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ABSTRACT
Vegetable oils have been utilized in developing various types of bio-based
materials in my research work.
Bio-based polyhydroxy fatty acids have been subject to ring-opening epoxidized
soybean oil with alkaline catalyst DBU to generate polyols with varying OH numbers.
Polyurethane films were obtained using these polyols polymerized with isophrone
diisocyanates. The polyhydroxy fatty acids were also used as internal emulsifiers in
anionic polyurethane dispersion synthesis due to the presence of carboxylic acid groups
in their structures. In addition, acrylated epoxidized soybean oil was involved in another
project. 2-methyl aziridine was added to acrylic groups via Michael addition mechanism
under mild conditions. The resulting aziridine-containing compound could be
polymerized with bio-based polyacids rapidly at room temperature. Plus, thermal
polymerization of soybean oil has been studied. The heat-bodied soybean oils were
subject to ozonolysis followed by reduction in order to produce polyols with primary
hydroxyls, which are relatively reactive.
The principle of the research is to develop products with considerably high biocontent. The soaring price of petroleum has become a global issue so that industry and
academia have been seeking bio-renewable substitutions which can be potentially
converted to versatile products that have comparable properties to petroleum-based
merchandise.
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CHAPTER 1: GENERAL INTRODUCTION
1.1 Introduction
Requirements for sustainability, cost reductions, concerns for environmental
issues, and competitive properties are the bases for the development of new bio-based
materials. Starch [1-5], cellulose [6-11], protein [12-16], flax [17-19] have been exploited
for various applications. Besides, vegetable oil has attracted increasing attention as one of
the most promising options because of its ready availability, relatively low cost,
environmental sustainability, and low eco-toxicity. Biological vegetable oils are
outstanding renewable raw materials for developing new monomers and polymers.
Generally, most vegetable oils are triglycerides with some exceptions (cashew nut oil),
see Figure 1-1. Their structures are basically esters of glycerin and fatty acids. In Table 11, common fatty acids are listed. Vegetable oils are considered non-reactive raw materials
and in order to make them reactive, functional groups have to be introduced. Considering
the listed fatty acids’ structures, there are several potential sites in the triglyceride
molecule suitable for the chemical modifications: double bonds, ester bonds and bisallylic positions. As seen in Table 1-2, different vegetable oils are composed of different
contents of various fatty acids. It is worth mentioning that the values are statistically
averaged results.
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Figure 1-1 Structure of triglyceride

Table 1-1 List of common fatty acids

Table 1-2 List of common vegetable oils
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Vegetable oils can be subject to a number of chemical modifications/reactions for
different purposes. Herein, four reported methods using vegetable oils have been
summarized.
1) Polymerized vegetable oil
Polymerization of vegetable oils (soybean, linseed) was first reported being
conducted via thermal method [20]. Bisallylic structure may convert into conjugated
intermediate at elevated temperature with or without catalyst, which facilitates DielsAlder addition. However, thermal polymerization of vegetable oils inevitably reaches the
decomposition temperature of oils and has been claimed to result in relatively high loss of
material and generate residuals of small fragments. Ionescu et al. have developed a
cationic polymerization of soybean and linseed oil at low temperature, without weight
loss [21]. The cyclization reaction temperature was significantly lowered by the presence
of superacids. The degree of polymerization is dependent on the unsaturation of oils and
time of reaction. Bodied soybean oil has been used in ink industry [20].
2) Biofuel
Vegetable oils and their derivatives, especially methyl/ethyl esters, are commonly
referred as biodiesel. In order to obtain methyl/ethyl esters, transesterification reaction is
necessary, which actually involves the saponification reaction and methanol/ethanol
esterification. The reaction can be catalyzed by alkalis , acids or enzymes [22]. Vegetable
oil fuels are not competitive with respect to petroleum fuels at the moment due to the
high cost in transesterification and 20% less heat value (HV) generation than gasoline.
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However, with increasing price of petroleum, there is an growing interest in using
vegetable oils and their derivatives in diesel engines.
3) Polyol
Vegetable oil is one of the most promising options for polyol synthesis due to its
readily availability, relatively low cost, environmental sustainability and low eco-toxicity.
Vegetable oils are mainly triglycerides, constituted by glycerol with three fatty acid
chains. There are a variety of fatty acids: palmitic (C16:0), stearic (C18:0), oleic (C18:1),
linoleic (C18:2), linolenic (C18:3), ricinoleic (C16:1), etc. The unsaturated bonds and
hydroxyl groups present in the fatty acids open the opportunities for various chemical
modifications to promote the reactivity of vegetable oil molecules. Figure 1-2 illustrates
the well-developed methods to incorporate hydroxyl groups onto vegetable oils.
Hydroformylation, though proceeded under harsh conditions, yields reactive primary
hydroxyl groups in two steps. Aldehydes are produced in the first step in the presence of
CO and H2 along with catalysts, and then reduced into hydroxyl groups. Ozonolysis has
also been reported as an effective technique to give primary hydroxyl groups at double
bond sites [23-25]. Transesterification/Transamidation were claimed to be an effective
route to yield polyols [26, 27]. But the main drawback of this method is obvious as the
fatty acid arm would be present in the polymer network as dangling chain, acting as
plastisizers which could have negative impact on thermal and mechanical properties of
the polymer. Epoxidation of carbon-carbon double bonds followed by ring-opening is one
of the most common routes to generate hydroxyl groups. Alcohols [28, 29], amines [30,
31], carboxylic acids [32], halogenated acids [33, 34], etc. are typically used in ringopening step.
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Figure 1-2 Various modifications of vegetable oils to polyols
Polyol is a key component in routine polyurethane synethsis. The other
indispensable component is polyisocyanates, such as methylene diphenyl diisocyanate
(MDI), isophorone diisocyanate (IPDI), toluene diisocyanate (TDI), hexamethylene
diisocyanate (HDI), etc., see Figure 1-3. Given that there are limited types of
polyisocyanates commercially available in the market, the properties of polyurethane
products are largely dependent on the selection of polyol or blending of multiple polyols.
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Figure 1-3 Illustration of commercial isocyanates
Polyurethanes (PUs), which contain recurring urethane linkages in the main chain,
have been widely developed into a variety of applications, such as coatings, adhesives,
sealants, foams, elastomers, etc. Conventionally, polyurethane is synthesized via
isocyanate route, which is essentially a reaction between a polyol and an isocyanate. Both
components involved in industrial manufacturing are typically derived from petroleumbased products. However, the depletion of crude oil and the accompanied environment
issues have triggered global awareness of the importance of bio-renewable alternatives in
future polyurethane industry. Recent studies on bio-based isocyanates have been focusing
on developing non-phosgene route. The basic design is pertaining to the thermal
degradation of acyl azide on bio-based carrier which would yield isocyanate via Curtius
rearrangement [35-37]. On the other hand, bio-based polyols have been extensively
investigated in the past few decades and subject to partial substitution of petroleum-based
starting materials in industrial productions [38].
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4) Acrylated Vegetable Oil
Acrylation is also a common method to modify vegetable oil into useful and
reactive starting material. Acrylated-epoxidized soybean oil (AESO) is now being mass
produced and marketed. Traditionally, the production involves two steps from soybean
oil. The first step is the epoxidation of soybean oil. After, this epoxy intermediate is
reacted with acrylic acid [39] in presence of an acid as catalyst. The level of acrylatation
plays an important role in determining the mechanical properties of derivatove products
of AESO [40]. AESO is fascinating due to the high reactivity of the acrylic groups
pertaining to easy polymerization/copolymerization via free radicals reaction [41-44].
1.2 Dissertation organization
The content of this thesis has covered various topics of the modifications and
utilizations of vegetable oils - mainly soybean oil.
In chapter 2, epoxidized soybean oil and epoxidized linseed oil were used as the
starting materials for being ring-opened by methanol and glycol, followed by
saponification. Subsequently, by keeping molar ratio of carboxylic acid in fatty acid to
epoxy group in epoxidized soybean oil as 0.5:1, polyols were produced via a reported
solvent-free method. The stated ratio was proved to be optimized from the result of GPC
as there was least remaining unreacted epoxidized soybean oil and fatty acid. PU films
prepared from these polyols exhibit significant difference in thermal and mechanical
properties of their PU films. The resulting PUs exhibit properties from rigid and brittle
plastic to soft and ductile elastomer in accordance with the variation of OH number. PU
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properties for specific applications can be willingly tailored with respect to OH number
of polyols developed via this route.

Figure 1-4 Illustration of process for chapter 2
In Chapter 3, epoxidized linseed oil (ELO) was ring-opened by glycol and HCl
followed by saponification into polyhydroxyl fatty acid (FA). The obtained FA has an
average functionality of OH as 4.8, which ensures the formation of crosslinking structure
of PU at polymerization step. Besides, the high acid number of 139.3 mg KOH/g is the
key factor in this work since the carboxylic group would be neutralized into ionic form
which stabilizes the dispersions in water phase. Herein, two novel types of DMPA-free
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waterborne PUDs have been developed. CasFAD was obtained from castor oil, FA and
IPDI while FAD was prepared from FA and IPDI. Both PUDs are stable and have
particle size as 35.11 nm and 56.11 nm, respectively. The thermal and mechanical
properties of the resulting PUD films were characterized and compared with previously
developed CasPAD, which was obtained from castor oil, DMPA and IPDI.

Figure 1-5 Illustration of process for chapter 3
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In chapter 4, 2-methylaziridine was grafted onto acrylated epoxidized soybean oil
(AESO) via Michael addition under mild conditions. The obtained aziridine-containing
compound was subject to rapid room-temperature polymerization with succinic acid,
citric acid and isosorbide-based di-acid, all of which are bio-based materials. The
resulting polymeric products possess significantly high bio-content. The concept of this
work conforms to the global awareness of the importance of bio-renewable materials.
The fast polymerization rate could also trigger the interest of industry to develop the
valuable applications of this novel polymerization system.

Figure 1-6 Illustration of process for chapter 4
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In chapter 5, polyols with high functionality were acquired by coupling heatbodying and ozonolysis techniques. Soybean oil was polymerized via thermal heating for
various lengths of time. The remaining double bonds were then oxidized, cleaved and
reduced into hydroxyl groups. The obtained polyols possess primary hydroxyl groups
which are more reactive than secondary hydroxyls. Thermal and mechanical properties of
PU films from these bio-based polyols were systematically studied with respect to the
characteristics of the polyols.

Figure 1-7 Illustration of process for chapter 5
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The goal of this dissertation is to illustrate various viable modifications of
vegetable oils for different purposes. The research could be critical, since industry and
academia are calling for bio-renewable materials in replacement of petroleum-based
resource in concern of the deficiency of crude oil. Vegetable oils, known for their
abundance and low costs, could partially or fully substitute petroleum-based monomers in
a wide range of polymer applications if they are properly engineered.
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CHAPTER 2: POLYOLS AND POLYUREHTANES PREPARED FROM
EPOXIDIZED SOYBEAN OIL RING-OPENED BY POLYHYDROXY FATTY
ACIDS WITH VARYING OH NUMBERS
A paper submitted to Journal of Applied Polymer Science
2.1 Abstract
Bio-based polyols from epoxidized soybean oil and different fatty acids were
successfully prepared using a solvent-free method in order to investigate the effect of the
polyols’ OH numbers on the thermal and mechanical properties of the polyurethanes
prepared using them. Epoxidized soybean oil/epoxidized linseed oil was ring-opened by
methanol/glycol followed by saponification to prepare fatty acids. These fatty acids and
epoxidized soybean oil were then used for further ring-opening reactions with DBU as
catalyst. Gel permeation chromatography revealed that a molar ratio of carboxylic acid
and epoxy group of 0.5:1 resulted in optimized polyols containing the smallest amounts
of residual starting materials. The obtained polyols had OH numbers ranging from 150.4
mg KOH/g to 215.3 mg KOH/g. Polymerization was carried out between the polyols and
IPDI at a ratio of OH : NCO of 1: 1.02, and the resulting polyurethane films were
characterized by differential scanning calorimetry (DSC), dynamic mechanical analysis
(DMA), ethanol absorption and uptake, thermogravimetric analysis (TGA), and tensile
stress-strain tests. With increasing OH number of the polyols the PUs displayed an
increase in crosslinking density, glass transition temperature (Tg), tensile strength and
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Young’s modulus, and a decrease in elongation and toughness. This work provides
supplementary information on the effect of OH number of polyols obtained via a solventfree ring-opening method on the mechanical and thermal properties of polyurethanes, of
particular interest when designing PU products for specific purposes.
2.2 Introduction
Polyurethanes (PUs), commercially available first in 1954, have been employed in
a wide range of applications, such as coatings, adhesives, sealants, foams, elastomers, and
others [1]. Polyurethane is known for its recurring urethane linkages in the main chain
and is commonly synthesized by mixing two components: one hydroxyl-bearing
monomer and a monomer with isocyanate groups. As the available choices of polyfunctional isocyanates are relatively limited, significant research and development effort
has been spent on polyols for the preparation of polyurethane with desired properties. The
soaring price of crude oil and increasing environmental concerns spurred the exploration
of bio-renewable alternatives for future plastic development in both academia and
industry. Considering the fact that polyol contributes the majority of the weight of
polyurethane, makes the full or partial substitution of polyols from bio-renewable
resources in order to increase the bio-content of PUs a promising approach.
Vegetable oil has attracted increasing attention as one of the most promising
options because of its ready availability, relatively low cost, environmental sustainability,
and low eco-toxicity. Vegetable oils, mainly triglycerides constituted by glycerol and
three fatty acid chains, typically contain unsaturated carbon-carbon double bonds that are
available for modification to form more reactive functional groups. Epoxidation of
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double bonds followed by oxirane ring opening is commonly employed to graft attempted
functional groups onto the vegetable oil molecules. Epoxidation is easily realized by insitu oxidation with peracids formed by a reaction of hydrogen peroxide with formic or
acetic acid and catalysts with yields of 75%–90% [2]. Alcohols [3, 4], amines [5, 6],
carboxylic acids [7], halogenated acids [8], and others have been reported as effective
agents in the subsequent ring-opening step. Miao et al. [9] successfully obtained polyols
by ring-opening epoxidized soybean oil with isopropanol amine and hydrochloride. The
effect of reaction time and temperature on the structure of the obtained polyols was
studied thoroughly. Wang et al. [3] prepared polyols by using methanol, glycol and 1,2propanediol to ring open epoxidized soybean oil and studied the impact of their OH
number on polyurethane properties. The reaction protocol was used for the preparation of
fatty acids in the study presented here. Recently, a solvent-free method for the
preparation of polyol from castor oil based fatty acid (COFA) and epoxidized soybean oil
was published [7]. This novel, green method is worth further systematic investigation, in
particular the effect of fatty acids with different OH numbers on the properties of polyols
and the resulting polyurethanes.
In this work, epoxidized soybean oil and epoxidized linseed oil were used as the
starting materials and ring-opened by methanol and glycol. The OH numbers of the
obtained fatty acids varied between 167.1 mg/KOH and 245.2 mg KOH/g while the fatty
acids had similar acid numbers. Subsequently, the different fatty acids were used to
produce polyols utilizing the solvent-free method reported in [7], where the molar ratio of
carboxylic acid in fatty acid to epoxy group in epoxidized soybean oil was kept at 0.5:1.
This molar ratio was determined as optimum by GPC, because it resulted in the least
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amount of residual unreacted epoxidized soybean oil and fatty acid. In addition, the OH
numbers of the obtained polyols increased with the OH numbers of the fatty acids. Fatty
acids and polyols were characterized by proton nuclear magnetic resonance (1H NMR),
Fourier transform infrared spectroscopy (FTIR), gel permeation chromatography (GPC)
and rheometry to determine their fundamental properties. Subsequently, the polyols were
used to produce polyurethanes and the mechanical and thermal properties of their
respective cast films were studied by differential scanning calorimetry (DSC), dynamic
mechanical analysis (DMA), ethanol absorption and uptake, thermogravimetric analysis
(TGA), and tensile tests. It was concluded that the crosslinking densities increased with
increasing OH numbers of the polyols, which contributed to an increase in Young’s
modulus, tensile strength, and glass transition temperature (Tg).
2.3 Experimental
2.3.1 Materials
Epoxidized soybean oil (ESBO) was purchased from Scientific Polymer Inc.,
New York, NY. Epoxidized linseed oil (ELO) was kindly provided by American
Chemical Service Inc., Griffith, IN. Magnesium sulfate (MgSO4), potassium hydroxide
(KOH), methanol, ethylene glycol, hydrochloric acid (HCl), and methyl ethyl ketone
(MEK) were purchased from Fisher Scientific Company (Fair Lawn, NJ).
Tetrafluoroboric acid solution (48 % in H2O), isophorone diisocyanate (IPDI), and
dibutyltin dilaurate (DBTDL) were obtained from Sigma-Aldrich (Milwaukee, WI).
Ethanol was purchased from Decon Laboratories Inc., King of Prussia, PA. All materials
were used as received without further purification.

21
2.3.2 Preparation of Fatty Acids
The initial step was the preparation of four different fatty acids from epoxidized
soybean oil ring opened by (1) methanol and (2) glycol, and epoxidized linseed oil ring
opened by (3) methanol and (4) glycol [3]. The ring-opened epoxidized oils were then
saponified into fatty acids for later use.
(a) Methanol route. 100 g of epoxidized oil was dissolved in methanol (molar ratio of
epoxy group of oil to hydroxyl group of methanol was 1:10) in the presence of 0.1 wt%
tetrafluoroboric acid. The reaction was carried out in a two-necked round-bottom flask
equipped with a condenser and mechanical stirrer at 65 °C for 2 h.
(b) Glycol route. The reaction setup was identical to the methanol route; however, the
reaction temperature was 98 °C.
After being cooled down to room temperature, the reacting mixtures were
extracted by ethyl acetate and washed with saturated sodium chloride solution three
times. Organic solvent was then removed at 70 °C under reduced pressure. The obtained
fatty alcohol was then saponified by KOH in a mixture of ethanol and water (50/50 v/v)
at 73 °C for 4 h, and then neutralized using HCl. Fatty acid precipitated out of the
uniform solution and was subsequently extracted by ethyl acetate. The organic layer was
washed three times and dried over MgSO4. Pure fatty acid was obtained upon removal of
the organic solvent by roto-evaporation. Figure 2-1 shows the representative synthesis
route.
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Figure 2-1 Preparation of fatty acids
2.3.3 Preparation of polyols from epoxidized soybean oil ring-opened by fatty acids with
DBU catalyzer
Polyols were prepared by mixing fatty acids with epoxidized soybean oil in a
flask under magnetic stirring at 130 °C in the presence of DBU as catalyst. The weight
ratio of fatty acid to epoxidized soybean oil was determined by an initial molar ratio of
carboxylic acid group to epoxy group of 0.5:1 [7]. The reaction proceeded for 6 h and the
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obtained polyols were dark brown, viscous liquids. uijThe four polyols were identified
as SMS, SGS, LMS and LGS, where the first letter “S” stands for ESBO and “L” stands
for ELO, the second letter “M” represents ring-opened by methanol and “G” means ringopened by glycol, and the last letter “S” refers to ESBO ring-opened by fatty acids.
Figure 2-2 depicts the synthesis of polyols.

Figure 2-2 Preparation of representative polyols
2.3.4 Preparation of polyurethanes using polyols
Figure 2-3 shows the polymerization reaction creating polyurethanes, which was
carried out in MEK as solvent at 60 °C for 3 h by mixing polyol, IPDI (molar ratio of OH
and NCO was 1 : 1.02) and one drop of DBTDL. The solution was then poured into an 80
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× 80 mm Teflon mold to produce thin films, which were post-cured and dried overnight
at 80 °C. The obtained PU films were sliced into specific dimension for tests.

Figure 2-3 Illustration of polymerization reaction
2.3.5 Characterizations
1

H NMR spectra of the polyols were recorded on a Varian spectrometer (Palo

Alto, CA) at 300 MHz in chloroform-d. A Bruker IFS66V FT-IR spectrometer was used
to characterize both fatty acids and polyols. The scanning resolution was 4 cm-1 and the
scanning range covered 4000 cm-1 to 400 cm-1. The hydroxyl numbers and the acid
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numbers of the fatty acids and polyols were determined using the Unilever method and
the AOCS Official Method Te 1a-64, respectively. The average molecular weight was
measured by a Thermo Scientific Dionex Ultimate 3000 GPC (Sunnyvale, CA) equipped
with a Shodex Refractive Index (RI). The eluent solvent used was tetrahydrofuran with
two Agilent PLgel 3µm 100 Å 300 × 7.5 mm (p/n PL1110-6320) and one Mesopore 300
× 7.5 mm (p/n PL1113-6325). The flow rate of THF was 1.0 mL/min and the
measurement proceeded at room temperature. Rheological tests were performed using an
AR2000 (TA Instrument). The rheological behavior of fatty acids and polyols was
investigated by varying the shear rate from 10 s-1 to 1000 s-1 at designated temperatures.
Ethanol uptake and ethanol absorption tests were performed following reported
methods [10]. W0 was defined as the original weight of dry PU films with dimensions of 2
cm × 2 cm. Subsequently, the films were immersed in ethanol for 48 h, then towel-dried
and their weight was recorded as W1. Then, the samples were re-conditioned in an oven at
70 °C for 24 h and their weight was recorded as W2. The percentage of ethanol absorption
(Wa) and the percentage of weight loss (Wd) are calculated as:

𝑊𝑎 =
𝑊𝑑 =

𝑊1 − 𝑊2
× 100%
𝑊2

𝑊0 − 𝑊2
× 100%
𝑊0

Dynamic mechanical analysis (DMA) of the polyurethane films was carried out
on a TA Instruments DMA Q800 dynamic mechanical analyzer using a film-tension
mode of 1 Hz. Rectangular samples with a length of 15 mm and width of 10 mm were
used for the analysis. The samples were cooled and held isothermally for 3 min at –80 °C

26
before raising the temperature to 120 °C at a rate of 3 °C/min. The glass transition
temperatures (Tgs) of the samples were obtained from the peaks of the tan δ curves.
Thermogravimetric analysis (TGA) of the films was performed on a TA
Instrument Q50 (New Castle, DE). The samples were heated from room temperature to
650 °C at a rate of 20 °C min−1 in air. The air flow rate was 60 mL/min. The remaining
weight percentage was recorded as a function of temperature.
Differential scanning calorimetry (DSC) was conducted on a TA Instrument Q20.
Samples with a weight of approximately 10 mg were heated to 120 °C to eliminate their
heat history. The samples was cooled down to –50 °C by manually adding liquid nitrogen
to the chamber and then heated to 120 °C at a programmed rate of 10 °C/min. The second
heating ramp was recorded and the glass transition temperature was determined by the
midpoint inflection method.
The tensile properties of the PU films were determined using an Instron universal
testing machine (model 4502) with a crosshead speed of 100 mm/min. Samples were
prepared in rectangular shape of 50 mm ×10 mm (length × width). At least three

replicates were tested for each PU sample. The stress-strain curve was plotted and
toughness, representing the ability of a material to absorb energy without fracturing, was
calculated as the area beneath the curve.
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2.4 Results and discussion
2.4.1 Preparations of Fatty Acis
The preparation of fatty acids involved the ring-opening of epoxidized vegetable
oils followed by saponification. Neither methanol nor glycol were able to ring open all
epoxy groups, which is in accordance with reported results [2, 11]. Additionally, in terms
of the glycol ring-opening system, the presence of primary hydroxyl group exhibited high
reactivity towards further ring-opening which caused oligomerization. The resulting
oligomerized oil molecules caused high molecular weights in the obtained fatty acids.
The GPC results confirmed this observation, as ESBO-methanol-FA and ELO-methanolFA showed lower Mn and Mw than ESBO-glycol-FA and ELO-glycol-FA, see Table 2-1.
In addition, oligomerization caused higher polymeric dispersion indices in the respective
glycol ring-opened oils, and the viscosities at 40 °C of ESBO-Glycol-FA and ELOGlycol-FA (1.15 Pa·s and 2.21 Pa·s, respectively) were higher than those of fatty acids
derived by methanol ring-opening. Figure 2-4 shows FTIR spectra of the obtained fatty
acids, with ESBO and ELO as references. All fatty acids exhibited a new broad trough
between 3600 cm-1 to 2500 cm-1, which was assigned to overlapped signal from the –OH
stretching of the hydroxyl and the carboxylic groups [12]. The peak at 823 cm-1 was no
longer observed for the fatty acids because most of the epoxy groups were reacted during
the ring-opening step [13]. These two changes confirmed the success of the preparation
of fatty acids.
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Figure 2-4 FTIR spectra of FA compared with ESBO and ELO
Table 2-1 Properties of fatty acids
Fatty Acid
ESBOMethanol-FA
ESBOGlycol-FA
ELOMethanol-FA
ELOGlycol-FA

OH number
(mg KOH/g)

Acid number
(mg KOH/g)

Viscosity at
40 oC (Pa·s)

Mn

Mw

PDI

167.1

160.7

0.28

568

664

1.17

186.0

151.4

1.15

889

1402

1.58

202.4

145.5

0.71

705

955

1.36

225.2

142.8

2.11

944

1476

1.56

2.4.2 Preparation and properties of polyols
The polyols were prepared in a one-pot process, requiring neither solvent nor
washing. Trace amounts of DBU as catalyst not only lowered both reaction temperature
and time, but also promoted the reactivity of the carboxylic acid group towards ringopening in competence with that of the hydroxyl group [7].
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The effect of the molar ratio between the carboxylic acid groups from fatty acid
and the epoxy groups from epoxidized soybean oil was investigated by GPC. ESBOmethanol-FA with the lowest OH number and ELO-glycol-FA with the highest OH
number were intentionally chosen as representatives. With increasing molar ration (from
0.3:1 to 0.7:1) both systems showed similar GPC patterns. . A low molar ratio of 0.3:1
did not provide the sufficient number of active functional groups to initiate ring-opening.
Consequently, the spectra showed a shoulder in the ESBO position, indicating the
presence of remaining ESBO that was not ring opened, see Figure 2-5 (a), As the ratio
increased to 0.7:1, the shoulder in the ESBO position was suppressed as increasing
numbers of epoxy groups were ring-opened, resulting in a prominent peak at the position
of the corresponding fatty acids, indicating the presence of remaining fatty acids. As a
conclusion, a molar ratio of 0.5:1 was determined as the optimized ratio with the lowest
levels of unreacted fatty acid and ESBO. Same molar ratio was used for the polyol
syntheses from ESBO-glycol-FA and ELO-methanol-FA.
1

H-NMR spectra of the polyols and ESBO are shown in Figure 2-6. A

representative structure of the polyol is embedded to illustrate the assignments of the
peaks. The appearance of Peak 1, corresponding to –COO–CH, confirmed that carboxylic
acid ring-opening had occurred and an ester group anchored on the fatty acid chains was
formed. Broad peaks between 3.2 ppm and 4.0 ppm were assigned to ether linkages
formed by epoxy groups ring-opened by hydroxyl groups. The polyols did not show a
noticeable Peak 4, which is assigned to the epoxy group, indicating that almost all epoxy
groups were ring-opened.
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FTIR spectra of the polyols are shown in Figure 2-7. Each ring opening of an
epoxy group created one hydroxyl group. Together with the hydroxyl groups intrinsically
present in fatty acids, the polyols contain a considerable number of hydroxyl groups that
contribute to the broad peak between 3600 cm-1 and 3200 cm-1. In the vicinity of 823 cm1

, the polyol curves are wavy but show lower absorbance than the curve of ESBO, which

matches the result from 1H-NMR.
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Figure 2-5 Effect of ratio between carboxylic acid and epoxy groups on GPC curves for
(a) SMS and (b) LGS
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Figure 2-7 FTIR spectra of polyols and ESBO
Hydroxyl number, acid number, viscosity and molecular weight of the polyols are
summarized in Table 2-2. The acid numbers of the polyols indicated the presence of
small amounts of fatty acids in the mixture. The viscosity of the polyols mirrored that of
the fatty acids; those obtained from glycol ring-opening were more viscous because of
oligomerization. The OH numbers of the polyols were lower than those of the fatty acids.
This was explained by the fact that when a carboxylic acid group ring opened an epoxy,
one net hydroxyl was generated, whereas when a hydroxyl group ring opened an epoxy,
there was no net effect on the functionality. Because the molecular weight was increased
significantly by the coupling of fatty acid and ESBO, and because the carboxylic acid
involved had only half the number of epoxy groups, it is theoretically possible for the
obtained polyols to have OH number lower than the fatty acids. Moreover, the OH
number of the polyols increased with an increase in OH numbers of the fatty acids, which
offers an important pathway for the preparation of polyols with tailored OH numbers.
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Table 2-2 Properties of the polyols
Fatty
Acid

OH number
(mg KOH/g)

Acid number
(mg KOH/g)

Viscosity at 60oC
(Pa·s)

Mn

Mw

PDI

SMS

150.4

1.2

1.17

2487

3389

1.36

SGS

168.5

0.8

3.72

2782

4434

1.59

LMS

190.8

0.7

1.77

2474

3402

1.37

LGS

211.3

1.5

5.54

3114

4715

1.51

2.4.3 Polyurethane properties
Differential scanning calorimetry (DSC) thermograms of the polyurethane films
are shown in Figure 2-8. Each sample exhibited only one Tg and no melting or
crystalizing peak, indicating that the samples had a homogenous, amorphous structure.
With an increase in polyol OH number from 150.4 mg KOH/g to 215.3 mg KOH/g, the
Tg increased from 19.0 °C to 56.3 °C. The increase in Tgs was attributed to an increasing
content of hard segments, higher crosslinking density, and less plasticizing effect of
dangling chains [14]. In order to compensate for the higher OH number of the polyols
while maintaining a constant ratio between OH and NCO, higher levels of segment IPDI
were used during polymerization. As summarized in Table 2-3, the hard segment content
increased from 22.9% to 29.9% with increasing polyol OH numbers. The OH number of
the polyols also significantly influenced the crosslinking density of the PU network,
which was formed by intermolecular urethane linkages between soft segments and hard
segments. Higher polyol OH number, indicating higher functionality, led to more fatty
acid chains being crosslinked and incorporated into the PU network. As a result, fewer
free fatty acid arms, acting as plasticizers, were present in the material.
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Figure 2-8 DSC scans of PU films
DMA was employed to study the temperature dependence of the storage modulus
(Eꞌ) and the loss factor (tan δ) of the PU films, see Figure 6. Below room temperature, all
PU films were in a glassy state so that the storage modulus decreased slightly. As the
temperature passed through the glass transition temperature, which is defined by the peak
of tan δ, the storage moduli of the samples dropped by approx. 3 orders of magnitude.
Subsequently, all samples entered into the rubbery state and Eꞌ exhibited less dependence
on temperature. The observed rubbery plateau was evidence of the presence of a
crosslinked network in the PU films; the storage modulus in the rubbery state increased
with the polyol OH number and determined the crosslinking density of the network
structure [11]. According to the kinetic theory of rubber elasticity [15], crosslinking
density (ve) can be quantitatively determined using the following equation:
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𝐸′ = 3𝑣𝑒 𝑅𝑇

where Eꞌ is the rubbery storage modulus, typically at Tg + 50 °C, R is the
universal gas constant, and T is the absolute temperature. The calculated crosslinking
density of the PUs ranged from 37.4 mol/m3 to 911.9 mol/m3 with increasing polyol OH
numbers, see Table 2-3. The positive correlation between crosslinking density and polyol
OH number revealed that an increasing fraction of fatty acid arms were incorporated into
the network via urethane bonds as the OH number of the polyols increased. It is worth
noting that the difference in Tg values obtained by DSC and DMA was mainly caused by
the different nature of the two measurements. DSC measured the heat capacity change
from frozen to unfrozen chains, while DMA measured the change in mechanical response
of the polymer chains to heating [16]. Only one tan δ was observed for each material,
indicating the homogeneous nature of all investigated PU samples. The height of tan δ
decreased with increasing crosslinking density, matching reported properties of similar
systems [7, 10]. With increasing OH numbers of the polyols, Tg increased from 39.3 °C
to 80.5 °C, which was explained by the fact that polymer chain motion was more
restricted in a network with higher crosslinking density. Also, because the stoichiometric
ratio of OH to NCO of 1:1.02 was strictly controlled during the polymerization step,
higher content of hard segment IPDI was contained in PUs from polyol with
correspondingly higher OH numbers, contributing to the stiffness of the material.
The Fox-Losheak equation relates the crosslinking density and Tg [11, 17] :

𝑇𝑔 = 𝑇𝑔∝ +

𝐾

𝑀𝑐

= 𝑇𝑔∝ + 𝑘𝑣
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Where 𝑇g∝ is the glass-transition temperature of the linear polymer of the same

structure, v is the number of cross-links per unit of volume (density/𝑀𝑐 ), and K and k are

consants for a given system. It was reported previously that v is linearly proportional to
the OH number of the polyol, assuming the monomer conversion is complete [11, 18].
The linear fit of the data points in Figure 2-10 shows the dependence of the Tg of the PU
films on the OH number of the corresponding polyol, documented by R2 values of 0.968
and 0.982 for DSC and DMA measurements, respectively.
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Figure 2-9 Storage modulus and loss factor of PU films as functions of temperature
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Figure 2-10 Dependence of glass transition temperature on OH number of polyols
Ethanol uptake and absorption experiments were performed to examine the degree
of crosslinking for each PU film. As discussed with the DMA results, the OH numbers of
the polyols were linearly related to the crosslinking density of the PU network. Figure 211 shows that after immersion the amount of absorbed ethanol and the weight loss of the
PUs decreased from 133.1% to 61.4% and from 11.8% to 4.7%, respectively, while the
OH number of the polyols increased from 150.4 mg KOH/g to 215.3 mg KOH/g. This
indicated that ethanol absorption and uptake were reduced as the degree of crosslinking
increased [10, 19].
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Figure 2-11 Dependence of ethanol absorption and uptake on OH number of polyols
TGA was conducted to investigate the thermal resistance of the PU films, see
Figure 2-12. In general, PUs exhibit three stages of thermal decomposition in air
atmosphere [3]. The first weight loss domain observed in the range from 200 °C to 300
°C is assigned to the dissociation of the labile urethane bonds. The dissociation of
urethanes to isocyanates and alcohols, the formation of primary amines and olefins, and
the formation of secondary amines were reported as three possible mechanisms [3]. The
second thermal degradation stage between 300 °C and 450 °C is the result of chain
scission in the soybean oil structure. The last stage, above 450 °C, is attributed to further
thermo-oxidation of the PUs in air. The content of urethane bonds within each sample
increased when the OH number of the corresponding polyol increased from 150.4 mg
KOH/g to 215.3 mg KOH/g, given a constant molar ratio of OH and NCO. Higher
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contents of labile urethane bonds caused the shift of T10 (temperature of 10 % weight
loss) and T50 (temperature of 50% weight loss) from 305.2 °C to 298.9 °C and 383.5 °C
to 370.9 °C, respectively. Similar results regarding the effect of increasing fractions of
urethane bonds were reported by Lu et al. [11].
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Figure 2-12 TGA curves and their derivative curves for PU films
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Table 2-3 Physical and thermal properties of the polyurethanes
Hard segment Gel Content
content (%)
(%)
SMS-PU
SGS-PU
LMS-PU
LGS-PU

22.9
25.5
27.6
29.9

88.2
89.3
94.2
95.3

Tg (oC)
DSC

Tg (oC)
DMA

ve
(mol/m3)

T10
(oC)

T50
(oC)

19.0
36.4
46.9
56.3

39.3
49.9
63.4
80.5

37.4
103.4
305.7
911.9

305.2
302.5
301.3
298.9

383.5
379.1
376.6
370.9

Tensile properties of all PUs were measured and the stress-strain curves are
plotted in Figure 10. Young’s moduli, tensile strength at break, elongation at break and
toughness are summarized in Table 2-4. In general, tensile strength and Young’s modulus
increased, while elongation decreased with increasing crosslinking density. The PU films
with higher crosslinking densities had incorporated higher contents of hard segment IPDI,
which contributed to their stiffness. At the same time, ductility dropped from 210.4% to
19.1% with increasing crosslinking density. The deformation profiles of the samples
differed. For example, SMS-PU and SGS-PU deformed elastically before reaching their
yielding point; then they exhibited strain hardening and finally broke at maximum strain.
LMS-PU and LGS-PU exhibited strain softening in the plastic deformation domain,
which occurred after yielding. Toughness was calculated by integrating the area below
the stress-strain curve. SGS-PU exhibited the highest toughness (13.5 MPa), while LGSPU, which had the highest tensile strength, was the least tough material among the
examined PU films. Generally, brittle materials exhibit low toughness, while ductile
materials are tough [10].
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Figure 2-13 Stress-strain curves for PU films
Table 2-4 Mechanical properties of the polyurethanes
E (MPa)

σb (MPa)

εb (%)

Toughness (MPa)

SMS-PU

67.2

8.6

210.4

12.7

SGS-PU

123.4

11.5

124.9

13.5

LMS-PU

166.6

13.5

61.9

8.2

LGS-PU

315.0

17.2

19.1

3.2
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2.5 Conclusion
A series of fatty acids obtained from ESBO/ELO ring-opened by methanol/glycol
were used to produce polyols using a solvent-free method. The fatty acids were reacted
with ESBO at a ratio of carboxylic acid to epoxy groups of 0.5:1. The resulting polyols
exhibited increasing OH numbers with increasing OH numbers of the fatty acids. PU
films prepared from these polyols exhibited significant differences in thermal and
mechanical properties. With increasing OH number, crosslinking density was
significantly increased, resulting in PU networks with fewer free-motion available to the
chains. This allowed for the tailoring of the properties of the resulting PUs, ranging from
rigid and brittle to soft and ductile. The choice of epoxidized vegetable oil as starting
material clearly determined the OH number of the resulting polyols because of the
different functionalities of the respective epoxy groups.

Being able to use the OH

number of the polyol to influence the properties of PUs provides a pathway for the design
of materials with desired thermo-mechanical properties.
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CHAPTER 3: ANIONIC WATERBORNE POLYURETHANE DISPERSION
FROM BIO-BASED IONIC SEGMENT
A paper submitted to Green Chemistry
3.1 Abstract
In preparation of anionic waterborne polyurethane dispersion, bio-based
polyhydroxy fatty acid (FA) was prepared by ring-opening epoxidized linseed oil with
glycol and HCl followed by saponification and subsequently used as an ionic segment to
replace 2,2-bis(hydroxymethyl)propionic acid (DMPA). With an OH functionality of 4.8,
FA can crosslink, and its carboxylic group is able to provide surface charge for the
stabilization of the resulting polymer in the water phase. Two novel anionic waterborne
polyurethane dispersions, CasFAD (castor oil, FA, IPDI) and FAD (FA, IPDI), were
successfully prepared and compared to a conventional control sample of CasPAD (castor
oil, DMPA, IPDI). CasPAD, CasFAD, and FAD exhibited particle sizes of 29.92 nm,
35.15 nm, and 56.11 nm, respectively. PUD films were obtained by casting the
dispersions into molds and subsequently characterized by differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMA), ethanol absorption and uptake,
thermogravimetric analysis (TGA), and tensile stress-strain tests. CasFAD displayed a
decrease in glass transition temperature (Tg), tensile strength, and Young’s modulus, but
an increase in elongation compared to CasPAD caused by its lower hard segment content.
FAD behaved like a brittle, glassy material with higher Young’s modulus and lower
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ductility than CasFAD because of its relatively higher crosslinking density. This work
proves the viability of incorporating vegetable-oil based polyhydroxy fatty acids as ionic
segments into anionic waterborne polyurethane dispersions.
3.2 Introduction
Over the past decades, polyurethanes (PUs) have been employed in various
applications, such as coatings, adhesives, sealants, foams, elastomers, and others [1].
Environmental concerns regarding conventional, solvent-based PUs have led to the
development of waterborne, anionic and cationic polyurethane dispersions (PUDs)
because of their environmentally-friendly nature and low content of volatile organic
chemicals (VOCs) and hazardous air pollutants (HAPs) [2]. The basic chemical
components of waterborne PUDs are commonly known building blocks, including
polyols, isocyanates, catalysts, additives, and others [3]. A general awareness of the finite
crude oil reserves has triggered extensive studies focused on using bio-based resources
for the manufacture of polyols rather than petroleum-based materials. Vegetable oil is
one of the most promising options because of its ready availability, relatively low cost,
environmental sustainability, and low eco-toxicity. This work has led to the successful
development of anionic PUDs from methoxylated soybean oil polyols [4]. Castor oil,
which contains approx. 2.4 hydroxyl groups per molecule, is one of the vegetable oils
suitable to produce polyols for PUD preparation [5].
The distinct feature of waterborne PUDs is the presence of external or internal
emulsifiers that provide stability to the hydrophobic polyurethane dispersed in the water
phase. Internal emulsifiers, which are incorporated into the polymer network structure,
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are favored because the particle sizes in the resulting PUDs are smaller, leading to better
stability. For anionic PUDs, dimethylol propionic acid (DMPA) is typically used as an
internal emulsifier. DMPA serves as a chain extender in reaction with isocyanates, and its
carboxylic acid group in ionic form provides surface charge to PU particles, stabilizing
PUDs in the water phase [5]. However, DMPA is not derived from bio-renewable
resources so that the bio-content of the waterborne PUD system is limited.
Vegetable oils are potential starting materials to replace DMPA because they are
triglycerides constituted of glycerol and three fatty acid chains, typically containing
unsaturated carbon-carbon double bonds that are available for modifications.
Hydroformylation [6, 7], epoxidation followed by ring-opening [8-10], ozonolysis [11]
and other methods can be employed to convert the double bonds into hydroxyl groups,
which react with isocyanates to form urethane bonds. In addition, vegetable oil-based
polyols can be saponified into polyhydroxy fatty acids [12] which exhibit similar
properties as DMPA as long as the average functionality of the hydroxyl is exceeds 2.
In this work, epoxidized linseed oil (ELO) was ring-opened by glycol and HCl,
followed by saponification into polyhydroxy fatty acid (FA). Oligomerization during the
glycol ring-opening step created FAs with a number average molecular weight of 1147
g/mol. The calculated average functionality of the hydroxyl group was 4.8 providing the
FA with sufficient functionality to serve as a crosslinking agent. The presence of a
carboxylic acid group also allowed the FA to be employed as an ionic segment. Two
novel types of DMPA-free, waterborne PUDs were developed: CasFAD was obtained
from castor oil, FA and isophorone diisocyanate (IPDI), while FAD was prepared from
FA and IPDI. Both PUDs were stable and had particle sizes of 35.2 nm and 56.1 nm,
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respectively. The thermal and mechanical properties of the resulting PUD films were
characterized and compared to those of CasPAD, which was obtained from castor oil,
DMPA and IPDI. Literature research indicates that this is the first report on the
substitution of DMPA by an internal emulsifier/ionic segment based on bio-renewable
resources [13-19]. This work proves the feasibility of using vegetable oil-based
polyhydroxy fatty acids to create stable, anionic waterborne PUDs.
3.3 Experimental
3.3.1 Materials
Epoxidized linseed oil (ELO) (approximately 5.5 oxirane rings per triglyceride)
was kindly provided by American Chemical Service Inc., Griffith, IN. Magnesium sulfate
(MgSO4), potassium hydroxide (KOH), ethylene glycol, hydrochloric acid (HCl), and
methyl ethyl ketone (MEK) were purchased from Fisher Scientific Company (Fair Lawn,
NJ). Tetrafluoroboric acid solution (48% in H2O), 2,2-bis(hydroxymethyl)propionic acid
(DMPA), isophorone diisocyanate (IPDI), dibutyltin dilaurate (DBTDL), sodium
bicarbonate (NaHCO3), triethyleneamine (TEA), and castor oil were obtained from
Sigma-Aldrich (Milwaukee, WI). Ethanol was purchased from Decon Laboratories Inc.,
King of Prussia, PA. All materials were used as received without further purification.
3.3.2 Preparation of highly branched fatty acid
The preparation of highly branched fatty acids followed three steps:

50
(1) Ring-opening of ELO with glycol
100 g of epoxidized linseed oil was mixed with 200 g of glycol in a 500 mL
round-bottom flask (molar ratio of epoxy:OH was approximately 1:11). After the addition
of 0.1 wt% HBF4, the mixture was allowed to react at 98 °C for 2 h under constant
stirring; the product was extracted using acetone, and then washed with saturated NaCl
solution, and the organic layer was used in the next step.
(2) Ring-opening of unreacted epoxide ring with HCl
50 g of HCl was added to the acetone solution obtained in previous step and
reacted at 40 °C for 1 h. Ethyl acetate was used to extract the polyol. Sodium bicarbonate
and sodium chloride solution were used sequentially to wash the product until it was
neutral. The organic layer was dried over MgSO4 and the solvent was removed
subsequently. The effectiveness of the additional ring-opening reaction by HCl was
reflected in the increase in OH numbers from 221.9 mg KOH/g to 229.2 mg KOH/g.
(3) Saponification of the polyol
The polyol was dissolved in ethanol and potassium hydroxide was added to
trigger saponification at 73 °C. The reaction proceeded for 4 h followed by the addition
of HCl to neutralize the reactants until phase separation was observed. The fatty acid was
extracted by ethyl acetate and washed three times with saturated NaCl solution. After
drying over MgSO4, polyhydroxy fatty acid (FA) with dark brown color was obtained
after removal of organic solvent by roto-evaporation. OH number titration, acid number
titration, and rheological and GPC tests were performed to characterize the physical
properties of the obtained FA and the results are summarized in Table 1. The preparation
route for FA is illustrated in Fig 3-1.
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Figure 3-1 Preparation of FA
3.3.3 Preparation of anionic waterborne polyurethane dispersions (PUDs)
Unsuccessful approaches to prepare PUDs from FA may provide insight into the
nature of the PUD synthesis. Xia [1] reported in his work that castor oil, DMPA, IPDI
were first subjected to polymerization without solvent for 1 h. In our original approach,
DMPA was replaced by FA to synthesize CasFAD. The complex composition and high
reactivity of FA caused rapid gelation of the mixture within less than 30 s. In order to

52
solve the gelation problem, polymerization was initiated in solvent solution in order to
effectively lower the reaction rate. However, the obtained PUD precipitated after removal
of the organic solvent, which may have been caused by the significant difference in
reactivity between castor oil and FA. Castor oil consists of triglycerides composed of
roughly 85% ricinoleic acid with a secondary hydroxyl group at the C12 site, while FA
contains primary hydroxyl groups derived from ELO ring-opened by glycol. The fact that
the primary hydroxyl group exhibited relatively higher reactivity towards isocyanate than
the secondary hydroxyl group resulted in a faster incorporation of FA into the crosslinked
network [2]. Consequently, the core of the PUD particles was more likely composed of
FA, while the shell was mainly made of castor oil. Because FA was the component
bearing carboxylic acids, which are critical for the stabilization of the PUD particles in
the water phase, insufficient FA content in the outer shell led to weak interactions of the
PUD particles with the water molecules, creating an unstable waterborne PUD system. In
addition, the fact that the simultaneous polymerization of castor oil, DMPA and IPDI
resulted in stable dispersions is not in conflict with this explanation, because DMPA is
insoluble in castor oil and IPDI. Therefore, DMPA went through a retarded
heterogeneous polymerization, possibly resulting in the higher DMPA content in the
outer shell of the PUD particles.
A modified synthesis route was therefore chosen and three different types of
PUDs were synthesized and determined to be stable after no precipitate was detected
within one week of sitting still.
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1) Castor oil - fatty acid PUD (CasFAD)
Castor oil (5.05 g) and IPDI (3.12 g) were introduced into a two-neck flask
equipped with a mechanical stirrer. The flask was placed in an oil bath set at 78 °C and
the mixture was stirred for 5 min to ensure homogeneity. Then, 2 drops of DBTDL were
added to trigger polymerization. After 1 h, FA (3.30 g) in 25 mL MEK was poured into
the pre-polymer and allowed to polymerize for another 4 h. Once the reaction was
terminated the reactants were cooled to room temperature and TEA (2 equiv. per mole of
COOH from FA) was added under vigorous stirring for 30 min. Finally, 150 mL water
was used for the phase reversal and the organic solvent was removed under reduced
pressure. The molar ratio of OH of castor oil to OH of FA to NCO of IPDI was 1:1:2.
The synthesis route of CasFAD is shown in Figure 3-2.
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Figure 3-2 Preparation of CasFAD
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2) Fatty acid PUD (FAD)
The preparation process started with the solution polymerization of FA (8.71 g),
IPDI (4.05 g) and DBTDL in 25 mL MEK for 4 h. The mixture gelled rapidly without
solvent, which was attributed to the high reactivity and complicated composition of the
FA. The subsequent procedural steps were identical to those taken in the preparation of
CasFAD.
3) Castor oil - DMPA PUD (CasPAD)
The preparation method was similar to the one used to prepare CasFAD; however,
DMPA was used instead of FA. It is worth mentioning that DMPA is not soluble in MEK
so that DMPA was added in its powder form along with MEK.
Figure 3-3 shows the visual appearance of the obtained PUDs. With the increasing
FA content, which had a dark brown color, the resulting PUDs turned darker.
Polyurethane films were obtained by casting the PUD into a Teflon mold and allowing it
to dry out at ambient temperature. Heat-drying was performed in a conventional oven at
80 °C overnight. The obtained PU films were cut into desired dimensions for specific
characterizations.

(a)

(b)

(c)

Figure 3-3 Visual appearance of (a) CasPAD, (b) CasFAD, and (c) FAD
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3.3.4 Characterizations
1

H NMR spectra were recorded on a Varian spectrometer (Palo Alto, CA) at 300

MHz for FA and ELO in chloroform-d. A Bruker IFS66V FT-IR spectrometer was
employed to record infrared spectra of FA and ELO. The scanning resolution was 4 cm-1
and the scanning range covered 4000 cm-1 to 400 cm-1. The hydroxyl and acid numbers of
the fatty acids and polyols were determined using Unilever method and AOCS Official
Method Te 1a-64, respectively. The average molecular weight was measured by a
Thermo Scientific Dionex Ultimate 3000 GPC (Sunnyvale, CA) equipped with a Shodex
Refractive Index (RI). The eluent solvent used was tetrahydrofuran with two Agilent
PLgel 3 µm 100 Å 300 × 7.5 mm (p/n PL1110-6320) and one Mesopore 300 × 7.5 mm
(p/n PL1113-6325). The flow rate of THF was 1.0 mL/min and the measurement was
conducted at room temperature. The rheological test was performed at 40 °C using an
AR2000 (TA Instrument). The rheological behavior of FA was investigated by varying
the shear rate from 10 s-1 to 1000 s-1. A JEOL scanning and transmission electron
microscope (Japan Electron Optic Laboratories, Peabody, MA) was used to observe the
morphology of the PUD particles. Diluted PUD (2 μl with approx. 0.1 wt% solid content)
was placed on 200-mesh carbon film grid. After drying, the grid was exposed to RuO4 for
10 min before observation. The size distribution of the PUDs was determined by
NanoZS90 Zeta-sizer (Worcestershire, UK) at room temperature.
Dynamic mechanical analysis (DMA) of the polyurethane films was carried out
on a TA Instruments DMA Q800 dynamic mechanical analyzer using a film-tension
mode of 1 Hz. Rectangular samples with a length of 15 mm and a width of 10 mm were
used for the analysis. The samples were cooled and held isothermally for 3 min at –60 °C
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before raising temperature to 100 °C at a rate of 3 °C/min. The glass transition
temperatures (Tgs) of the samples were determined by the peaks of the loss modulus
curve.
Thermogravimetric analysis (TGA) of the films was conducted on a TA
Instrument Q50 (New Castle, DE). The samples were heated from room temperature to
650 °C at a rate of 20 °C min−1 in air with a flow rate of 60 mL/min. The remaining
weight was recorded as a function of temperature and plotted.
Differential scanning calorimetry (DSC) was performed on a TA Instrument Q20.
The samples were weighed and placed in Tzero Hermetic pans and subsequently heated
to 80 °C to eliminate their heat history. The samples were then cooled to -80 °C by
manually adding liquid nitrogen to the chamber and re-heated to 80 °C at a programmed
rate of 10 °C/min. The second heating ramp was recorded and glass transition
temperature was determined by the midpoint inflection method.
The tensile properties of the PU films were determined with an Instron universal
testing machine (model 4502) with a crosshead speed of 100 mm/min. Rectangular
samples with the dimensions 50 mm ×10 mm (length × width) were prepared. At least
three replicates were tested for each PU sample. The stress-strain curve was plotted and
toughness, representing the ability of a material to absorb energy before fracture, was
calculated as the integrated area beneath the curve.
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3.4 Results and discussion
3.4.1 Preparation and properties of FA
The preparation of FA started with the ring-opening of ELO by glycol and HCl,
followed by saponification into fatty acid chains. Glycol, which is an effective ringopening agent [20], inevitably causes oligomerization among oil molecules [2].
Consequently, multiple oil molecules can be coupled via ether linkages so that the
obtained fatty acids exhibit higher than predicted molecular weights. The GPC data
collected (Table 3-1) confirmed that the number average molecular weight reached 1147
g/mole, which indicated that on average approximately three fatty acid chains were
coupled. Noticeably, FA’s polymeric dispersion index (PDI) of 1.8 indicated a broad
molecular weight distribution, also indicative of oligomerization. The functionality of OH
was estimated by:

𝑓𝑛 =

OH 𝑛𝑢𝑚𝑏𝑒𝑟 × ����
𝑀𝑛
1000 × 𝑀𝐾𝑂𝐻

FA exhibited an average functionality of 4.8, ensuring the formation of a
crosslinking structure in PU. In addition, its high acid number of 139.3 mg KOH/g was a
key factor in this work, because the carboxylic group was neutralized into an ionic form,
stabilizing the dispersion in the water phase. The presence of hydroxyl groups and
carboxylic groups ensured high intermolecular hydrogen bonding, so that the prepared
FAs exhibited a viscosity as high as 4.6 Pa·s at 40 °C.
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Table. 3-1 Summary of FA properties
OH number
(mg KOH/g)

fn

Acid number
(mg KOH/g)

Viscosity (Pa·s)
at 40 °C

Mn

Mw

PDI

235.1

4.8

139.3

4.6

1147

2068

1.8

Figure 3-4 shows FTIR spectra of FA and ELO. For FA, a new broad trough
between 3600 cm-1 to 2500 cm-1 emerged, which was attributed to the overlapped signal
from –OH stretching of the hydroxyl and carboxylic groups, confirming the presence of
the desired functional groups [21]. The peak at 823 cm-1, assigned to the epoxy group,
disappeared for FA because of the ring-opening reactions [22]. These two changes in the
FTIR spectra confirmed the completion of oxirane ring reduction and saponification.
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Figure 3-4 FTIR spectra of ELO and FA from ELO
1

H-NMR spectra of FA and ELO are shown in Figure 3-5. Signal 1 (5.25 ppm)

and signal 2 (4.0 ppm–4.4 ppm), which are attributed to the backbone glyceride structure,
were not prominent for FA [23]. This confirmed the cleavage of the triglyceride structure
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into fatty acid chains during the saponification step. Signal 3 (2.8 ppm–3.2 ppm) for ELO
was attributed to epoxy groups, and e1 (2.9 ppm) in particular was attributed to the epoxy
group anchored to the fatty acid arm with only one derivative group [9]. The presence of
e1 in FA indicated that a trace amount of the epoxy groups was not reduced. In addition,
signal 4 (3.2 ppm–4.0 ppm) was mainly created by multiple forms of ether linkages in
FA, indicating the complex nature of the ring-opened product. Also, signal 5 (2.3 ppm),
assigned to the methylene group adjacent to the carboxyl group –CH2–COO–, did not
significantly shift when ELO was converted to FA [24].

e1

ELO

1

3

2

e1

FA
4

5

Figure 3-5 FTIR spectra of FA and ELO
3.4.2 Preparation and properties of PUDs
The TEM images of the different PUDs are shown in Figure 3-6, while their size
distributions are presented in Figure 3-7. Statistical data regarding average particle
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diameters and polydispersity indeces (PDI) were determined using Dispersion
Technology Software (Malvern Instruments Ltd.) and are summarized in Table 3-2.
CasPAD and CasFAD exhibited average particle sizes of 30.0 nm and 35.2 nm,
respectively. The significant difference was attributed to the fact that the ionic segment
FA (Mn = 1147 g/mol) was substantially larger than DMPA (Mn = 134 g/mol), based on
their molecular weights. However, both exhibited similar PDIs, as both PUD systems
started with a pre-polymerization reaction between castor oil (PDI = 1.02) and excess
IPDI, which yielded uniform core seeds. Compared to CasFAD, FAD exhibited larger
average particle sizes (56.1 nm) and a higher PDI (0.274), resulting from the difference in
synthesis route. The preparation of CasFAD started from a castor oil/IPDI pre-polymer
with uniform structure, while FAD preparation directly started with a solution
polymerization reaction between IPDI and FA with its complicated composition. The
particle sizes of the obtained PUDs may also have been affected by other factors such as
hydrophilicity, pre-polymer viscosity, ionic group position, and others [4, 25, 26].
However, the PUD particle size had no direct impact on the physical properties of the
resulting PU films [4].

(a)

(b)

(c)

Figure 3-6 TEM images of PUD particles of (a) CasPAD, (b) CasFAD and (c) FAD

62

CasPAD
CasFAD
FAD

10

Intensity (%)

8

6

4

2

0
0.1

1

10

100

1000

10000

Size (nm)

Figure 3-7 Particle size distribution for PUDs
Table 3-2 Size distribution of PUDs
PUD

Z-Average Size (nm)

PDI

CasPAD

30.0

0.232

CasFAD

35.2

0.221

FAD

56.1

0.274

3.4.3 Polyurethane films properties
Differential scanning calorimetry (DSC) thermograms of the obtained PUD films
are shown in Figure 3-8. Each PUD exhibited only one Tg and no melting or crystallizing
peak, indicating that all PUs had homogenous, amorphous structure. CasPAD had a Tg of
12.9 °C, which matched reported data [5]. When DMPA was replaced by FA, the hard
segment content dropped from 52.1% to 36.4%. As a result, the chain mobility was less
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restricted in CasFAD so that it exhibited a lower Tg of 5.9 °C. On the other hand, FAD
had a significantly higher Tg (17.6 °C) than CasFAD. Although castor oil and FA have
the same number of hydroxyl groups, the OH number of CasFAD was estimated to be
187.9 mg KOH/g, while the OH number of the FAD system was 235.1 mg KOH/g. The
substantial difference in OH number led to different crosslinking densities, which directly
influenced the respective Tgs [4]. In addition, the hard segment content of FAD was
higher than that of CasFAD, which also influenced the Tg [27].
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Figure 3-8 DSC scans of PUD films
Figure 3-9 depicts the temperature dependence of the storage modulus (Eꞌ) and
the loss factor (tan δ) of the PUD films. The storage moduli of all films were similar at
temperatures below 0 °C. After a dramatic drop in the value of Eꞌ, the materials entered
into a rubbery stage from the glassy stage. A rubbery plateau was observed for CasPAD
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and CasFAD, while FAD yielded at elevated temperatures. The glass transition
temperatures (obtained from the maximum of the tan δ curve) and E’ at room temperature
are summarized in Table 3-3. The difference between Tgs obtained from DSC and DMA
are caused by the different nature of the two measurements. DSC measures the heat
capacity change from frozen to unfrozen chains, while DMA measures the change in
mechanical response of polymer chains to heating [28]. All PUD films exhibited only one
tan δ peak, indicating the homogeneous nature of the PUs. The hard segment content of
CasFAD was substantially lower than that of CasPAD (36.4 % compared to 52.1 %). The
higher hard segment content contributed to the stiffness of the network structure, directly
influencing both storage modulus and Tg [29]. Comparing CasFAD and FAD, the OH
number of the starting monomers directly influenced glass transition temperature and
storage modulus. Higher OH numbers led to higher crosslinking densities so that less
dangling chains acted as plasticizers in the network structure.
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Figure 3-9 Storage modulus and loss factor of PU films as functions of temperature
The thermal degradation profiles for the obtained PUDs are plotted in Figure 310. In general, PUs exhibit three stages of thermal decomposition in air atmosphere [30].
The first weight loss domain was observed between 200 and 300 °C and assigned to the
dissociation of the labile urethane bonds [31]. The dissociation of urethanes to
isocyanates and alcohols, the formation of primary amines and olefins, and the formation
of secondary amines were reported as three possible mechanisms by Wang et al. [20].
The weight percentage of IPDI in CasPAD and CasFAD, which determined the amount
of urethane bonds, differed remarkably: CasPAD contained 27.3% IPDI, while CasFAD
contained 23.7% IPDI. Consequently, CasFAD exhibited lower weight loss at 300 °C
than CasPAD, and FAD underwent greater weight loss during the urethane bond
decomposition stage than CasFAD. The second thermal degradation stage between 300
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°C and 450 °C resulted from chain scission of the oil structure. The last stage, above 450
°C, was attributed to further thermo-oxidation of the PUs in air. The temperatures of 10%
and 50% weight loss (T10 and T50) are summarized in Table 3-3. CasFAD exhibited better
thermal resistance than CasPAD because of its lower content of labile urethane
bonds[30]. FAD showed better thermal resistance after urethane bond dissociation than
CasFAD, attributed to higher crosslinking densities caused by higher OH numbers of the
polyol component [5].
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Figure 3-10 TGA curves of PU films
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Table 3-3 Physical and thermal properties of the polyurethanes
Hard segment
content
(wt %)

Tg (oC)
DSC

Tg (oC)
DMA

Eꞌ at room
temperature
(MPa)

T10 (oC)

T50 (oC)

CasPAD

52.1

12.9

49.1

68.3

305.2

383.5

CasFAD

36.4

5.9

29.4

19.0

302.5

379.1

FAD

49.3

17.6

65.7

539.3

301.32

376.6

Figure 3-11 shows tensile stress-strain curves for all PUD films. Young’s moduli,
tensile strength at break, elongation at break, and toughness are summarized in Table 3-4.
CasFAD exhibited lower tensile strength, lower Young’s modulus, but higher ductility
than CasPAD, which met expectation because of the lower hard segment content in
CasFAD. CasFAD and CasPAD did not differ significantly in toughness (14.31 MPa and
11.76 MPa, respectively), while the toughness of FAD was substantially lower. Because
FAD had a relatively higher content of carboxylic acid, the mechanical properties may
have been compromised [32]. In general, brittle materials exhibit low toughness, while
ductile materials are tough [5].
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Figure 3-11 Stress-strain curves for PU films

Table 3-4 Mechanical properties of the polyols
E (MPa)

σb (MPa)

εb (%)

Toughness (MPa)

CasPAD

13.6

5.5

381.7

14.31

CasFAD

2.3

3.5

642.9

11.76

FAD

77.4

6.8

19.3

0.83
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3.5 Conclusion
In this work, ELO was ring-opened by glycol and HCl, followed by saponification
to yield polyhydroxy fatty acid (FA). FA was successfully utilized to replace DMPA in
castor oil-based anionic polyurethane dispersion system. The obtained CasFAD had an
average particle size diameter of 35.2 nm, while the control sample CasPAD had an
average particle size of 30.0 nm. It was shown that FA can serve as both polyol
component and as ionic segment in the preparation of PUDs. The resulting FAD had an
average particle size of 56.1 nm. CasFAD exhibited lower tensile strength and Young’s
modulus than CasPAD because of its lower hard segment content. Nonetheless, CasFAD
and CasPAD were comparable in terms of toughness. The mechanical properties of FAD
were compared with those of CasFAD. FAD was relatively brittle and less tough because
of its high OH number and acid content. In general, vegetable oil-based polyhydroxy
fatty acids were successfully incorporated into anionic PU systems as ionic segments.
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CHAPTER 4: RAPID ROOM-TEMPERATURE POLYMERIZATION OF BIOBASED MULTIAZIRIDINE-CONTAINING COMPOUND
A paper to be submitted to ChemSusChem
4.1 Abstract
2-methyl aziridines were successfully grafted onto acrylated epoxidized soybean
oils via Michael addition under mild reaction conditions. The content of aziridinyl groups
was titrated as 0.00413 mol/g. The multiaziridine-containing compound (AESO-AZ) was
then subject to rapid room-temperature polymerization with isosorbide-based diacid,
succinic acid and citric acid, respectively. Stoichiometric ratio between AESO-AZ and
polyacid was followed. The thermo-mechanical properties of the acquired film products
were investigated. Differential scanning calorimetry (DSC), dynamic mechanical analysis
(DMA), thermogravimetric analysis (TGA), and tensile stress-strain tests were
performed. The collected glass transition temperatures (Tg) of the samples suggested the
increased functionality of carboxylic acid groups of polyacids could effectively increase
Tg. In addition, the presence of rigid ring structures in polymer network was also proved
to increase Tg. This work illustrates the feasibility of synthesizing bio-based
multiaziridine-containing compound, which has been directly used as the monomer in
rapid polymerization with bio-based polyacids at ambient temperature.
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4.2 Introduction
Aziridine (AZ), a three-membered heterocycle with one amine group (-NH-), was
first synthesized in 1888 [1]. Aziridine has been known as a reactive compound in
nucleophilic ring-opening reactions. A considerable amount of research has involved
multi-functional aziridines for the purpose of post-curing polymer systems containing
free carboxylic acid groups. Xia et al. [2] have employed a triaziridine-based crosslinker
CX-100 to post-cure castor oil-based anionic PU dispersions due to the presence of
carboxylic groups in the system. The crosslinking density of the polymer system has been
increased, leading to higher glass transition temperature (Tg) and higher Young’s
modulus. Besides the application as post-curing agents, Mono-aziridine compound and
tri-aziridine compound have been reported by Chen et al. [3] to polymerize with acrylic
acid. However, no mechanical properties were reported in their research papers. To the
best of our knowledge, there is no precedent work about directly utilizing bio-based
multiaziridine-based compound as the monomer to yield structural polymeric materials.
Most of the multiaziridine-based compounds are derived from petroleum-based
molecules via Michael addition, which is known as the reaction of nucleophiles attacking
active unsaturated groups [4]. The amine bridge (-NH-) in aziridine and 2-methyl
aziridine has been respectively used to react with acrylics [5, 6]. It is worth noting that
the acrylics used as the substrates for aziridine addition are mostly tri-functional
molecules which are not bio-renewable [1, 2, 6, 7]. For the purpose of developing greener
products, acrylated epoxidized soybean oil (AESO), which is a derivative product of
soybean oil, has been considered due to its multifunctionality of acrylics. AESO is a
renown green material in a number of applications, such as coatings, adhesives, etc [8].
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The presence of acrylic group in AESO enables the reaction with aziridine/2-methyl
aziridine. In this work, we proposed the synthesis of bio-based aziridine-containing
compound (AESO-AZ) by reacting acrylated epoxidized soybean oil with excess 2methyl aziridine. The structure of the obtained product was confirmed by proton nuclear
magnetic resonance (1H NMR). Gel permeation chromatography (GPC) and rheometry
tests have been performed to determine the fundamental properties of AESO-AZ. The
aziridine content was 0.00413 mol/g and was used to calculate the stoichiometric quantity
of the poly-acids involved in later polymerization step.
Succinic acid, citric acid and isosorbide-based di-acid [9] were chosen to react
with AESO-AZ, respectively. This reaction was a catalyst-free process and the
polymerization took place rapidly at ambient temperature. The effect of the functionality
and the chemical structure of the polyacids was examined by conducting differential
scanning calorimetry (DSC), dynamic mechanical analysis (DMA), thermogravimetric
analysis (TGA), and tensile tests for the polymeric materials. Based on the fact that the
polyacids used are bio-based and AESO-AZ is partially bio-based, the resulting
polymeric products possess significantly high bio-content. The concept of this work
conforms to the global awareness of the importance of bio-renewable materials. The fast
polymerization rate could also trigger the interest of industry to develop the valuable
applications of this novel polymerization system.
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4.3 Experimental
4.3.1 Materials
Soybean oil epoxidized acrylate, containing 4000 ppm monomethyl ether
hydroquinone as inhibitor (AESO), dichloromethane (CH2Cl2), N,N-Dimethylformamide
(DMF), succinic acid, citric acid, 2-Methylaziridine, 0.1 N perchloric acid concentrate
(HClO4), tetrabutylammonium iodide, 0.5% crystal violet solution, chloroform (CHCl3),
tetrahydrofuran (THF) were purchased from Sigma-Aldrich (Milwaukee, WI). Ethanol
was purchased from Decon Laboratories Inc., King of Prussia, PA. All materials were
used as received without further purification.
4.3.2 Preparation of AESO-AZ
20 g of AESO was dissolved in 30 mL dichloromethane and placed in a roundbottom flask. Dichloromethane solution (15 mL) of 2-methylaziridine (5 g) was added
dropwise (1 drop/s) through an addition funnel in an ice bath. The reaction mixture was
kept at ambient temperature for 18 h after addition. Dichloromethane and excess 2methylaziridine were removed by roto-evaporation at 68 °C under reduced pressure. The
obtained AESO-AZ was dried in oven overnight. The appearance of AESO-AZ was
brown viscous liquid at room temperature. The reaction was sketched in Figure 4-1.
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Figure 4-1 Synthesis of AESO-AZ
4.3.3 Polymerization of AESO-AZ with polyacids
Succinic acid, citric acid and isosorbide-based diacid were used to polymerize
with AESO-AZ. The structures of the three polyacids were sketched in Figure 4-2.
Isosorbide-based diacid was synthesized according to the protocol published elsewhere
[9]. Basically, it was derived from the double esterification of isosorbide by succinic
anhydride under solvent-free conditions. DMF solution of AESO-AZ (20%) was mixed
with corresponding DMF solution of polyacid (20%) in vials for 10 min. The mixture
was then poured into Teflon mold (5 inch x 5 inch) and dried at ambient temperature. The
mold was placed in oven at 60 °C for 24 h. The obtained films were transparent,
indicating the amorphous nature of the polymer network. Because for semi-crystalline or
crystalline materials, the refraction indices differ from crystalline regime to another, the
incident light cannot pass through them.
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Figure 4-2 Structures of polyacids

Figure 4-3 Polymerization of polyacids and AESO-AZ
4.3.4 Characterizations
The aziridine content of AESO-AZ was determined according to the titration
method published by Jay [10]. Dissolve about 0.500 g of sample in 15 mL chloroform.
Add 15.00 mL 10% chloroform solution of tetrabutylammonium iodide along with 2 to 3
drops of crystal violet indicator. Titrate with 0.1 N HClO4. Blank sample was used to
eliminate background effect. Since this titration method is also applicable to epoxy
groups, AESO served as control sample due to the possible presence of residual epoxy
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groups resulted from the manufacturing process (acrylation of epoxidized soybean oil).
1

H NMR and

13

C NMR spectra of the polyols were recorded on a Varian spectrometer

(Palo Alto, CA) at 300 MHz in chloroform-d. The average molecular weight of AESO
and AESO-AZ were determined by a Thermo Scientific Dionex Ultimate 3000 GPC
(Sunnyvale, CA) equipped with a Shodex Refractive Index (RI) at room temperature.
Tetrahydrofuran (THF) was used as eluent solvent and the delivery speed was 1.0
mL/min. The viscosity of AESO-AZ was measured by varying the shear rate from 10 s-1
to 1000 s-1 on an AR2000 Rheometer (TA Instrument).
Gel content was measured via Soxhlet extraction. A known weight (W0) of preconditioned sample was placed into Soxhlet extractor with continuous THF extraction for
1 d. The remained sample was dried and weighed as W1. Three replica were tested for
each sample. The gel content was calculated as:

𝐺𝑒𝑙 𝐶𝑜𝑛𝑡𝑒𝑛𝑡% =

𝑊1
× 100%
𝑊0

Differential scanning calorimetry (DSC) was performed on a TA Instrument Q20.
Samples were heated to 100 °C in the first ramp in order to eliminate their heat histories.
The samples were then cooled down to –50 °C and heated to 100 °C at a rate of 10
°C/min. The heat profile of the second heating ramp was recorded and the glass transition
temperature was determined by the midpoint inflection method.
DMA Q800 of TA Instruments was implemented to record the dynamic thermal
mechanical behavior of the samples. Film-tension mode of 1 Hz was used for testing
rectangular samples with a dimension of 15 mm x 10 mm. The samples were kept
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isothermally for 3 min at –80 °C followed by the temperature being raised to 120 °C at a
programmed rate of 3 °C/min. Tan δ was calculated and plotted as the loss modulus over
storage modulus and the glass transition temperatures (Tgs) were the positions of the
peaks of tan δ profiles.
Thermogravimetric analysis (TGA) of the films was conducted on a TA
Instrument Q50 (New Castle, DE). At a constant air flow rate of 60 mL/min, the samples
were heated from ambient temperature to 650 °C. The decomposition profile was
recorded as a function of temperature.
The tensile profiles of the samples were determined by an Instron universal
testing machine (model 4502). Rectangular samples of 50 mm x 10 mm were subject to
tension at a crosshead speed of 100 mm/min. At least three replicates were tested for
each sample and all the reported values were the average. Toughness was calculated by
integrating the area beneath the stress-strain curve.
4.4 Results and Discussion
4.4.1 Preparation and Properties of AESO-AZ
The preparation of AESO-AZ involved Michael addition of 2-methylaziridine to
acrylic groups on AESO [1]. Excess amount of 2-methylaziridine was added and the
unreacted residual was expected to be removed via roto-evaporation due to the low
boiling point of 2-methylaziridine (b.p. 66-67 °C). FTIR spectra of AESO and ASEO-AZ
were shown in Figure 4-4. The disappearance of the peak at 1635 cm-1 (blue box)
indicated the complete consumption of acrylic groups. The peak at 3053 cm-1 was
attributed to the C-H stretching on the aziridinyl ring. The peaks at 2930 cm-1 and 2850
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cm-1 (C-H stretching in fatty acid chains) and at 1750 cm-1 (C=O stretching of ester
groups) remained after the reaction, indicating the triglyceride structure of AESO was
preserved.
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Figure 4-4 FTIR spectra of AESO and AESO-AZ
1

H-NMR spectra in Figure 4-5 also confirmed the completion of this reaction.

Peak b,c,d, corresponding to the hydrogens on acrylic group, disappeared after the
reaction which indicated the occurrence of Michael addition. Peak a, e and f, associated
with the hydrogens labeled on the embedded structure, remained throughout the reaction.
That could further confirm the preservation of the triglyceride structure of AESO. Peak
h,i in AESO-AZ were attributed to the methylene groups (-CH2-), given that the acrylics
were saturated after Michael addition. Peak g appeared due to the linkage of 2methylaziridine to the AESO. The three hydrogens on the ring structure could not be
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clearly observed. Nonetheless, given that peak g existed and that the subsequent
polymerization with polyacids could proceed, it could be concluded that the ring structure
was not opened at this step.
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Figure 4-5 1H-NMR spectra of AESO and AESO-AZ
13

C-NMR spectra were obtained for AESO and AESO-AZ. In Figure 4-6, the

disappearance of peak a,b and the appearance of peak c,d illustrated the fact that acrylics
underwent Michael addition with –NH- of the 2-methylaziridine.
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Viscosity at room temperature, Mn and Mw of AESO and AESO-AZ were
measured and summarized in Table 4-1. There was no distinct difference in viscosity of
the two specimens, demonstrating that the intermolecular interactions were not
remarkably changed after the addition of 2-methylaziridine. The molecular weight of
AESO-AZ was slightly higher than that of AESO due to the addition of 2methylaziridine.
Table 4-1 Properties of AESO and AESO-AZ
AESO
AESO-AZ

Viscosity (Pa·s)
27.3
29.9

Mn
1967
2492

Mw
2165
2665

PDI
1.10
1.07
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Titration of the aziridine content was critical in determining the required amount
of polyacids for polymerization step, because the molar ratio of aziridine and carboxylic
acid was set as 1:1. The titration method for aziridine content also applies to epoxy
content at the same time. Upon titration, AESO had a content of epoxy as 5.55x10-5
mol/g. Assuming there was no change of epoxy after Michael addition, the value of
epoxy content remained and was subtracted from the overall value for AESO-AZ to get a
net content of aziridine. AESO-AZ had a aziridine content of 0.00413 mol/g.
4.4.2 Polymer Properties
Differential scanning calorimetry (DSC) is widely used to determine the thermal
transitions of polymeric materials. DSC thermograms of the samples were shown in
Figure 4-7. Each sample exhibited only one Tg, indicating the homogeneity of the
structure. Additionally, no melting peak was observed so that all the samples were
considered amorphous. Notice that Succinic-AZ exhibited the lowest Tg as 12.0 °C.
When succinic acid was replaced by citric acid or isosorbide-based diacid, the Tg
increased to 20.3 °C and 20.8 °C, respectively. The increase in Tg of Citric-AZ was
attributed to higher crosslinking density [11]. As the functionality of citric acid was 3
while that of succinic acid was 2, it was expected that more crosslinking sites were
formed in the polymer network, which would result in the observed phenomenon. In
terms of Iso-AZ, an increasing content of hard segments contributed to the increasing of
Tg [12]. The rigid ring structure derived from isosorbide remained throughout the process
and it could restrict the motion of the polymer chains. Herein, the increase of
functionality of monomer and the addition of hard segment led to similar effects on Tg.

85

Heat Flow (mW) Exo

Succinic-AZ
Citric-AZ
Iso-AZ

-50

0

50
o

Temperature ( C)

Figure 4-7 DSC curves of Succinic-AZ, Citric-AZ and Iso-AZ
In Figure 4-8, the storage modulus (Eꞌ) and the loss factor (tan δ) of the samples
versus temperature were shown. At the low temperature regime, all samples were in a
glassy state so that the storage modulus was relatively high due to the low mobility of the
polymer chains. Plus, Eꞌ dropped slightly before the temperature reached the material’s
glass transition temperature at which the polymer chains were activated. The Tgs obtained
from DMA were defined by the peak of tan δ and only one tan δ was observed for each
material. Tgs of Succinic-AZ, Citric-AZ, Iso-AZ were 32.6 °C, 39.7 °C, 38.9 °C,
respectively. Similar trend was observed from DSC data. The functionality of citric acid
and rigid segment content of isosorbide-based diacid played important roles of the glass
transition. It is worth mentioning that the discrepancy in Tg values obtained by DSC and
by DMA was commonly observed, which is caused by the different measuring
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mechanisms. DSC measured the heat capacity change from frozen to unfrozen chains,
while DMA measured the change in mechanical response of the polymer chains to
heating [13]. As the temperature passed glass transition regime, all samples entered into
the rubbery state and Eꞌ exhibited less dependence on temperature so that a rubbery
plateau was observed which was a strong evidence of the presence of crosslinked
network [14]. The value of E’ at Tg + 50 °C could be used in determination of
crosslinking density (ve) [15]:
𝐸′ = 3𝑣𝑒 𝑅𝑇

where Eꞌ is the rubbery storage modulus, typically at Tg + 50 °C, R is the
universal gas constant, and T is the absolute temperature. The calculated crosslinking
density of Succinic-AZ, Citric-AZ, Iso-AZ were 287.4 mol/m3, 468.5 mol/m3, 107.4
mol/m3, respectively, see Table 4-2. Further, the height of tan δ decreased with increasing
crosslinking density, matching the calculated results [2, 16]. Citric-AZ has higher
crosslinking density than Succinic-AZ, because citric acid has a functionality of 3 while
succinic only has 2 carboxylic acid groups per molecule. The higher functionality created
more crosslinking sites so that the polymer network was denser. Given that isosorbidebased diacid has the same functionality as succinic acid, Iso-AZ was noticeably less
crosslinked than Succinic-AZ. It could be attributed to the presence of rigid ring which
diluted the polymer network. Additionally, the rigid ring might restrict the conformation
of the isosorbide-based diacid which could have negative impact on the compactness of
the network.
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Figure 4-8 Storage modulus and loss factor of Succinic-AZ, Citric-AZ and Iso-AZ as
functions of temperature
Gel content was examined and summarized in Table 4-2. The gel content of all
the samples was close and higher than 90%. These data indicated the presence of the
highly crosslinked polymer network for each sample. The success of the polymerization
was confirmed by the thermosetting behavior of the samples.
TGA was conducted to investigate the thermal resistance of the samples, see
Figure 4-9. As a summary, all samples underwent three stages of thermal decomposition
in air atmosphere. The first weight loss domain spanned from 100 °C to 350 °C is
assigned to the dissociation of the labile bonds such as ester groups and secondary amine
groups. Succinic-AZ and Citric-AZ exhibited similar decomposition profile, because they
derived from similar small aliphatic polyacids except for the difference in functionality.
The onset of decomposition of Iso-AZ happened at lower temperature. The main reason

88
could probably be attributed to the instability of isosorbide-based diacid. It was found
isosorbide-based diacid started ester group dissociation at temperature slightly over 100
°C. The second thermal degradation stage between 350 °C and 450 °C is attributed to
chain scission in the soybean oil structure [16]. The last stage, above 450 °C, is derived
from further thermo-oxidation of the samples due to the presence of oxygen in air
atmosphere. T10 and T50, representing the temperature of 10% weight loss and 50%
weight loss respectively, are summarized in Table 4-2. Iso-AZ exhibited the lowest T10,
due to the low thermal resistance of the ester bond attached to the isosorbide ring. All
samples had close T50, which is actually the temperature regime of chain scission of
triglyceride structure.

Table 4-2 Summary of physical and thermal properties
Gel Content
(%)

Tg (oC)
DSC

Tg (oC)
DMA

ve
(mol/m3)

T10 (oC)

T50 (oC)

Succinic-AZ

94.3

12.0

32.6

287.4

301.8

402.9

Citric-AZ

93.8

20.3

39.7

468.5

293.1

400.6

Iso-AZ

90.9

20.8

38.9

107.4

253.3

405.6
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Figure 4-9 TGA curves and their derivative curves for Succinic-AZ, Citric-AZ and IsoAZ
Tensile profiles of all samples were plotted in Figure 4-10. Young’s moduli,
tensile strength at break, elongation at break and toughness are summarized in Table 4-3.
Citric-AZ and Iso-AZ were stiffer and stronger compared to Succinic-AZ. The relatively
higher crosslinking density of Citric-AZ provided the better resistance to deformation and
thus, resulted in higher Young’s Modulus than that of Succinic-AZ. Though Iso-AZ was
of lowest crosslinking density, the presence of rigid ring compensated for its negative
effect from crosslinking density. The ductility of Succinic-AZ was the highest among all
samples, which was generally a common phenomenon that weaker materials exhibit
better ductility [2]. The toughness of all samples was comparable with each other,
indicating the energy absorbed upon tension was similar.
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Figure 4-10 Stress-strain curves for Succinic-AZ, Citric-AZ and Iso-AZ

Table 4-3 Summary of mechanical properties
E (MPa)

σb (MPa)

εb (%)

Toughness (MPa)

Succinic-AZ

35.6

11.0

327.3

22.2

Citric-AZ

61.0

19.4

225.9

27.2

Iso-AZ

84.4

20.3

244.3

28.6
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4.5 Conclusion
2-methylaziridine was subject to Michael addition to acrylated epoxidized
soybean oil. The reaction was confirmed by FTIR, 1H-NMR and

13

C-NMR. The

consumption of acrylic group indicated the completion of nucleophilic reaction.
Polymeric materials were successfully acquired by solution polymerization at room
temperature. The process took place rapidly and the films were obtained evaporating the
solvents. Generally, glass transition temperatures of Citric-AZ and Iso-AZ were higher
than that of Succinic-AZ. Citric acid has a functionality of 3 while succinic acid has a
functionality of 2. High functionality results in higher crosslinking density, which
contributes to the higher Tg. Though isosorbide-based diacid has the same functionality as
succinic acid, the presence of rigid ring derived from isosorbide has an increasing effect
on Tg. Citric-AZ and Iso-AZ possess higher Young’s Moduli and higher tensile strength
than Succinic-AZ. Nonetheless, Succinic-AZ is the most ductile sample, which is resulted
from the highest mobility of the polymer chains.
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CHAPTER 5: POLYOLS FROM HEAT-BODIED SOYBEAN OIL VIA
OZONOLYSIS AND POLYURETHANES THEREFROM
A paper to be submitted to Journal of Applied Polymer Science
5.1 Abstract
Bio-based polyols have been successfully prepared from heat-bodied soybean oil
followed by ozonolysis. The effects of the heat-bodying time to the properties of the
polyols have been systematically studied. Bisallylic structure present in linolenic and
linoleic fatty acids of soybean oil transformed into conjugated structure at elevated
temperature, facilitating intra- or inter- molecular Diels Alder cyclization. Polymerization
of soybean oils would decrease the amount of carbon-carbon double bonds as heatbodying time increases. Consequently, OH number of the polyols via subsequent
ozonolysis/reduction drops from 186.0 mg KOH/g to 94.3 mg KOH/g, which affects the
crosslinking density of polyurethanes thereafter. PUs were prepared from MDI and biopolyols and characterized by differential scanning calorimetry (DSC), dynamic
mechanical analysis (DMA), thermogravimetric analysis (TGA) and tensile stress-strain
test. The mechanical and thermal properties of PUs from bodied soybean oils were
compared with those of PU from ozonated unpolymerized soybean oil. The results reveal
that mechanical properties such as elongation at break and toughness are improved for
PU from bodied soybean oils. It was also found that as heat-bodying time reaches 3 h,
which results in noticeably low OH number of polyols thereafter, prominent deterioration
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of mechanical properties of PUs is observed. This work provides a viable way of utilizing
soybean oil for the preparation of polyols with high functionality and primary hydroxyl
groups, which is also applicable to the usage of other vegetable oils containing
respectable amount of linoleic or linolenic fatty acid arms.
5.2 Introduction
Polyurethanes (PUs), which contain recurring urethane linkages in the main chain,
have been widely developed into a variety of applications, such as coatings, adhesives,
sealants, foams, elastomers, etc. Conventionally, polyurethane is synthesized via
isocyanate route, which is essentially a reaction between a polyol and an isocyanate. Both
components involved in industrial manufacturing are typically derived from petroleumbased products. However, the depletion of crude oil and the accompanied environment
issues have triggered global awareness of the importance of bio-renewable alternatives in
future plastic industry. Recent studies on bio-based isocyanates have been focusing on
non-phosgene route while phosgene route, known as treating amines with phosgene, is
hazardous and requires special precautions. By introducing acyl azide onto bio-based
carrier, thermal degradation of the intermediate would yield isocyanate via Curtius
rearrangement [1-3]. On the other hand, bio-based polyols have been extensively
investigated in the past few decades and subject to partial substitution of petroleum-based
starting materials in industrial productions [4].
Vegetable oil is one of the most promising options due to its readily availability,
relatively low cost, environmental sustainability and low eco-toxicity. Vegetable oils are
mainly triglycerides, constituted by glycerol with three fatty acid chains. There are a
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variety of fatty acids: palmitic (C16:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2),
linolenic (C18:3), ricinoleic (C16:1), etc. The unsaturated bonds and hydroxyl groups
present in the fatty acids open the opportunities for various chemical modifications to
promote the reactivity of vegetable oil molecules. Epoxidation of carbon-carbon double
bonds followed by ring-opening is one of the most common routes to generate hydroxyl
groups. Alcohols [5, 6], amines [7, 8], carboxylic acids [9], halogenated acids [10, 11],
etc. are typically used in the subsequent ring-opening step. Hydroformylation, though
proceeded under harsh conditions, yields relatively reactive primary hydroxyl groups in
two steps. Aldehydes are produced in the first step in the presence of CO and H2 along
with catalysts, which are then reduced into hydroxyl groups [12, 13].
Ozonolysis has also been reported as an efficient technique to yield primary
hydroxyl groups at double bond sites [14-16]. With the presence of methanol in the
mixture of solvent, the double bonds could be cleaved to form hydroperoxides and
aldehydes, which then are subject to reduction at a relatively fast rate [16]. The reducing
agent used is sodium borohydride, a mild chemical that is non-reactive to carboxyl group
so that the triglyceride structure of vegetable oil can be preserved. Low-molecular-weight
mono- and di-ols, derived from the cleavage of the fatty acid chains, can be removed by
distillation at high temperature under reduced pressure.
Heat-bodying of vegetable oil has been claimed to obtain a large and highly
branched molecule. By coupling heat-bodying and ozonolysis techniques, we expected to
achieve polyols with high functionality as well as high reactivity due to primary hydroxyl
groups generated by ozonolysis. In this work, soybean oil is chosen as starting material
for heat-bodying followed by ozonolysis/reduction. United States is currently the top

97
producer of soybean oil worldwide [17]. The abundance of the resource ensures the cost
advantage for research and development of related products from SBO. The composition
of SBO is shown in Table 5-1.
Table 5-1 Composition of Soybean Oil
Fatty Acid

Weight Percent (%)

Palmitic (C16:0)
Stearic (C18:0)

12.0
5.0

Oleic (C18:1)

25.0

Linoleic (C18:2)

52.0

Linolenic (C18:3)

6.0

It could be seen that ~83% of the fatty acids contain at least one carbon-carbon
bond in the structure of SBO, which leads to double content per triglyceride as high as
~4.4. Also, high content of linoleic and linolenic acid also makes Diels Alder cyclization
possible. SBO was subject to heat-bodying for different length of time and ozonolysis to
prepare polyols, which were characterized by Proton nuclear magnetic resonance (1H
NMR), Fourier transform infrared spectroscopy (FTIR), gel permeation chromatography
(GPC) and rheometry. Mechanical and thermal properties of polyurethanes from biobased polyols were also systematically investigated and discussed.
5.3 Experimental
5.3.1 Materials
Soybean oil (approximately 4.4 degrees of unsaturation per triglyceride) was
purchased from Walmart. Magnesium sulfate (MgSO4), sodium chloride, methanol,
methylene chloride and methyl ethyl ketone (MEK) were purchased from Fisher
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Scientific

Company

(Fair

Lawn,

NJ).

Dibutyltin

dilaurate

(DBTDL),

4,4’-

methylenebis(phenyl isocyanate) (MDI), sodium borohydride were obtained from SigmaAldrich (Milwaukee, WI). All materials were used as received without further
purification.
5.3.2 Polymerziation of soybean oil
Soybean oil (100mL-300mL) was placed in a three-necked reaction flask
equipped with nitrogen inlet, thermometer and mechanical stirrer. The reaction vessel
was partially buried in sand bath and the polymerization was carried out at 330°C±5°C
for desired time. It has been reported that intermolecular oligomerization could occur at
elevated temperature via Diels Alder reaction for vegetable oils containing linoleic,
linolenic, licanic fatty acid structures[17, 18]. The obtained bodied oil samples were
named as HBSO-1hr, HBSO-2hr, HBSO-3hr, with respect to the polymerization time. As
the polymerization time increases, the color of oil changes from light yellow to dark
brown as the polymerization time increases.
5.3.3 Preparation of polyols from heat-bodied soybean oils via ozonolysis
Polyols were prepared by ozonation followed by reduction of bodied oils and
soybean oil. Oils were dissolved in the mixture of methanol and methylene chloride
(45/55 w/w) and poured in a three-necked flask equipped with a thermometer, an ozone
inlet and a solvent trap. Ozone was bubbled to the mixture at 7 cu. ft./min and the
reaction temperature was controlled in between -40°C and -20°C. Ozonolysis was
finished as the trapped solvent became blue. Over-ozonlysis might further oxidize
intermediates to carboxylic acids, which could not be reduced with sodium borohydride
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in the following step. Mechanism was illustrated elsewhere [16]. The formation of
carboxylic acids would lead to higher acid number and lower hydroxyl number of final
products.
Prior to reduction, the mixture was purged with N2 to remove peroxides. Then,
sodium borohydride (nsodium borohydride : ncarbon double bond = 1 : 1.2) was added slowly and the
reaction was allowed for 15 min after addition was finished. The mixture temperature
was maintained below 10°C throughout this process.
The obtained mixture was washed with brine solution three times. Then, the
organic layer was dried over anhydrous magnesium sulfate. Solvent and short chains
were removed by roto-evaporation at 120°C. The polyols were identified as SBOP,
HBSOP-1hr, HBSOP-2hr and HBSOP-3hr. Scheme 1 illustrates the synthesis route.
5.3.4 Preparation of polyurethanes
Due to the presence of primary hydroxyls and large size of the polyols, the
mixture with MDI gels fast at room temperature. In order to obtain uniform and poreless
PU film, the polyols, MDI (molar ratio of OH and NCO was 1 : 1.02) were mixed in
MEK with a droplet of DBTDL and allowed for reaction for 3 hours at 60°C. Then, the
solution was poured into a teflon mold to produce a 80×80 mm thin film, which was
dried overnight at 80 °C. Finally, the PU films were cut into specific dimensions for
thermo-mechanical testing.

100

Fig 5-1 Representation of synthesis route
5.3.5 Characterizations
A Varian spectrometer (Palo Alto, CA) at 300 MHz was used to record the 1H
NMR spectroscopic analyses of the bodied oils and their polyols. Chloroform-d was used
as sample solvents. IR characterization was performed with a Bruker IFS66V FT-IR
spectrometer. The spectra were recorded with a resolution of 4cm-1 and the scan range
was 4000cm-1 to 400cm-1. Hydroxyl number of polyols was determined using Unilever
method. The acid number of the polyols was determined by AOCS Official Method Te
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1a-64. The average molecular weight was measured by a Thermo Scientific Dionex
Ultimate 3000 GPC (Sunnyvale, CA) equipped with a Shodex Refractive Index (RI). The
eluent solvent used was tetrahydrofuran with two Agilent PLgel 3µm 100Å 300 x 7.5mm
(p/n PL1110-6320) and one Mesopore 300 x 7.5mm (p/n PL1113-6325). The flow rate of
THF was 1.0 mL/min and the temperature was kept at 25 °C. Viscosity was measured
using an AR2000 (TA Instrument). Testing temperature was fixed at RT and shear rate
was set to vary from 10 s-1 to 1000 s-1.
Thermogravimetric analysis (TGA) of the films was carried out on a TA
Instrument Q50 (New Castle, DE). The samples were heated from room temperature to
650 °C at a heating rate of 20 °C min−1 in air. The air flow rate was 60 mL/min.
Generally, 10 mg samples were used for the TGA.
Differential scanning calorimetry (DSC) was conducted on a TA Instrument
Q2000. The samples, weighed generally 10mg, were subject to heating, cooling and
heating cycle in the range of -50 °C to 120 °C at a programmed ramp rate of 10 °C
min−1. The second heating ramp was recorded and glass transition temperature was
determined by the midpoint inflection method.
The tensile properties of the PU films were determined with an Instron universal
testing machine (model 4502) with a crosshead speed of 100 mm/min. Samples were
prepared in rectangular shape of 50 mm ×10 mm (length × width). Average values of
tensile strength at break, elongation at break were obtained from at least three replicates
of each sample.
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5.4 Results and discussion
5.4.1 Preparation and properties of heat-bodied soybean oil
Soybean oils were subject to self-polymerization at 330°C for 1 h, 2 h, 3 h,
respectively. In terms of the common structure of soybean oil, it contains approximately
52.0% linoleic acid (C18:2) and 6.0% linolenic acid (C18:3), in which the carbon-carbon
double bonds would migrate and form conjugated configurations at elevated temperature,
enabling intra- or inter-molecular Diels-Alder reaction due to the high content of carboncarbon double bond per triglyceride [19]. Detailed mechanism was reported by Erhan and
his coworkers [20].
1

H-NMR spectra of Soybean oil and bodied soybean oils are shown in Figure 5-2.

A representative structure of bodied soybean oil is embedded to illustrate the assignments
of the peaks. It is worth noting that peak 1 and 7, at 5.2-5.5 ppm, and peak 8, at 2.7-2.8
ppm, decreased with increasing heat-bodying time. As shown in Scheme 1, every three
carbon-carbon double bonds were incorporated into one cyclic structure with one left. As
a result, peak 1 and 7, which belong to the overlap of –CH=CH– and –CCH2C–
(methylene of backbone), diminished. Additionally, carbon-carbon double bonds in
linoleic and linolenic acids re-arrange into conjugated configuration in order to trigger
Diels-Alder reaction, which causes the decrement of peak 8, corresponding to bisallylic
structure.
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Figure 5-2 1HNMR spectra of soybean oil and heat-bodied soybean oils
Other properties of heat-bodied oils are summarized in Table 5-2. Viscosity
increases along with increasing molecular weight, corresponding to increasing molecular
weight. Gelation time for soybean oil is approximately 6 hours. Wider distribution of
molecular weight is observed as heat-bodying time increases, shown in Figure 5-3. At the
heat-bodying time of zero, a sharp peak is observed, indicating the uniformity of the
molecular weight distribution. With an increase of heat-bodying time, shoulders to the
side of shorter retention time appear and become prominent, which indicates the onset of
polymerization of oil molecules.
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Figure 5-3 GPC curves of soybean oil and heat-bodied soybean oils

Table 5-2 Properties of soybean oil and heat-bodied soybean oils
Sample

Viscosity (Pa•s) at 25oC

Mn

Mw

PDI

SBO
HBSO-1hr

0.024
0.072

1319
1689

1345
2692

1.02
1.59

HBSO-2hr

0.52

1815

2764

1.52

HBSO-3hr

1.27

1880

3125

1.66

5.4.2 Preparation and properties of polyols
The FTIR spectra of the polyols are compared with that of soybean oil, as shown
in Figure 5-4. A new broad band in the range of 3600-3100 cm-1 appears for all the
polyols, indicating the prsence of hydroxyl groups. The disappearance of the peak at
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3008 cm-1, attributed to CH stretching in –CH=CH– structure, proves the completion of
ozonolysis as all the double bonds were oxidized and transformed [16].
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Figure 5-4 FTIR spectra of soybean oil and polyols
1

H-NMR spectra of the polyols are very similar. In Figure 5-5, peak 1 belongs to

–CH2– in the backbone glycerol while peak 2 is assigned to the hydrogen on the carbon
attached to hydroxyl group, indicating the presence of hydroxyl groups [9]. By
integrating and normalizing the intensity of peak 1 as 1.00, the intensities of peak 2 are
1.01 for SBOP; 0.95 for HBSOP-1hr; 0.90 for HBSOP-2hr; 0.82 for HBSOP-3hr. The
declining trend is in accordance with the values of OH number for the polyols. Further,
peaks at 2.7-2.8 ppm (bisallylic structure) and at 2.0 ppm (carbon-carbon double bond)
disappear for all the polyols as all the double bonds were cleaved during
ozonolysis/reduction.
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Figure 5-5 1HNMR spectra of soybean oil and polyols
Hydroxyl number, acid number, viscosity and molecular weight have been
generalized in Table 5-3. The acidity of the polyols mainly derives from the formation of
carboxylic acids, which cannot be reduced by mild reducing agent sodium borohydride
[14, 21]. Hydroxyl number exhibits a decreasing trend with increasing heat-bodying
time. It could be understood as more carbon-carbon double bonds were consumed in the
cyclization along with increasing heat polymerization time.
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Table 5-3 Properties of polyols
Polyol

OH number
(mg KOH/g)

Acid number
(mg KOH/g)

Viscosity (Pa•s)
at 25oC

Mn

Mw

PDI

SBOP

220.4

3.4

0.11

701

794

1.13

HBSOP-1hr

186.0

4.2

0.24

1405 1701

1.22

HBSOP-2hr

122.6

2.9

0.53

1555 2275

1.46

HBSOP-3hr

94.3

2.1

1.48

1654 2467

1.49

5.4.3 Polyurethane properties
Differential Scanning Calorimetry (DSC) thermograms of the polyurethane films
are shown in Figure 5-6 and data are presented in Table 5-4. Interestingly, each curve
exhibits two Tgs, corresponding to hard segments and soft segments in the obtained PUs,
respectively. The higher Tg is assigned to hard segments and its value is independent of
hard segment content, which could be explained by the incorporation of same hard
segment source, MDI, in the polymer network [22, 23]. Consequently, the chain
relaxation temperature for hard segments appears to be almost identical for all the
samples. However, Tg value for soft segments decreases from 6.63 °C to -2.84 °C as OH
number of the polyols drops from 220.4 mg KOH/g to 94.3 mg KOH/g. Lower OH
number would lead to less urethane linkages between soft segments and hard segments
and therefore, lower crosslinking density, which would further result in lower Tg [24,
25]. In addition, neither melting nor re-crystallization transitions are observed in the
heating run, indicating the amorphous nature of all the PUs.
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Figure 5-6 DSC scans of PU films
TGA curves for all of the PUs are shown in Figure 5-7. Basically, weight loss
observed in the range from 200 °C to 300 °C is associated with the dissociation of the
labile urethane bonds. Three mechanisms have been reported, which are dissociation of
urethanes to isocyanates and alcohols, formation of primary amines and olefins and
formation of secondary amines [5]. The second decomposition stage between 300 °C and
450 °C is attributed to chain scission in soybean oil structure. The last stage above 450 °C
results from further thermo-oxidation of the PUs in air. T10 and T50 are recorded in Table
5-4, which correspond to the temperature at which 10% and 50% of the weight is lost,
respectively. For PUs from polyols with different OH numbers, the weight loss at the end
of the first stage increases with increasing OH number. Given that the ratio of OH and
NCO was kept constant, higher content of MDI was incorporated in the polymerization in
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order to compensate for higher OH number. As a result, more urethane linkages were
formed, causing greater weight loss in the first stage. At 300 °C, the weight loss of PUs
changes from 46.5% to 27.3% as OH number of polyols for these PUs varies from 220.4
mg KOH/g to 94.3 mg KOH/g. On the other hand, T10 and T50 could also reflect this trend
[26].
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Figure 5-7 TGA curves (a) and their derivative curves (b) for PU films
In general, tensile properties of strained PU materials are predominantly
dependent on the concentration of the hard segments and intermolecular bonding within
the hard domains [26]. As for urethane linkages, -NH- serves as proton donor while C=O
acts like proton acceptor. The high concentration of urethane linkages would promote
intermolecular hydrogen bonding so as to contribute to tensile modulus [27]. As shown in
Table 5-4, the substantial decrease in Young’s modulus from SBOP-PU to HBSOP-2hrPU could be attributed to the prominent decrease of hard segment content, which results
in poorer interconnectivity of hard domains [28]. HBSOP-1hr-PU, HBSOP-2hr-PU and
HBSOP-3hr-PU exhibit yielding behavior before plastic deformation, although HBSOP3hr-PU was unable to withstand further strain beyond yield point. Before yielding, elastic
deformation was observed and Young’s moduli were recorded as the slope of the linear
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domain of the curves. PU films started to deform plastically beyond yielding point and
strain-softening was observed. The reason for that was unknown. In terms of SBOP-PU,
there was no plastic deformation plateau, which could be ascribed to the high content of
hard segments and lack of dangling chain acting as plasticizer. The brittleness of SBOPPU results in lower toughness than HBSOP-1hr-PU and HBSOP-2hr-PU, even though the
tensile strength is predominantly higher.
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Figure 5-8 Stress-strain curves for PU films
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Table 5-4 Thermal and mechanical properties of PU films
Hard
segment
(%)

Tg
(oC)

T10
(oC)

T50
(oC)

SBOP-PU

33.4

6.6/15.4

224.3

319.9

78.7

14.5

27.2

HBSOP-1hr-PU

29.7

3.8/15.6

231.1

376.6

72.6

6.1

90.3

HBSOP-2hr-PU

21.8

1.2/15.5

230.8

390.7

20.8

2.8

142.3

HBSOP-3hr-PU

17.7

-2.8/15.3

244.0

400.9

-

0.8

69.1

E
σb
(MPa) (MPa)

εb
(%)

5.5 Conclusion
The effect of heat-bodying time on the properties of resulting polyols via
ozonolysis has been investigated. A positive relationship between molecular weight and
heat-bodying time of soybean oil was observed in this work. Viscosities of heat-bodied
soybean oils also positively correlate to their molecular weight. The content of carboncarbon double bonds decreases prominently with increasing heat-bodying time so that
ozonolysis treatment afterwards would generate polyols with noticeably different
hydroxyl numbers, ranging from 220.4 mg KOH/g to 94.3 mg KOH/g, which has
significant impact on the PUs thereafter. The thermal and mechanical properties of these
have been systematically studied. In general, PUs exhibit a declining trend of Young’s
modulus and tensile strength at break with increasing heat-bodying time. However, heatbodying plays an important role in promoting bio-content and in improving toughness
and ductility of resulting PU films, which can be attributed to the oligomerization of
soybean oil molecules. Weight loss of the first thermal degradation stage conforms to the
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trend of the content of urethane linkages within PU films. The synthesis of polyols from
heat-bodying of vegetable oil followed by ozonolysis can produce polyols with primary
hydroxyl groups with high reactivity, which could find valuable uses in polyurethane
applications.
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CHAPTER 6: GENERAL CONCLUSIONS
6.1 General discussion
In chapter 2, a series of polyhydroxy fatty acids obtained from ESBO/ELO ringopened by methanol/glycol were used to produce polyols using a solvent-free method.
The fatty acids were reacted with ESBO at a ratio of carboxylic acid to epoxy groups of
0.5:1. The resulting polyols exhibited increasing OH numbers with increasing OH
numbers of the fatty acids. PU films prepared from these polyols exhibited significant
differences in thermal and mechanical properties. With increasing OH number,
crosslinking density was significantly increased, resulting in PU networks with fewer free
motions available to the chains. This allowed for the tailoring of the properties of the
resulting PUs, ranging from rigid and brittle to soft and ductile. The choice of epoxidized
vegetable oil as starting material clearly determined the OH number of the resulting
polyols because of the different functionalities of the respective epoxy groups. Being able
to use the OH number of the polyol to influence the properties of PUs provides a pathway
for the design of materials with desired thermo-mechanical properties.
In chapter 3, the idea came from chapter that the structure of the polyhydroxy
fatty acid was similar to DMPA which was widely used in anionic PU waterborne
dispersions. ELO was ring-opened by glycol and HCl, followed by saponification to yield
polyhydroxy fatty acid (FA). FA was successfully utilized to replace DMPA in castor oilbased anionic polyurethane dispersion system. The obtained CasFAD had an average
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particle size diameter of 35.2 nm, while the control sample CasPAD had an average
particle size of 30.0 nm. It was shown that FA can serve as both polyol component and as
ionic segment in the preparation of PUDs. The resulting FAD had an average particle size
of 56.1 nm. CasFAD exhibited lower tensile strength and Young’s modulus than CasPAD
because of its lower hard segment content. Nonetheless, CasFAD and CasPAD were
comparable in terms of toughness. The mechanical properties of FAD were compared
with those of CasFAD. FAD was relatively brittle and less tough because of its high OH
number and acid content. In general, vegetable oil-based polyhydroxy fatty acids were
successfully incorporated into anionic PU systems as ionic segments.
In Chapter 4, 2-methylaziridine was subject to Michael addition to acrylated
epoxidized soybean oil. The reaction was confirmed by FTIR, 1H-NMR and

13

C-NMR.

The consumption of acrylic group indicated the completion of nucleophilic reaction.
Initially, aziridine-containing compound was designed to post-cure anionic waterborne
polyurethane dispersion synthesized in the work of chapter 3. However, the post-curing
did not have enhancing impact on the final dried PU films, mostly due to the insolubility
of aziridine-containing compound in water as well as the presence of dangling chains.
Polymeric materials were successfully acquired by solution polymerization at room
temperature. The process took place rapidly and the films were obtained by evaporating
the solvents. Generally, glass transition temperatures of Citric-AZ and Iso-AZ were
higher than that of Succinic-AZ. Citric acid has a functionality of 3 while succinic acid
has a functionality of 2. High functionality results in higher crosslinking density, which
contributes to the higher Tg. Though isosorbide-based diacid has the same functionality as
succinic acid, the presence of rigid ring derived from isosorbide has an increasing effect
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on Tg. Citric-AZ and Iso-AZ possess higher Young’s Moduli and higher tensile strength
based on similar facts. Succinic-AZ is the most ductile sample, which is resulted from the
highest mobility of the polymer chains.
In chapter 5, soybean oil was further investigated in self-polymerization. The
effect of heat-bodying time on the properties of resulting polyols via ozonolysis has been
investigated. A positive relationship between molecular weight and heat-bodying time of
soybean oil was observed in this work. Viscosities of heat-bodied soybean oils also
positively correlate to their molecular weight. The content of carbon-carbon double bonds
decreases prominently with increasing heat-bodying time so that ozonolysis treatment
afterwards would generate polyols with noticeably different hydroxyl numbers, ranging
from 220.4 mg KOH/g to 94.3 mg KOH/g, which has significant impact on the PUs
thereafter. The thermal and mechanical properties of these have been systematically
studied. In general, PUs exhibit a declining trend of Young’s modulus and tensile
strength at break with increasing heat-bodying time. However, heat-bodying plays an
important role in promoting bio-content and in improving toughness and ductility of
resulting PU films, which could be attributed to the oligomerization of soybean oil
molecules. Weight loss of the first thermal degradation stage conforms to the trend of the
content of urethane linkages within PU films. The synthesis of polyols from heat-bodying
of vegetable oil followed by ozonolysis could produce polyols with primary hydroxyl
groups with high reactivity, which could find valuable use in polyurethane applications.
In general, research work has covered the exploitation of vegetable oil in various
applications. Epoxidized vegetable oil has been subject to ring-opening, saponification,
Michael addition with aziridines. Vegetable oil can also be thermally polymerized so that
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the molecular weight can be increased and after ozonolysis, the OH functionality of
polyol can exceed 3, which can ensure the thermosetting nature of the PU product.
Monomer molecular weight, chemical structure and functionality play important roles in
determining the properties of the polymeric materials. The research has focused on the
product development from bio-renewable resource. The innovation, analyses and
conclusions can serve as inspiration in green industry.
6.2 Recommendations for future research
Besides the work described and discussed above, it would be beneficial to expand
current projects.
Since a novel type of anionic waterborne PUD from polyhydroxy fatty acid as
ionic segment has been successfully acquired in chapter 3, it is worth fundamental
investigation of the rheological properties. The systematic study would provide useful
guide of synthesis, processing and modeling for later applications. Moreover, the new
PUD system is distinct as polyol and ionic segment are both bio-based in our PUD
system. The bio-based ionic segment lead to the alterations in particle size, position of
ionic group and hydrophobicity of chains which could have significant impact on the
rheological behavior.
In chapter 5, polyols with primary hydroxyl groups were synthesized. The
relatively higher reactivity of primary hydroxyls, in comparison with secondary
hydroxyls and phenol groups, can be potentially suitable in PU foam production. The biobased polyol can be blended with petroleum-based polyol (polyester-based polyol,
polyether-based polyol) at different ratios so that the properties variations can be studied
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with respect to the ratios. Both open-cell and close-cell foams can be produced if
appropriate catalyst, surfactant and foaming agent are chosen.

