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Abstract. Limonene dioxide (LDO) has the potential to find a wide application as a bio-based epoxy resin. Its polymerizations by catalyzed ring-opening, and by polyaddition with diamines were compared with the polymerizations of the commercial epoxy resins bisphenol-A diglycidyl ether (BADGE), and 3,4-epoxycyclohexylmethyl-3′,4′-epoxycyclohexane carboxylate (ECC). Differential scanning calorimetry (DSC) studies showed that LDO polymerizations suffer in all cases studied
from incomplete conversions. Nuclear magnetic resonance (NMR) studies revealed that in cis-isomers of LDO the internal
epoxide rings were not reacting. The low reactivity of this epoxide group was explained by mechanistic considerations
making use of the Fürst-Plattner rule, or trans-diaxial effect. Due to diastereomeric diversity approximately one-fourth of
epoxide groups present in LDO could not react. Therefore, a diastereoselective epoxidation of limonene could provide a
fully reactive bio-based epoxy resin.
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1. Introduction

with interesting thermal and optical properties by alternating copolymerization with CO2 [7, 8]. Limonene
dioxide (LDO) was used as starting point for nonisocyanate polyurethane [6]. In the photopolymerization of oxetane, LDO in combination with sulfonium salts extremely reduced the induction time
(‘kick-starting’) [9].
Due to the presence of two epoxide rings, LDO features a high potential to be used as bio-based epoxy
monomer to form thermosetting materials. In a series
of studies, Lalevée and coworkers [10, 11] reported
a very fast sunlight induced ring-opening polymerization of LDO via a ‘free radical promoted cationic
polymerization’. The centerpiece was a photoinitiating system based on a silyl radical. That initiating
systems allowed for final conversions of ca. 80%
and yielded tack free materials [12]. Crivello et al.
[13] developed a related initiating system based on

Nowadays most bio-extraction procedures of renewable feedstock are accompanied with side products
that often are considered as waste. Examples include
lignin found in black liquor from cellulose pulping,
grape-seed oil derived from wine production, and orange oil produced as by-product of orange and other
citrus juice production [1–3]. Their valorization would
contribute to a profitable sustainable economy.
Essential oils originating from mechanical pressing of citrus fruits peel are mainly composed of
R–limonene (95 and 65 in orange and lemon oils, respectively), which can be isolated by distillation [4,
5]. Most parts of the 50 to 75 million tons R–limonene
produced per year are used as fragrance and as solvent [6]. The unsaturated bonds in limonene can be
converted to one or two epoxide rings [5]. Limonene
oxide was used to prepare bio-based polycarbonates
*
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Figure 1. Bifunctional epoxides used in this study. Limonene
dioxide (LDO), diglycidyl ether of bisphenol-A
(BADGE), and 3,4-epoxycyclohexylmethyl-3′,4′epoxycyclohexane carboxylate (ECC).

titanocene chemistry for conventional epoxy based
monomers, which was mentioned to work as well
with LDO. All studies dealing with LDO describe
that LDO polymerization suffers from incomplete
conversions. The LDO reactivity itself, however,
was not addressed and studied so far.
Therefore, this contribution attempts to gain insight
into the reactivity of LDOs endocyclic and terminal
epoxide groups. The ring-opening polymerization
and polyaddition of LDO in presence of amines were
studied in comparison to the bisphenol-A diglycidyl
ether (BADGE) and 3,4-epoxycyclohexylmethyl3′,4′-epoxycyclohexane carboxylate (ECC) representing LDOs terminal and endocyclic epoxy groups,
respectively (Figure 1). This study shows that LDOs
reactivity depends on its structural composition and
points to what would be needed for LDO application
as a fully bio-based epoxy resin.

[ppm] using the solvent residual peak as reference.
Differential scanning calorimetry (DSC) measurements were carried out in sealed aluminum pans in
a nitrogen atmosphere with a modulated thermal analyzer DSC 2920 CE, TA Instruments, within a temperature range of 20 to 300 °C.

2.3. Catalyzed ring-opening polymerization
To limonene dioxide (0.66 mL, 4.4 mmol) a boron
trifluoride ethylamine complex solution (0.5 mL,
0.8 M in acetonitrile) was added. The solvent was
evaporated using a nitrogen stream while stirring.
Afterwards, the mixture was cured for one hour at
90 °C and for three hours at 120 °C to yield a brownish-red solid with a tacky surface. Ring-opening polymerizations of BADGE (1.6 g, 4.4 mmol) and ECC
(0.95 mL, 4.4 mmol) were performed according to
the same procedure using the same formulation.
2.4. Polyaddition reaction with an amine
hardener
LDO (1.0 mL, 6.7 mmol) and 4,7,10-trioxa-1,13-tridecanediamine (0.74 mL, 3.4 mmol) were mixed and
reacted at room temperature for 24 h, at 60 °C for 6 h
and further 6 h at 120 °C. A highly viscous, dark-orange colored fluid was obtained. Polyaddition of
BADGE and ECC with 4,7,10-trioxa-1,13-tridecanediamine was performed analogously.

2. Experimental
2.1. Materials

3. Results and discussion

Limonene dioxide (LDO) was obtained from Arkema (Düsseldorf, Germany) as isomeric mixture. Boron
trifluoride ethylamine complex, 4,7,10-trioxa-1,13tridecanediamine, 1,6-diaminohexane and isophorone
diamine were purchased from Sigma-Aldrich (Steinheim, Germany) and used as received. Bisphenol-A
diglycidyl ether (BADGE) was purchased as Araldite
GY250 from Huntsman Advanced Materials (Bergkamen, Germany) with 180 g·eq–1. 3,4-Epoxycyclohexylmethyl-3′,4′-epoxycyclohexane carboxylate
(ECC) was purchased as Omnilane OC 2005 from
IGM resins (Krefeld, Germany). Acetonitrile (99.5%)
was purchased from TCI Chemicals (Eschborn, Germany).

2.2. Measurements
Proton nuclear magnetic resonance (1H NMR) spectra were carried out at room temperature with a
Bruker Avance NB 200 MHz with 32–64 scans.
Chemical shifts (δ) were reported in parts per million
584

The reactivity of LDO was compared with that of
the bifunctional monomers BADGE and ECC. In
these monomers, both epoxide groups are of the
same nature. BADGE has two terminal epoxides and
ECC two endocyclic epoxide groups. Endocyclic
epoxide groups are usually cured via UV or thermal
initiated ring-opening polymerization using an anionic catalyst (e.g. imidazole, tertiary amine) or a
Lewis acid catalyst (e.g. boron trifluoride). Terminal
epoxides are cured at room temperature by polyaddition reaction with polyfunctional nucleophiles as
hardeners (e.g. amines, anhydrides, acids, alcohols
and thiols), whereas non-terminal epoxides require
activation with a catalyst or higher temperatures for
the polyaddition [14].
In contrast, LDO contains two different epoxide
groups, namely one endocyclic epoxide and a terminal
one. Therefore, ring-opening polymerization and polyaddition experiments were performed as different reactivities for each epoxide in LDO would be expected.
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Table 1. Summary of DSC results of catalytic ring-opening
polymerization of LDO, BADGE and ECC containing 10 mol% of BF3·NH2Et performed with a heating rate of 10 K·min–1.

3.1. Catalyzed ring-opening polymerization
In a first step, the thermal behavior of the neat monomers BADGE, ECC and LDO was characterized performing differential scanning calorimetry (DSC). All
monomers showed no exothermic signal corresponding to polymerization or other ring-opening reactions up to 250 °C. In case of LDO an endothermic
signal was observed with Tmax at 187 °C (Tonset =
142.3 °C; ΔHN = 50.5 kJ·mol–1) indicating the boiling point (Figure 2).
In a second step, the polymerization behavior of the
monomers was studied with DSC in presence of
boron trifluoride ethylamine complex as a Lewis acid
catalyst which is known to activate the catalytic ring-

Monomer
LDOb
BADGE
ECC

Tpeak
[°C]

ΔHN Totala
[kJ·mol–1]

65

97

064

140

178

–

104

114

149

134

154

–

71

87

126

129

138

–

Tonset
[°C]

a

Total curing enthalpy as the sum of the two exothermic signals per
mol epoxide group.
bOverlap with LDO boiling event was neglected.

opening polymerization of epoxide monomers, as well
as the addition of nucleophiles as ethanol to LDO
[15–17]. DSC thermograms of the three monomers
BADGE, ECC and LDO in presence of 10 mol% of
BF3·NH2Et are depicted in Figure 3 and summarized
in Table 1. LDO and ECC exhibited a major exothermal peak with an onset temperature around 70 °C
(LDO Tonset = 65 °C; ECC Tonset = 71 °C) corresponding to the ring-opening reaction of epoxycyclohexane. Additionally, LDO showed a second exothermic signal with a lower enthalpy and a Tonset of
140 °C. In that temperature range BADGE reacted
as well (Tonset = 134 °C) which was attributed to the
ring-opening reaction of the terminal epoxide group.
Comparing the reaction enthalpies per mol of epoxide groups, LDO reacted with ΔHN = 64 kJ·mol–1
which corresponds to approx. half of the reaction enthalpy of ECC (ΔHN = 126 kJ·mol–1) and BADGE
(ΔHN = 149 kJ·mol–1) (Figure 3, Table 1). That indicated that LDO yields an incomplete conversion in
presence of boron trifluoride ethylamine as a Lewis
acid catalyst.
Based on the DSC results, LDO, BADGE and ECC
samples were polymerized with boron trifluoride ethylamine complex using a standard polymerization
procedure (3 h at 90°C; 1 h at 120°C). While BADGE
and ECC provided hard and transparent polymeric
materials, LDO formed a sticky semi-transparent one,
which is in agreement with the determined incomplete conversion in DSC measurements.

Figure 2. DSC thermograms of LDO, BADGE and ECC
performed with a heating rate of 10 K·min–1.

3.2. Polyaddition reaction with an amine
hardener
Next, the polyaddition reaction of LDO, BADGE and
ECC with the primary diamine 4,7,10-trioxa-1,13tridecanediamine was studied. For this, bulk samples

Figure 3. DSC thermograms of LDO, BADGE and ECC
containing 10 mol% of BF3·NH2Et performed with
a heating rate of 10 K·min–1.

585

Soto and Koschek – eXPRESS Polymer Letters Vol.12, No.6 (2018) 583–589

reactivity lacking autocatalytic post-curing. The viscous fluids obtained after LDO reaction with the various diamines point to oligomer formation instead of
the expected cross-linked polymer. In order to better
understand the chemical reactivity of LDO, the polymerization was studied using 1H NMR.

were prepared by reacting LDO, BADGE and ECC
with the primary diamine in stoichiometric ratio at
room temperature for 24 hours. BADGE yielded a
transparent solid. LDO and ECC, however, showed
only a slight viscosity increase after 24 hours at room
temperature. Therefore, the temperature was increased
to 60 °C for 6 hours and after that to 120 °C for further 6 hours in order to promote the reaction. Despite
of this, LDO and ECC yielded no solids, but extremely viscous dark fluids. To check for the extent of the
reaction, DSC measurements of the bulk samples
after reaction were performed (Figure 4).
The solid material derived from BADGE showed no
exothermic peak confirming a fully polymerized material. In case of ECC the exothermic peak at 260 °C
showed an autocatalytic post-curing indicating the
presence of unreacted epoxides. That was to be expected as endocyclic epoxide groups exhibit a lower
reactivity towards amines in comparison to the terminal analogues. In contrast, no exothermic peak appeared at high temperatures after the reaction of
LDO and 4,7,10-trioxa-1,13-tridecanediamine. To
explore the generality of this result, LDO was reacted under the same conditions with two other diamines, namely 1,6-diaminohexane and isophorone
diamine, respectively. In both cases, highly viscous
fluids were obtained showing no exothermic peaks
in DSC analyses.
Thus, while the reaction of LDO with different diamines either all epoxide groups were converted
or the remaining groups suffered from extreme low

3.3. LDO reactivity explored by 1H NMR
Commercial limonene dioxide derives from the natural isomer R–limonene by non-diastereoselective
epoxidation which generates the epoxycyclohexane
as a mixture of cis- and trans-isomers [18]. Epoxidation of the exocyclic double bond provides a chirality center in C8, increasing the number of diastereomers to a total of four (Figure 5A) that cannot
be separated physically [19].
The different peaks in the 1H NMR of commercial
LDO were assigned by comparing the relative position of the peaks with signals of isolated isomers reported in the literature [19]. The methyl group located
at the external epoxide (CH3-10) showed a chemical

Figure 4. DSC thermograms of LDO, BADGE and ECC after
reaction with 4,7,10-trioxa-1,13-tridecanediamine
performed with a heating rate of 10 K·min–1.

Figure 5. A) LDO isomeric structures; B) 1H NMR of LDO.
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Table 2. 1H NMR signal assignment and relative integrals in
the region 1.33–0.80 ppm of LDO before and after
its reaction with BF3·NH2Et (20 min; 120 °C).

shift at 1.27 ppm for all four isomers (Figure 5B).
As it is located outside the cycle, it is not affected
by the different conformations of the cyclohexane
ring. In contrast, the methyl group at the epoxycyclohexane (CH3-7) yielded four different peaks of
comparable intensity between 1.17 and 1.21 ppm,
each one corresponding to one diastereomer.
LDO ring-opening polymerization catalyzed by boron
trifluoride ethylamine was studied with 1H NMR at
120 °C for a maximum of 20 min as longer reaction
times resulted in insoluble fractions. 1H NMR spectra
of LDO before and after reaction are depicted in Figure 6 and summarized in Table 2. The reaction of the
external epoxide entailed a decrease of methyl group
signal with the number 10. Before polymerization this
signal accounted for 52% of the integral representing
the 1H NMR methyl region (from 1.33 to 0.80 ppm)
and afterwards for 23%. Combined signals of the
methyl group 7 corresponding to the trans-isomers
(Figure 6 signals c and d, 7-trans) decreased from
an initial 20% integral to a 9% integral after reaction.
Signals corresponding to methyl 7-cis (Figure 6 signals a and b) barely changed, as relative integration
remained in the range of 28–29%. Those results indicated that endocyclic epoxides opened in trans-isomers Figure 6 signals c and d but not in cis-isomers
Figure 6 signals a and b.
The fact that the cis-isomeric endocyclic epoxide did
not react, explains why LDOs ring-opening polymerization yielded a brittle material with a tacky surface as chain growth and network formation were
hindered. That result raised the question if this lack

Methyl
10
7-cis (7a+7b)
7-trans (7c+7d)
Other

δ
[ppm]

Initial
[%]

Reaction
[%]

1.27

52

23

1.21; 1.20

29

28

1.19; 1.18

20

09

1.32–1.28; 1.16–0.80

00

40

of reactivity exclusively affected the Lewis acid catalyzed ring-opening polymerization or polyaddition
reactions with amine hardeners as well. Therefore,
polymerization of LDO with the diamine 4,7,10-trioxa-1,13-tridecanediamine was performed at 120 °C
and followed after 20 min by 1H NMR. Signals of
methyl 7 in cis-isomers (Figure 6 signals a and b)
did not change significantly, their relative integration
barely evolved from initially 29 to final 27%. Integrals of methyl 7-trans (Figure 6 signals c and d) decreased from initially 20 to 13% after reaction. These
results indicate that the internal epoxy group of cisisomers did not react. Activation of the reaction was
attempted using imidazole as nucleophilic catalyst,
or, alternatively, boron trifluoride ethylamine complex as Lewis acid catalyst. However, in spite of this
activation, internal epoxides showed a similar nonreactivity for the cis-isomers.

3.4. Implications for the ring-opening reaction
of LDO
All results pointed out that the terminal epoxides
were reactive in all isomers, while the endocyclic
ones were reactive exclusively in the trans-isomers
of LDO (Figure 7).
The Fürst-Plattner rule or trans-diaxial effect could
provide an explanation for the diastereoselectivity of
this reaction [20]. This rule states that nucleophilic
additions to cyclohexene derivatives yield exclusively the trans-diaxial addition product as the reactions
only take place if a nucleophile and a leaving group
are in trans-diaxial positions. The attack of a nucleophile proceeds fast through a favorable ‘chair-like’
transition state, while it does not take place in case
of an unfavorable ‘boat-like’ transition state [18].
Thus, the diastereoselectivity is based on conformational differences in the transition states [21].
Regarding limonene derivatives, this fact was exploited in limonene monoxide to prepare chiral auxiliaries by Chrisman et al. [18]. In a mixture of the two
R–limonene monoxide isomers, the trans-isomer

Figure 6. 1H NMR spectra of LDO before and after reaction
with BF3·NH2Et (20 min; 120 °C).
*
non-changing signals.
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In case of the trans-isomers, this forms a favorable
low energy ‘chair-like’ transition state. In contrast, the
appropriate cis-isomers would adopt a high energy
‘twist-boat’ conformation which does not react.
In presence of catalysts the epoxy ring is activated,
the conformational requirements, however, still outweigh as the performed experiments showed that
only LDO's trans-isomers were reactive and that
LDO’s cis-isomers contain kinetically hindered endocyclic epoxides.
In addition reactions with amines, epoxides act as
monofunctional groups, but in homopolymerizations
such as anionic or cationic ring opening polymerizations epoxides react as bifunctional groups. Thus, in
addition reactions with amines the presence of one
non-reactive epoxy group in LDOs cis-isomers hinders the chain growth yielding viscous fluids. In the
case of cationic ring opening polymerization, the cis
LDO isomer is acting as a chain extender, while the
trans-isomer is able to generate crosslinks resulting
in a network if significant conversions of epoxide
groups are achieved.
A better understanding of the polymerization behavior
of the single LDO isomers will be necessary to enable
LDOs technical application as a bio-based epoxy
resin. As isomeric separation is considered to be impossible [22], diastereoselective epoxidation of
limonene could help to obtain the single LDO isomers.

Figure 7. Behavior of trans- and cis-limonene dioxide (LDO)
in presence of nucleophiles.

reacted selectively to produce the desired chiral
product, whereas the cis-isomer remained unreacted.
Extrapolating to LDO, the trans-diaxial effect could
explain the low reactivity of the endocyclic epoxy in
the cis-isomers of LDO (Figure 8).
A possible mechanism for the ring-opening reaction
of LDO applying the Fürst-Plattner rule is presented
in Figure 8. The 2-methyloxirane-2-yl group in position 4 will remain in equatorial position due to its high
steric hindrance, limiting the number of conformations the cyclohexane ring could adopt. The nucleophilic attack on the endocyclic epoxide should take
place at the less substituted carbon atom from the opposite side of the oxirane ring in a SN2-like mechanism. According to the Fürst-Plattner rule that attack
would generate a transition state (TS) in which the nucleophile and the oxygen atom occupy axial positions.

4. Conclusions
Commercial limonene dioxide has potential to be applied as a fully bio-based epoxy resin in a wide range
of technical applications. It suffers, however from incomplete conversions during polymerization. We
have investigated two different polymerization pathways, namely the Lewis acid catalyzed ring-opening
polymerization and the polyaddition of LDO with
amines. DSC and 1H NMR studies showed that LDOs
isomeric diversity hinders complete polymerization
due to the low reactivity of the internal epoxide rings
in cis-isomers which is in agreement with the FürstPlattner rule or trans-diaxial effect.
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