeans are very
abundant, and the annual amount of soybeans produced continues to grow, meaning they
are a good candidate to be used as a bio-based feedstock. The chemical structure of soybean
oil is very intriguing due to its triglyceride and unsaturation. These functional groups can
be continually used to develop new strategies to create useful monomers. Highly efficient
and scalable synthetic routes that require simple purification processes are preferred. The
SBMA based thermoset elastomers are an example of how a simple and scalable process

can be used to take a sustainable resource and develop new polymeric materials with useful
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properties. Our highly efficient and scalable methodology to create soybean based
monomers and thermoset polymers can be applied to other vegetable oils and has the
potential to make a huge impact. In future research, the developed monomer synthesis and
curing process could be used on other vegetable oils, allowing us to maximize the use of
renewable resources for polymeric materials.

The hydrogen bonded TPEs show much promise, but more work is needed. TGA,
DMA, and SAXS data should be collected for the copolymers prepared by free radical
polymerization. For the one pot triblock TPE, lower weight percentages of 4VP and MAA
should be tried to obtain a TPE with good mechanical properties. An array of polymer
compositions should be prepared. After preparing the different polymer compositions, their
properties should be compared by collecting data using GPC, DSC, TGA, tensile testing,
and DMA. SAXS, SEM, TEM, and AFM should be used to confirm phase separation and
to observe if any ordered morphologies were obtained. Incorporating the hydrogen bonding
junctions did improve the mechanical properties, and this method could be applied to other
vegetable oil based polymers. This hydrogen bonding method could effectively be used to
counteract the low chain entanglement issues that are present in plant oil based polymers.
In future research, a soybean based monomer with a lower T4 could be used in the same
process. We have previously prepared a soybean oil based acrylate monomer (SBA) which
has a lower T4 (-30°C) than the SBMA monomer (-6°C). This lower T4 could result in
materials with better mechanical properties, including flexibility and elongation. The same
free radical polymerization process used for SMBA, 4VP, and MAA could be carried out
using SBA, 4VP and acrylic acid (AA), resulting in an SBA based hydrogen bonding TPE.

This SBA monomer could also be used to replace SBMA in the one pot triblock copolymer.
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2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid could be used to prepare a
difunctional RAFT agent to polymerize SBA using the same synthetic process used
currently. AA and 4VP could then be sequentially polymerized using the PSBA as a macro
chain transfer agent, resulting in SBA based triblock copolymers with the potential to

possess better mechanical properties.
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