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ABSTRACT: In this study 4-methylpyridine (4MP), 4-
vinylpyridine (4VP) and poly(4-vinylpyridine) (P4VP)
were separately reacted with epoxidized soybean oil tri-
glycerides (ESO) to give plant oil based thermoset poly-
mers. The addition reaction of pyridine with epoxide
followed by a rearrangement results in formation of pyri-
done units and these were polymerized via a Diels–Alder
reaction. DMA, DSC, TGA and IR spectroscopy were
used for the characterization of the products. 4MP-ESO,
P4VP-ESO and P4VP-ESO-in situ polymers were cross-

linked yielding rigid infusible polymers. Glass transition
temperatures (Tg) of 4MP-ESO and P4VP-ESO-in situ
were found as �10.5 and 70.5 (32.3 as shoulder) �C
respectively, by DMA analysis. Storage moduli of 4MP-
ESO and P4VP-ESO-in situ at 25�C were 13.7 and 187.2
MPa, respectively. VC 2011 Wiley Periodicals, Inc. J Appl Polym
Sci 121: 2976–2984, 2011
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INTRODUCTION

The increasing price and the dwindling reserves of
petroleum dictate the use of nonpetroleum raw
materials for polymer synthesis. The use of plant oil
triglycerides as renewable raw materials in polymer
production has many advantages; namely, biode-
gradability, renewability of raw materials, CO2 emis-
sion reduction,1 energy savings, ease of production,2

low price3 and the availability of a variety of chemi-
cal transformations on the triglycerides.4–6

In the past we and others have synthesized oil
based polymers by placing a polymerizable func-
tional group on the triglyceride and using it to
obtain a polymer. Such large monomers usually
polymerized in low conversions and gave low
molecular weight polymers with low mechanical
properties.4–9 The strategy used in this work is dif-
ferent. First, a high molecular weight polymer which
has suitable functional groups was chosen and the
triglyceride derivative was grafted onto this polymer
using these functional groups. This ensures that the
product has a high molecular weight. The two strat-
egies are shown in Figure 1. In fact we have used
this strategy successfully by reacting ESO with sty-
rene-maleic anhydride copolymers10 and with maleic

anhydride grafted polypropylene.11 In each case the
presence of the high molecular weight backbone
increases the mechanical properties of the final
crosslinked polymers.

When a pyridine derivative is used with an epoxy
group, it is natural to expect that pyridine would
initiate the homopolymerization of epoxy groups.12

However, Xue et al. showed that the reaction
between pyridine and epoxide groups resulted not
only in the homopolymerization of epoxy groups
but also in the formation of pyridone structures (Fig.
2).13 The addition reaction of pyridine to the epoxide
followed by a ring formation and a rearrangement
results in formation of pyridone. The N-substituted
pyridone can no longer aromatize and behaves as a
1,3 diene and/or a dienophile in Diels–Alder
reaction.

We note that epoxy-pyridine reactions produce
new carbonyl groups belonging to pyridone rings
whose IR signals can be used to monitor the extent
of the reaction. We also note that due to the compe-
tition of epoxy homopolymerization the exact stochi-
ometry between the pyridine and epoxy groups
could not be predicted.

The reaction of pyridines with epoxy group is
well documented. In the literature, styrene oxide
was reacted with 4-ethylpyridine, pyridine, and
2-methylpyridine. The reactivity was found as 4-
ethylpyridine>pyridine�2-methylpyridine. Final
products gave Diels–Alder type polymerization.13

In another example, poly(4-vinylpyridine) and
poly(2-vinylpyridine) were reacted with 1,4 butane-
diol diglycidyl ether to give ladder type
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Figure 1 Schematic representation of the old and new strategies.

Figure 2 Proposed mechanism of pyridine-epoxy polymerization reaction.9
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polymerization via Diels–Alder reaction of the pyr-
idones produced. The reactivity of 1,4 butanediol
diglycidyl ether with pyridine derviatives was
found as poly(4-vinylpyridine) > poly(2-vinylpyri-
dine) > 4-ethylpyridine > pyridine > 2-ethylpyri-
dine.14 In recent literature, P4VP was polymerized
with diglycidyl ether of bisphenol A and oligo-
meric octahydrosilsesquioxane.15,16

Epoxidized soybean oil (ESO) has frequently been
used as the triglyceride component to synthesize
crosslinked polymers. Polymerization and crosslink-
ing of ESO with diamines is known.17,18

On the basis of these literature examples, the aim
of the present work is to polymerize 4-methylpyri-
dine (4MP), 4-vinylpyridine (4VP) and poly(4-vinyl-
pyridine) P4VP with ESO as shown in Figure 3. 4MP
is expected to polymerize only by the 1-4 addition
and Diels–Alder routes of the pyridone formed,
while 4VP will also undergo double bond addition
polymerization in presence of a radical initiator.
This allows both the addition polymerization of the
functional monomer 4VP, and grafting of the triglyc-
eride to P4VP formed to take place concurrently.
Reaction of ESO with P4VP and with 4VP with con-
current addition polymerization of 4VP should
essentially yield the same polymer with different
amounts of connectivity. This work aims (i) to carry
out the synthesis of pyridine-epoxy copolymers of a
renewable triglyceride based epoxy, ESO, (ii) to
characterize the chemical structures of the new poly-
mers obtained, (iii) to briefly examine the mechani-
cal and thermal properties of the product polymers.

EXPERIMENTAL

Materials and methods

Epoxidized soybean oil (Paraplex G-62) with a mo-
lecular weight of ca. 1000 g/mol and an oxygen con-
tent of 6.8% (4.2 epoxy groups per triglyceride mole-
cule) was provided courtesy of C.P. HALL
COMPANY (Chicago, USA), diethyl ether, DMF, 4-
methyl pyridine, 4-vinyl pyridine and benzoyl per-
oxide were purchased from Merck (Darmstadt,
Germany).

The IR analysis was performed on a Nicolet 380
FT-IR with Smart Diamond ATR. DSC characteriza-
tion was performed by ‘‘Thermal Analyses’’ Q 200
instrument with a 10�C/min heating rate. DSC sam-
ples were prepared by weighing 7–10 mg of polymer
samples in aluminum DSC pans. Temperature scans
were run for polymers from �45 to 140�C. TGA
characterization was performed by ‘‘Thermal Analy-
ses’’ Q 50 instrument with a 10�C/min heating rate.
Balance purge flow is N2 40.0 mL/min and sample
purge flow is N2 60.0 mL/min. TGA samples were
prepared by weighing 9–10 mg of polymer samples
in platinum sample pan. Temperature scans were
run from 25 to 600�C. The dynamic mechanical ther-
mal analysis of the polymer samples were per-
formed by using TA Instrument Q800 Dynamic Me-
chanical Analyzer (DMA) in single cantilever mode.
The average dimensions (t � w � l) of the samples
were .2 6 0.2 � 12 6 0.2 � 35 6 0.2 mm. Tempera-
ture scans were run from �50 to 50�C (4MP-ESO)
and �30 to 180�C (P4VP-ESO) at a heating rate of

Figure 3 Schematic representation of the new polymers synthesized.
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Journal of Applied Polymer Science DOI 10.1002/app



3�C/min with a vibration frequency of 1 Hz. The
Zwick/Roell Durometer (Ulm, Germany) with Shore
A was used to determine the surface hardness of
polymer samples, the test was performed according
to ASTM D 2240 standard test. The average dimen-
sions (t � w � l) of the samples were .7 6 0.2 � 12
6 0.2 � 12 6 0.2 mm3 and analyses have been done
at room temperature (25�C). Hardness values range
from 0—for full penetration—to 100—for no penetra-
tion. To obtain a reliable analysis data, the samples
were tested at least at 10 different points on the
same surface.

Polymer synthesis

4MP-ESO

In a typical experiment, 0.4 g 4MP (0.0042 mol) and
1.0 g ESO (0.0042 mol epoxy) were stirred at room
temperature for an hour in a mini round bottom
flask with a magnetic stirrer. The mixture was trans-
ferred to a TeflonVR mold and heated for three 4h
periods at 120�, 150�, and 190�C under nitrogen. The
samples were removed from the mold and extracted
with diethylether in a soxhlet apparatus for 6 h to
remove unreacted materials and dried in a vacuum
oven at 80�C for 4 h. A brown, flexible, soft, thermo-
set product was obtained in 78% yield after
extraction. Conversions could not be improved by
prolonged heating, probably due to the solid prod-
uct obtained which prohibits diffusion of reactive
groups. The extract was shown to contain both 4MP
and ESO. Proportionately larger samples were used
to obtain mechanical test samples.

4MP-ESO

IR (Film) (cm�1): 3000-3600 (br,, OH), 2926 (s, CH),
2867 (s, CH), 2854 (s, CH2, Sym. Stretch) 1734 (s,
C¼¼O), 1637 (m, C¼¼C, pyridone), 1598 (m, CAC,
Ar.), 1565 (w, CAO, Stretch), 1517 (m, Ar, pyridine),
1460 (m, CH2, Def.), 1419 (m, CAC, Ar.), 1375 (m,
CH2O, Def.), 1245 (m, CAOAC, Def.), 1176 (s, CO,
Def.; CAOAC, Def.), 1102 (m, CAOAC, Def.), 1058
(w, C¼¼O, Str. Vib.), 817 (m, C(AOA) AC(AO)A,
Ring Vib.), 814(w, H-Ar), 724 (w, CAC, Skel.Vib.)

P4VP-ESO

In a typical experiment, 0.5 g P4VP (containing
0.0048 mol pyridine units, Mn ¼ 6000) and 1.14 g
ESO (containing 0.0048 mol epoxy) were dissolved
in 10 mL DMF and the mixture was refluxed at
152�C for 8 h. DMF was removed from the solution
in rotatory evaporator under vacuum at 100�C. A
brown viscous liquid was obtained. It was then
transferred into a TeflonVR mold and heated at 160�C
for 4 h and postcured at 190�C for 4 h under nitro-

gen atmosphere. The polymer samples were
extracted with diethyl ether in a soxhlet apparatus
for 6 h to remove unreacted materials and dried in a
vacuum oven at 80�C for 4 h. A brown, flexible,
thermoset product was obtained in 97.1% yield. Pro-
portionately larger samples were used to obtain me-
chanical test samples.

P4VP-ESO

IR (Film) (cm�1): 3000-3600 (br,, OH), 2923 (s, CH),
2857 (s, CH), 2741 (w, pyridine), 1732 (s, C¼¼O), 1639
(m, C¼¼C, pyridone), 1599 (m, CAC, Ar.), 1558 (w,
CAO, Stretch), 1461 (m, CH2, Def.), 1415 (m, CAC,
Ar.), 1360 (m, CH2O, Def.), 1342 (s, pyridone), 1279
(m, CH/CCN bend.), 1241 (m, CAOAC, Def.), 1150
(s, CO, Def.; CAOAC, Def.), 1103 (m, CAOAC, Def.),
1060 (w, C¼¼O, Str. Vib.), 959 (m, CAN, Strech.), 840
(m, C(AOA) AC(AO)A, Ring Vib.), 817 (m, C(AOA)
AC(AO)A, Ring Vib., pyridine out of plane), 814(w,
H-Ar), 755 (w, CAH, pyridine), 732 (w, CAC, Skel.-
Vib.), 573 (w, Ar., Pyridine).

P4VP-ESO-in situ method

In a typical experiment, 0.44 g 4VP (0.0042 mol) and
1.0 g ESO (containing 0.0042 mol epoxy) were stirred
at room temperature for an hour. 1% benzoyl perox-
ide (based on 4VP) was added and the mixture was
transferred into a TeflonVR mold. The mixture was
heated in an oven at 90�C for 4 h under nitrogen
atmosphere. The brown gel obtained was cured for
another 4 h at 150�C and post cured at 190�C for 4 h
under nitrogen atmosphere. Test samples were
extracted with diethylether in a soxhlet apparatus
for 6 h to remove unreacted materials and dried in a
vacuum oven at 80�C for 4 h. A brown, flexible,
thermoset product was obtained in 90.1% yield. Pro-
portionately larger samples were used to obtain me-
chanical test samples.

P4VP-ESO-in situ

IR (Film) (cm�1): 3000-3600 (br,, OH), 3071 (CAH, m,
Strech., pyridine), 2926 (s, CH), 2854 (s, CH), 1733 (s,
C¼¼O), 1637 (m, CAC, pyridone), 1599 (s, CAC, Ar.),
1557 (w, CAO, Stretch), 1487 (w, Ar, Strech.), 1459
(m, CH2, Def.), 1416 (m, CAC, Ar.), 1375 (m, CH2O,
Def.), 1244 (m, CH/CCN bend.), 1219 (m, CAOAC,
Def.), 1106(s, CO, Def.; CAOAC, Def.,1071 (w, C¼¼O,
Str. Vib.), 1047 (m, CAN, Strech.), 840 (w, C(AOA)
AC(AO)A, Ring Vib.), 823 (m, C(AOA) AC(AO)A,
Ring Vib., pyridine out of plane), 749 (w, CAH, pyri-
dine), 7222 (w, CAC, Skel.Vib.), 570 (w, Ar.,
Pyridine).
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RESULTS AND DISCUSSION

Polymer synthesis and spectral identification

As the polymers synthesized in this work are all in-
soluble thermosets, IR is the only chemical analysis
tool available.9 At a first glance the only possible
reaction between 4MP and ESO seems to be pyridine
initiated ring opening polymerization of ESO. The
evidence for this reaction would be increase in inten-
sity of the C-O-C stretching absorbtion at 1110 cm�1.
Surprisingly no such increase was observed.

The IR spectrum of 4MP-ESO initial mixture is
shown in Figure 4(a). The CAC stretching of the aro-
matic pyridine ring shows a strong absorption band
at 1604, 1413 cm�1 and 840, 821 cm�1 absorptions
belonging to epoxide rings of ESO. Figure 4(b)

depicts the IR spectrum of 4MP-ESO Polymer after
curing and soxhlet extraction process. A new band
which belongs to newly formed unsaturated CAC
double bonds of Diels–Alder product appears at
1637 cm�l. A sharp decrease in the peak intensities
at 1604, 1413, 840, and 817 cm�1 indicate that aro-
matic rings of 4MP and epoxy groups of ESO were
nearly depleted. In addition, a hydroxyl band
appears at 3335 cm�1 due to the ring opening of the
epoxide.

Figure 5 shows the IR spectra of ESO, P4VP, and
P4VP-ESO polymers, respectively. The CAC stretch-
ings of the aromatic pyridine ring of P4VP show
strong absorption bands at 1599 and 1415 cm�1 [Fig.
5(b)] 840 and 821 cm�1 absorption bands belong to
epoxide rings of ESO [Fig. 5(a)]. In Figure 5(c) a new

Figure 4 IR spectrum of 4MP-ESO initial mixture (a) and after polymerization (b).

Figure 5 IR spectrum of ESO (a), P4VP (b) and P4VP-ESO, (c) polymer.
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band at 1639 cm�l appears which belong to newly
formed unsaturated C-C double bonds of Diels–
Alder product. A sharp decrease in the intensities
of aromatic pyridine ring of P4VP at 1599 and
1415 cm�1, and epoxide ring of ESO at 840 and
817 cm�1 was observed. The band at 1150 cm�1

which belong to the ether (CAOAC) did not increase
in intensity proving that pyridine initiated homopo-
lymerization of epoxy groups did not take place to a
large extent.

Because of the lower electron density on the nitro-
gen of pyridine and 4VP, both of these compounds
did not react with sterically hindered internal epoxy
groups of ESO. 4MP and P4VP with electron donat-
ing alkyl groups at the 4 position have higher
electron density on the nitrogen so that these com-
pounds react with the epoxy groups easily. Figure
6(a) shows IR spectrum of the benzoyl peroxide ini-
tiated radical polymerization of 4VP to P4VP in ESO
at 90�C. There is no evidence of CAC double bonds
of Diels–Alder product absorption band at 1637
cm�1 and sharp aromatic pyridine ring absorption
bands at 1604 and 1413 cm�1 and 840 and 821 cm�1

peaks that belong to epoxide rings of ESO remain
intact suggesting that 90�C is not enough to start
pyridine-epoxy reaction. On the other hand, after
curing at 150�C and postcuring at 190�C, IR spec-
trum [Fig. 6(b)] shows the formation of C-C double
bonds of Diels–Alder product absorption peak at
1637 cm�1 and a sharp decrease in epoxy peaks at
840 and 821 cm�1 proving the completion of pyri-
dine-epoxy reaction. In addition, it is noted that a
hydroxyl band appears at 3335 cm�1 due to the ring
opening of the epoxide. In 4VP-ESO reaction there
was no increase in the ether peak (CAOAC) at 1106

cm�1), indicating that pyridine initiated homopoly-
merization of the epoxy groups is insignificant.

Thermal properties

TGA trace and the temperature at maximum weight
loss rate of the polymers synthesized are shown in
Figure 7 and Table I. Temperature where 5% weight
loss is also given Table I. The TGA trace shows that
ESO has the highest and P4VP has the lowest ther-
mal stability. ESO shows a maximum rate of weight
loss at 385�C and the ESO containing polymers syn-
thesized also show similar peaks at 383, 378, and
377�C. The pyridine containing backbone of the
polymers synthesized appears to be more thermally
stable, as both the 4MP and 4VP backbones had a
second maximum rate of weight loss temperature
around 440�C.

Figure 6 IR spectrum of P4VP-ESO mixture after 4VP converted to P4VP (a) and after epoxy-pyridine reaction is com-
pleted (b).

Figure 7 TGA analysis of ESO, P4VP, 4MP-ESO, P4VP-
ESO and P4VP-ESO-in situ polymers.
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DSC analysis shown in Figure 8 does not show a
Tg for the synthesized polymers within the tempera-
ture range of �45 to 140�C.

Mechanical properties

The storage moduli and DMA obtained Tg’s of the
polymers synthesized are expected to increase with
the introduction of polymeric pyridine derivatives.
Only 4MP-ESO and P4VP-ESO-in situ samples could
be produced fault free in sizes suitable for DMA.

4MP-ESO product gave a storage modulus of 13.7
MPa at room temperature. The mechanical proper-
ties of the P4VP-ESO-in situ polymer improve dra-
matically upon thermal postcuring and the storage
modulus of P4VP-ESO-in situ polymer is 187.2 MPa
at room temperature.

This significant increase is probably due to double
bond addition polymerization in the in situ method
(Table II). In, stress-strain analyses, 4MP-ESO
showed a stress at break at 0.25 MPa with 150%
elongation and P4VP-ESO-in situ showed a stress at
break at 1.88 MPa with 78% elongation. This is due
to the availability of the P4VP backbone with its

high molecular weight. DMA is known to be a more
sensitive method for determining Tg than DSC. Tan
d derived Tg’s are 32.3 and 70.5�C for P4VP-ESO-in
situ and �10.5�C for 4MP-ESO. Two Tg’s observed
for P4VP-ESO-in situ are probably due to diels alder
type ladder polymerized backbone and P4VP back-
bone segments. The use of polymeric pyridine units
not only introduced a new Tg at 70.5�C but also
increased the Tg of Diels–Alder polymers from �10.5
to 32.3�C. This clearly shows that Tg increases with
increasing use of polymeric pyridine derivatives
(Figs. 9 and 10). These improvements in Tg and stor-
age modulus are in perfect agreement with our orig-
inal postulate.

Results of the surface hardness test are presented
in the Table II. Surface hardness of P4VP-ESO poly-
mer is 15 units higher than 4MP-ESO polymer. Also
surface hardness of P4VP-ESO-in situ is 19 units
higher than P4VP-ESO suggests that homogeneity
introduced by in situ synthesis of P4VP gives
superior mechanical properties. Surface hardness
results are in good agreement with DMA analysis
results.

CONCLUSION

Poly(4-vinylpyridine)was used as the backbone of
the polymers synthesized by either using poly
(4-vinylpyridine)itself or by polymerizing 4-vinyl-
pyridine in situ. The second method gave polymers
with better thermal and mechanical properties due
to improved homogeneity obtained by the in situ
synthesis.

Pyridine-epoxy reaction between epoxidized soy-
bean oil triglycerides and 4-methylpyridine and
poly(4-vinylpyridine) gave interesting results. The
expected pyridine initiated homopolymerization of
the epoxy groups did not take place. Instead pyri-
dine addition followed by rearrangement to a pyri-
done derivative was observed. Diels–Alder and/or
addition polymerization of the pyridone gave novel
polymers. In the case of poly(4-vinylpyridine), the
high molecular weight introduced by the use of a

TABLE II
DMA Obtained Tg’s and 25�C Storage Moduli of

4MP-ESO and P4VP-ESO–In Situ Polymers and Surface
Hardness of 4MP-ESO, P4VP-ESO, and

P4VP-ESO–In Situ Polymers

Polymer
Tg’s
(�C)

Storage
modulus
at 25�C
(MPa)

Surface
hardness
(shore A)

4MP-ESO �10.5 13.7 40
P4VP-ESO – – 55
P4VP-ESO–in situ 32.3 and 70.5 187.2 74

TABLE I
TGA Analysis Results of ESO, P4VP, 4MP-ESO,

P4VP-ESO, and P4VP-ESO–In situ

Compound

Temperature
where

maximum
rate of

weight loss
occurs (�C)

5% weight
loss

temperatures
(�C)

% char
yields

ESO 385 329 1.4
P4VP 241, 389 178 1.5
4MP-ESO 383, 436 292 13.0
P4VP-ESO 378, 441 207 7.9
P4VP-ESO-in situ 377, 444 257 9.2

Figure 8 DSC analysis graphs of 4MP-ESO, P4VP, P4VP-
ESO and P4VP-ESO-in situ polymers.
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polymeric backbone gave superior mechanical
properties.

A possible application for the new crosslinked
material is its use as a gel molding resin. When
4VP is free radically polymerized using ESO as
solvent, P4VP swells in ESO and a viscous, thixo-
tropic, and reactive gel is obtained. This gel is
ready to be crosslinked by the reactions described
in this article merely upon heating. The gel has no
volatile components, takes excellent mold detail,
the cure stochiometry can be optimized by the
manufacturer and there are no by products during
cure. As such the proposed gel molding com-
pound contains approximately 70% renewable,
plant oil based raw material and has a respectable
set of mechanical and thermal properties when
cured.
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Angew Chem Int Edit 2000, 39, 2206.
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12. Ricciardi, F.; Joullié, M. M.; Romanchick, W. A.; Griscavage,

A. A. J Polym Sci Part C Polym Lett 1982, 20, 127.
13. Xue, G.; Ishida, H.; Koenig, J. L. Makromol Chem Rapid Com-

mun 1986, 7, 37.

14. Xue, G.; Ishida, H.; Koenig, J. L. Angew Makromol Chem
1986, 142, 17.

15. Liu, Y.; Meng, F.; Zheng, S. Macromol Rapid Commun 2005,
26, 920.

16. Liu, Y.; Meng, F.; Zheng, S. J Mater Sci 2005, 40, 6367.
17. Lu, P.; Stoffer, J.; Babcock, R. A.; Dhrani, L. R. Polym Prepr

2000, 41, 1340.
18. Juangvanich, N.; Stoffer, J. Polym Prepr 2002, 43, 922.
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