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ABSTRACT: The glass transition temperature (Tg) of acrylated triglycerides was clearly a function of the level of acrylation of triglycer-

ide-based polymers and was modeled using simple empirical relationships. We began by calculating the distribution of unsaturation

sites in plant oils. We assumed a binomial distribution of chemical functionality that was added to these unsaturation sites to calcu-

late the distribution of epoxides, acrylates, and reacted acrylates to predict the crosslink density, thermal softening, and dynamic me-

chanical behavior. The glass transition temperatures of n-acrylated triglycerides were used as the relaxation temperatures of acrylated

oils with a broad distribution of functionality for prediction of the modulus as a function of temperature. Essentially, the percent

drop in the elastic modulus is equal to the percentage of n-acrylated triglycerides in the acrylated oil with Tg less than that of the am-

bient temperature. The tan (d) was also accurately predicted based on the percentage change of n-functional triglycerides as the tem-

perature changes from one relaxation temperature to the next. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Triglycerides, the main component of plant oils, have been used

to produce thermosetting resins for composites applications.1

These resins have similar properties and performance2 relative

to unsaturated polyester (UPE) resins.3 Triglyceride monomers

act as crosslinkers, while low molecular weight reactive diluents,

such as styrene, are added to modify the properties of the poly-

mer and lower the resin viscosity. The low viscosities of these

resins make them ideal for inexpensive polymer composite fab-

rication processes, such as vacuum assisted resin transfer mold-

ing. The high strength and modulus of these resins makes them

suitable as a matrix for supporting reinforcement fibers, such as

glass, flax, or jute.2,4

Triglyceride-based resins are an attractive alternative to petro-

leum-based resins because they are inexpensive, have desirable

properties, and are derived from renewable resources. Triglycer-

ides (Figure 1) are composed of three fatty acids connected by a

glycerol center. There are numerous ways of chemically convert-

ing triglycerides to useful monomers for composites applica-

tions.1,2 Using the unsaturation sites on fatty acids is the most

common way for making triglyceride crosslinking agents for

thermosetting resins.2

Structure–property modeling for thermosetting resins seeks to

predict polymer properties based on the molecular structure of

the resin components. Plant oils typically contain 5–10 distinct

fatty acids.5,6 For plant oils with 10 different fatty acids, there

are 900 possible distinct triglyceride molecules, making plant

oils a highly complex mixture of molecules. Functionalizing tri-

glycerides (i.e., chemically modifying their unsaturation sites) to

form monomers only increases the number of distinct mole-

cules in the resin mixture. Pure plant oils are currently used as

the starting product for plant-oil-based thermosetting resins

because bio-refining of triglycerides is still in its infancy. The

triglycerides in the plant oils are not fractioned off or further

refined to generate highly pure triglycerides for each degree of

unsaturation and chain length. This is in stark contrast to pe-

troleum derived resins that use highly refined petroleum distil-

lates as components to form the monomers. Therefore, struc-

ture–property modeling of triglyceride-based resins seems to be

a very difficult task. Yet, previous work has shown that the glass

transition temperature (Tg), room temperature tensile modulus,

and room temperature tensile strength can be predicted based

on the known distribution of triglycerides in the starting plant

oil.7 However, because of the large distribution of molecules in

plant oils, the glass transition is often very broad.2 For

VC 2012 Wiley Periodicals, Inc.
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structural and mechanical purposes, the modulus reduction

with temperature is often more important than the particular

Tg. As of yet, the breadth of the glass transition has not been

predicted for plant oil-based polymers.

Percolation theories, including the ‘‘Twinkling Fractal Theory

(TFT) of the Glass Transition’’8 can be used to help determine

to breadth of the glass transition. These theories are based on

the hard-to-soft matter transition, which is essentially the glass

transition: the glass transition is arrived at by heating a hard

cold glassy material to a suitable temperature whereby the mate-

rial softens.8,9 As Tg is approached from above, dynamic solid

fractal clusters begin to form and eventually percolate rigidity at

Tg.
8 This leads to a continuous solid (glassy) fraction, PG, near

Tg. Using TFT, PG is [Eq. (1)]:

PG � 1� ½ð1� pcÞT=Tg � (1)

where pc � 1/2 is the rigidity percolation threshold.8 Other per-

colation theories predict a similar relation to determine the glassy

fraction. To determine the exact relationship between glassy frac-

tion and temperature, the TFT uses a factor called the vibrational

density of states that is a function of frequency and is material

specific.8 Other percolation theories either ignore this term or

use fitting parameters to enable fit of the theory to a particular

polymer system.9,10 It appears possible to measure the vibrational

density of states for a material, but doing so is difficult.8 In all,

accurate prediction of the glassy fraction as a function of temper-

ature a priori is either difficult or not currently possible.

This work derives a relatively simple method based on polymer

composition to extend twinkling fractal theory and percolation

theory of the glass transition to enable accurate prediction of

the glass transition. Previous work shows how the glass transi-

tion temperature of plant oil-based polymers can be predicted

based on the level of chemical functionality (i.e., average num-

ber of chemical functional groups added to triglyceride unsatu-

ration sites) and also shows that the distribution of functional-

ity can be predicted.7 This work shows that the triglyceride

functionality distribution can be used to determine the rubbery

fraction of a polymer relative to the glassy fraction. Using this,

the TFT and percolation predications of the glass transition can

be used to develop a model to predict the modulus and general

dynamic mechanical properties of triglyceride-based polymers

as a function of temperature as well as the breadth of the glass

transition, while also providing verification to the Twinkling

Fractal Theory and percolation theories of the glass transition.

EXPERIMENTAL SECTION

Monomer Synthesis

The plant oils used in this work have similar molecular weights,

but different levels of unsaturation, U, ranging from 2.8-6.4 sites

per triglyceride (Table I).5 Olive oil, cottonseed oil, canola oil,

corn oil, soybean oil, and linseed oil were purchased from Sigma-

Aldrich. A model triglyceride, triolein (99%, Sigma-Aldrich) was

also used. DuPont Corporation (Wilmington, DE) provided the

genetically engineered high oleic soybean oil (HOSO). These

plant oils and model triglyceride have considerably different fatty

acid distributions, but have similar molecular weights.5

Epoxidized samples (Figure 1) were made by reacting the unsat-

urated sites of oils and model triglyceride with a mixture of for-

mic acid and hydrogen peroxide as presented elsewhere.7,11 The

extent of epoxidation was measured using 1H-NMR7,12 with a

Bruker AC250 Spectrometer (Billerica, MA) of 250.13 MHz

using a spectral window of 6 2000 Hz, 0.427 Hz/pt digital reso-

lution, 16 scans at 293 K, and 90� pulse width. Table I lists the

extent of epoxidation and level of epoxidation, E, for all the oils

used in this work, which was 96% on average.

Acrylate monomers were prepared by reacting the epoxide groups

of epoxidized oils and epoxidized model triglyceride with acrylic

acid as presented elsewhere7,11 (Figure 1) using AMC-2 (Aerojet

Chemicals) as a catalyst.13 Each oil was maximally acrylated by

adding 1.1 moles of acrylic acid per epoxide group to the reaction

mixture. Oils were acrylated to different extents (� 20%-� 94%)

to see the effect of acrylation level (i.e., the number of acrylates

per triglyceride) on a given plant oil.7 We selected the desired

extent of acrylation, and added 1.1 times the required amount of

acrylic acid to the reaction mixture. The acrylated triglycerides

were purified using an ether extraction.7,11 The extents of acryla-

tion and level of acrylation, A, were measured using 1H-NMR7,12

as per the epoxidized oils. Using both methods, the level of func-

tionalization was varied from 0.65 to 5.8 acrylates per triglyceride

(Table I). The extent of acrylation was 94% on average for the

maximally acrylated oils.

Polymer Preparation

Two types of polymers were prepared from the acrylated triglyc-

erides: homopolymerized acrylated triglycerides and copolymers

with 85 mol % styrene (i.e., 85 mol % styrene to 15 mol %

acrylated triglycerides). A constant weight percentage of styrene

(33 wt %) was also used. A constant mol % styrene as the

acrylation level is changed allows the formation of a polymer

network that varies only as a result of difference in the level of

acrylation. Using a constant weight percent styrene does not

guarantee this, but generally does allow for a simpler analysis of

the glass transition temperature. However, Tg did not follow the

Fox equation14 or a simple model when using constant weight

percent styrene, while it did follow a simple relationship when

using constant styrene molar concentration. As a result, this

work analyzes the results of constant molar styrene concentra-

tion rather than constant weight percent styrene. Yet, constant

weight percent styrene produces very similar results and

Figure 1. The epoxidation (1st reaction) and acrylation (2nd reaction) of

triglycerides.
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conclusions. The styrene (99%) was purchased from Aldrich

Chemicals, Milwaukee, WI.

A concentration of 0.015 g/mL Hi Point 90 (Witco, Marshall,

TX) was used as the free-radical initiator for all samples. Hi Point

90 is composed of a mixture of methyl ethyl ketone peroxides

with relatively low molecular weights and different decomposi-

tion temperatures. To reduce oxygen free-radical inhibition, the

resin was purged with nitrogen gas before curing. The resin was

then poured into vertical molds. The vertical molds consisted of

a silicone rubber mold (Dow Corning, Midland, MI) sandwiched

between two aluminum plates using binder clamps. The silicone

molds had four equally spaced slots 11 mm wide, 5 mm thick,

and 83 mm tall for Dynamic Mechanical Analysis (DMA) sam-

ples. A sheet of Kapton film was used on both sides of the sili-

cone rubber to help make a very flat surface. All mold compo-

nents were sprayed with PTFE Release Agent Dry Lubricant

(Miller-Stephenson, Danbury, CT) to ease demolding.

The samples were cured in an Isotemp Oven (Fisher Scientific).

The temperature was ramped from 30 to 90�C at a rate of 5�C/
min and the samples were cured at 90�C for 2 h. The tempera-

ture was then ramped to 120�C at 5�C/min. The samples were

post-cured for 2 h at this temperature. The samples for DMA

were polished down to approximate dimensions of 55 mm

long � 9 mm wide � 3.5 mm thick using 320 grit sandpaper

on a polishing wheel.

Fourier Transform Infrared Spectroscopy

In-situ FTIR was used to calculate the overall extent of cure of

the resins after postcure as described elsewhere.15 A Nicolet

Magna 860 FTIR operating in transmission mode with 4 cm�1

resolution was used. A drop of the resin was sandwiched between

two 25 mm diameter NaCl disks (International Crystal Labs)

separated by a 0.025 mm thick TeflonTM spacer (International

Crystal Labs) and placed in a cell holder that was heated to the

set point and controlled within 6 0.1�C. All resin mixtures were

cured at 90�C for 2 h and post-cured at 120�C for an additional

2 h. FTIR spectra, comprised of 16 scans, were taken every 2 min

during the cure reaction. These results can be used also to deter-

mine cure kinetics, but are not considered in this analysis.

Thermo-Mechanical Testing

The thermo-mechanical properties of the triglyceride-based

polymers were tested using a Rheometrics Solids Analyzer II

(Rheometrics Scientific). Before testing, the exact sample

dimensions were measured. The samples were tested in three-

point bend geometry. The temperature was ramped from

�60�C to 180�C at a rate of 2�C/min, with a frequency of 1

Hz, and a strain of 0.01%. The temperature was controlled with

Table I. The Level of Triglyceride Functionality and Molecular Weight

Oil

Oil molecular
weight
(g/mol)

Unsaturation
sites per
triglyceride

Extent of
epoxidation

Epoxides per
triglyceride

Extent of
acrylation
(based on
epoxides)

Acrylates per
triglyceride
(acrylation
level)

Mol. Wt. of
acrylated
triglycerides
(g/mol)

Olive Oil 874 6 20 2.8 6 0.1 0.92 6 0.04 2.6 6 0.2 0.92 6 0.04 2.5 6 0.1 1096 6 30

HOSOa 875 6 15 3.0 6 0.1 0.93 6 0.04 2.8 6 0.2 0.94 6 0.04 2.7 6 0.1 1114 6 25

HOSO 875 6 15 3.0 6 0.1 0.93 6 0.04 2.8 6 0.2 0.79 6 0.05 2.2 6 0.1 1078 6 25

HOSO 875 6 15 3.0 6 0.1 0.93 6 0.04 2.8 6 0.2 0.61 6 0.06 1.7 6 0.05 1042 6 20

HOSO 875 6 15 3.0 6 0.1 0.93 6 0.04 2.8 6 0.2 0.39 6 0.05 1.1 6 0.05 999 6 20

HOSO 875 6 15 3.0 6 0.1 0.93 6 0.04 2.8 6 0.2 0.23 6 0.08 0.65 6 0.05 967 6 20

Triolein 885 6 3 3.0 6 0.1 0.93 6 0.04 2.8 6 0.2 0.97 6 0.04 2.8 6 0.1 1131 6 10

Cottonseed oil 860 6 20 3.8 6 0.1 0.95 6 0.03 3.5 6 0.2 0.93 6 0.04 3.3 6 0.1 1154 6 30

Canola oil 880 6 20 3.9 6 0.1 0.97 6 0.03 3.8 6 0.2 0.94 6 0.03 3.5 6 0.1 1193 6 30

Corn oil 872 6 20 4.4 6 0.1 0.98 6 0.02 4.3 6 0.2 0.96 6 0.03 4.0 6 0.1 1229 6 30

Soybean oil 873 6 15 4.6 6 0.1 0.97 6 0.02 4.4 6 0.2 0.95 6 0.02 4.2 6 0.1 1246 6 25

Soybean oil 873 6 15 4.6 6 0.1 0.97 6 0.02 4.4 6 0.2 0.64 6 0.04 2.8 6 0.1 1145 6 25

Soybean oil 873 6 15 4.6 6 0.1 0.97 6 0.02 4.4 6 0.2 0.57 6 0.04 2.5 6 0.1 11236 25

Soybean oil 873 6 15 4.6 6 0.1 0.97 6 0.02 4.4 6 0.2 0.43 6 0.05 1.9 6 0.1 10806 25

Soybean oil 873 6 15 4.6 6 0.1 0.97 6 0.02 4.4 6 0.2 0.25 6 0.05 1.1 6 0.05 1023 6 20

Linseed oil 873 6 15 6.4 6 0.1 0.95 6 0.02 6.1 6 0.2 0.98 6 0.02 5.8 6 0.1 1388 6 25

Linseed oil 873 6 15 6.4 6 0.1 0.95 6 0.02 6.1 6 0.2 0.85 6 0.02 5.2 6 0.1 1345 6 25

Linseed oil 873 6 15 6.4 6 0.1 0.95 6 0.02 6.1 6 0.2 0.67 6 0.03 4.1 6 0.1 1266 6 25

Linseed oil 873 6 15 6.4 6 0.1 0.95 6 0.02 6.1 6 0.2 0.57 6 0.04 3.5 6 0.1 1223 6 25

Linseed oil 873 6 15 6.4 6 0.1 0.95 6 0.02 6.1 6 0.2 0.48 6 0.02 2.9 6 0.1 1179 6 25

Linseed oil 873 6 15 6.4 6 0.1 0.95 6 0.02 6.1 6 0.2 0.36 6 0.05 2.2 6 0.1 1129 6 25

Linseed oil 873 6 15 6.4 6 0.1 0.95 6 0.02 6.1 6 0.2 0.21 6 0.05 1.3 6 0.05 1064 6 20

aHOSO, a genetically engineered High Oleic Soybean Oil.
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a Rheometrics Environmental Controller, and liquid nitrogen

was used for cooling below room temperature. This experiment

was repeated at least three times for each sample.

RESULTS

Extent of Cure

The styrene and acrylate conversions were measured as a func-

tion of time t, by relating the absorbance (ABS) of the peak of

interest to the peak heights of internal standards as measured

by FTIR. The ultimate conversion, xu, was calculated using the

following equation15:

xu ¼ 1� ABSðfinalÞpeak
ABSðt ¼ 0Þpeak

 !
ABSðt ¼ 0Þstandard
ABSðfinalÞstandard

� �
(2)

The peak at 990 cm�1 represents a vibrational mode of the vinyl

group on acrylate groups.16,17 The peak at 910 cm�1 represents both

the acrylate16,17 and styrene carbon–carbon double bond.15 The in-

ternal standards used were the peaks at 1744 cm�1, corresponding

to the ester groups on the triglycerides,16 and the peak at 700 cm�1,

representing the aromatic CAH stretch on styrene.15 Neither of

these groups was affected by the polymerization reaction.

The ultimate conversion of styrene was greater than 0.90 and the

ultimate conversion of acrylate groups was over 0.94 for all sam-

ples (Table II). The ultimate conversion of acrylate groups

decreased slightly as the initial number of acrylates per triglyceride

increased for samples without styrene comonomer. This occurred

because there is an increased likelihood for unreacted acrylates to

be attached to crosslinked triglycerides and become trapped in

highly crosslinked regions as the level of acrylation increased.

When styrene comonomer was used, the level of acrylation had

minimal effect on the acrylate conversion. The presence of styrene

was expected to increase the conversion of acrylate groups because

styrene increases the conversion at which gelation occurs and

reduces diffusion limitations.18,19 The conversion of styrene did

not change as the comonomer content was increased, but it did

increase slightly as the level of acrylate functionality increased.

Dynamic Mechanical Analysis

Dynamic mechanical analysis gives a number of measures of the

glass transition temperature. The inflection point of the storage

modulus (E0) as a function temperature is the midpoint

between the glassy and rubbery regions, and as such, is a mea-

sure of Tg. The temperature at which the peak in the loss mod-

ulus (E00) occurs is often used, and generally, but not always,

corresponds to the inflection point in the modulus curve. The

tan (d) is the ratio of the loss modulus to the storage modulus.

The temperature at which the tan (d) maximum occurs is also a

measure of the glass transition temperature, but is generally

10�C or more higher than the loss modulus peak or storage

modulus inflection point.20

Table II. The Ultimate Conversion of Triglyceride Homopolymers and Copolymers with Styrene

Oil
Acrylates per
triglyceride

Homopolymer
acrylate
conversion

Copolymers

Acrylate
conversion

Styrene
conversion

Olive oil 2.5 6 0.1 0.96 6 0.02 1.0 6 0 0.91 6 0.02

HOSO 2.7 6 0.1 0.96 6 0.02 1.0 6 0 0.91 6 0.02

HOSO 2.2 6 0.1 0.97 6 0.02 1.0 6 0 0.91 6 0.02

HOSO 1.7 6 0.05 0.98 6 0.02 1.0 6 0 0.90 6 0.02

HOSO 1.1 6 0.05 0.98 6 0.02 1.0 6 0 0.89 6 0.02

HOSO 0.65 6 0.05 0.98 6 0.02 1.0 6 0 0.85 6 0.02

Triolein 2.8 6 0.1 0.96 6 0.02 1.0 6 0 0.92 6 0.02

Cottonseed oil 3.3 6 0.1 0.95 6 0.02 0.99 6 0.01 0.92 6 0.02

Canola oil 3.5 6 0.1 0.95 6 0.02 0.99 6 0.01 0.93 6 0.02

Corn oil 4.0 6 0.1 0.95 6 0.02 0.99 6 0.01 0.94 6 0.02

Soybean oil 4.2 6 0.1 0.95 6 0.02 0.99 6 0.01 0.93 6 0.02

Soybean oil 2.8 6 0.1 0.96 6 0.02 1.0 6 0.01 0.92 6 0.02

Soybean oil 2.5 6 0.1 0.97 6 0.02 1.0 6 0.01 0.91 6 0.02

Soybean oil 1.9 6 0.1 0.97 6 0.02 1.0 6 0.01 0.90 6 0.02

Soybean oil 1.1 6 0.05 0.98 6 0.02 1.0 6 0.01 0.89 6 0.02

Linseed oil 5.8 6 0.1 0.94 6 0.02 0.98 6 0.01 0.95 6 0.02

Linseed oil 5.2 6 0.1 0.94 6 0.02 0.98 6 0.01 0.95 6 0.02

Linseed oil 4.1 6 0.1 0.95 6 0.02 0.99 6 0.01 0.94 6 0.02

Linseed oil 3.5 6 0.1 0.95 6 0.02 0.99 6 0.01 0.93 6 0.02

Linseed oil 2.9 6 0.1 0.96 6 0.02 1.0 6 0.01 0.92 6 0.02

Linseed oil 2.2 6 0.1 0.97 6 0.02 1.0 6 0.01 0.91 6 0.02

Linseed oil 1.3 6 0.05 0.98 6 0.02 1.0 6 0.01 0.90 6 0.02
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The DMA behavior of these polymers was fairly similar to that

of other thermosetting polymers21 (Figure 2). In the glassy

region, the resins had a high modulus (� 1�3 GPa). After the

glass transition, all of the resins exhibited a plateau rubbery

modulus that was relatively insensitive to temperature. Acrylated

triglyceride/styrene copolymers had higher glass transition tem-

peratures relative to acrylated triglyceride homopolymers (no

styrene) because styrene’s rigid aromatic planar ring structure

interferes more with chain mobility compared to that of an ac-

rylate. Homopolymerized triglyceride resins exhibited a broad

glass transition/relaxation compared to commercial vinyl esters

or unsaturated polyesters.21,22 The breadth of the glass transi-

tion increased as the level of acrylation per triglyceride

increased7 as has been seen for other polymer systems as cross-

linking is increased.20,21 The breadth of the glass transition was

reduced for styrene-copolymers relative to acrylated triglyceride

homopolymers. As a result, the difference in temperatures

between the loss modulus peak and tan (d) peak for homopoly-

mers was greater than that for copolymers. There is no evidence

of phase separation in these resins, as all resins had a single,

albeit broad, glass transition. Also, all of the samples were clear

indicating neither macro- nor micro-phase separation occurred.

For all samples, the loss modulus maximum peak appeared at

temperatures slightly lower than the storage modulus inflection

point, while the tan (d) peak occurred at slightly higher than

the storage modulus inflection point.

The rubbery modulus was calculated from values of the DMA

storage modulus that were within the plateau region of the

modulus. The exact point selected was at the temperature where

the modulus did not change with further increases in tempera-

ture. For samples without styrene, the rubbery modulus reached

a plateau at 50–100�C above the maximum in tan (d). Como-

nomer content had a large effect on this temperature relative to

the tan (d) maximum. For samples with 85 mol % comonomer,

the temperature at which the rubbery modulus reached a pla-

teau occurred at 30–50�C above the maximum in tan (d). The
experimental crosslink density values were calculated from the

rubbery moduli of the polymers. Rubber Elasticity Theory23

shows that the molecular weight between crosslinks, Mc, and

crosslink density are related to the modulus of elasticity, E, of

rubbers7,20,24 [Eq. (3)]:

E ¼ 3RTq=Mc ¼ 3RTm (3)

where R is the ideal gas constant, T is the absolute temperature,

m is the crosslink density, and q is the polymer density. The

polymer densities increased slightly with the acrylation level and

ranged from 1.04 to 1.11 g/cm3. Styrene content had little effect

on the density. The temperature corresponding to the maxi-

mum in the loss modulus was taken as Tg of the polymer.20

The crosslink density increased for plant oil-based polymers

with and without styrene as a function of the acrylation level.7

The crosslink density increased linearly with the level of acryla-

tion for homopolymerized triglycerides.7 Similarly, the crosslink

density increased linearly with the level of acrylation for triglyc-

eride copolymers with styrene, but only at 2.5 or higher acryl-

ates per triglyceride.7 The nonlinear increase in the crosslink

density occurred because at low levels of acrylate functionality,

the functional groups mainly linearly extended the polymer

chains rather than crosslinking them. However, at higher levels

of acrylate functionality, each additional functional group

increased the crosslink density. This was not observed in the

homopolymerized triglycerides because of their higher crosslink

density. Also as expected, the crosslink density was higher for

homopolymers of triglycerides relative to that of copolymers of

triglycerides and styrene.7 Again, this is expected because sty-

rene is a reactive diluent that decreases the crosslink density.

The glass transition temperature increased linearly as a function

of acrylation level for samples with 85 mol % styrene and with-

out styrene (Figure 3). The glass transition temperature accord-

ing to the loss modulus [Eq. (4)] was linearly approximated as

a function of the number of acrylates per triglyceride, A, for

homopolymerized triglycerides:

Tg ¼ 14:8� Aþ 205:3 ½K� (4)

For acrylated triglycerides copolymerized with 85 mol % sty-

rene, the Tg according to the loss modulus [Eq. (5)] is:

Tg ¼ 27:3� Aþ 213 ½K� (5)

Tg of these polymers ranged from below room temperature to

well over room temperature. This makes sense as the samples

were rubbery at low levels of acrylation and rigid at high acryla-

tion levels. Tg was not dependent on the oil type, in that differ-

ent oils acrylated to the same level had similar Tg. Furthermore,

Tg of maximally acrylated oils and partially acrylated oils with

the same level of functionalization were similar. The Tg for a

given acrylated oil with 85 mol % styrene was higher than that

of the corresponding homopolymerized sample because the

Figure 2. The dynamic mechanical properties of maximally acrylated can-

ola oil homopolymerized (no styrene) and copolymerized with styrene.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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aromatic nature of styrene imparts rigidity to the network.

These results are in agreement with previous results, which

showed that Tg is a simple function of acrylation level (A).7

The glass transition temperature according to the tan (d) is the

temperature corresponding to the tan (d) peak maximum and

was similarly found to be linearly proportional to the level of

acrylation of the triglycerides. This temperature for acrylated

triglyceride homopolymers is [Eq. (6)]:

Tg tanmax dð Þð Þ ¼ 28:5� Aþ 197:6 ½K� (6)

and for copolymers with styrene is [Eq. (7)]:

Tg tanmax dð Þð Þ ¼ 22:4� Aþ 256:3 ½K� (7)

For homopolymerized triglycerides, the tan (d) and loss modu-

lus maxima diverged as the level of acrylation increased. In

addition for homopolymerized triglycerides, the Tg according to

tan (d) was a stronger function of the acrylation level than Tg

according to the E00, while the opposite trend occurred for tri-

glycerides copolymerized with styrene. The difference can be

seen in the DMA plots for each of these polymers (Figure 2).

The details of this will be explained and proven later in this

work, but essentially the following is theorized. The viscous

fraction (or rubbery fraction) increased slowly as a function of

temperature in the glassy region for samples with styrene

because only low functional triglycerides became rubbery in the

general glassy regime, while the styrene fraction and highly

functionalized triglycerides remained glassy. This narrowed the

Tg breadth relative to homopolymerized samples and caused the

loss modulus peak to remain relatively consistent with the E0

inflection point. Thus, most of the sample’s relaxation occurred

upon the temperature at which the highly functional triglycer-

ides/styrene clusters relax. This occurred at or after the

major softening point of the material, causing the temperature

of tanmax (d) to rise with acrylation level. For homopolymerized

triglycerides, as low functional triglycerides reached their glass

transition temperature, they became rubbery. Because there is

no styrene to help rigidize the system, an earlier onset to the

loss modulus peak occurred as acrylation level increased.

Triglyceride Distribution Calculation

The distribution of polymerized acrylate groups on triglycerides

is necessary to determine the breadth of the glass transition for

acrylated triglycerides. Thus, this section first examines the dis-

tribution of unsaturation functionality on triglycerides and then

how that distribution can be used to calculate the polymerized

acrylate functionality and properties.

Unmodified Triglycerides Unsaturation Distribution

The percentage of fatty acids in a given oil is well known and is

relatively easy to determine experimentally and theoretically for a

given oil.5,6 The distribution of unsaturated triglycerides in a

given oil is needed to predict various properties, especially the

dynamic mechanical spectrum and the Tg breadth of the polymer.

Yet, the distribution of unsaturated triglycerides is not well known

because the fatty acids are not randomly distributed on triglycer-

ides.25 Triglycerides are assembled in nature by attaching succes-

sive fatty acids on glycerol,25 regardless of whether the assembly

occurs through the glycerol phosphate pathway, the dihydroxyac-

teone pathway, or the monoglyceride pathway. Enzymes interact

with both the fatty acid(s) already assembled onto the glyceride as

well as the fatty acid to be attached to the glycerol center.25

Analysis of plant oils has revealed a number of regular patterns in

the distribution of fatty acids between the sn-1, sn-2, and sn-3

positions on the glycerol (i.e., the 1st, 2nd (middle), and 3rd fatty

acid on the triglyceride).6 Saturated fatty acids and those with

chain lengths greater than 18 carbon atoms are almost exclusively

found at the equivalent sn-1 and sn-3 positions [Eq. (8)].6 The

1,3-Random, 2-Random Hypothesis was proposed by Vander

Wal26 and Coleman and Fulton.27 This hypothesis assumes that

two different pools of fatty acids are separately and randomly dis-

tributed to the 1,3- and 2-positions of the glycerol molecules.

Thus, the sn-1 and sn-3 positions should have equivalent fatty

acid distributions. The amount of each triglyceride composed of

fatty acid A, B, and C can be calculated using [Eq. (8)]:

%sn-ABC ¼ ½mol%Aat 1; 3-pos:�½mol%B at 2-pos:�
½mol%C at 1; 3-pos:� � 10�4 ð8Þ

However, to do this calculation, separation of the fatty acids

into two different pools must be done.

The Evan’s Hypothesis proposed rules to estimate the positional

distribution of fatty acids in plant oils.28 Saturated acids and

those with chain lengths greater than 18 carbon atoms are first

distributed equally at the 1- and 3-positions. Oleic and linolenic

acids are then distributed randomly on the unfilled 1-, 2-, and

3-positions. When the 1- and 3-positions are filled, the excess is

added to the 2-position. All remaining positions are filled by

linoleic acid. Previous researchers have shown that the Evans

Hypothesis and 1,3-Random, 2-Random Hypothesis accurately

predict the unsaturation distribution for soybean oil and for

most plant oils6,12 and in particular the fatty acid distributions

for all of the plant oils used in this work can be used to accu-

rately calculate the triglyceride distribution.

Figure 3. The glass transition temperature as measured by the loss modu-

lus of homopolymerized acrylated oils and acrylated oils copolymerized

with styrene. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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The distribution of unsaturation sites (Table III) was deter-

mined from the calculated fatty acid distribution.5,12 The level

of unsaturation of a given triglyceride was simply the sum of

the unsaturation sites on the constituent fatty acids. The per-

centage of all triglycerides with a given functionality, P(U), is

just the summation of the percentage of all triglycerides with U

unsaturation sites per triglyceride on average [Eq. (9)]:

PðUÞ ¼
X

u¼iþjþk

%sn� AðiÞBðjÞCðkÞ (9)

where i, j, and k are the number of unsaturation sites on fatty

acids A, B, and C. It is apparent that the distribution of unsatu-

ration sites is very different for the different oils, even for oils

that have similar unsaturation levels. In most cases, the distribu-

tion of unsaturation sites extended from 0 to 9 sites per triglyc-

eride. In some of these cases, such as soybean oil, the distribu-

tion is normal. However, for linseed oil, the distribution is

bimodal. Some oils, such as cottonseed oil, only have triglycer-

ides with 0-6 unsaturation sites because of the lack of linolenic

acid in these oils. As a result, their triglyceride distribution was

skewed. Fortunately, only a very small percentage of triglycerides

had no functionality. These triglycerides would act as plasticizer

in crosslinked polymer, lowering the Tg and modulus. However,

in some oils, such as olive oil, a significant fraction of the tri-

glycerides have only 1 unsaturation site. Monounsaturated tri-

glycerides can only act as linear chain extenders, and thus will

decrease the crosslink density of the polymer. Furthermore,

most of the oils contained a very large fraction of di-unsatu-

rated oils. At most 2 fatty acids of the di-unsaturated triglycer-

ides can be attached into the polymer network. The third arm

will act as a plasticizer and reduce the polymer properties.

Chemically Modified Triglycerides

How functionality is distributed during chemical reaction as a

function of extent of reaction is unknown. However, NMR anal-

ysis of epoxidation indicates that the process is mostly random

and unlikely to be highly selective at high extents of reaction.

Epoxide peaks of typical fatty acids have four basic peak assign-

ments: monoepoxidized fatty acid with no remaining unsatura-

tion sites (2.90 ppm), epoxide protons on the d-9 and d-10
positions, the d-12 and d-13 positions, or the d-15 and d-16
positions on mono-epoxidized fatty acids with at least 1 unsatu-

ration site (2.93 ppm), the protons attached to the d-9 and d-13

carbon atoms of di-epoxy fatty acids and the d-9 and d-16 carbon

atoms of tri-epoxy fatty acids (2.92–3.03 ppm), and the hydrogen

atoms attached to the d-10 and d-12 carbon atoms of di-epoxy

fatty acids (3.03–3.18 ppm).11,12 In particular, NMR results

showed that highly monounsaturated oils did not develop peaks at

2.98 ppm and 3.10 ppm until very high extents of reaction. Highly

unsaturated oils first produce peaks at 2.93 ppm, which then

shrank as the peaks at 2.98 ppm and 3.10 began to grow. As a

result, for this work, the distribution of epoxide functionality will

be assumed random. We cannot do such a measurement for acry-

lated and polymerized triglycerides. Therefore, these distributions

will also be assumed to be random.

The equations for calculating the distribution of functional

groups can be generalized for any series of reactions. Using the

distribution of reactive sites before reaction, F(N), the distribu-

tion of functional groups after reaction can be determined using

a binomial distribution.29 The probability of having n functional

groups on a triglyceride with N reactive sites was calculated

using Eq. (10):29

PðN ; n; nÞ ¼ CðN ; nÞnnð1� nÞN�n
FðNÞ (10)

where n is the extent of reaction and C(N,n) is the number of

different ways the n functional groups can be arranged on the

triglyceride with N reactive sites (i.e., C(N,n) is the combinato-

rial function or binomial coefficient). These probabilities were

calculated for all 55 possible triglycerides combinations (i.e., the

number of possible combinations of having n functional groups

on a triglyceride with N reactive sites). The percentage of n-

functional triglycerides, p(n,n), is:

pðn; nÞ ¼
X
N

PðN ; n; nÞ (11)

This method assumes that the addition of functional groups to

triglycerides was completely random. However, previous results

showed that functional groups have a slight preference for the

fatty acid to which they attach.11,12 On the other hand, the rela-

tive preferences of functional groups for different fatty acids

were of the same order of magnitude. Furthermore, the studies

that found preferential attachment of functional groups only

examined the initial rates of the reaction. The effect of pre-

existing functional groups on a fatty acid on the addition of

another functional group has not been studied. These studies

Table III. The Distribution of Unsaturation Sites, P(U), and the Unsaturation Level, U, for the Various Oils Used in this Work

Oil U

Mole percent triglycerides with 0-9 unsaturation sites, P(u)

0 1 2 3 4 5 6 7 8 9

Olive 2.82 0.1 4.6 39.7 14.4 2.5 0.3 0.0 0.0 0.0 0.0

HOSO 2.97 0.0 1.9 21.0 59.2 6.4 7.8 0.4 0.3 0.0 0.0

Cotton 3.77 0.3 3.1 16.3 18.7 31.9 15.0 13.1 0.2 0.0 0.0

Canola 3.91 0.0 0.6 8.5 33.2 27.3 19.4 7.6 2.6 0.5 0.1

Corn 4.33 0.0 1.3 6.5 16.4 28.3 27.2 18.6 0.9 0.0 0.0

Soybean 4.60 0.0 1.0 5.9 13.9 24.9 25.4 20.1 6.9 1.0 0.0

Linseed 6.59 0.0 0.2 0.8 2.4 5.7 9.4 18.0 19.4 17.2 26.2
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also indicated that the effects of preferential addition should be

dampened at high conversions.11,30 Last, in this work, we are

only concerned with the level of functionality of a given triglycer-

ide. The location of the functional groups on the fatty acid and

the acid to which they are attached is not important. Therefore,

the distributions of functional groups should be fairly accurate;

however, they are only approximate. Furthermore, the exact per-

centage of triglycerides with a certain number of functional

groups is not as important as the general trends observed.

The percentage of triglycerides with n-unreacted sites was calcu-

lated as a function of the extent of reaction, n, and is shown for

functionalized soybean oil in Figure 4. At n ¼ 0, none of the

triglycerides had any added functional groups. At n ¼ 1, the

functional distribution was equal to the original unsaturation

distribution. Over the course of the reaction, the percentage of

triglycerides with 0 functional groups initially decreased fairly

steeply, then leveled out and approached 0% nearly asymptoti-

cally. Triglycerides with fewer functionality than the average

level of unsaturation of the oil increased to a maximum and

then decreased to the initial percentage of triglycerides with the

same number of unsaturation sites as functional groups. In

addition, these maxima occurred at lower extents of reaction as

the level of unsaturation of the oil increased. Triglycerides with

more functional groups than the average oil unsaturation

reached a maximum at n ¼ 1. In all cases, triglycerides with

fewer functional groups reached a maximum percentage at

extents of reaction less than 1.

This model was tested by epoxidizing 33 and 67% of the unsa-

turation sites on triolein. The triglyceride distribution model

predicted that the solids should be 74% of the total mass and

the liquids should be 26% of the mass. Di- and tri-epoxy tri-

glycerides with a single epoxy per fatty acid were solid at room

temperature. Mono-epoxy and unepoxidized triolein were

liquids at room temperature. As a result, the solid and liquid

products were separated by filtration.

The functionalities of both samples were analyzed using 1H-NMR.

The level of epoxidation of the solid fraction, FS, and liquid frac-

tion, FL, were found to be 2.35 and 0.84, respectively, for the 67%

epoxidized sample. The corresponding percentage of mono-epoxy

triglycerides, P1, in the liquid fraction was [Eq. (12)]:

P1 ¼ 100FL (12)

and the difference from 100% yielded the percent of unepoxi-

dized triglycerides. The percentage of di-epoxy triglycerides, P2,

in the solid was [Eq. (13)]:

P2 ¼ 300� 100FS (13)

and the difference from 100 was the percentage of di-epoxy tri-

glycerides. The agreement between experiment and theory was

good for the 67% epoxidized sample (Table IV) and the 33%

epoxidized sample. Furthermore, the experiment verified the

production of a very high relative concentration of mono-epoxy

and di-epoxy triglycerides at 33 and 67%, respectively. Error

between theory and experiment was a result of error in the pre-

dicted triglyceride distributions and the inability to perfectly

separate the solid and liquid fractions.

Given an extent of epoxidation and the unsaturation distribu-

tion, the distribution of epoxidized triglycerides in a given oil

was calculated. Using that distribution, which is slightly differ-

ent from the unsaturation distribution because of a lack of

complete conversion and the extent of acrylation, the acrylate

distribution was similarly calculated (Table V). Lastly, the distri-

bution of polymerized acrylate groups in the polymers was cal-

culated (Table V) based on the extent of polymerization (Table

II) and the calculated acrylate distribution (Table V). As a result

of incomplete reaction, the amount of polymerized acrylates is

likely to be significantly lower than the amount of unsaturated

triglycerides and the amount of unpolymerized triglycerides is

likely to be higher than the original amount of saturated

Figure 4. The distribution of n-functional triglycerides as a function of

extent of functionalization in soybean oil. The conversion of triglycerides

with 9 added functional groups was omitted from the plot because its per-

centage was approximately 0 at all extents of reaction. Note the two differ-

ent scales on the y-axes of the plots. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Table IV. The Theoretical and Experimental Fractions of Epoxidized

Triglycerides in the Solid and Liquid Portions of 67% Epoxidized Triolein

Epoxides per
triglyceride

Predicted Experiment

Liquid Solid Liquid Solid

0 14 0 16 0

1 86 0 84 0

2 0 60 0 63

3 0 40 0 37
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triglycerides. This will reduce various properties of the polymer-

ized oils, including the crosslink density and glass transition

temperature of the resulting polymers.

Property Modeling

Various structure–property relationships need to be determined

to predict dynamic mechanical properties of these thermosetting

polymeric resins. First, crosslink density must be determined to

calculate the rubbery modulus. Glass transition modeling must

be done then to relate the functional triglyceride distribution to

the dynamic mechanical properties as a function of temperature.

Crosslink Density Modeling

The crosslink density is affected by the functionality of the

crosslinker molecule. Vinyl polymers are typically represented as

having two functional groups, f, per vinyl group, n.31 The num-

ber of functional groups on a crosslinker that polymerizes and

leads to another crosslinked molecule is m, where m � f. For

example, triglycerides with m ¼ 1 functional group are dangling

chain-ends. The functionality, m, and the number of crosslinked

chains, Nxc, per triglyceride are related [Eq. (14)]:

Nxc ¼ 3m=2� 3 ¼ 3n� 3 (14)

Therefore, with m in the range 0-18, the number of crosslink

chains varies from 0-24 per triglyceride, depending on the func-

tionality. The positional distribution of the functional groups

does not affect Nx. Therefore, the structure of the triglyceride

(i.e., three chemically linked fatty acids) has no effect on the

crosslink density except that it allows each triglyceride molecule

to have a different number of functional groups and crosslinks.

The crosslink chains and junctures are shown in Figure 5 for

triglycerides with 3 and 6 polymerized functional groups. Each

polymer chain stemming from a polymerized acrylate is com-

posed of styrene or acrylated units, but always links to another

triglyceride with 2 or more polymerized acrylate groups (other-

wise this would be a dangling chain end). The number of cross-

links chains are 1.5 and 6 for triglycerides with 3 and 6 polymer-

ized functional groups, respectively, and the number of crosslink

junctures (Nxj) were 1 and 4, respectively. The positional distri-

bution of the functional groups does not affect number of cross-

linked chains or crosslink junctures. Therefore, the structure of

the triglyceride (i.e. three chemically linked fatty acids) has no

effect on the crosslink density except that it allows each triglycer-

ide molecule to have a larger number of functional groups and

crosslinks. Note that the dangling chain ends not highlighted in

Figure 5 are still used in calculation of the crosslink density, but

were not shaded to more simply illustrate the crosslink chains.

Thus, this analysis not only holds for multifunctional triglycer-

ides, but also is applicable to any free-radical crosslinking agent,

such as vinyl esters and unsaturated polyesters.

Flory and others have used the principles of branching and

crosslinking to derive the crosslink density for addition poly-

mers.30–32 La Scala and Wool generalized this equation for a

mixture of crosslinkers with n functionality [Eq. (15)]:7

c ¼ h
Xn ¼ 9

n ¼ 2

/nð3n� 3Þ (15)

where c is the number of crosslink chains per molecule, /n is the

fraction of triglycerides with n polymerizable groups, and y is the

extent of polymerization. The molecular weight between cross-

links is simply the average molecular weight of the monomers,

Mav, divided by the number of crosslinks per molecule [Eq. (16)]:

Mc ¼ Mav=c (16)

The crosslink density resulting from chemical crosslink chains

can then be calculated by dividing the polymer density by Mc.

Table V. The Distribution of Functionality in Soybean Oil

Functional
groups per
triglyceride

Unsaturation,
U (mol %)

Acrylate
functionality,
Yn (mol %)

Effectively
reacted
acrylates,
Xn (mol %)

0 0.0 0.2 1.6

1 1.0 2.3 9.0

2 5.9 9.2 20.9

3 13.9 19.1 27.6

4 24.9 26.9 23.3

5 25.4 23.6 12.6

6 20.1 14.2 4.2

7 6.9 4.0 0.7

8 1.0 0.5 0.0

9 0.0 0.0 0.0

Average 4.60 4.21 3.21

Figure 5. The crosslink chains on triglycerides with (a) m ¼ 3 and

(b) m ¼ 6. The outlined green boxes represent 1=2 crosslinks while the

non-outlined pink boxes represent whole crosslinks. The grey circles repre-

sent crosslink junctures. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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The La Scala model over-predicted the crosslink density of tri-

glyceride systems as measured from dynamic mechanical analysis

because of intramolecular cyclization.7 Intramolecular cyclization

of functional groups on the same triglyceride reduces the number

of effective attachment points of this triglyceride to the rest of

the network. When a triglyceride reacts with itself before reacting

with another triglyceride, it forms a loop that is not attached to

the rest of the polymer network. Consequently, this reduces the

crosslink density of the resulting polymer. Every time two func-

tional groups react in this way, the effective number of functional

groups per triglyceride is reduced by 2. Yet, the model predictions

and experimentally determined results were simply shifted from

one another by some degree of acrylation. The extent of intramo-

lecular cyclization was quantified by fitting the model results to

the experimental results. The shift required to equate the model

crosslink density, mmodel(A), to the experimentally determined

crosslink density, mexp(A), was Alost [Eq. (17)]
7:

mmodelðA� AlostÞ ¼ mexp Að Þ (17)

Overall, the model predicted that the amount of intramolecular

cyclization reduced the effective functionality by approximately

0.7–0.9 acrylates per triglyceride.7 Therefore, the model accu-

rately predicted the trends in the crosslink density with acryla-

tion level.

Glass Transition Modeling

Relaxation mode modeling of relaxation master curves does not

relate to material structure. The relaxation modes are arbitrary

frequencies or times along the master curve of the material that

illustrate only time-scale dependent softening of the material.33–35

Time–temperature superposition principle (TTSP) is typically

used to reduce the storage and loss modulus data into time–tem-

perature master-curves.34 The Williams-Land�el-Ferry (WLF)

equation is used to characterize the temperature dependence of

the distribution of relaxation times in viscoelastic materials using

three parameters to fit the data, which as of now, cannot be deter-

mined from fundamental knowledge of the polymer.33–37

Using aspects of the material structure as relaxation modes

would be a much better method for understanding and predict-

ing polymer properties and tailoring higher performance mate-

rials. The glass transition temperature is clearly a function of

the level of acrylation or functionality of triglyceride-based

polymers. Furthermore, the glass transitions were narrower for

plant oils with narrower fatty acid distributions. Given a perfect

chemical network with no dangling chain ends and all chemical

functionality effectively reacted, the glass transition should be

quite sharp.35,36,38 An example of this phenomenon is easily

visible when examining the glass transition as a function of re-

active diluent content. It is well known that the Tg becomes

sharper as the reactive diluent content increases partly because

the effective extent of cure of the crosslinker increases.23,39

However, due to distributions of functionality on the cross-

linkers, fluctuations in crosslink density across the material,

incomplete reaction or ineffective reaction (i.e., intramolecular

cyclization), the glass transition broadens.23,39 Since the distri-

bution of effectively crosslinked triglycerides can be calculated

as shown above, it seems reasonable to use the glass transition

temperature of 0 through n-functional triglycerides as the relax-

ation modes for the polymer (Table VI). Although the average

triglyceride acrylate functionality can be 3.5, for example, the

individual triglycerides only have whole number values of acryl-

ates. Therefore, the relaxation temperatures correspond to the

glass transition temperatures of triglycerides with 1, 2, 3,…9

acrylates per triglyceride and are calculated using equations for

Tg of homopolymerized oils as a function of acrylation level

[eqs. (4) and (6)]. Table VI shows relaxation temperatures based

on the loss modulus maximum, Tg [Eq. (4)], and the tan (d)
maximum, Tg(tan(d)) [Eq. (6)]. The choice of which relaxation

temperature set to use to model the glass transition is explained

in the following sections.

The Twinkling Fractal Theory and percolation theories of the

glass transition state that there the glassy fraction converts to

rubbery fractions and the overall glass transition occurs when

the rubbery clusters percolate the material. We extended this

concept to the modulus of a polymer as a function of tempera-

ture to predict the breadth of the glass transition. We postulate

that the modulus is proportional to the bond fracture energy or

glassy modulus minus the liquid fraction, analogous to the

glassy fraction of the material as predicted by percolation theo-

ries.8 In other words, a homopolymerized triglyceride resin that

contains 30% di-functional triglycerides and 70% n > 2 func-

tional triglycerides should lose � 30% of its modulus above the

Tg of the difunctional triglycerides (Tg(n ¼ 2) � 233 K). How-

ever, rubbery materials can also support load, so the rubbery

modulus, as determined using the predicted crosslink density

and Rubber Elasticity Theory,23 must also be used. Therefore,

the modulus of homopolymerized triglycerides at a given relaxa-

tion temperature is [Eq. (18)]:

E0ðTÞ ¼ E�
0 ½1� PRðTÞ=100� þ E0ðrubberyÞ (18)

where PR(T) is the mole percent of rubbery polymer with

Tg(E
00) less than T [Eq. (19)]:

PRðTÞ ¼
Xn
n ¼ 0

Xn for values of nwhereTg ðnÞ < T (19)

Table VI. Relaxation Temperatures for n-Functional Homopolymerized

Triglycerides

Level of Functionality

Relaxation temperatures (K)

Tg (E00) Tg (tan (d))

0 205 198

1 220 226

2 235 255

3 250 283

4 265 312

5 279 340

6 294 369

7 309 397

8 324 426

9 339 454
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where Xn is the mole percent of n-functional triglycerides based

on the distribution of effectively crosslinked acrylate groups on

the triglycerides in a given oil. The glassy modulus, E0, was

assumed to be 3 GPa at 180 K, a typical number for polymeric

materials.10 E0(rubbery) is calculated based on the crosslink den-

sity calculations previously described and using Rubber Elastic-

ity to calculate the rubbery modulus [Eq. (3)]. Tg(n) is the glass

transition temperature of n-functional triglycerides. The relaxa-

tion modes are thus the glass transition temperature of homo-

polymerized triglycerides weighted by the percent of each tri-

glyceride with this glass transition temperature. Essentially, as

temperature increases, the low functional triglycerides begin to

soften allowing a modulus drop, followed by the softening of

the mid-functional triglycerides and lastly the high-functional

triglycerides. Because triglyceride-based polymers contain a dis-

tribution of functionality, the modulus drops significantly as the

temperature is increased from very low temperatures (e.g., 200

K) through the Tg of the 9-functional triglycerides (339 K).

Note, Eq. (18) and the analysis below are only valid for cross-

linkers that have the same basic structure and type of function-

ality. In other words, this type of analysis is not valid for mixed

crosslinker systems of vinyl esters and unsaturated polyesters,

for example. Yet, this type of analysis should be useable for

other crosslinker systems, like unsaturated polyesters, but the

relaxation temperatures for that system would need to be

determined.

The predicted value of the storage modulus using Eq. (18)

matched the experimental results well for both maximally acry-

lated oils (Figure 6) and individual oils acrylated to different

extents (Figure 7). The predicted storage modulus was glassy at

low temperatures and dropped over the course of the broad

glass transition finally reaching a rubbery plateau. There is

some deviation between the predicted results and experimental

results. These are likely due to slightly incorrect predictions in

the triglyceride distribution and the simplifying assumptions in

eqs. (18) and (19). In the case of linseed oil, where the model

results over predict the modulus, it is likely that there are more

low functional triglycerides than predicted. The results show

that intramolecular cyclization must be taken into account.

Without considering intramolecular cyclization, canola oil

would have approximately the same level of effectively polymer-

ized acrylates per triglyceride as soybean oil when accounting

for intramolecular cyclization. Yet, the predicted modulus vs.

temperature of canola oil does not match the experimental

results for soybean oil (Figure 6). Clearly, if intramolecular cy-

clization was not accounted for in Xn, the model would over

predict the results considerably.

The storage modulus can also be predicted for triglycerides

copolymerized with styrene using the same relationship of stor-

age modulus as a function of temperature [Eq. (20)] as before

[Eq. (18)] with a slightly different function for the mole per-

centage of rubbery polymer (P0R(T) vs. PR(T)) [Eq. (21)].

Again, the glass transition temperature relaxation modes (E00)
are that of n-functional triglycerides as determined for hompo-

lymerized oils (Table VI). The modulus in the rubbery region is

calculated based on the crosslink density taking into account

intramolecular cyclization. Therefore, the modulus for copoly-

mers of triglycerides and styrene is [Eq. (20)]:

E0ðTÞ ¼ E�
0 ½1� P0

RðTÞ=100� þ E0ðrubberyÞ (20)

The percent of modulus loss at a given temperature in the

glassy region is again the product of the mole percent triglycer-

ides in the resin and the percent of triglycerides with Tg less

than the given temperature.

The mole percent of material with effective Tg less than the

temperature, P0R(T), is [Eq. (21)]:

P0
R Tð Þ ¼ P0

R glassyð Þ þ P0
R Tg

� �þ P0
R rubberyð Þ (21)

Triglyceride copolymers with styrene form a single phase (one

overall glass transition), but alone have very different glass tran-

sition temperatures. As a result, we expect that low crosslinked

triglycerides can relax in the glassy region, but polystyrene will

Figure 6. The storage modulus as a function of temperature for selected

maximally acrylated and homopolymerized oils as determined by experi-

ment and as modeled. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 7. The storage modulus as a function of temperature as deter-

mined by experiment and as modeled for homopolymerized soybean oil

acrylated to different extents. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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not. The mole fraction of the triglycerides that relax in the glass

region, P0R(glassy) is [Eq. (22)].

P0
RðglassyÞ ¼

Xn
n¼0

ð1� /SÞXn for values of n

whereTg ðnÞ < Toverall
g andTg nð Þ < T ð22Þ

where /S is the styrene mole fraction in the resin, Toverall
g is the

overall polymer glass transition temperature based on E00, and
Xn is again the mole percent of effectively polymerized n-func-

tional triglycerides. Again, Tg(n) is the glass transition tempera-

ture according to the loss modulus maximum of n-functional

triglycerides.

Above the overall glass transition, high functional triglycerides

with Tg above the overall polymer Tg will relax as the ambient

temperature reaches the Tg of these highly functionalized/poly-

merized triglycerides. In addition, styrene in highly crosslinked

domains that has a higher effective crosslink density than the

bulk will also relax. Therefore, in the overall rubbery region, the

percent of modulus loss is the percent of triglyceride and sty-

rene connected to those triglycerides with Tg less than the given

temperature [Eq. (23)].

P0
RðrubberyÞ ¼ Xn for values of nwhere

Tg ðnÞ > Toverall
g andTg nð Þ < T ð23Þ

At the overall polymer glass transition, moderately functionalized

triglycerides and the polystyrene within those domains will relax,

even if the overall Tg is below that of polystyrene. Therefore, at

the loss modulus maximum, the percent of modulus loss is the

sum of the percent of triglycerides at that relaxation temperature

and the remaining amount of styrene not accounted for by the

other relaxation modes (Sremaining) [Eq. (24)].

P0
RðTg Þ ¼ Xn þ Sremaining for values of nwhere

Tg ðnÞ � Toverall
g andTg nð Þ < T ð24Þ

This allows for the larger modulus drop in the glass transition

for the styrene/triglyceride copolymers relative to the homopo-

lymerized triglycerides. Note that whichever value of n produces

a relaxation temperature closest to T overall
g and is used is Eq.

(24), is not used in calculation of P0R(glassy) [Eq. (22)] and

P0R(rubbery) [Eq. (23)].

Essentially, as the temperature increases, the low functionalized

triglycerides begin to soften first resulting in a modulus drop.

At the overall glass transition, a larger scale blend of mid-level

functional triglycerides and the styrene connected to them

soften causing the modulus to drop severely. After the glass

transition, high functional triglycerides and the styrene con-

nected with those molecules soften causing the last drop in

modulus before the rubbery plateau.

Figure 8 shows the storage modulus as a function of tempera-

ture for styrene/linseed oil copolymers with various levels of

acrylation. The predicted modulus matched the experimentally

determined modulus well as a function of temperature for vari-

ous different levels of acrylation for linseed oil specifically, but

also in general for any maximally acrylated oil and HOSO and

soybean oil acrylated to different extents copolymerized with

styrene. The model deviated for the experimental results to the

largest extent when estimating the glassy region and onset of

the glass transition for oils with low levels of acrylation. These

slight discrepancies are likely due to slightly incorrect predic-

tions in the triglyceride distribution and assumptions of the

model [eqs. (20)–(24)].

Tan (d) of homopolymerized triglycerides can also be predicted

based on the triglyceride distribution. Given a perfect chemical

network, the tan (d) peak would be quite narrow. However, due

to distributions of functionality on the crosslinkers and incom-

plete reaction or ineffective reaction (i.e., intramolecular cycliza-

tion), tan (d) broadens. Viscoelasticity would indicate that the

change in loss modulus relative to the storage modulus should

govern tan (d). We theorize that this change is proportional to

the increase in the percentage of rubbery atoms, PR, newly

formed as the temperature is incremented from one relaxation

mode/temperature to the next [Eq. (25)]:

tanðdÞ � PRðT2Þ � PRðT1Þ (25)

The tan (d) curve at each relaxation temperature was modeled

using the equation below for homopolymerized oils [Eq. (26)]:

½tanðdÞ�ðTÞ ¼ 0:6� Y ðTÞ=ðX0 þ X1Þ þ 0:05 (26)

where Y(T) is the percentage of the maximum functional tri-

glycerides (nmax) only with Tg (according to the tan (d)) less

than T [Eq. (27)]:

Y ðTÞ ¼ Xn for Tg tanðdÞ; nmaxð Þ < T (27)

where Tg(tan (d),nmax) is the temperature corresponding to the

maximum tan (d) of the highest functional triglycerides with Tg

below the temperature, T. Clearly, the Tg(tan (d)) must be used

to model the tan (d) peak rather than Tg(E
00) because the maxi-

mum tan (d) occurred at higher temperatures than the peak of

Figure 8. The storage modulus as a function of temperature as deter-

mined by experiment and as modeled for linseed oil acrylated to different

extents and copolymerized with 85 mol% styrene. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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E00. The percentage Y(T) is based on the composition of effec-

tively crosslinked triglycerides, and is proportional to the change

in rubbery content from one temperature to the other, which is

in agreement with Twinkling Fractal Theory.8 The factor of

(X0þX1) is the percentage of uncrosslinked material (0 reacted

functional groups and 1 reacted functional group, respectively)

in the polymer network. This fraction is not crosslinked and

therefore should act liquid-like, thus increasing tan (d) and the

loss modulus. The factor of 0.6 is a fitting parameter that

accounts for the fact that the tan (d) maximum value is modi-

fied by the percent of n-functional triglycerides and gives the

predicted tan (d) the same magnitude as the experimental

results. The addition of 0.05 accounts for the fact that the value

of tan (d) is always greater than 0 for a viscoelastic material,

and is also a fitting parameter. Therefore, the concept behind

modeling the tan (d) is that an n-functional triglyceride pro-

duces a tan (d) peak at its relaxation temperature, which is a

function of n. A mixture of functional triglycerides should pro-

duce a broad tan (d) peak with a maximum at the relaxation

temperature for the n-functional triglycerides with the maxi-

mum composition in the oil.

For samples copolymerized with styrene, the tan (d) at each

relaxation temperature was modeled similarly [eqs. (28)–(32)]:

½tanðdÞ�ðTÞ ¼ Y 0ðTÞ=ðX0 þ X1 þ /SÞ þ 0:05 (28)

where, similar to that of Eq. (21), Y0(T) is:

Y 0ðTÞ ¼ Y 0 glassyð Þ þ Y 0 Tg

� �þ Y 0 rubberyð Þ (29)

Y0(T) in the glassy region is the product of the styrene mole

fraction, /S, in the resin and the percent of the highest func-

tional triglycerides with Tg(tan (d)) below the temperature, T

[Eq. (30)].

Figure 9. Experimentally measured and model prediction of the tan(d)
for homopolymerized soybean oil for different acrylation levels. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Y 0 glassyð Þ ¼ 1� /Sð ÞXn for Tg tan dð Þ; nmaxð Þ < Toverall
g tan dð Þð Þ and Tg tan dð Þ; nmaxð Þ < T

¼ 0 for Tg tan dð Þ; nð Þ 	 Toverall
g tan dð Þð Þ (30)

Tan (d) is thus proportional to the change in rubbery segments from one relaxation temperature to the next. At the relaxation tem-

peratures above the glass transition temperature, Y0(T) is just the percent of triglycerides at the relaxation mode with Tg(tan(d)) less
than the given temperature [Eq. (31)].

Y 0 rubberyð Þ ¼ Xn for Tg tan dð Þ; nmaxð Þ < Toverall
g tan dð Þð Þ and Tg tan dð Þ; nmaxð Þ < T

¼ 0 for Tg tan dð Þ; nmaxð Þ � Toverall
g tan dð Þð Þ (31)

At the tan (d) maximum, Y0(Tg) is the sum of the percent of triglycerides at that relaxation temperature and the remaining amount

of styrene not accounted for by the relaxation modes above Tg(tan (d)).

Y 0 Tg

� � ¼ Xn þ Sremaining for Tg tan dð Þ; nmaxð Þ < Toverall
g tan dð Þð Þ and Tg tan dð Þ; nmaxð Þ < T

¼ 0 for Tg tan dð Þ; nmaxð Þ < Toverall
g tan dð Þð Þ

¼ 0 for Tg tan dð Þ; nmaxð Þ > Toverall
g tan dð Þð Þ

(32)

This allows for a larger tan (d) peak relative to the homopoly-

merized triglycerides. The uncrosslinked fraction (X0 þ X1 þ /S)

also increases the magnitude of tan (d) because this fraction acts

liquid-like. The multiplicative coefficient in Eq. (28) (i.e., 1) is

larger for the copolymerized polymers relative to the homopoly-

merized oils (i.e., 0.6) because the loss modulus increases as the

crosslink density decreases, thus increasing tan (d) as well. Note
that whichever value of n produces a relaxation temperature clos-

est to Toverall
g and is used is Eq. (32), is not used in calculation of

Y0(glassy) [Eq. (30)] and Y0(rubbery) [Eq. (31)].

Figure 9 shows the tan (d) as a function of temperature for

homopolymerized soybean oil for different levels of acrylation.

In general for soybean oil and other oils, the model predictions

matched the experimental results. In particular, the position of

the maximum was correctly modeled and the values of tan (d)
at the maximum matched the experimental results. However,

the model predictions for the value of tan (d) were slightly

higher than the experimental results at temperatures approach-

ing the tan (d) maximum. Figure 10 shows similar correlation

for tan (d) experiment and model predictions for copolymers of
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acrylated triglycerides and styrene. Again, the model predictions

for the value of tan (d) were slightly higher than the experimen-

tal results at temperature below and above the tan (d) maxi-

mum, but overall matched the experimental results well. Devia-

tions between model and experiment were likely due to slightly

incorrect predictions in the triglyceride distribution and the

simplifying assumptions of the model [eqs. (28)–(32)].

Tan (d) is defined as the ratio of the loss modulus and storage

modulus. Thus, the loss modulus is simply the product of tan

(d) and the storage modulus [Eq. (33)]:

E00 ¼ E0 � tan dð Þ (33)

Therefore, the loss modulus can be simply determined from the

model predictions of the storage modulus and tan (d). Figure
11 shows the predictions of the model for homopolymerized

soybean oil acrylated to different extents. Figure 12 shows the

model predictions for copolymers of styrene and linseed oil for

different acrylation levels. There is significant deviation between

the model and experiment in the rubbery regime due to errors

in prediction of tan (d) at high temperatures. Yet overall, the

model does a good job of predicting the loss modulus maxi-

mum and drop-off with temperature.

CONCLUSIONS

Triglyceride-acrylates were prepared from various plant oils and

model compounds using the unsaturation sites on the triglycer-

ides. Unlike petroleum-derived resins, acrylated plant oils have

a distribution of functionality ranging from 0 through 9 acryl-

ates per triglyceride. This distribution can be calculated using

the distribution of unsaturation sites found on plant oils and

then using successive binomial relationships to determine the

probability of functionalizing a given functionality for a meas-

ured extent of functionalization. The crosslink densities of the

resulting polymers were calculated using Flory-Stockmayer

theory accounting for the extent of intramolecular cyclization.

The glass transition temperature was clearly a function of the

level of acrylation of triglyceride-based polymers and was mod-

eled using simple empirical relationships. The glass transition

temperatures of n-acrylated triglycerides were used as the relax-

ation modes for plant oil-based polymers. Using these relaxa-

tion modes, the Twinkling Fractal Theory of Tg and glass transi-

tion percolation theories were extended and used in

conjunction with the calculated triglyceride distribution to pre-

dict the storage modulus, tan (d), and loss modulus as a func-

tion of temperature. Essentially, the percentage of n-acrylated tri-

glycerides with Tg less than that of the ambient temperature, the

rubbery fraction, is the amount the elastic modulus drops with

temperature. The rubbery moduli for these polymers were calcu-

lated using the Theory of Rubber Elasticity and the calculated

crosslink density. The tan (d) was predicted based on the percent-

age of rubbery segments that were formed as the temperature

was incremented from one relaxation mode to the next. The

product of the storage modulus and tan (d) is the loss modulus,

and thus the loss modulus was also predicted based on the

Figure 10. Experimentally measured and model prediction of the tan(d)
for copolymers of styrene and soybean oil for different acrylation levels.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 11. Experimentally measured and model prediction of the loss

modulus for homopolymers of soybean oil for different acrylation levels.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 12. Experimentally measured and model prediction of the loss

modulus for copolymers of styrene and linseed oil for different acrylation

levels. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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polymer composition. There were some deviations between the

experimental and predicted dynamic mechanical properties, but

overall the model predictions matched the experimental results

well. Thus, this method offers an excellent method to approxi-

mate the dynamic mechanical properties as a function of temper-

ature for a resin containing a distribution of n-functional

crosslinkers.

Overall, this work has three major conclusions: (1) The glass

transition temperatures of n-functional triglycerides can be used

as the relaxation temperatures for plant oil-based thermosetting

polymers, (2) The calculated distribution of chemically added

functionality to the triglycerides is a good estimate because of

the good correspondence between model and experiment, but is

also likely the main source of error between experiment and

model predictions of the dynamic mechanical properties, and

(3). This work provides some level of validation for the Twin-

kling Fractal Theory of Tg and glass transition percolation theo-

ries, as these percolation theories provide the fundamental basis

of this model for predicting modulus as a function of tempera-

ture and breadth of the glass transition. Using this methodol-

ogy, it may be possible to predict the thermo-mechanical prop-

erties as a function of temperature for other crosslinked systems

composed of mixtures of crosslinkers with similar structure but

different levels of functionality. Alternatively, this work could be

used to predict the structure of the starting monomers based on

the dynamic mechanical properties.
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