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ABSTRACT: Biobased materials developed from triglyc-
erides contain a large variety of structures, which makes it
difficult to predict their properties. In this study, we used
a structure–property relation to design biobased materials,
both theoretically and experimentally. A general equation
to predict the crosslink density in terms of the level of
chemical functionalities of the triglycerides was derived
and used as a design rule for high-crosslinked polymer
materials. The twinkling fractal theory and the Clausius–
Mossotti equation were used to guide two approaches of
synthesis to improve the properties of the biobased ther-
mosets: the biobased resin acrylated epoxidized soybean
oil (AESO) was either crosslinked with divinylbenzene
(DVB) or chemically modified by phthalic anhydride. The
DVB-crosslinked resins had a 14–24�C increase in their

glass-transition temperatures (Tg
0s), which was dependent

on the crosslink densities. Tg increased linearly as the
crosslink density increased. Phthalated acrylated epoxi-
dized soybean oil (PAESO) had an 18–30% improvement
in the modulus. The dielectric constants and loss
tangents of both DVB-crosslinked AESO and PAESO were
lower than conventional dielectrics used for printed circuit
boards (PCBs). These results suggest that the new bio-
based resins with lower carbon dioxide footprint are
potential replacements for commercial petroleum-based
dielectric materials for PCBs. VC 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 118: 3274–3283, 2010

Key words: crosslinking; dielectric properties; glass
transition; renewable resources

INTRODUCTION

With the price of petroleum-based materials gener-
ally increasing, biobased materials have drawn sig-
nificant attention from researchers. Unlike petro-
leum-based materials, which have created many
environmental concerns,1 polymeric materials devel-
oped from renewable resources, such as plant oils,
proteins, and starch, have both economic and envi-
ronmental advantages. Soybean oil, mainly com-
posed of triglyceride molecules, is among those inex-
pensive natural resources that can be a replacement
for petroleum-based polymeric materials after poly-
merization. Although pure unsaturated triglycerides
can undergo cationic polymerization, the rate of po-
lymerization is relatively slow.2 Therefore, the chem-
ical functionality necessary for fast free-radical poly-
merization is added to the triglyceride molecules.
The Affordable Composites from Renewable Resour-
ces (ACRES) group at the University of Delaware
has done extensive research on the incorporation of

polymerizable groups into the active sites of triglycer-
ides.3–7 Among those modified triglycerides, acrylated
epoxidized soybean oil (AESO) was proposed as a
replacement for epoxy resins for printed circuit board
(PCB) applications.8 Although AESO has some prom-
ising properties, its glass-transition temperature (Tg) is
relatively low, and its mechanical properties have to
be improved for PCB applications. There have been
several studies in recent years on the improvement of
the properties of AESOs in which (1) AESO was
mixed with styrene to improve the processability, and
the Tg of the resins copolymerized with styrene was
significantly higher because the aromatic nature of
styrene imparted rigidity to the network and (2) ma-
leic anhydride and bisphenol A were also reacted
with triglyceride to increase the rigidity of the resin
system.5

The reaction products of triglyceride molecules
are complicated and involve a mixture of different
fatty acids with a large variety of structures; this
makes it difficult to predict their properties. The
lack of theoretical guidelines for the triglyceride
molecule design requires significant work on
product development. Thus, a good understanding
of the structure–property relation is necessary, both
theoretically and experimentally. Wool and Sun9

adopted percolation theory to predict Tg in polymer
thin films and bulk, which could be used to guide
the design of the triglyceride resins for different
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applications. The linear relation between the cross-
link density and Tg was derived to predict Tg. On
the basis of these, the twinkling fractal theory
(TFT)10,11 was developed to predict different proper-
ties, such as Tg and yield stress, of polymers. For
other important properties for an electronic material,
such as the dielectric properties, Debye12 derived the
Clausius–Mossotti equation and related the dielectric
constant (e) to the microscopic quantity of the mole-
cules; the resulting equation could be used to design
a molecule with a desired e.

In this study, a general equation to predict the
crosslink density in terms of the level of chemical
functionalities of the triglycerides was derived and
used as a design rule for high-crosslinked polymer
materials. TFT and Debye’s equation were used to
guide the approaches of synthesis to improve the
properties of the biobased thermosets: the biobased
resin AESO was either crosslinked with divinylben-
zene (DVB) or chemically modified by phthalic an-
hydride (PA). The approaches were adopted to dem-
onstrate that a well-understood structure–property
relation can help to design a greener biobased mate-
rial for certain applications. For example, in this
study, the material developed was intended to be
used in the PCB industry. The thermomechanical
and dielectric properties were also thoroughly stud-
ied for the new resins developed in this study.

EXPERIMENTAL

Materials

AESO (trade name Ebecryl 860) was purchased from
Cytec Industries (Smyrna, GA). DVB and the ther-
mal initiator n-tert-butyl peroxybenzoate were
obtained from Aldrich (Milwaukee, WI). PA, styrene,
hydroquinone, N,N-dimethylbenzylamine, and chlo-
roform-d (CDCl3) were purchased from Sigma (St.
Lois, MO). All materials were used as received.

Preparation of DVB-crosslinked AESO

The AESO resin was mixed with styrene and DVB.
The weight ratio of AESO to styrene was 70 : 30.
The amounts of DVB were varied. The nomenclature
adopted in this study for the DVB-crosslinked AESO
was based on the composition of the monomers. For
example, AESO70–STY30–DVB5 represents a ther-
moset prepared from AESO, styrene, and DVB with
weight ratio of 70 : 30 : 5.

Phthalation of AESO

Certain amounts of AESO and 0.1 wt % hydroqui-
none were first added to the reaction vessel and
heated to 100�C at a heating rate of 2–3�C/min with

stirring. The necessary amount of PA was ground to
a fine powder and then added to the AESO mixture
at 100�C. The mixture was then heated to 135–140�C,
at which the PA was dissolved to form a homogene-
ous solution. The N,N-dimethylbenzylamine catalyst
was then added to the vessel in the amount of 2 wt
% of AESO. The reaction was stopped after 6 h. Dur-
ing the procedure, nitrogen gas was used for purg-
ing and the removal of water out of the reaction
products, if water existed.
Throughout the procedure, samples of the reaction

mixture were taken at 1-h intervals. These samples
were taken from the reaction vessel with Pasteur
pipettes for 1H-NMR analysis. The analysis was
done to examine the reaction progress as a function
of time.
The resulting phthalated acrylated epoxidized soy-

bean oil was named PAESO; for the different
amounts of PA added to the reaction, a numerical
number was added after PAESO. For example,
PAESO2 represents PAESO with a molar ratio of PA
to AESO in the reactant mixture of 2 : 1.

Free-radical polymerization

The free-radical polymerization of soy-oil-derived
resins was carried out at elevated temperatures from
90 to 120�C. N-tert-Butyl peroxybenzoate was added
as an initiator in the amount of 1.5 wt %. To prevent
oxygen inhibition, the resin was degassed in a vac-
uum oven before curing. The resin was cured at
90�C for 2 h, followed postcuring at 120�C for 2 h.
After the cure cycle was completed, the samples
were cut and polished for various tests.

Characterization

1H-NMR was used to monitor the phthalation reac-
tion. The samples were prepared by the dissolution
of 60 mg of the sample in 0.6 mL of chloroform-d. A
Bruker AV400 spectrometer (Bruker, Germany) was
used to analyze the samples. A pulse width of 90�

was used for all of the samples. The samples were
analyzed at 20�C, and 16 scans of each sample were
taken.
The storage modulus and Tg of the polymer were

measured with a dynamic mechanical analyzer
(DMA 2980, TA Instruments, New Castle, DE) at a
heating rate of 2�C/min according to ASTM D 5023.
Tg was obtained from the temperature at which the
maximum value of the loss factor (tan d) occurred.
The dielectric properties of the materials were

measured on an impedance analyzer (HP 4294A,
Agilent Technologies, Santa Clara, CA) at frequen-
cies from 10 kHz to 5 MHz. The diameter of a sam-
ple was 10 mm, and the thickness was 5 mm.
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The viscosity of the biobased resin was measured
with a TA Instruments (New Castle, DE) AR-G2 rhe-
ometer. A cone plate 40 mm in diameter and with a
cone angle of 4� was used for all of the samples. The
samples were first equilibrated at 20�C, and then,
the temperature was increased to 70�C at a heating
rate of 1�C/min, with a shear rate of 1 s�1. A repeat
run was performed for all samples.

The molecular weight distribution of the resin was
measured by gel permeation chromatography (GPC;
Waters 2695, Milford, MA). A Waters 2414 refrac-
tive-index detector and a 7.8 � 300 mm2 Styragel
column (Waters) were used.

Soxhlet extraction by methylene chloride was
done to determine the gel fractions of the thermo-
sets. A 2-g sample of the cured polymer was
extracted for 24 h with 100 mL of refluxing methyl-
ene chloride with a Soxhlet extractor. (Soxhlet ex-
tractor was named after Franz von Soxhlet. The ex-
tractor was purchase from ACEGLASS, Vineland,
NJ). After extraction, the insoluble solid was dried at
50�C in vacuo for 4 h before it was weighed. The gel
fraction was determined from the weight ratio of the
extracted sample to its weight before extraction.

RESULTS AND DISCUSSION

The two different chemical modification approaches
are analyzed and discussed in the following two
separate subsections.

DVB-crosslinked AESO

Dynamic mechanical analysis (DMA)

Li et al.13 obtained hard plastics from the copolymer-
ization of soybean oils and DVB. However, the plas-

tics were very brittle because of their high crosslink
density and nonuniform crosslink structure. After
other comonomers, such as styrene, were added, the
mechanical properties of the resulting plastics were
significantly improved.2 In the same manner, styrene
was used as a comonomer in this study to improve
the mechanical properties.
The storage moduli of the crosslinked AESOs are

shown in Figure 1. The storage modulus initially
remained almost constant at low temperatures. As
the temperature increased, there was a sharp drop
in the temperature region between 50 and 100�C,
which indicated that a glass transition occurred at
this temperature range. The drop in the modulus
corresponded to the onset of segmental mobility of
the polymer network, where the chains of the amor-
phous polymer began to coordinate large-scale
motions, in other words, the amorphous regions
began to melt. After the glass transition, the rubbery
modulus plateau was reached, where the polymer
behaved like a rubber. For a thermosetting polymer,
the plateau region continues until the sample begins
to degrade because the crosslinks prevent the chains
from slipping past one another.14 Clearly, with
increasing DVB, the storage modulus at the plateau
region increased; thus, the crosslinking density
increased. Figure 1 also shows that the glass-transi-
tion range broadened when the amount of DVB
increased in the polymer, as the curves started to
overlap. This was because the additional crosslinks
increased segmental heterogeneities and, thus,
broadened the glass-transition region.15

Figure 2 shows tan d of the DVB-crosslinked
AESO by DMA. The peaks of the tan d corresponded
to the a relaxation, that is, Tg of the crosslinked
polymers and were, thus, used to determine the Tg

values of the polymers. With increasing amount of

Figure 1 Temperature dependence of the storage moduli
of DVB-crosslinked AESO. The addition of DVB increased
the storage modulus of the DVB-crosslinked AESO and
broadened the glass-transition region.

Figure 2 Temperature dependence of tan d of DVB-cross-
linked AESO. The shift of the peak to the high-tempera-
ture side indicates the increasing Tg with the addition of
DVB in the resin. The span of the glass-transition region
also increased with increasing DVB content.
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DVB in the resin, the peak of tan d shifted to a
higher temperature; this indicated a higher Tg. This
was because crosslinking hindered the motion of the
polymer segments; thus, a higher temperature was
required for the onset of the motion. The DVB-cross-
linked AESO resins had a 14–24�C increase in their
Tg values, which was dependent on the DVB con-
tent. As the DVB content increased, the tan d peak
value decreased because of the higher crosslinking
density and lower intersegmental and intrasegmen-
tal friction coefficients. In addition to reducing the
peak values, the higher crosslinking density also
increased segmental heterogeneities and, thus,
broadened the tan d region, which was consistent
with the storage modulus analysis. Thus, the DVB
content between AESO70–STY30–DVB10 and
AESO70–STY30–DVB15 was recommended to obtain
a high Tg but maintain a relatively narrow glass
transition. An increase in Tg has also been reported
for other AESO polymers as the level of acrylation
increased for triglyceride-based polymers, both with
and without comonomers.16,17

Crosslink density

The plateau modulus determined from DMA above
Tg is a measure of the effective crosslink density of
polymers. The crosslink density of a polymer can be
determined from the theory of rubber elasticity by
the following equation:18

E ¼ 3vRT (1)

where v is the crosslink density and E is the elastic
modulus of the polymer in the plateau region above
Tg. T is the temperature where the plateau region is
reached; in this study, Tg þ 40 (K) was used in the
calculations. R is the ideal gas constant (8.314 J K�1

mol�1), and T is the absolute temperature (K).
In theory, we define crosslinks as the chains that

connect two infinite polymer chains. The number of
crosslinks in the network composed of n crosslink
agents can be expressed as a function of the compo-
sition and the functionality of each component in
the resin, such as the triglycerides, by eq. (2):

v ¼
Xn

i¼1

3qwi fiXi � 1ð Þ
MWi

(2)

where q is the density of the polymer, w is the
weight fraction of the multifunctional components in
the resins, f is the number of polymerizable groups
(e.g., C¼¼C double bonds in this study) in the mono-
mer molecule, X is the extent of polymerization,
MW is the molecular weight of each monomer, and
the subscript i denotes ith component in the resin.

The AESO resin contained 3.4 acrylates per tri-
glyceride,19 that is, 3.4 double bonds. The number of
double bonds in DVB was 2. These numbers were
used as f in eq. (2) to calculate the crosslink density
of the polymer. According to La Scala,16 the extent
of the reaction was 0.99 for acrylate groups. The mo-
lecular weight of AESO was 1186 g/mol, and the
density of the cured polymers was 1080 kg/m3.
According to eq. (2), we could define the effective

functionality that contributed to the polymer network
as (fiXi � 1)/MWi. AESO had 3.4 double bonds, so it
also served as a crosslink agent. However, because of
its high molecular weight, it had a much lower effec-
tive functionality than DVB (1 : 3.78, with X assumed
to be 100%). Thus, the addition of DVB increased the
crosslink density of the polymer network.
Figure 3 shows the crosslink densities of the DVB-

crosslinked AESO calculated by eq. (2) and the values
determined experimentally. The crosslink density of the
thermosets increased as the amount of DVB in the resin
increased because of the higher effective functionality
of DVB. The results show that the theoretical crosslink
densities were higher than the experimental values
because of two reasons: (1) the internal cyclization reac-
tion (monomer units incorporated into the polymer los-
ing their pendent vinyls by cyclization within their own
primary polymerization chain20) of triglycerides and
DVB16,17 and (2) the plasticization effect by saturated
fatty acids, which underestimated the crosslink den-
sities experimentally during DMA.13,19

The internal cyclization resulted in small mole-
cules that were not connected to the thermoset net-
work. The fraction of network could be determined
by Soxhlet extraction (see Table I). After Soxhlet

Figure 3 Theoretical and experimental crosslink density
of DVB-crosslinked AESO with different amounts of DVB.
The experimental values were lower than the theoretical
values because of the internal cyclization and plasticiza-
tion effect.
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extraction, the soluble part of the polymer was the
relatively small molecules created by internal cycli-
zation, and the insoluble part was the polymer net-
work. The crosslinked fraction of the polymer varied
from 94.1 to 97.7 wt % and was much higher than
the values reported by Li et al.13

Given the adjusted factor to account for the cycli-
zation reactions, the total crosslink density for a
polymer network is given by

v ¼
Xn

i¼1

3qwi fi � fcð ÞXi � 1½ �
MWi

(3)

where fc is the number of functional groups lost to-
ward intramolecular cyclization.

According to eq. (3), during the polymerization
the numbers of acrylate groups lost per triglyceride
toward intramolecular cyclization for the four poly-
mers were 1.3, 0.8, 0.8, and 0, respectively.

Effect of the crosslink density on Tg

Several different models have been developed to pre-
dict the effect of the degree of crosslinking on Tg.

21–24

These models predict Tg as a function of crosslink den-
sity quite well for homopolymerized triglycerides.16 For
example, the prediction for the dependence of Tg on
crosslink density (m) is given by the TFT of Tg:

10,11

Tg vð Þ ¼ T0
g þ

T0
gMox

q 1� pcð Þ m (4a)

where T0
g is the glass-transition temperature of the lin-

ear polymer extrapolated to m ¼ 0, Mox is the molecu-
lar weight per backbone atom of the crosslink chain
structure, and pc � 0.5 is the vector percolation thresh-
old when the glassy modulus approaches zero.

According to TFT, the Tg is linearly dependent on
the crosslink density. Figure 4 shows the Tg of the
crosslinked polymer as a function of the crosslink
density. As the crosslink density increased, Tg of the
polymer increased linearly. Because of the higher
segmental heterogeneity at higher crosslink den-
sities, AESO70–STY30–DVB15 had a higher variance.
The fitted equation is given by

TgðKÞ ¼ 340þ 0:00406v (4b)

e values and molecular structure

Dielectrics are the major material for electronic pack-
aging. The performance of the electric signal in a PCB
is mostly limited by the interlayer capacitance, which
is dictated primarily by e of the packaging materials.
It is well known that the signal delay time (td) behaves
as td_

ffiffiffi
e

p
, such that a low e promotes a high signal

speed. A decrease in the e values also minimizes the
crosstalk effects between signal lines.25 The ratio of
the imaginary part to real part of the e values,
known as the dissipation factor or loss tangent, is also
a critical value for PCB. A low value of the loss tan-
gent will reduce the power consumption, which is
favorable for high-speed applications.25,26 Thus, a
lower e material is most desirable for PCB
applications.
Figure 5 shows the e values and loss tangents of the

DVB-crosslinked polymers measured at room temper-
ature at 1 MHz. The e values decreased from 3.77 to
3.62 with the addition of DVB in the resin. The loss
tangent of the polymers was about 0.02 for all of the
samples, indicating very low energy (signal) loss.
The e values of the biobased materials were lower

than the values of the most widely used epoxy res-
ins, which had e values of 4.2–4.7. It was also similar
to other resins used in dielectric applications, such

TABLE I
Contents of the Crosslinked Fractions, Crosslink Densities, and Tg Values of the

DVB-Crosslinked Polymers

Polymer
Contents of the crosslinked

polymer (wt %)
Crosslink density

(mol/m3) Tg (K)

AESO70–STY30–DVB0 94.09 1833 6 85 346.0 6 0.7
AESO70–STY30–DVB5 97.04 4003 6 77 359.8 6 0.6
AESO70–STY30–DVB10 94.50 4802 6 176 363.2 6 0.7
AESO70–STY30–DVB15 97.68 7133 6 256 369.0 6 2.3

Figure 4 Relation of Tg and the crosslink density. Tg

increased linearly as the crosslink density of the polymer
increased. The measurement errors were used for direct
weighing for the linear fit.
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as polyimides and polyesters. The lowest e was 1,
which was in vacuo or closely in air. Combined with
chicken feather fibers, which have air in their hollow
structure, the resulting composites had lower e val-
ues and could be a substitute for petroleum-based
resins in many electronic material applications.8,27

e, which is a macroscopic quantity, can be related
to the microscopic quantity of the molecules by the
Clausius–Mosotti’s equation, derived by Debye:12

e� 1

eþ 2
¼ 4p

3

q
M

NA aþ l2

kT

8
>>:

9
>>; (5)

where a is the polarizability of chemical bonds; l is
the dipole moment of the molecule, which depends
on the frequencies; M is the molecular weight of the
material; NA is Avogadro’s number; and k is Boltz-
mann’s constant.
Although this equation was designed for predicting

the e values of liquids and gases, it is also useful for
qualitatively analyzing the e values of the polymer.28

This can be used to guide the selection of monomers for
electronic applications. With the addition of more
groups with low polarity in a system, e of the resin
decreases. Thus, nonpolar groups, such as CAC bonds
and CAH are desirable. For example, e of polyethylene
is about 2.3.29 Also, the aromatic ring is nonpolar and
will reduce e and impart rigidity to a polymer. With
more DVB in our system, e of the resin decreased
because of the reduced molecular mobility. The polarity
of the CAC bonds and CAH was low, and the benzene
ring was nonpolar; this made a smaller and, hence, e
smaller. The low polarity of the resin also controlled the
loss tangent in the low-value range.

PAESO and its polymer

Phthalation reaction

AESO had 3.4 acrylate groups that could be used for
free-radical polymerization. When epoxidized soy-
bean oil was converted to AESO (see Scheme 1), ev-
ery single acrylate group obtained gave a hydroxyl
group on the AESO molecule. These hydroxyl
groups remained unreacted after the thermoset was

Figure 5 e and loss tangent of the DVB-crosslinked
AESO measured at 1 MHz and room temperature. The
addition of DVB decreased e of the DVB-crosslinked
AESO because of its lower polarity.

Scheme 1 Modification of soybean oil (triglyceride) by epoxidation and acrylation reactions. The double bonds in the ac-
rylate groups of arylated epoxidized soybean oil were ready for free-radical polymerization.
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cured. Different approaches have been used to use
this functional group to improve the properties of
triglyceride resins. Can et al.5 used maleic anhydride
to react with the alcoholysis (glycerolysis or pentaer-
ythritolysis) products of soybean oil. However, Lu
et al.30 used maleic anhydride to react with AESO
directly. The resulting maleated soy resins had
higher Tg values (up to 165�C) and storage moduli
(up to 3 GPa) than AESO.

In this study, PA was used to phthalate AESO by
addition to the OH group, where new crosslink sites
formed accordingly, as shown in Scheme 2. The
incorporation of PA into the resin should have also
increased the rigidity of the polymer network
because of its aromatic nature.

La Scala16 systematically studied the NMR analy-
sis of triglycerides and chemically modified triglyc-
erides, and the corresponding peak assignment was
used in this study. Figure 6 shows the NMR spectra
of the products of the phthalation reaction. PA
attached to an AESO molecule (7.25 ppm) was
assigned as peak 1, and free PA (double peaks
around 8 ppm) was assigned as peak 2. As the reac-
tion time increased, the ratio of reacted PA to free

PA increased. On the basis of NMR, the conversion
of AESO to PAESO was calculated. The methyl pro-
tons at the end of fatty acids (0.9 ppm) were used as
internal standards to determine the extents of the
reaction. The calculated numbers of PA added to
AESO are shown in Table II. The conversion of PA
decreased as the amount of PA increased, and it did
not reach 100%, even when we extended the reaction

Scheme 2 Phthalation of AESO with PA. PA reacted with OH groups on the AESO molecules and formed intermolecu-
lar chemical bonds.

Figure 6 1H-NMR spectra of the phthalation reaction of
AESO and PA. As the reaction time increased, the ratio of
reacted PA (peak 1) to free PA (peak 2, double peaks)
increased.
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time. An equilibrium was reached for this reaction,
which was similar to the reaction of maleic anhydride
with AESO.16 As the ratio of PA to AESO increased,
the number of PA added to AESO did not increase
proportionally. Only 1.7 PA molecules were reacted
with AESO when the ratio of PA to AESO was 3.

Molecular weight distribution of PAESO

Figure 7 shows the molecular weight distribution of
the different PAESOs synthesized from the phthala-
tion reaction. The large peaks at 17.5 min indicated
that some AESO remained unreacted for all of the
phthalation reactions. The average molecular
weight of AESO was 1186 g/mol, and that of PA was
148 g/mol. As each PA only reacted with one AESO
molecule, the resulting molecular weight of PAESO
was about 1690 g/mol if all of the hydroxyl groups
reacted with PA. However, the GPC results showed a
considerable amount of molecules with large molecu-
lar weight (2500–31,000 g/mol) in the products; this
indicated that intermolecular bonds between AESO
molecules formed. The average molecular weights are
shown in Table II. The PAESOs had high polydisper-
sity index (PDI) values, that is, wide molecular weight
distributions. The number-average molecular weights
(Mn

0s) were 6385, 7344, and 7393, respectively; this
meant that oligomerization occurred during the reac-

tion, as we expected (see Scheme 2). On the basis of
Mn, the average AESO units of each oligomer for
PAESO1, PAESO2, and PAESO3 were 5.1, 6.1, and 6.2,
respectively. Interestingly, PAESO2 and PAESO3 had
very similar molecular weight distributions, which
indicated that, in this reaction, the additional PA as a
reactant did not react with AESO when the molar ra-
tio of PA to AESO was greater than 2 : 1.

Rheology of PAESO

The effect of the temperature on the viscosity of the
triglyceride-based crosslinkers is shown in Figure 8.
With the formation of oligomers in the final product
(Table II), the high molecular weight of PAESO
resulted in a high viscosity. The initial viscosity of
PAESO was so high that it had to be mixed with 30
wt % styrene before it was measured.
The Arrhenius model could be used to fit the vis-

cosity (g) as a function of temperature:

g ¼ g0 exp �Eg

RT

8
>:

9
>; (6a)

where g0 is the prefactor and Eg is the activation
energy for the viscous liquid (J/mol).
The calculated activation energy was 41.1 kJ/mol.

Thus, the data in Figure 8 could be calculated by

TABLE II
Molecular Weights, Conversions, and Amount of Phthalates Formed in the Phthalation Reaction of AESO

Molar ratio
(AESO : PA)

Weight ratio
(AESO : PA)

Phthalates added
per AESO

Conversion of
PA (%) Mn

Weight-average
molecular weight PDI

Oligomer
units

1 : 1 100 : 12.34 0.9 90 6385 12,321 1.93 5.3
1 : 2 100 : 24.68 1.6 80 7344 18,115 2.47 6.1
1 : 3 100 : 37.02 1.7 57 7393 18,465 2.50 6.2

Figure 7 GPC of AESO and PAESO. Different sizes of
polystyrene (PS; molecular weights ¼ 2, 5.8, 50, and 150,
PDI < 1.03) were used as standards, and AESO was used
as a control. PAESO2 and PAESO3 had similar molecular
weight distributions, and their molecular weights were
larger than those of PAESO1 and AESO.

Figure 8 Viscosity of PAESO2 (with 30 wt % styrene) as
a function of the temperature. The Arrhenius model could
be used to predict the experimental data.
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g ¼ 3:75� 10�7 exp
�41:1� 103

RT

8
>>:

9
>>; (6b)

DMA of PAESO

Figure 9 illustrates the temperature dependence of
the storage moduli of different PASEOs obtained from
the phthalation reactions. The storage moduli of the
AESO and PAESOs were similar in nature. The modu-
lus remained high at room temperature, then dropped
sharply from 30 to 70�C, and finally reached the rub-
bery plateau region. The moduli of the PAESOs were
higher than that of AESO in the whole glassy state,
which proved that incorporation of PA to AESO
increased the rigidity of the resin and thus increased
the modulus. The storage moduli of PAESO2 and
PAESO3 were very close but higher than PAESO1

because of the fact that PAESO2 and PAESO3 had
very similar molecular weight distributions, in other
words, similar compositions and structures.
Figure 10 shows the temperature dependence of

tan d for the PAESOs and AESO. With increasing
amount PA used, the tan d peak value increased.
These peaks corresponded to the moduli drop occur-
ring in the same temperature region (Fig. 9). The
shift of the tan d peak to the high-temperature side
indicated the increasing rigidity of the molecules,
which required higher temperature to start large-
scale motion.
The storage moduli of the PAESOs and AESO at

25�C are shown in Figure 11(a). Compared with
AESO, PAESO1 had about an 18% increase in modu-
lus, and PAESO2 and PAESO3 had about a 25–30%
increase due to the increasing rigidity of the

Figure 9 Temperature dependence of the storage moduli
of AESO and PAESO. The incorporation of PA increased the
modulus. The moduli of (&) PAESO2 and (~) PAESO3
were very close but higher than that of (*) PAESO1.

Figure 10 Temperature dependence of tan d of the AESO
and PAESOs. The temperatures where the peaks occurred
were used as the Tg values.

Figure 11 (a) Storage modulus of the PAESOs at 25�C. Compared with AESO, PAESO1 had an 18% increase in the mod-
ulus, and PAESO2 and PAESO3 had about a 25–30% increase in the modulus. (b) Tg of the PAESOs. The PAESOs had a
higher Tg than AESO. However, there was no significant difference between the Tg’s of PAESO2 and PAESO3.
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polymer structure, as explained by TFT theory. Stat-
istically, however, the moduli of PAESO2 and
PAESO3 showed no difference because of the similar
molecular structure of PAESO2 and PAESO3.

Tg of PAESO

The Tg values obtained from the peaks of tan d are
shown in Figure 11(b). As expected, Tg of PAESO
was higher than that of AESO. According to the TFT
theory, short rigid side chains resulted in the
increase of Tg, which was proven by the results.
However, the statistical result shows no difference
in the Tg values of PAESO2 and PAESO3, which
was consistent with the previous analysis of their
molecular structures.

e values of the PAESO polymers

The e values and loss tangents of the PAESO polymers
at 1 MHz measured at room temperature are listed in
Table III. The e values of these polymers ranged from
3.58 to 3.77 and were lower than the conventional ep-
oxy dielectrics (e � 4.2–4.7). The lower e values make
the polymer a potential replacement for petroleum-
based dielectric materials. The loss tangents of these
materials were lower than 0.02 and are suitable for PCB
applications. Given that this biobased material has a
much lower carbon dioxide footprint, it is a much
greener and environmentally friendly material for the
PCB industry and for other applications.

CONCLUSIONS

In this study, two synthetic approaches were used to
modify soybean resins to obtain desirable properties,
guided by the design rules developed by the ACRES
group and others:

1. The equation of predicting the crosslink density in
terms of the level of chemical functionalities of the
triglycerides was found to be an efficient design
rule for high-crosslinked polymer materials.

2. TFT, which predicts linear relationships
between Tg and crosslink density of the poly-
mer network, was adopted to design triglycer-
ide resins with suitable Tg values. The resulting
Tg of the DVB-crosslinked polymers agreed
with the linearity of the TFT of Tg.

3. TFT also suggested the structure effects on the
storage modulus of the polymeric materials.
The use of a rigid structure to the polymer
improved its modulus, which was proven by
both approaches in this study.

4. Nonpolar or low-polar comonomer added to the
resins resulted in polymers with low e values.

5. The newly developed triglyceride resin systems
had higher Tg values, higher moduli, lower e
values, and suitable dielectric loss tangents and,
thus, have advantages for PCB applications.

The authors thankAlejandrina Campanella for valuable discus-
sions about the synthesis of PAESO. They also thank John Q.
Xiao of the Physics Department at the University of Delaware
for the use of their HP 4294A Precision Impedance Analyzer.
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TABLE III
e Values and Loss Tangents of PAESOs Measured at 1

MHz and Room Temperature

Polymer e Loss tangent

AESO 3.77 0.018
PAESO1 3.58 0.0126
PAESO2 3.68 0.0128
PAESO3 3.71 0.0129

BIOBASED COMPOSITE RESIN DESIGN 3283

Journal of Applied Polymer Science DOI 10.1002/app


