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ABSTRACT: Polymerized soybean oil (polySOY) and isotactic poly(L-lactide) (PLLA) were melt blended
to increase the toughness of PLLA in an all renewable blend. The polySOY samples were prepared by
crosslinking soybean oil by the addition of a free radical crosslinking agent or by heating the oil in the
presence of oxygen. Soybean oil is relatively nonreactive compared to other vegetable oils, and conjugation of
the double bonds within the fatty acid chains of the soybean oil triglyceride prior to crosslinking led to
significantly increased reactivity. Poly(isoprene-b-L-lactide) block copolymers were used to compatibilize the
blends due to the high degree of immiscibility between PLLA and polySOY. The blending of polySOY and
PLLA resulted in significant improvements in the tensile toughness of the blend compared to neat PLLA. The
blend morphology was dependent on the polySOY gel fraction or weight-average molar mass; the polySOY
characteristics were key indicators of the tensile toughness.

Introduction

The finite availability of petroleum and environmental con-
siderations have placed recent emphasis on the development of
raw materials for polymers from renewable, non-petrochemically
derived resources.!~® One extensively studied renewable resource
polymer is polylactide, which can be derived from various starch
sources such as corn.””'* Polylactide is not only renewable but
also biodegradable; therefore, it has been used in biomedical
materials, disposable plastics, and fiber applications.'®!*!?
Nevertheless, the brittleness of polylactide, as evidenced by low
impact strength, strain at break, and tensile toughness, has
limited more widespread implementation.'®'® Many approaches
have been taken to improve these properties; the effects of
polymer stereochemistry, processing history, and the addition
of plasticizers have all been studied.'® In addition, PLLA has
been blended with a variet?/ of materials'® including (but
not limited to) polyethylene,'’ golyurethanes,18 poly(ethylene
oxide),’ poly(e-caprolactone),’® polyhydroxyalkanoates,>!
poly(butylene succinate), Eoly(ethylene—octene),23 and various
types of synthetic rubber’® with varied results. The challenge
remains to find a completely renewable and biodegradable
toughening agent that enhances PLLA properties as effectively
as the nonrenewable and nonbiodegradable blending partners.

Vegetable oils are triglycerides that typically contain unsatu-
rated fatty acids. The modification of vegetable oils and their
subsequent use as raw materials for polymers has been a subject
of much interest.®*>?® Recent work by our group and others
focused on the use of soybean oil (SOY) to toughen PLLA. We
explored the morphology of PLLA/SOY blends using unmodi-
fied SOY and discovered that the binary blend undergoes phase
inversion at low concentrations of SOY, leading to the loss of
SOY during blending, which is highly dependent on the choice of
block copolymer used to compatibilize the blend.”” Ali et al.
demonstrated that moderate improvements in the elongation at
break of PLLA were gained by the addition of epoxidized SOY .
In this article we explore how the polymerization of SOY prior to
blending improves its level of incorporation into PLLA and
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how optimization of the polymerized SOY characteristics can
yield blends with increased toughness compared to the parent
PLLA.

The presence of an average of 4.5 double bonds per SOY mole-
cule allowed for the creation of intermolecular linkages between
the molecules through the addition of a free radical crosslinking
agent or through autoxidation by heating the oil in the presence
of air.%>26230 The effect of conjugation of the double bonds prior
to crosslinking on the soybean oil reactivity was also probed.
Variation of the reaction parameters allowed for control over the
polymerized soy (polySOY) molecular characteristics that in turn
were found to have a significant impact on the morphology of the
PLLA/polySOY blends prepared by melt blending techniques. Due
to the high degree of immiscibility between PLLA and polySOY,?’
block copolymers with varying composition were also added to
the blends as compatibilizers. Finally, the tensile toughness of the
blends was probed, and a direct correlation between blend mor-
phology and toughness was uncovered.

Experimental Details

Polymer Synthesis and Characterization. Poly(L-lactide)
(PLLA) was supplied by Toyota Motor Corp. Wesson soybean
oil (SOY) was obtained from a local grocery store. Conjugated
soybean oil (CSOY) was synthesized using the following proce-
dure.’’ SOY was mixed with 1.5 mol % carbonylchlorohy-
dridotris(triphenylphosphine)ruthenium(II) (Strem Chemical)
in benzene. The solution was degassed and heated at 60 °C
under argon for 2 days. Benzene was removed from the reaction
vessel with a rotary evaporator, and the CSOY was dried under
reduced pressure at room temperature overnight. To remove the
catalyst,’? tris(hydroxymethyl)phosphine (Strem Chemical) and
dichloromethane were added to the reaction vessel containing
the crude product in an inert atmosphere glovebox. The reaction
vessel was sealed, removed from the glovebox, and stirred for 2
days. The solution was passed through a silica gel column (using
dichloromethane as the mobile phase). The solvent was removed
on a rotary evaporator, and the CSOY product was dried under
reduced pressure for 2 days at 50 °C. Proton nuclear magnetic
resonance ('H NMR) spectra obtained from the purified CSOY
were consistent with the literature.’! For all of the reactions,
>95% of the nonisolated double bonds (on the linoleic and
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Table 1. Characteristics of PI-PLLA Block Copolymers”

name JrLLA M, pria (kg/mol) PDI
PI-PLLA(S1) 0.51 35 115
PI-PLLA(63) 0.63 57 1.21
PI-PLLA(69) 0.69 76 1.30
PI-PLLA(71) 0.71 82 130
PI-PLLA(81) 0.81 140 1.50

“fprra is the volume fraction of PLLA in the block copolymer at
190 °C. For all of the block copolymers, the PI-block M, = 24 kg/mol
and PDI = 1.02. Throughout this study, PI-PLLA(69) and PI-PLLA-
(71) have been used interchangeably in blends. Therefore, PI-PLLA-
(70)* will be used to refer to either block copolymer.

linolenic fatty acids) were conjugated, as determined by the
disappearance of the bisallylic proton peak at 2.8 ppm.

Polymerized SOY (polySOY) and polymerized CSOY
(polyCSOY) were prepared by one of the following methods.
In method A, dicumyl peroxide (DCP) was added to degassed
SOY or CSOY. The mixture was purged by bubbling with nitro-
gen gas for 2 h and then heated (under nitrogen) at 150 °C for
12 h (unless otherwise specified). The DCP decomposition
products were removed by heating the polySOY or polyCSOY
under reduced pressure for 6 days at 190 °C. In method B, 0.5 g
of SOY or CSOY was heated at a specified temperature in the
presence of air in an open 50 mL round-bottom flask with
stirring. No further purification was utilized. The kinetics of the
polymerization of SOY or CSOY by method B were found to be
dependent on the size of the sample and the size of the reaction
vessel (likely due to the surface area available for oxygen
incorporation). Unless otherwise specified, the polySOY sam-
ples discussed in this article were prepared with method A.
Poly(isoprene-b-L-lactide) (PI—PLLA) block copolymers were
prepared with a combination of anionic and ring-opening
polymerization, as described in refs 27 and 33.

Number-average and weight-average molecular weights (M,
and M, respectively) and the polydispersity index (PDI = M,/
M) of the polySOY materials and the PLLA supplied by
Toyota Motor Inc. were characterized with size exclusion
chromatography (SEC) using a Hewlett-Packard 1100 series
chromatograph equipped with a Hewlett-Pakard 1047A refrac-
tive index detector (in chloroform at 35 °C). The values reported
for these polymers are based upon polystyrene standards. The
commercial PLLA pellets supplied by Toyota had the following
characteristics: M,, = 54 kg/mol and PDI = 1.73. The mole-
cular weight of the PLLA is greater than the entanglement
molecular weight.>* The gel fractions of the polySOY samples
were measured using Soxhlet extraction in dichloromethane.
Absolute M, based upon end-group analysis and the fraction of
1,4 regioisomer (> 93%) of the PI-block of the PI-PLLA block
copolymer and the block copolymer composition were deter-
mined from "H NMR spectroscopy (Varian INOVA-500). The
characteristics of the PI-PLLA block copolymers are given in
Table 1. The PDI values of the PI-PLLA block copolymers
were determined with SEC using polystyrene standards.

Rheological measurements were conducted on the polySOY
samples with a Rheometrics ARES strain-controlled rheometer
using 25 mm parallel plates. The polySOY samples were pre-
pared by heating the sample in the rheometer oven to 100 °C and
gently applying a force until the sample filled the space in
between the plates. The storage and loss moduli (G' and G”,
respectively) were measured as a function of frequency at a
variety of temperatures. Unless otherwise noted, appropriate
strain values were used for each measurement such that the
response was in the linear viscoelastic region.

Blend Preparation and Characterization. The blend compo-
nents (PLLA, polySOY, and PI-PLLA block copolymers) were
melt blended in a twin-screw DACA mixer with 4 g batch size.
PLLA was dried in a vacuum oven overnight at 80 °C prior to
mixing and stored in a desiccator under reduced pressure until
use. PLLA and PI-PLLA (in the case of ternary blends) were
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first added to the mixer, and the torque was allowed to equili-
brate for a few minutes. The polySOY was subsequently added
to the mixer. Unless otherwise noted, the mixing temperature
was 190 °C, the mixing rate was 300 rpm, and the total mixing
time was 20 min. After mixing, the sample was extruded into
liquid nitrogen to preserve the morphology.

A portion of the extrudate was saved for observation of the
blend morphology. The sample (from a middle portion of the
extrudate) was cryo-microtomed (Ultracut Microtome, Reichert)
using a glass knife at —150 °C. The polished surface of the
specimen was coated with 10 nm of platinum. The specimen was
imaged with scanning electron microscopy (SEM) using a JEOL
6500 instrument operating at an accelerating voltage of 5 kV and
containing a Everhart Thornley secondary electron detector. The
polySOY droplets were often removed from the surface during the
microtoming process due to the weak adhesion between the PLLA
and polySOY domains, and thus holes in the sample were ob-
served. The centers of the holes often appear darker than the
matrix, with a bright ring around the holes. This indicates that
at the edge of the hole some of the polySOY was pulled out
away from the matrix but is still attached to the sample. ImageJ
analysis software was used to analyze the average particle diameter
(or, rather, hole diameter) from the SEM images. The area of
each particle was calculated and then converted to an equivalent
diameter of a sphere (D; = 2(4,/7)"?). Using 100—1000 particles,
a volume-average diameter (D,) was calculated as shown in eq 1.
Though the Sauter mean diameter, which is the ratio of the volume
to surface area average diameters, has been used (eq 1), it will be
referred to as the volume-average diameter in this manuscript for
simplicity. No further correction of D; was made for the under-
estimation of D; due to the two-dimensional projection of the
sphere. Additionally, particles of a size too small to be observed at
the magnification chosen have been neglected. The volume-aver-
age diameter is used as it places more weight on the larger particles
than the number-average diameter. The interparticle distance, or
matrix ligament thickness (7), was also calculated following refs 17
and 35.

n
> D/
=5
> D7
i

D, (1)

The blend was pressed at 200 °C (after annealing for 10 min at
200 °C) at an approximate pressure of 1 MPa into a dogbone-
shaped mold with gage width = 3 mm, gage length = 12 mm,
and thickness = 0.5 mm. The samples were removed from the
press and allowed to cool at room temperature for 10 min. After
a minimum of 24 h of aging at room temperature, the tensile
properties of the blends were then measured on a Rheometrics
Minimat tensile tester at a rate of 10 mm/min. Though this
dogbone shape does not conform to ASTM standards, the
tensile properties of neat PLLA measured using this method
(strain at break = 5%, stress at break = 68 MPa, tensile
modulus = 2 GPa, and tensile toughness = 2 MPa) were in
agreement with the literature.”'*'® The tensile properties, par-
ticularly the strain at break, modulus, and tensile toughness,
were dependent on the geometry of the test specimen used. It was
discovered thatif the gage width was 3 mm and the thickness was
0.5 mm, the gage length needed to be atleast 12 mm to obtain the
standard values for neat PLLA. If a shorter test specimen was
used, nonstandard values were obtained (the strain at break was
as high as 14% for PLLA using the shorter bars). Therefore, all
of the measurements reported in this paper used the same tensile
bar geometry: a dogbone with gage dimensions 12 mm x 3 mm
x 0.5 mm. One of the pressed dogbone samples was used for
NMR analysis to determine the percent of polySOY incorpo-
rated into the blend. Differential scanning calorimetry analysis
(TA Instruments Q1000 under nitrogen gas at a scan rate of
10 °C/min from 0 to 220 °C) was used to determine the percent
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Figure 1. (a) Dependence of the weight-average molecular weight (M) of polySOY (®) and polyCSOY (a) on the percent of dicumyl peroxide (DCP)
for reactions conducted at 150 °C for 12 h by method A. (b) Dependence of the weight-average molecular weight (M,,) on reaction time in air for
polySOY at 190 °C (O) and polyCSOY at 150 °C (A) and 190 °C (a) by method B. The gel points are indicated by arrows.

crystallinity and glass transition temperature of the PLLA post-
molding. Fracture surfaces from the tensile bars were also
coated with 10 nm of platinum and analyzed with SEM as
described above.

Results and Discussion

Polymerization of Unmodified Soy (SOY) and Conjugated
Soy (CSOY). SOY and CSOY were free radically polymer-
ized following method A in the Experimental Details section.
The effects of the DCP concentration on the polymerized
SOY (polySOY) and polymerized CSOY (polyCSOY) mo-
lecular weights are shown in Figure 1a. The molecular weight
is based on size exclusion chromatography with polystyrene
standards and thus is not an absolute molecular weight. For
both, the molecular weight of the polymer increased with
increasing DCP concentration. The gel point, the point at
which the sample contains a measurable insoluble fraction as
determined by Soxhlet extraction with dichloromethane, is
reached at a critical concentration of DCP, indicated by the
arrows in Figure la. Above the gel point, as the concentra-
tion of DCP increases, the gel fraction also increases (the gel
fraction is defined by the insoluble portion of the sample).
Significantly less DCP is required for the polymerization of
CSOY as compared to SOY, consistent with previous work
on the increased reactivity of conjugated vegetable oils. ¢’

SOY and CSOY were also polymerized through auto-
oxidation following method B in the Experimental Details
section. The resulting molecular weights of polySOY and
polyCSOY are plotted as a function of time in Figure 1b.
Using method B, the reaction progress is controlled by the
reaction time in the presence of oxygen; conjugation signifi-
cantly increases the reaction rate.

The molecular weight distributions of selected fully solu-
ble (i.e., no gel fraction) polySOY samples (method A) are
shown in Figure S1 (Supporting Information). Due to the
uncontrolled nature of the polymerization, the PDIs of
the materials range from 2 to as high as 30 for the highest
molecular weight samples. In all of the samples, there is a
fraction of unpolymerized SOY (or CSOY) remaining. The
molecular weight distributions in Figure S1 (Supporting
Information) are similar to those reported in the literature
for the cross linking of monodisperse polymers.*®

The polySOY samples used for the blending studies were
prepared by the polymerization of SOY using method A.
Similar polySOY materials can be easily prepared in the
absence of a crosslinking agent (method B). The use of
CSOY enhances the oil reactivity in both methods. The
polySOY samples used in this study will be referenced in
the following manner: polySOY samples that do not contain

a gel fraction will be characterized by M,, (based on size
exclusion chromatography with polystyrene standards)
whereas polySOY samples that do contain a gel fraction will
be characterized by the gel fraction (based on Soxhlet
extraction with dichloromethane). The characteristics of the
polySOY used in the blends in this paper are given in
Table S1 of the Supporting Information.

Improving the Incorporation of SOY through Polymeriza-
tion. Previous work by our group focused on the preparation
of blends of PLLA and unpolymerized SOY.?” Because of
the large viscosity difference between PLLA and SOY
(roughly 5 orders of magnitude), phase inversion during
melt mixing occurs at a relatively low concentration of
SOY, resulting in the loss of SOY from the blend during
mixing. As a result, it was not possible to incorporate more
than 6 wt % SOY into the binary blend, regardless of the
initial concentration of SOY added to the mixer.?’” Our initial
hypothesis was to polymerize the SOY, resulting in an
increase in its viscosity to suppress phase inversion at the
SOY concentrations of interest (i.e., > 6 wt %), and prevent
the loss of SOY during mixing. Binary blends containing 85
wt % PLLA and 15 wt % polySOY were prepared in a twin-
screw melt mixer at 190 °C. All the blends containing
polySOY effectively incorporated all of the material loaded
into the melt mixer. The lowest molecular weight polySOY
sample (M, = 19 kg/mol, no gel fraction) had a viscosity of
0.01 Pasat 190 °C. As the viscosity of SOY at 190 °C s 0.002
Pa s, a factor of 5 increase in the viscosity is apparently
sufficient to eliminate the loss of SOY during mixing.
Furthermore, phase inversion was not observed in any of
the PLLA /polySOY blends.

Morphology of Binary and Ternary Blends. Binary blends
were composed of 85 wt % PLLA and 15 wt % polySOY,
and the gel fraction of the polySOY samples used in the
binary blends was varied from 0 to 0.67. The mixing rate had
a dramatic effect on the blend morphology for blends con-
taining polySOY with a gel fraction; thus, all of the blends
containing polySOY discussed in the balance of the article
were mixed at 300 rpm.*” SEM images obtained from selec-
ted binary blends are shown in the left column of Figure 2.4
From these images there appears to be an optimal polySOY
gel fraction that results in the smallest average polySOY
particle diameter. The polySOY particle size distributions at
intermediate polySOY gel fractions (0.23 and 0.41) appear to
be more uniform with a smaller average particle diameter
when compared to the blends with polySOY gel fractions of
0.02 or 0.67. At the highest polySOY gel fractions, the
particles are apparently nondeformable and are no longer
spherical.
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Figure 2. SEM images of (left) 85 wt % PLLA/15wt % polySOY blends and (right) 81 wt % PLLA/14 wt % polySOY/5 wt % PI—PLLA(70)* blends.
The polySOY gel fraction is shown for each pair of images. The scale bars are 5 um.

PI-PLLA block copolymers (Table 1) were used to
compatibilize the PLLA /polySOY blends. The correspond-
ing PI-PLLA(70)* compatibilized blends are shown in the
right column of Figure 2.*' The weight ratio of PLLA to
polySOY was held constant at 85:15, and 5 wt % PI—PLLA,
based on the total blend weight, was added. Again, the most
uniform and smallest sized particles occur at intermediate
values of the polySOY gel fractions. In comparing the left
and right columns of Figure 2, the presence of the block
copolymer reduces the average particle size of the samples.

The volume-average particle diameters (D,) for each of the
samples were determined using image analysis software and
are shown in Figure 3. As observed qualitatively in Figure 2,
there is a minimum in the particle diameter for both series of
blends at intermediate values of the polySOY gel fraction.
The addition of PI-=PLLA(70)* further reduces the particle

diameter in each of the blends. The particle size distributions
for two representative samples are given in Figure S3
(Supporting Information). Blends with larger average parti-
cle diameters exhibit larger distributions in particle size.

In ref 27, we determined that binary blends of PLLA and
SOY exhibited SOY domains with D, ~ 10 um. Thus, the use
of polySOY significantly decreases the dispersed phase
particle diameter. Polymerizing the SOY results in compet-
ing effects on the particle diameter. We expect the degree of
immiscibility between PLLA and polySOY*** to increase as
the molecular weight of the polySOY increases, and this
should lead to larger particles based on interfacial tension
arguments.*>**® Furthermore, a larger fraction of polySOY
can be incorporated into the blend as compared to unpoly-
merized SOY, and the average particle size is known to
increase as the dispersed phase concentration increases.*’
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Figure 4. Storage modulus (G’) obtained from selected polySOY
samples under oscillatory shear using a parallel plate geometry and
o = 50s""at T = 190 °C. The polySOY samples had the following
gel fractions: 0.23 (@), 0.34 (W), 0.41 (®), and 0.67 (a).

On the other hand, optimization of the viscosity ratio (the
dispersed phase viscosity divided by the matrix viscosity) can
greatly reduce the average dispersed phase particle dia-
meter in a melt-mixed blend.*®* The minimum observed in
Figure 3 is reminiscent of the minimum in particle size
reported in refs 48 and 49 for melt-mixed blends with an
optimal viscosity ratio. As the rheological properties of the
particle phase are an important factor in determining the
blend particle diameter, we conducted dynamic mechanical
analysis experiments on the polySOY samples.

Rheological Properties of PolySOY. The storage modulus
(G") as a function of strain for polySOY samples with varying
gel fractions is shown in Figure 4. At low strain, the
rheological data (G’ and G” as a function of frequency) for
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all polySOY samples containing a gel fraction are consistent
with elastic, solidlike behavior.”>>! However, as the strain is
increased, there is a critical strain value at which G’ drops off
(Figure 4). After such a large strain treatment, the polySOY
appeared to have broken up into smaller pieces upon inspec-
tion of the samples post-analysis. We propose that the drop
off in G’ is an indication of particle breakup. PolySOY
samples with a gel fraction of <0.23 did not show a decrease
in G’ over the range of accessible strains. In comparing the
data sets shown in Figure 4, the strain required for particle
breakup decreases as the polySOY gel fraction increases.
This is consistent with the known finite extensibility of a
network that decreases as the molecular weight between
crosslinks decreases,” with the reasonable assumption that
the molecular weight between crosslinks decreases as the gel
fraction of the polySOY increases.

The plateau value of G’ increases by over 2 orders of
magnitude as the polySOY gel fraction is varied from 0.23 to
0.67. It is well-known that the plateau modulus of a poly-
mer network increases as the molecular weight between
crosslinks decreases, again indicating that in these samples
there is an inverse relationship between the molecular weight
between crosslinks and the gel fraction, as expected.™

The rheological properties of polySOY offer one explana-
tion for the minimum average particle diameter observed in
the melt mixed PLLA/polySOY blends (Figure 3). For
polySOY samples with low gel fractions (such as 0.23), the
strain at which the particles began to break up during the
rheology experiment was high (>700%) and the modulus
was low (ca. 10° Pa). The high strain at break allows for
greater extension of the polySOY, which limits the breakup
of the polySOY into smaller particles during mixing. For
polySOY with high gel fractions (such as 0.67), the strain at
which the particles began to break up during the rheology
experiment was low (< 100%) and the modulus was high (ca.
10* Pa). Although the polySOY is quite brittle and would
break up under lower strains, the stresses during mixing may
not be high enough to significantly deform the particles due to
the relatively high modulus. Evidence for this is given by the
nonspherical particles observed in the blends containing
polySOY with gel fraction 0.67 (Figure 2). Therefore, at
intermediate values of the polySOY gel fraction the polySOY
particle size can be most easily reduced; for these samples there
is the optimal balance between the modulus and strain at
which the polySOY breaks up. It is important to note that the
rheology experiments conducted here do not necessarily
reproduce the stresses acting on the polySOY during the melt
mixing process. The mixing process is a combination of both
shear and elongational stresses. Therefore, it is still possible
that the polySOY particles flow during mixing and that the
optimum viscosity ratio of the matrix and particle phases is
achieved at the lowest particle diameters, following refs 48 and
49. However, we offer an alternative explanation based on the
assumption that the solidlike behavior observed in the rheo-
logy experiment is consistent with the behavior of the polySOY
during the mixing process.

Tensile Properties of Binary and Ternary Blends. The
tensile toughness for binary blends and ternary blends con-
taining PI-=PLLA(70)* as a function of polySOY gel frac-
tion is given in Figure 5a.>* For all of the blends, the stress at
break was in the range of 21—30 MPa and the modulus was in
the range of 0.9—1.7 GPa (for neat PLLA, the stress at break
and modulus are 68 MPa and 2.0 GPa, respectively). Neither
the stress at break nor the modulus showed a dependence on
the polySOY gel fraction. The yield point was in the range of
26—40 MPa for all of the blends; the yield point decreased
slightly as the gel fraction of polySOY increased. As shown
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Figure 5. (a) Tensile toughness of 85wt % PLLA/15 wt % polySOY (®) and 81 wt % PLLA/14 wt % polySOY/5 wt % PI-PLLA(70)* (O) blends as a
function of polySOY gel fraction. The error bars represent one standard deviation. (b) SEM micrograph of a fracture surface of a tensile bar after tensile
testing for a blend containing 81 wt % PLLA/14 wt % polySOY (gel fraction = 0.41)/5 wt % PI—PLLA(70)*.

in Figure S5a, the binary and ternary blends exhibited a
maximum in the tensile toughness at a critical polySOY gel
fraction (or, equivalently, strain at break in Figure S6a,
Supporting Information). The maximum in tensile tough-
ness occurs at approximately the same polySOY gel fraction
that gives the minimum in particle diameter (Figure 3). The
maximum tensile toughness was 4 times greater than un-
modified PLLA. Similary, the maximum strain at break was
6 times greater than unmodified PLLA. Representative
stress—strain curves for some of the blends are given in
Figures S6b—g in the Supporting Information. Table S2 in
the Supporting Information summarizes the key character-
istics of the stress—strain curves for all of the blends. A SEM
image of a fracture surface of the blend with the highest
tensile toughness [PLLA /polySOY (gel fraction = 0.41)/PI—
PLLA(70)*]is given in Figure 5b. The fracture surface shows
evidence of matrix deformation due to shear yielding, a
known mechanism of toughening in rubber-toughened poly-
mers.> Additionally, there appears to be debonding of the
particles from the matrix, indicating a lack of interfacial
adhesion even in the presence of block copolymer.’® The
percent crystallinity of the samples (based on DSC measure-
ments) is given in Table S3 (Supporting Information). For
both series, the percent crystallinity increases as the poly-
SOY gel fraction increases. Furthmore, the DSC measure-
ments indicated there was no plasticization of the PLLA
matrix (the glass transition temperature was around 60 °C
for all samples).

We also prepared blends with PI-PLLA block copoly-
mers of varying composition. The tensile toughness for these
blends is shown in Figure 6 for blends containing polySOY
of various M, or gel fraction. For polySOY with M,, = 19
kg/mol (and no gel fraction), the blend tensile toughness was
independent of block copolymer composition and lower
than that of neat PLLA (SEM images from these blends
are given in Figure S4, Supporting Information). The parti-
cle diameters are larger than for the samples containing
polySOY with a gel fraction shown in Figures 2 and 3. For
polySOY samples with gel fractions of 0.02 and 0.34, the
blend tensile toughness was still fairly independent of block
copolymer composition, with the 0.34 sample giving higher
values of tensile toughness. Finally, at the highest polySOY
gel fractions, 0.41 and 0.52, there was a strong dependence of
the tensile toughness on the block copolymer composition.
The volume-average particle diameters as a function of block
copolymer composition are given in Figure S9 (Supporting
Information).

As a comparison, tensile data obtained from selected
PLLA/SOY blends (in which the SOY was not polymerized)
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Figure 6. Tensile toughness of PLLA/polySOY/PI—PLLA blends as a
function of block copolymer composition with the following polySOY
characteristics: My, = 19 kg/mol (with no gel fraction) (O), gel frac-
tion = 0.02 (®), 0.34 (a), 0.41 (O), and 0.52 (x). The dashed lines
indicate values for neat PLLA.

are shown in Table S4. The binary PLLA/SOY blend (with
5wt % SOY incorporated into the blend) had a strain at
break of 20 & 6% and a tensile toughness of 6 + 2 MPa. The
blends containing PI-PLLA block copolymers (with fpy 1 A
varying from 0.54 to 0.71) were not significantly different
from the PLLA/SOY binary blend under the testing condi-
tions reported in this article.’’

The tensile toughness for binary blends and ternary blends
containing PI-PLLA(70)* is plotted as a function of particle
diameter (D,) in Figure 7a and the matrix ligament thickness
(interparticle distance) (7) in Figure 7b. A direct correlation
is readily apparent in both cases. The tensile toughness
increases as the particle diameter and matrix ligament thick-
ness decrease. Previous work on the toughness of polymer
blends determined that for a brittle polymer matrix there is
an optimal particle diameter for maximum toughness.’® For
blends with a ductile matrix, there is a critical matrix liga-
ment thickness below which the toughness increases.”
Furthermore, theoretical work concerning semicrystalline
polymers indicates the toughness may be a function of both
the particle diameter and the matrix ligament thickness.®
The data in Figure 7 indicate that there is a strong depen-
dence of the toughness on both parameters, but at present we
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Figure 7. Relationship between the tensile toughness and (a) volume-average particle diameter (D,) and (b) matrix ligament thickness (7) for 85 wt %
PLLA/15wt % polySOY (@) and 81 wt % PLLA/14 wt % polySOY/5 wt % PI—PLLA(70)* (O) blends. The dashed line indicates the tensile toughness

of neat PLLA.

cannot distinguish between the above scenarios. Figure 7b is
consistent with data in refs 17 and 61; in all cases the
toughness begins to increase below a critical value of the
matrix ligament thickness of around 1 ym. It is important to
note that the data in Figure 7 represent blends containing
polySOY samples of various characteristics. The polySOY
characteristics appear to be important only in how they
affect the morphology of the blend. Presumably, the poly-
SOY particles are able to initiate crazing or cavitate regard-
less of their average molecular weight or gel fraction.”®
Furthermore, the addition of block copolymer theoretically
could improve the adhesion between the phases,>® how-
ever; the data for the compatibilized blends lie on the same
curve as the data for uncompatibilized blends in Figure 7.
Therefore, the block copolymer also appears to only affect
the blend morphology, and no further increases in toughness
are observed due to improved interfacial adhesion. This is
further evidenced by the fracture surface in Figure 5b.

Conclusions

Polymerization of SOY allowed for the preparation of PLLA/
polySOY blends with full incorporation of polySOY. The blends
retained relatively high moduli and ultimate tensile strengths. The
addition of free radical crosslinking agents to SOY and heating
SOY in the presence of air were facile methods of preparing
crosslinked polySOY samples. The gel fraction of the polySOY
was a key variable in determining the blend morphology, and the
tensile properties of the blends were highly dependent on mor-
phology. As in our previous work, there appeared to be a critical
interparticle distance of around 1 um, below which increases in
the tensile toughness were observed. With this approach, we have
successfully prepared PLLA/polySOY blends with tensile tough-
nesses as high as 4 times greater than that of unmodified PLLA,
with corresponding strain at break values as high as 6 times
greater than that of unmodified PLLA.

Acknowledgment. The authors thank Toyota Motor Corp.
for financial support. Parts of this work were carried out in the
University of Minnesota I.T. Characterization Facility, which
receives partial support from NSF through the NNIN program.
The authors greatly appreciate helpful discussions with Dr. Chris
W. Macosko, Dr. David Giles, and Dr. Eric Todd and the
assistance of Jessica Paxton and Matthew Silvestrini with image
analysis.

Supporting Information Available: SEC traces of selected
polySOY samples (Figure S1), molecular characteristics of
polySOY samples used in melt blends (Table S1), effect of

mixing rate on ternary blend morphology (Figure S2), particle
size distributions of selected ternary blends (Figure S3), SEM
images of binary and ternary blends containing polySOY with
M,, = 19 kg/mol and no gel fraction (Figure S4), rheological
characteristics of polySOY (Figure S5), strain at break vs
polySOY gel fraction for binary and ternary blends (Figure
S6a), stress—strain curves for selected binary and ternary blends
(Figures S6b—g), tensile parameters for binary and ternary
blends (Table S2), effect of polySOY concentration on strain
at break in binary blends (Figure S7), % crystallinity of binary
and ternary blends (Table S3), tensile properties of PLLA/SOY
and PLLA/SOY/PI-PLLA blends (Table S4), SEM images of
PLLA/SOY/PI-PLLA blends (Figure S8), and particle dia-
meter dependence on block copolymer composition in PLLA/
polySOY/PI—PLLA blends (Figure S9). This material is avail-
able free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Braunegg, G.; Bona, R.; Koller, M. Polym.-Plast. Technol. Eng.
2004, 43, 1779-1793.
(2) Demirbas, A. Energy Sources, Part A 2007, 29 (5), 419-424.
(3) Mohanty, A. K.; Misra, M.; Hinrichsen, G. Macromol. Mater.
Eng. 2000, 276 (3—4), 1-24.
(4) Sudesh, K.; Iwata, T. Clean: Soil, Air, Water 2008, 36 (5—6), 433—
442.
(5) Young, J. L.; Woerderman, D. L.; Selling, G. W. J. Biobased
Mater. Bioenergy 2007, 1 (2), 171-176.
(6) Yu, L.; Dean, K.; Li, L. Prog. Polym. Sci. 2006, 31 (6), 576-602.
(7) Darensbourg, D. J. Chem. Rev. 2007, 107 (6), 2388-2410.
(8) Guner, F. S.; Yagci, Y.; Erciyes, A. T. Prog. Polym. Sci. 2006,
31 (7), 633-670.
(9) Auras, R.; Harte, B.; Selke, S. Macromol. Biosci. 2004, 4 (9), 835—
864.
(10) Bhardwaj, R.; Mohanty, A. K. J. Biobased Mater. Bioenergy 2007,
1(2), 191-209.
(11) Datta, R.; Henry, M. J. Chem. Technol. Biotechnol. 2006, 81 (7),
1119-1129.
(12) Garlotta, D. J. Polym. Environ. 2001, 9 (2), 63—-84.
(13) Sodergard, A.; Stolt, M. Prog. Polym. Sci. 2002, 27 (6), 1123—

1163.

(14) Albertsson, A. C.; Varma, 1. K. Biomacromolecules 2003, 4 (6),
1466-1486.

(15) Albertsson, A. C.; Varma, 1. K. Degrad. Aliphatic Polyesters 2002,
157, 1-40.

(16) Anderson, K. S.; Schreck, K. M.; Hillmyer, M. A. Polym. Rev.
2008, 48, 85-108.

(17) Anderson, K. S.; Hillmyer, M. A. Polymer 2004, 45, 8809-8823.

(18) Li, Y. J.; Shimizu, H. Macromol. Biosci. 2007, 7, 921-928.

(19) Kim, K. S.; Chin, I. J.; Yoon, J. S.; Choi, H. J.; Lee, D. C.; Lee,
K. H. J. Appl. Polym. Sci. 2001, 82, 3618-3626.

(20) HiljanenVainio, M.; Varpomaa, P.; Seppala, J.; Tormala, P.
Macromol. Chem. Phys. 1996, 197, 1503—1523.



1814  Macromolecules, Vol. 43, No. 4, 2010

(21) Noda, L.; Satkowski, M. M.; Dowrey, A. E.; Marcott, C. Macro-
mol. Biosci. 2004, 4, 269-275.

(22) Chen, G. X.; Kim, H. S.; Kim, E. S.; Yoon, J. S. Polymer 2005, 46,
11829-11836.

(23) Ho,C.H.;Wang,C.H.; Lin, C.1; Lee, Y. D. Polymer 2008, 49 (18),
3902-3910.

(24) Ishida, S.; Nagasaki, R.; Chino, K.; Dong, T.; Inoue, Y. J. Appl.
Polym. Sci. 2009, 113 (1), 558-566.

(25) Meier, M. A. R.; Metzger, J. O.; Schubert, U. S. Chem. Soc. Rev.
2007, 36, 1788-1802.

(26) Sharma, V.; Kundu, P. P. Prog. Polym. Sci.2006, 31 (11),983-1008.

(27) Chang, K.; Robertson, M. L.; Hillmyer, M. A. ACS Appl. Mater.
Interfaces 2009, 1 (10), 2390-2399.

(28) Ali, F.; Chang, Y. W.; Kang, S. C.; Yoon, J. Y. Polym. Bull. 2009,
62,91-98.

(29) Gardner, H. W. Free Radical Biol. Med. 1989, 7 (1), 65-86.

(30) Wang, C. H.; Erhan, S. J. Am. Oil Chem. Soc. 1999, 76 (10), 1211—
1216.

(31) (a) Larock, R. C.; Dong, X. Y.; Chung, S.; Reddy, C. K.; Ehlers,
L. E. J. Am. Oil Chem. Soc. 2001, 78, 447-453. (b) For useful
information regarding characterization of the conjugated soybean oil
see: Andjelkovic, D. D.; Min, B.; Ahn, D.; Larock, R. C. J. Agric. Food
Chem. 2006, 54 (25), 9535-9543.

(32) Maynard, H. D.; Grubbs, R. H. Tetrahedron Lett. 1999, 40, 4137—
4140.

(33) Schmidt, S. C.; Hillmyer, M. A. Macromolecules 1999, 32 (15),
4794-4801.

(34) Grijpma, D. W.; Penning, J. P.; Pennings, A. J. Colloid Polym. Sci.
1994, 272 (9), 1068-1081.

(35) Liu,Z.H.; Zhang, X. D.; Zhu, X. G.; Li,R. K. Y.; Qi, Z. N.; Wang,
F.S.; Choy, C. L. Polymer 1998, 39 (21), 5019-5025.

(36) Valverde, M.; Andjelkovic, D.; Kundu, P. P.; Larock, R. C.
J. Appl. Polym. Sci. 2008, 107, 423-430.

(37) Oyman, Z. O.; Ming, W.; van der Linde, R. Prog. Org. Coat. 2005,
54, 198-204.

(38) Kasehagen, L. J.; Macosko, C. W.; Trowbridge, D.; Magnus, F.
J. Rheol. 1996, 40, 689—709.

(39) To highlight the effect of mixing rate on the morphology, see Figure
S2 (Supporting Information) for data obtained from a selected
blend prepared at 100 rpm. Blends containing unpolymerized SOY
showed no dependence on the mixing rate.

(40) All of the blends included in Figure 2 contain polySOY which has a
gel fraction. Representative blends containing polySOY without a
gel fraction are shown in Figure S4 (Supporting Information).

(41) Throughout this study, PI-PLLA(69) and PI-PLLA(71) have
been used interchangeably in blends. Therefore, PI-PLLA(70)*
will be used to refer to either block copolymer.

(42) For example, two independent measurements have been made
for the volume-average diameter of the blend with 81 PLLA/14

Robertson et al.

polySOY (with gel fraction 0.52)/5 PI-PLLA(70)* using SEM
micrographs obtained from two separately prepared blends. The
two volume-average diameters are 2.2 um (standard deviation =
0.7 um) and 1.8 um (standard deviation = 0.6 um).

(43) The Flory—Huggins interaction parameter () for PLLA and SOY
has been previously determined to be ypLra /50y = 0.35at 190 °Cin
ref 27 (based on a reference volume of 163 A%). This value is large
compared to other commonly used immiscible polymer pairs. For
example, y for polystyrene and polyisopreneis 0.07 at 190 °C based
on the same reference volume (ref 44).

(44) Eitouni, H. B.; Balsara, N. P. Thermodynamics of Polymer Blends.
In Physical Properties of Polymers Handbook, 2nd ed.; Mark, J. E.,
Ed.; Springer: New York, 2007.

(45) Helfand, E.; Tagami, Y. J. Chem. Phys. 1972, 56, 3592-3601.

(46) In addition, it is quite possible that the Flory—Huggins interaction
parameter between polySOY and PLLA is larger than that of SOY
and PLLA, due to structural changes upon polymerization.

(47) Paul, D.R.; Bucknall, C. B. Polymer Blends; Wiley: New York, 2000.

(48) Wu, S. H. Polym. Eng. Sci. 1987, 27, 335-343.

(49) Favis, B. D.; Chalifoux, J. P. Polym. Eng. Sci. 1987, 27, 1591-1600.

(50) Ferry, J. D. Viscoelastic Properties of Polymers; Wiley: New York,
1980.

(51) The dependencies of G’ and the loss modulus (G"') on frequency and
temperature are shown in Figure S5 (Supporting Information).

(52) Graessley, W. W. Polymeric Liquids and Networks: Structure and
Properties; Taylor and Francis Group: New York, 2004.

(53) Graessley, W. W. Polymeric Liquids and Networks: Dynamics and
Rheology; Taylor and Francis Group: New York, 2008.

(54) Further experiments to reduce the concentration of polySOY in the
binary blends did not affect the strain at break of the blends (Figure
S7, Supporting Information).

(55) Margolina, A.; Wu, S. H. Polymer 1988, 29 (12), 2170-2173.

(56) Armat, R.; Moet, A. Polymer 1993, 34 (5), 977-985.

(57) A second set of experiments were conducted using an alter-
native tensile bar geometry (a rectangular sample that measured
4 mm x 4 mm x 0.5 mm). In that case, improvements were
observed in the tensile toughness of the PLLA/SOY blends depend-
ing on the characteristics of the block copolymer utilized. Further
work is required to investigate the importance of the tensile bar
dimensions on these results and the tensile properties of these
blends.

(58) Perkins, W. G. Polym. Eng. Sci. 1999, 39 (12), 2445-2460.

(59) Wu, S. H. J. Appl. Polym. Sci. 1988, 35 (2), 549-561.

(60) Corte, L.; Leibler, L. Macromolecules 2007, 40 (15), 5606-5611.

(61) Anderson, K. S.; Lim, S. H.; Hillmyer, M. A. J. Appl. Polym. Sci.
2003, 89 (14), 3757-3768.

(62) Brown, H. R. J. Adhes. 2006, 82 (10), 1013—1032.

(63) Cole, P. J.; Cook, R. F.; Macosko, C. W. Macromolecules 2003,
36 (8), 2808-2815.



