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The present work is focused on the study of the formulation effect of cationically polymerized vegetable oil
thermoset on their aging behavior. Toward this aim, tung oil-based biopolymers were prepared using different
comonomers or adding a modifier. Specifically, synthetic and natural comonomers (styrene, divinylbenzene and
a methyl ester of tung oil) and a modifier (acrylated epoxidized soybean oil) were used to prepare different
crosslinked samples with a fixed weight ratio of tung oil/comonomer (or modifier) = 70/30. The chemical aging
suffered by the fatty acid segments of the matrix, which is known as autoxidation of unsaturated fatty acids in
oils and alkyd resins, was followed by Fourier transformed infrared spectroscopy, dynamic-mechanical analysis,
positron annihilation lifetime spectroscopy and thermogravimetric analysis. As a result, values of the glass
transition temperature, the storage moduli, tand and the free nanohole volumes were obtained. To study the
influence of the aging process on the network structures at molecular level, the evolutions of the experimental
parameters mentioned were followed for one year at two different aging conditions: room temperature and

50 °C.

The chemical changes leading to nanostructural variations in all the studied samples are discussed in terms of
the formed networks and the degradative processes during aging.

1. Introduction

The pressure of international policies and of the general public to
reduce the consuming of petroleum derived polymers and the particular
properties that can be obtained from bio-based monomers and pre-
cursors present new challenges in the R&D worldwide activities around
the world. In the search of renewable sources for the synthesis of
polymeric materials, vegetable oils have attracted, justifiably, the at-
tention of different research groups. Triglycerides contain several
functional groups that can be chemically used to generate materials of
interest. They offer the basic raw material to the synthesis of a wide
variety of precursors that can be utilized in different final applications.
In particular, unsaturated vegetable oils can participate in reactions
that involve the —C=C— bond. Tung oil is one of such unsaturated
vegetable oils that has been traditionally used as a high performance
drying oil. This triglyceride contains eleostearic acid as the main fatty
acid component, having three conjugated unsaturations. Due to this
particular characteristic, it can participate in cationic polymerizations
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to produce polymeric thermoset materials without need of any previous
modification, as it is necessary in the case of other vegetable oils [1,2].
To tailor some properties to these systems, styrene and also mixtures
with divinylbenzene were usually used as comonomers. However, these
two reactives even being commodities are petroleum derived reagents
and not ecofriendly, a reason why a search for biobased comonomers
was considered. Methyl ester of tung oil obtained by methanolysis of
tung oil was thus, a first choice since it could be easily obtained from
the same base triglyceride. Acrylated epoxidized soybean oil (AESO)
was also considered, since the acryl double bonds of this molecule ea-
sily react in radical polymerizations. However, it has been demon-
strated that they are not reactive in cationic polymerizations; so in TO-
based polymers AESO acts mainly as a modifier of the thermoset [2]. In
such a way, the addition of these bio-molecules in the formulation
allow to reduce the use of harmful monomers, increasing the bio-carbon
content in the materials.

The use of unsaturated triglycerides in the preparation of thermoset
structures lets open the possibility of some unsaturations remaining
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unreacted in the final material, which means that the material will be
able to evolve in time due to the autoxidation process.

The oxidation of unsaturated oils can be described in a simplified
way as a free radical mechanism, that leads in a first step, to the oc-
currence of hydroperoxides followed by the decomposition of these
components that lead to the formation of low molecular weight oxi-
dation products (such as aldehydes and ketones) and also to cross-
linking through the fatty acid moieties [3-6]. The reaction mechanism
involves two different reaction steps: a first one, very fast, which con-
sists in a chain carrying carbon radical reacting with oxygen and a
second one, slower, referring to the propagation step, where a peroxyl
radical extracts hydrogen from an organic substrate [6]. The different
rates depend on several factors such as temperature, light, presence of
oxygen and moisture. The type of oil also influences the rate of oxi-
dation.

Polymers from triglyceride oils are prepared via different poly-
merization methods, such as condensation, radical and cationic proce-
dures [7-9]. Results of studies on the free radical copolymerization of
vegetable oils and styrene indicated that this type of reaction is not
viable for the preparation of materials because the carbon-carbon un-
saturations in vegetable oils are not sufficiently reactive [10]. However,
highly unsaturated and conjugated vegetable oils and reactive como-
nomers in the presence of a cationic initiator, such as boron trifluoride/
diethyl etherate, produce thermosets polymers with good mechanical
and/or functional properties, depending on the initial reactive mixture
and the polymerization conditions [11].

Among oils that can be used in cationic copolymerization, tung oil is
particularly attractive due to its highly unsaturated structure (large
number of reactive functionalities) with three conjugated carbon-
carbon double bonds (greater reactivity toward cationic copolymer-
ization) [12,13].

Aging of natural oil-based thermosets has usually been studied using
different analytical techniques such as infrared spectroscopy, mechan-
ical and thermo-mechanical analysis [14-19]. On the other hand, there
is scarce information on the aging process of this kind of polymers fo-
cused on the structural changes at molecular level.

Since the ‘70s, positron annihilation lifetime spectroscopy (PALS)
has been recognized as the unique technique that makes it possible a
direct measurement of the sub-nanometer sized free volumes (vp) in
polymers, with the additional advantage of being a non-destructive
technique [20]. In the literature, there are several works in which PALS
has been used to study bio-based polymers (see for example [21-23]);
but, only few works are addressed to the study of polymers derived
from vegetable oils [24,25]. In particular, we recently reported PALS
results obtained from the study of the effect of the composition and
chemical aging in tung-oil-styrene networks [15]. In that work, ex-
perimental data obtained by means of dynamic-mechanical analysis
were also reported. For all the samples prepared using cationic poly-
merization of tung oil and different concentrations of styrene, we ob-
served that in the samples aged for two years at RT the average na-
nohole free volume decreased and the glass transition temperature
increased as compared with the fresh samples. Our results allowed us to
attribute this behavior to the chemical changes linked to oxidative
polymerization and degradative processes in the network structure.
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In this work, the effect of the presence of different comonomers
(synthetic and bio-based ones) or a modifier on the structural and
thermal properties of tung oil-based thermosets was studied. A detailed
study on the influence of the aging process on the nanostructure of the
different networks prepared is also presented. The experimental results
reported were obtained using Fourier transformed infrared spectro-
scopy, dynamic-mechanical analysis, positron annihilation lifetime
spectroscopy and thermogravimetric analysis.

2. Experimental
2.1. Materials

A commercial tung oil (TO) supplied by Cooperativa Agricola
Limitada de Picada Libertad, Argentina was employed. The major fatty
acid in this oil is a-elaeostearic acid (84 wt%) that presents three
conjugated C-C double bonds.

For the transesterification reaction, methanol (99.98% pure,
Biopack, Argentina), sodium hydroxide (97% pure, Anedra, Argentina)
and sulfuric acid (98.5% pure, Anedra, Argentina) were used.
Acrylatedepoxidized soybean oil (AESO) was purchased by Sigma-
Aldrich (CAS-No: 91722-14-4). The following materials were purchased
from Cicarelli Laboratory, Argentina: Divinylbenzene 80% pure (DVB),
styrene 99.5% pure (St) and tetrahydrofurane 99% pure, (THF).Boron
trifluoride diethyl etherate (BF3;.OEt,), a chemical compound with
46-51% BF3, was obtained from Sigma-Aldrich and used as the initiator
of the cationic reaction.

3. Methods and techniques
3.1. Methyl ester (ME) synthesis from tung oil (TO)

The complete details of ME synthesis as well as its characterization
were reported in a previous publication and it is summarized in the
Scheme 1 [2]. In brief, for the synthesis, 300 mL of TO was mixed with
90 mL of methanol and 1.8 g of sodium hydroxide in a glass reactor
with mechanical stirring for 45 min at 50 °C. In a separating funnel, two
phases were obtained (one rich in ME and the other in glycerol). The
ME was purified by washing with a 0.015 N sulfuric acid solution, and
subsequent washings with distilled water until achieving neutral pH.
Finally, the ME was dried using a rotary evaporator under vacuum for
2 h at 50 °C [24].

3.2. Cationic copolymerization of tung oil in the presence of a modifier
(AESO) and comonomers (St, DVB, ME)

A bio-based modifier, acrylated epoxidized soybean oil (AESO) and
bio-based and synthetic comonomers: tung oil methyl ester (ME),
styrene (St) and divinylbenzene (DVB) were used to prepare crosslinked
samples with a fixed weight ratio of tung oil/comonomer (or modi-
fier) = 70/30. The structures of the different reagents used are shown
in the Scheme 2.

The selected quantity of AESO, ME, St or DVB was incorporated to
the TO and the mixture was stirred. This step was followed by the
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Scheme 1. Synthesis of methyl ester (ME) from a vegetable oil.
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Scheme 2. Structure of the different reagents used in cationic copolymerization.

addition of the modified initiator prepared by mixing tetrahydofuran,
THF (5 wt% with respect to the total reactive mass) with boron tri-
fluoride diethyl etherate (3 wt% with respect to the reactive mixture) to
obtain a homogeneous initial solution [10].The mixture was vigorously
stirred and finally poured into glass plates of 13 x 18 mm? separated
by a rubber cord of 1 mm of thickness and kept closed with metal
clamps. The reactants were heated first at 25 °C for 12 h, then at 60 °C
for 12 h and finally at 100 °C for 24 h. After reaction, part of the fresh
samples (labeled as “F”) were immediately tested and part of them were
conditioned for 12 months in two different ways: at room temperature
(RT) in a desiccator containing silica gel to maintain low humidity
(samples labeled as “12M@RT”) and in an oven at 50 °C (samples la-
beled as “12M@50C”). Schemes and additional discussions of the ob-
tained networks were also included in previous publications [2,26,27].

Table 1 summarizes the composition of prepared materials and the
nomenclature used to identify them after being subjected to different
aging conditions. In the Scheme 3 a general graphical representation of
the reaction between TO and crosslinker by cationic polymerization is
shown.

3.3. Chemical characterization of the materials (FT-IR)
FT-IR spectra of the recently prepared samples (“fresh samples”)

Table 1
Composition of prepared materials and the nomenclature used.

were recorded by the attenuated total reflection method (ATR) using a
Thermo Scientific Nicolet 6700 FT-IR spectrometer. The spectra were
obtained over the range of 500-4000 cm ~ ! with a resolution of 2 cm ™!
and averaged over 32 scans. A spectrometer FT-IR Spectrum 100
(Perkin Elmer) was used to record, by the attenuated total reflection
method (ATR), the spectra of the “aged” samples. The spectra were
obtained over the range of 500-4000 cm ~ ! with a resolution of 4 cm ™!
and averaged over 16 scans.

3.4. Dynamical-mechanical tests (DMA)

An Anton Paar rheometer (model Physica MCR-301) equipped with
a CTD 600 thermo chamber was used to determine the variation of the
storage (G”) modulus and the damping factor (tan 8) with the tem-
perature. Glass transition temperatures (Ty) were determined as the
temperatures corresponding to the maxima of the damping peaks (tan
8). Torsion geometry was used with rectangular specimens of
20 X 5 X 0.5 mm> Measurements were performed as temperature
sweeps in the range —60 °C to 200 °C at a heating rate of 5 °C/min. The
frequency was kept at 1 Hz, and the applied deformation at 0.1%,
which corresponds to the linear viscoelastic range for the samples.

Tung oil thermoset recently Tung oil thermoset aged 12 months at room Tung oil thermoset aged 12 months at Tung oil Comonomer (or modifier)

prepared temperature 50 °C

TO/ME-F TO/ME-12 M@RT TO/ME-12 M@50C 70% wt.  30% wt. methyl ester

TO/AESO-F TO/AESO-12 M@RT TO/AESO-12 M@50C 70% wt.  30% wt. acrylated epoxidized soybean
oil.

TO/St-F TO/St-12 M@RT TO/St-12 M@50C 70% wt.  30% wt. Styrene

TO/DVB-F TO/DVB-12 M@RT TO/DVB-12 M@50C 70% wt.  30% wt. divinylbenzene
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3.5. Positron annihilation lifetime spectroscopy (PALS)

PALS measurements were carried out in air at RT using a fast-fast co-
incidence spectrometer with a lifetime resolution (FWHM) of 340 ps. A
positron source (20 pCi) was prepared by the deposition of an aqueous
22NaCl solution onto a thin Kapton foil (10 x 10 mm? and 7 pm thickness).
After drying, the foil was covered with another piece of foil and the edges
were glued with an epoxy resin. The source was sandwiched between two
“identical” pieces of samples. PALS spectra containing around 1.5 x 10°
counts were collected; at least ten spectra were taken for each sample and
the obtained parameters were averaged.

All PALS spectra were resolved into three discrete lifetime compo-
nents using the LT-10 analyzing program [28].

According to the common interpretation of PALS spectra in poly-
mers, the nanoholes forming the free volume v, can be directly esti-
mated using a well-recognized semi-empirical equation through the
long-lived lifetime component attributed to ortho-Positronium (o-Ps)
annihilation by pick-off trapped into the holes; that is, 73 = 75ps. A
correlation between the experimental input 7, ps and the average size of
the hole is possible assuming a spherical approximation of holes of radii
R, as expressed using a simple quantum mechanical model; the Tao-
Eldrup model [29,30]:

AR 1 . ( 2zR |
To_ps = 0.5 + —sin
R + AR 2 R + AR

where 7, ps is given in ns and AR = 0.166 nm is an empirical parameter
valid for materials containing simple covalent bonds such as polymers
[28]. The average nanohole free volume can then be calculated as:

4
v, = —nR3
T3

3.6. Thermogravimetric analysis (TGA)

Thermogravimetric (TGA) studies were performed in a TGA-DTGA
Q500 TA instrument from RT to 650 °C at 10 °C/min under air atmo-
sphere to study changes due to the degradation process.

4. Results and discussion

Although the aging processes of bio-based networks have usually
been studied using conventional techniques, they do not provide spe-
cific information on the nanostructure of these systems. Therefore, for
the present work we made use of PALS that is considered to be the most
sensitive experimental technique to follow the structural evolution of
different materials at the nanoscale induced by thermal or thermo-
mechanical treatments [31-33].

In this context, PALS was used for the first time to carry out a sys-
tematic study on the evolution of the free volume of nanohole in the
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Scheme 3. Simplified graphical representation of
the reaction between TO and crosslinker by ca-
tionic polymerization. Red crosses represent the
links formed via the added crosslinker molecules,
while the blue connector represents the direct re-
action between oil double bonds. (For interpreta-
tion of the references to colour in this figure le-
gend, the reader is referred to the web version of
this article.)

different natural oil-based thermosets as a function of aging time. As a
consequence, in a first step PALS results obtained for samples aged at
RT indicated that still after one year the matrix structure at molecular
level of the samples did not reach a steady-state (detailed information is
given and discussed below in the section entitled Positron Annihilation
Lifetime Spectroscopy). Consequently, PALS measurements were also
performed on the same samples aged at a temperature above RT; that is,
50 °C. This temperature was chosen to accelerate the reactions re-
sponsible for the aging of the samples but low enough to avoid un-
desirable chemical reactions. Furthermore, at this temperature the na-
nostructural evolution during artificial aging is slow enough to get
reliable PALS data in reasonable experimental times.

In this Section, the results are presented under the following se-
quence: first the chemical characterization of the samples is given; then
dynamical-mechanical analysis results are presented; and finally,
through the direct measurement of the nanohole free volumes, the
nanostructural evolution of the polymer matrix is discussed.

4.1. FT-IR characterization

In Fig. 1(a)—(d), the FTIR spectra of the samples TO/ME, TO/St, TO/
AESO and TO/DVB, recently prepared and aged under different con-
ditions are presented.

In the case of the “fresh” samples (results on the TO/ME and TO/St
samples were already reported in Ref. [14]), the four spectra shown present
a broad absorption band between 3000 and 3500 cm ~ ! assigned to the OH
stretch vibration and which results from the partial oxidation of TO frag-
ments in the networks occurred during curing [26]. In the region of
2850-3000 cm ! appear the peaks that correspond to the CH stretch of the
alkydic chains of the TO. Besides, the double peak located into the region
between 1700 and 1750 cm ™' corresponding to the carbonyl absorption
can be assigned to the presence of acid and ester groups in the tung oil.

In particular, the spectra of the “fresh” samples prepared with the
synthetic comonomers (St and DVB) show the characteristic absorption
peaks corresponding to the aromatic ring. The small peaks that appear
close and above 3000 cm™! correspond to aromatic CH stretch ab-
sorption, while the peaks at ~1500 and ~1620 cm ™~ ! correspond to the
aromatic C=C stretch absorption. Finally, in the spectra obtained for
the sample TO/St, the peaks located at 675-750 cm ™! are assigned to
the absorption of the aromatic out-of-plane (oop) bending vibration of
the mono-substituted benzene ring. The bands appearing in the spec-
trum obtained for the TO/DVB “fresh” sample also correspond to the
oop vibration of DVB and in that particular case, they suggest that the
comonomer is mainly a meta-DVB.

As can be observed in Fig. 1(a)~(d), the effects of aging on all the
samples are qualitatively similar for aging at RT or 50 °C, although the
changes in the absorbance are more important in the last case. In general,
the aging process leads to the reduction of the band corresponding to the
—OH absorption located in the 3000-3500 cm ™' region, as well as a
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Fig. 1. Comparison FTIR curves corresponding to recently prepared and aged (for 12 months at RT in air atmosphere and 50 °C) samples.

decrease of the peak intensity (or shoulder depending on the sample) lo-
cated at ~1710 cm ™, which is assigned to carbonyl absorption and the
2900-3000 cm ~* bands. At this point, and in order to understand the re-
duction of the absorbance of the mentioned bands, a bibliographic revision
addressed to this particular effect is given as follows.

The oxidation of unsaturated oils has been studied for years because of
the negative tendency of edible oils to become rancid when exposed to
oxygen and/or to heat for long time. As the material is exposed to the
oxygen in the air, polar groups are formed, such as ether, carbonyl and
hydroxyl groups. However, the overall change observed in the material is
the result of the competing mechanisms of crosslinking and scission, both of
them based on the initial incorporation of oxygen into the chemical struc-
ture of the material. Due to the scission processes, volatile materials like
aldehydes, ketones, alcohols, short hydrocarbon chains, carbon dioxide and
low molecular weight acids can be eliminated to the surroundings [34-36].
These small volatile molecules are formed from the scission of the un-
saturated fatty acid moieties that remained unreacted or loosely attached to
the network after the crosslinking reaction. However, and due to the com-
peting rearrangement and crosslinking process, an increasing densification
of these materials has been reported. All these reactions are known to
proceed also in already formed films [33]. Studies of oil-based paint films
have shown to contain products from the de-esterification of the triglycer-
ides and/or degradation of the oxidized fatty acids. As the age of the films
increased, a reduced concentration of these low molecular weight compo-
nents has been measured [37].

Mallégol et al. [3] reported that during the autoxidation process of
linseed oil cured at 60 °C, hydroperoxides were formed (related to the FT-IR
absorption band centered at 3425 cm ™) followed by the formation of al-
cohols, aldehydes, ketones, carboxylic acids and peresters. They also re-
ported that the radical species, which were formed through different com-
peting reactions, recombined to form crosslinked structures that were
responsible for the cure of this particular drying oil. Juita et al have also
reported the liberation of volatile aldehydes, ketones, alcohols, carboxylic
acids in the vapor space of oxidizing linseed oil [38]. Additionally, Irshad

et al. [4] concluded that after an initial autooxidation step leading to per-
oxide generation, a drying oil goes through extensive crosslinking, which is
further followed by a slow consumption of labile crosslinks to give rise to a
more stable network structure.

Other authors have studied the changes that took place during UV ir-
radiation under air atmosphere of a vegetable oil-based polyurethane [39].
Their observations also indicated that a mechanism consisting in the for-
mation of hydroperoxides starts the process. The process continues with
chain scission that also leads to the reduction of the intensity of the —CH,
stretching vibration peak at about 2900 cm ™, as well as the reduction of
the intensity at ~1710 cm ™' due to the loss of alkyl groups in volatile
carboxylic acids, aldehydes, etc. Changes in the intensity of peaks located in
the 1000-1600 cm ™! (mainly those corresponding to G-O and C-H vibra-
tions) were also observed, which are related to the loss of volatile compo-
nents generated by scission of the chemical structures [39].

Besides the changes that vegetable oils can suffer during exposure to
air, it must be taken into account that some of the samples (those cured
with synthetic crosslinkers) contain aromatic moieties. Thus, the ox-
odegradation and crosslinking in the hybrid network TO/St was also
considered. It is assumed that although the oil chains can react between
themselves, most of the bonds occur through relatively short chains of
St homopolymer. As far as we know, few publications discuss the de-
gradation of polystyrene (PS) in the presence of vegetable oils, how-
ever, one article by Dong et al. reports on the degradation of PS in bean
oil [40]. In that work, the authors found that the volatile products
eliminated corresponded to products of the degradation of the bean oil,
while fragments of PS were generated and remained in the solid phase
[40]. According to those results, the higher the content of vegetable oil,
the higher is the effect of the oxidation on the material, in consequence
they observed that the oil segments were the ones responsible for de-
gradation in air (not the St segments). Actually, the changes occurring
in the 1700-1750 cm ~* region, which is a region of absorption for the
oil fragments in the sample, support this statement, since the larger
changes occur in the spectra of the TO/ME (see Fig. 1).
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Fig. 2. Loss tangent tan 8 (panel a) and shear storage modulus (panel b) curves
as function of temperature obtained by DMA for copolymers fresh and aged for
12 months at RT.

On the basis of the results reported in the papers previously com-
mented, it is clear that, due to the high content of TO in the molecular
structure of the networks, the samples studied in the present work
suffered similar processes to those described above. Thus, all the
spectra of the aged samples show the reduction of the bands related to
oxygen containing groups (3000-3500 cm ™! and ~1710 cm™!) and
also of the bands related to the lost alkydic segments (~2900 cm ™).

4.2. Dynamical-mechanical analysis (DMA)

Dynamic mechanical properties tan & and storage modulus are
presented in Fig. 2(a) and (b), showing the effect of the monomer or
modifier that was added to the reactive mixture of tung oil and a ca-
tionic initiator, as well as the effect of elapsed time on these properties
(recently prepared and “aged” for 12 months at RT).

As discussed in a previous publication [2], the T, values of the
samples (arbitrarily taken as the temperature at the maximum in the
tan 8 curve) increase with time after the preparation independently of
the modifier or the monomer added to the TO in the formulation. Thus,
the change of T, is associated with processes occurring on the TO
segments that are present in all the samples studied.

After curing the reactive mixture of tung oil with DVB, St, AESO or ME
in the presence of the cationic initiator, some carbon-carbon double bonds
can remain unreacted in the structure. With time, the oxygen from the air
diffuses into the samples and reacts with the polymer changing the cross-
linking density as well as the number of dangling chains that act plasticizing
the materials. Thus, the most important chemical reactions in the aging
process are related to the oxidative polymerization and oxodegradation
(chain scissions and formation of volatile products that are released to the
ambient) [36]. In both cases, these reactions lead to the densification of the
material, increasing its Tg.

The effect of the composition is clear in fresh or aged samples. The
lowest T is observed for the sample of tung oil with AESO. As it is
known and was mentioned in a previous publication [2], the AESO acts
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as modifier not as a crosslinker in cationic reactions. Consequently, as it
could be expected, its effect is that of a plasticizer of the tung oil
crosslinked network.

The addition of ME produces a slightly higher T in comparison with
AESO (Fig. 2(a). ME is derived from TO through the transesterification
of the oil. During this reaction, the unsaturations in the fatty acid chains
are preserved and, further on, they participate in the cationic poly-
merization of the vegetable oil. However, even when ME acts as a
crosslinker, the low equivalents per gram and the presence of free
dangling chains introduce in the material a plasticizing effect that af-
fects considerably the glass transition temperature. These two opposite
effects result in negligible differences in the T, values observed for the
materials prepared with AESO and ME.

On the other hand, although styrene has a functionality of two, the
rigidity of its aromatic ring contributes to reduce the mobility of the
structure shifting the glass-rubber transition toward a higher tempera-
ture.

Finally, the highest T, corresponds to the material prepared with
DVB, which is very effective as crosslinking agent with a functionality
equal to four in these polymerization reactions. This fact associated
with its rigid molecular structure reduces the mobility of the final
network.

The height and width of the tan § peak have been associated with
the nature of the network and its level of heterogeneity. According to
this, the low height and large width of the tan 8 curve of the material
prepared with AESO, can be related to the heterogeneity of the cross-
linked structure, which results from the direct reaction between the TO
chains. Although such reaction would be favored by the oil chains
having several functional groups per molecule, it would be unfavored
by the sterical hindrance introduced by the structures being formed.
Thus, one would expect tight crosslinking points coexisting with a high
concentration of dangling chains and unreacted double bonds.

Fig. 2(b) shows the effect of aging on the shear storage modulus (G")
of the different materials. For those prepared with AESO, ME and DVB,
aging leads to the increase of G' through the whole temperature range.
As it was discussed above, different mechanisms of oxidative processes
take place simultaneously, and one important change can be associated
with the dangling segments of the fatty acid chains that act as plasti-
cizers in fresh samples and can become part of the network after oxi-
dative chemical reactions [37]. This structural change makes it possible
the enhancement of the mechanical performance of the materials.

Notice that the largest change occurs in the rubbery plateau of the
sample prepared with ME, since in that case all the chains (TO and
crosslinker) are derived from the same vegetable oil and, thus, the
whole material can suffer the oxidative densification reported in oil
paints and films. Moreover, our results indicate that TO/ME is much
affected by the oxidation, in both steps: formation of volatile com-
pounds and rearrangement leading to crosslinking. On the other hand,
the TO/St copolymer appears to suffer from the formation and eva-
poration of volatiles, but with St homopolymer segments contributing
less to the formation of new additional crosslinking points, which is the
reason for the relatively low value of the rubbery storage modulus of
this sample.

Fig. 3 summarizes the results obtained for the glass transition
temperature of the samples including the values obtained for the sam-
ples aged at 50 °C (one measurement). The observed trend is the same
for all the samples, the glass transition temperature increases with
aging, and the effect is stronger if the aging took place at a temperature
above RT. This observation agrees with the discussion of the chemical
changes observed by FTIR.

4.3. Positron annihilation lifetime spectroscopy
In Fig. 4, the evolution of the size of the nanoholes in the samples

prepared with ME, AESO, St and DVB as a function of the natural aging
time is presented. As can be seen, the v, values corresponding to the
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Fig. 3. T, values from the fresh samples and aged for 12 months at RT and
12 months at 50 °C.

fresh samples (t = 0) are dependent on the comonomer or modifier
used in the preparation of the samples. Specifically, the v, values vary
between ~120 A% and ~155 A® obtained for the TO/DVB and TO/ME
samples, respectively.

From Fig. 4, it can be seen that the free nanohole volumes for the
samples based only on components from natural sources (TO/ME and
TO/AESO) coincide, within the experimental error.

On the other hand, for the samples containing petroleum-based
comonomer: that is, St and DVB the v, values are significantly lower
than those obtained for the TO/ME and TO/AESO samples. These re-
sults suggest the formation of more closely packed structures, which are
compatible with crosslinked samples prepared with the synthetic co-
monomers whose molecules are smaller than those of ME and AESO; or
with the formation of short well-packed St homopolymer chains linking
the TO as part of the structure of the networks.

Besides, the v, obtained for the TO/DVB sample is lower than that of
the TO/St network. Furthermore, as described above when discussing
the DMA results, it is expected that the presence of two double bonds
per molecule in DVB generates a more crosslinked network than that
prepared with St.

In Fig. 4, it can be observed a systematic and slightly linear decrease
of v, obtained for all the samples with the increase of the aging time at
RT. The trend of the evolutions of the different v; versus natural aging
time suggests that 12 months is not enough time to reach the final
nanostructural condition of the samples. Consequently, and as men-
tioned above, PALS measurements were performed onto the same fresh
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Fig. 4. Free nanohole volumes as a function of the aging time at RT for the
different TO-based networks studied.
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Fig. 5. Free nanohole volumes as a function of the aging time at 50 °C for the
different TO-based networks studied. In the inset the data were plotted nor-
malizing each data point to their own v, value at t = 0 (see text).

samples but aged at 50 °C. In Fig. 5, the evolutions of v as a function of
the accelerated aging time are presented. For all the studied samples, v,
values present a strong decrease for increasing aging times until ap-
proximately two months; then, for further aging times until one year
the size of the nanoholes measured for each sample reaches, within the
experimental scatter, a constant value.

It is important to point out that the v, values at the plateau, obtained
for each sample aged at 50 °C, are systematically lower than those
measured in the samples aged for one year at RT. These results indicate
that, using accelerated aging, it is possible to reach the equilibrium final
nanostructural condition of the studied bio-based networks in about
two months.

When the data points corresponding to each sample were normal-
ized to its own vy value of the “fresh” sample; that is, vp/vy (=0, it was
found that for accelerated aging time between 0 and 2 months the
normalized free volume data corresponding to all the samples can be
well-fitted by a single linear function (see the inset in Fig. 5). From this
result, it can be concluded that the mechanism involved in the struc-
tural changes at molecular level is the same for all the studied samples.

In the inset, it can also be seen that for artificial aging times longer
than two months the v;/vy (—o values corresponding to the TO/DVB,
TO/St and TO/AESO samples can be well-fitted, within the experi-
mental scatter, by the same straight constant function. This result in-
dicates that the nanostructural steady-states reached for the three
samples are equivalent. In the case of the TO/ME sample, the data
points present a constant value approximately 10% below than the
three samples previously mentioned. This difference can be attributed
to the fact that comonomer ME is a molecule derived from the TO and,
as such it undergoes the same oxidation mechanisms as the tung oil.
Thus, all components in this particular sample suffer the oxidation ef-
fects. The relevance of the unsaturated oil fraction on the aging of this
type of materials was previously reported [15] for TO/St samples with
different TO/St ratios.

4.4. Thermogravimetric analysis (TGA)

Fig. 6 shows the thermogravimetric curves (TGA) of copolymers
aged for 12 months at RT in air atmosphere.

A similar behavior with three degradation regions has been reported
for other polymers obtained from natural oils [12,41,42], which in the
present case appears in the temperature ranges of 150-300 °C,
300-520 °C and 520-800 °C. The first region is attributed to the eva-
poration of soluble, unreacted materials and the subsequent
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Fig. 6. Thermogravimetric curves (TGA) in air atmosphere of copolymers aged
for 12 months at RT.

decomposition of free oil. These materials are the easiest ones to eva-
porate/degrade since they are not chemically bonded to the crosslinked
network. The second region, related to the steepest slope, is due to the
conversion of the structure of the crosslinked polymer to carbon. Fi-
nally, the third region above 520 °C, corresponds to the oxidation and
degradation of the char as it evaporates/degrades in the air atmosphere.
For all compositions, the carbonaceous residue is negligible at tem-
peratures above 600 °C. The maximum rate of decomposition for all the
samples is reached around 450-460 °C.

The results suggest that all the materials independently of the
composition show qualitatively the same 3-stages degradation process,
although differences are observed. In particular, in the degradation of
the sample crosslinked with DVB, the second stage shows that the
thermal degradation is delayed by the higher crosslinking density
achieved in this network, since more covalent bonds must be broken for
degradation to occur. Tighter DVB-network leads to the most thermally
stable material and this can be observed in all three regions of de-
gradation.

To further analyze the results of aging under the conditions con-
sidered (RT and T = 50 °C in air), in Fig. 7 comparative TGA curves
obtained measuring the TO/ME samples are shown. Previous results
made it possible to conclude that in comparison with the rest of the
samples studied in the present work, the TO/ME copolymer presents the
more significant changes when it is subjected to aging treatments.

Below 400 °C, thermal degradation shows that less material is lost
from the aged samples, but this change is much more important in the
sample stored at 50 °C, for which accelerated aging is expected. The
lesser mass lost in this range of temperatures is explained by the oc-
currence of evaporation and decomposition of free oil and non-cross-
linked fragments during storage. As explained in previous Sections, the
samples suffered continuous loss of loosely bonded chains in the net-
work structures, as well as the slow increase of crosslinking, both effects
being the result of the oxidative aging of the oil fragments in the ma-
terials. This process is accelerated by aging at 50 °C and consequently,
after one year the networks show a tighter crosslinked structure and
lower loss of mass, particularly during the first degradation step.

Although the first and second steps of degradation are quite similar
for the “fresh” sample and that aged at RT, the last step is shifted to
higher temperature after aging. This is related to the fact that this co-
polymer presents a higher amount of TO derived components, which
are the ones involved in the aging process.

5. Conclusions

The study of the changes produced in the networks prepared by
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Fig. 7. Thermogravimetric curves corresponding to “fresh” and aged
(12 months at RT and 12 months at 50 °C) TO/ME samples.

cationic polymerization of tung oil, using different comonomers or
adding a modifier, and aged at room temperature or at 50 °C (ac-
celerated aging) makes it possible to conclude that the glass transition
temperature as well as the free nanohole volume are strongly depen-
dent on the nature of the comonomer (bio-based or synthetic) used to
prepare the samples.

In addition, from the study of the nanostructural evolution of the
samples subjected to accelerated aging two well-distinguished stages
were observed. In the first one, from the fresh condition up to an aging
time of two months circa, the rate of the chemical reactions is the same
for all the samples, independently of the nature of the comonomers or
modifier. For aging times longer than two months, the final nanos-
tructural condition of the bio-based networks is reached. In particular,
the nanostructural steady-states reached for the TO/DVB, TO/St and
TO/AESO samples are equivalent. Additionally, the results obtained for
the TO/ME sample, in which the comonomer ME is a molecule derived
from the TO, allowed us to conclude that the oxidation mechanisms
only occurs in the tung oil fraction of the bio-based polymer, in-
dependently of the used comonomer or modifier.

On the other hand, it was found that the oxidative process that af-
fects unsaturated oils is also present in these samples (through any
unreacted double bond), leading to the crosslinking of the carbon
chains of the fatty acids and the progressive elimination of the produced
volatile compounds of low molecular weight, which produce densifi-
cation of the polymeric matrices.
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