








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%

4+t —— PSBMA93
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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.
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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.

50



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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