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in the manganese catalysed
epoxidation of ethylene-propylene-diene rubber
(EPDM) with hydrogen peroxide†

C. Maurits de Roo,a Johann B. Kasper,a Martin van Duin,*bc Francesco Mecozzi‡*a

and Wesley Browne *a

The epoxidation of ethylene-propylene-diene rubber (EPDM) with 5-ethylidene-2-norbornene (ENB) as the

diene to epoxidized EPDM (eEPDM) creates additional routes to cross-linking and reactive blending, as well

as increasing the polarity and thereby the adhesion to polar materials, e.g., mineral fillers such as silica. The

low solubility of apolar, high molecular weight polymers in the polar solvents constrains the catalytic

method for epoxidation that can be applied. Here we have applied an in situ prepared catalyst

comprising a manganese(II) salt, sodium picolinate and a ketone to the epoxidation of EPDM rubber with

hydrogen peroxide (H2O2) as the oxidant in a solvent mixture, that balances the need for polymer and

catalyst/oxidant miscibility and solubility. Specifically, a mixture of cyclohexane and cyclohexanone is

used, where cyclohexanone functions as a co-solvent as well as the ketone reagent. Reaction progress

was monitored off-line through a combination of Raman and ATR-FTIR spectroscopies, which revealed

that the reaction profile and the dependence on the composition of the catalyst are similar to those

observed with low molar mass alkene substrates, under similar reaction conditions. The combination of

spectroscopies offers a reliable method for off-line reaction monitoring of both the extent of the

conversion of unsaturation (Raman) and the extent of epoxidation (FTIR) as well as determining side

reactions, such as epoxide ring opening and further, aerobic oxidation. The epoxidation of EPDM

described, in contrast to currently available methods, uses a non-scarce manganese catalyst and H2O2,

and avoids side reactions, such as those that can occur with peracids.
Introduction

Elastomers are amorphous polymers with little or no crystal-
linity and have a low glass transition temperature and, thus,
they are so and exible materials. For industrial applications,
rubber polymers are typically cross-linked to form 3D networks
that are essential for elastic and insoluble products and
enhanced tensile and tear strength, and abrasion and solvent
resistance. Rubber polymers are oen compounded with
(reinforcing) llers (typically carbon black and/or silica) and
plasticizers to adjust desired properties, such as compound
viscosity and vulcanisate hardness and strength.1 Rubbers are
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commonly cross-linked via sulphur vulcanization, which
requires the presence of unsaturation,2 or by peroxide curing.3,4

Covalent crosslinking limits the recyclability of rubber waste,
mainly because the cross-linked 3D network prevents process-
ing via melt or solution.5,6

EPDM rubbers are versatile synthetic rubbers prepared from
ethylene, propylene and a dienemonomer (Fig. 1). In contrast to
natural rubber, EPDM rubbers do not contain unsaturation in
their polymer backbones, giving them good resistance to ozone,
oxygen, and heat. Their apolar character provides good resis-
tance to water and polar solvents. These features have resulted
in the widespread use of EPDM rubber in applications, such as
automotive sealing systems, roof sheeting, (waste) water seals,
and radiator hoses. However, EPDM rubber performs poorly in
contact with apolar solvents (e.g., petrol and oil) and adheres
poorly to polar materials, both on a macroscopic (co-extrusion
with polar polymers such as polyamides and polyesters) and
on a microscopic level (composites with inorganic llers and
blends with polar polymers).7 The residual unsaturation in the
side group of 5-ethylidene-2-norbornene (ENB) (Fig. 1) enables
sulphur vulcanisation and enhances the peroxide crosslinking
efficiency. Furthermore, the unsaturation opens opportunities
to chemical modication that enable new routes for
RSC Adv., 2021, 11, 32505–32512 | 32505
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Scheme 1 (a) Epoxidation of alkenes using an in situ prepared man-
ganese(II)/PCA catalytic system that provides turnover frequencies of
up to 40 s�1 with catalyst loadings of less than 0.01 mol% Mn(II), at
room temperature (r.t.).42 (b) Equilibrium between H2O2/2,3-butane-
dione and 3-hydroperoxy-3-hydroxybutanone.43

Fig. 1 Chemical structures of (A) 5-ethylidene-2-ethylidene-2-nor-
bornene (ENB); (B) ethylene-propylene-diene rubber (EPDM),
a terpolymer with ethylene (green), propylene (red) and ENB (blue)
monomers indicated.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
13

/2
02

1 
12

:5
0:

15
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
crosslinking and improving the adhesion to polar substrates
and llers. Apolar EPDM rubber can be compounded with polar
silica llers using bifunctional silanes as coupling agents, that
react covalently with the ller surface as well as the rubber
unsaturation.8–10 These coupling reagents have several draw-
backs, e.g., extra costs, special mixing requirements and
production of volatile organic by-products.11 Chemical modi-
cation of elastomers (e.g., hydrogenation, halogenation, and
graing with functional monomers) enables alteration and
optimization of chemical and mechanical properties of
rubbers.12,13 Epoxidation is a well-known modication of
unsaturated elastomers,12 for example, epoxidized 1,2-poly-
butadiene shows improved adhesion to llers, improved heat
stability, and improved solvent resistance.14 Epoxidised natural
and polybutadiene rubbers adhere better to silica, and, there-
fore, require lower amounts of coupling reagent during mixing
in so-called green tyre compounds.7,11,15–17 Epoxidation of EPDM
to eEPDM rubber is expected to improve the performance by
allowing for alternative cross-linking methods, e.g., with
diacids18,19 and (blocked) diamines, and reactive blending with
polar substrates (mineral llers, polycondensates).20,21

EPDM and other types of unsaturated rubbers have been
epoxidized over the past decades most commonly with peroxy
acids (e.g., meta-chloroperbenzoic acid [mCPBA]).12,18,22–25 Per-
formic acid generated in situ from hydrogen peroxide (H2O2)
and formic acid has been used for the epoxidation of EPDM and
other rubbers, because of the high reactivity of the performic
acid and the simplicity of the system.18,21–30 Formic acid is
corrosive and its acidity induces ring opening of the epoxide at
high conversions, giving esters, ethers and alcohols as side
products.12,23–25 Low-acid and acid-free routes towards eEPDM
have been developed. Hay et al.31–33 used H2O2 in combination
with a quaternary ammonium tetrakis(diperoxotungsto)phos-
phate catalyst to produce eEPDM without reported side reac-
tions. Other methods for preparing eEPDM include using
mixtures of molybdenum oxide with tert-butyl hydroper-
oxide34–36 or dimethyldioxirane (DMD) generated in situ from
peroxymonosulphate and acetone.37–39 The extent of epoxida-
tion has to be controlled in order to realise the full potential of
eEPDM. Hence methods to determine the degree of epoxidation
in the product are essential for quality control, as well as
32506 | RSC Adv., 2021, 11, 32505–32512
process control. Controlling the extent of epoxidation opens
opportunities in various high-value applications.

The epoxidation of EPDM is preferably performed homoge-
neously with the polymer dissolved. The paradigm is to employ
methods that use apolar solvents, e.g., toluene. Of the available
methods used in the epoxidation of low molar mass alkene
substrates, the requirement for an apolar medium favours those
based on phase transfer catalysts (PTCs). However, from an
environmental and toxicological perspective, a fully homoge-
neous method for the epoxidation of EPDM that avoids the use
of PTCs is preferable.40,41 A solvent or solvent mixture that
provides sufficient solubility of the EPDM polymer and is
compatible with methods for alkene epoxidation, that provide
high atom efficiency, high selectivity, use non-scarce catalysts,
and limit the use of potentially corrosive, organic acids, is
therefore needed.

Here we show that a catalyst system developed earlier by our
group42,43 for the epoxidation of alkenes, has the required
solvent scope to enable its application in the epoxidation of
EPDM rubbers. The catalyst used in the present study is
prepared in situ from pyridine-2-carboxylic acid (PCA), sodium
acetate (NaOAc), manganese(II) perchlorate [or any other man-
ganese(II) salt] and a ketone, either as solvent or sub-
stoichiometrically, e.g., 2,3-butanedione (Scheme 1).43 The
ketone's role is to establish an equilibrium with the oxidant
H2O2 to form a gem-hydroxy-hydroperoxy species, which is
essential to the generation of the active form of the catalyst but
is also less polar and, therefore, can be taken up by the solvent
mixture needed to solubilise EPDM (Scheme 1).43 The rate
limiting step has been established to be the reaction of the gem-
hydroxy-hydroperoxy species with the catalyst to form the
oxygen-atom-transferring manganese complex and notably
shows a zero order dependence on substrate (alkene) concen-
tration. Quenching of the reaction by ash precipitation was
followed by off-line analysis by Raman and attenuated total
reection Fourier-transform infrared (ATR-FTIR) spectros-
copies. These data allow for the dependence of the reaction rate
© 2021 The Author(s). Published by the Royal Society of Chemistry
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on several reaction parameters to be determined. Specically,
the combination of Raman and ATR-FTIR spectroscopies used
to determine the conversion of the ENB unsaturation and the
yield of the epoxide allows for verication that the kinetic
behaviour of the catalytic system is retained under the condi-
tions needed to solubilise high molar mass EPDM rubber. In
this way, the extent of epoxidation can be controlled in a reliable
manner.

Experimental section
Materials

Fully amorphous and highly unsaturated EPDM (Keltan® 9950C
with ethylene content of 44 wt% and ENB content of 9 wt%) and
the low molar mass model compound 5-ethylidene-2-
norbornane (ENBH; prepared via selective hydrogenation of
ENB) were provided by ARLANXEO. Manganese(II) perchlorate
hexahydrate, 2,3-butanedione, acetic acid (AcOH), hydrogen
peroxide (50 wt% aqueous solution), CD3Cl, cyclohexane,
cyclohexanone and 5-ethylidene-2-norbornene (ENB) were ob-
tained from Sigma-Aldrich, and sodium picolinate was obtained
from TCI Europe. All were used as received, unless stated
otherwise.

Preparation of ethylidene norbornane epoxide

A solution of Mn(II)(ClO4)2$6H2O (0.02 mol%), picolinic acid
(1.0 mol%) and sodium acetate (NaOAc) (2 mol%) was prepared
in acetonitrile and stirred for 10 min. 2,3-Butanedione (0.125
M), acetic acid (25 mM) and ENBH (0.125 M) were added to the
mixture, giving a total volume of 4 mL. 3.0 equivalent H2O2

(50%, aq.) was added dropwise. Aer 1 h at room temperature,
the reaction solution was ltered over a silica-loaded glass
pipette to remove non-volatile reaction components, followed
by removal of the solvent in vacuo to obtain the volatile epoxide
product. Samples for 1H NMR spectroscopy were prepared by
withdrawing 4–5 drops of the reaction mixture, which were
added to a mixture of 1 mL CDCl3/1 mL brine. The mixture was
shaken well, the phases were separated, and the 1H NMR
spectrum of the organic layer was recorded. Epoxidized ENBH
was obtained with full conversion (Fig. S1†).

Purication of EPDM

Components (anti-oxidants) present in the EPDM as supplied
were removed by dissolution in cyclohexane, followed by
precipitation by addition of acetone. The removal of additives
was veried by ATR-FTIR spectroscopy (Fig. S2†). The FTIR
spectrum of EPDM, as received, shows spectral bands that
indicate the presence of an ester (1015, 1045 and 1250 cm�1,
from C–O stretches, and a band at 1740 cm�1 from C]O
stretching). These features were absent aer precipitation.

General procedure for epoxidation of EPDM (eEPDM)

3.5 mL of cyclohexanone and 5 mL of cyclohexane were heated
in a 25 mL round-bottomed ask at 50 �C in a water bath.
400 mg EPDM rubber (30 mM in alkene units) was added in
portions to the solvent mixture and allowed to dissolve fully (ca.
© 2021 The Author(s). Published by the Royal Society of Chemistry
6 h). 1.08 mg Mn(II)(ClO4)2$6H2O (0.3 mM) was added to the
reactionmixture to give a total volume of 10 mL and themixture
was stirred for 5 min. 2.2 mg sodium picolinate (1.5 mM) was
added to the reaction mixture and the mixture was stirred for
5 min. 2,3-Butanedione (various concentrations) was added to
the reaction mixture, followed by stirring for 5 min before
addition of 17 mL of acetic acid (30 mM). The reaction was
initiated by adding H2O2 (aq., 50 wt%) (various equivalents).
Aer 1 to 4 h, the reaction was quenched through gentle addi-
tion of 5–10 mL acetone to precipitate the eEPDM. The
remaining solution was discarded, and the recovered eEPDM
was twice washed with acetone. A pincer was used to squeeze
and sponge the rubber in acetone to facilitate removal of
residual reagents. The rubber samples were air-dried for
approximately 1 day before analysis. For 1H NMR spectral
analysis, 0.5 mL of the reaction mixture was added to a mixture
of 0.5 mL brine and 0.7 mL deuterated chloroform before and
aer the reaction. The solution was mixed and shaken and the
organic layer (CDCl3) separated for analysis. The alkene
conversion was dependent on the concentration of 2,3-butane-
dione and H2O2 added (see Results and discussion). Repre-
sentative 1H NMR spectral data before and aer epoxidation of
EPDM rubber (2.5 mM in alkene units) with 0.25 M 2,3-buta-
nedione, and 10 equiv. H2O2 show z90% conversion Fig. S3.†

Off-line analysis

Flash precipitation and washing of EPDM and eEPDM was used
for off-line determination of conversion.25,36,37 0.5 mL aliquots were
withdrawn from the reactionmixture at specied times and added
to 5–10 mL acetone to precipitate the rubber. A pincer was used to
squeeze the precipitated rubber to expel residual reagents. The
rubber was dipped in water and then acetone and compressed
several times, followed by standing in air to dry for several hours.
Samples were analysed by Raman and ATR-FTIR spectroscopies.
The averages of ve Raman spectra or three ATR-FTIR spectra were
used for the plots of conversions over time.

Spectroscopic methods

A JASCO 4000 series FT-IR spectrometer equipped with TGS
detector and ATR accessory (germanium coated with diamond)
was used for recording of infrared spectra with 32 accumula-
tions and 8 cm�1 resolution. Raman spectra were recorded at
785 nm with either a BX51 upright microscope, equipped with
a Shamrock 163 spectrograph with iVac-LCDD deep depletion
CCD camera (Andor Technology) (10 accumulations of 10 s
spectral acquisition) or a PerkinElmer RamanFlex spectrom-
eter, equipped with Inphotonics reaction probe (spectra were
typically 10 by 20 s acquisition). Where stated Raman spectra
were recorded at 532 nm with a Shamrock 163 spectrograph
with iDus 420 series deep depletion CCD camera (Andor Tech-
nology), 25 mW ber coupled laser (Cobolt) and Inphotonics
Raman probe. Normalizations, integrations and baseline
corrections of Raman and FTIR spectra were performed using
SpectraGryph 1.14 (ref. 44) and data visualisation was done in
Python. 1H NMR (400.0 MHz) spectra were recorded on a Varian
Avance 400 spectrometer in CDCl3.
RSC Adv., 2021, 11, 32505–32512 | 32507
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Results and discussion

The EPDM rubber selected in the present study has ENB (Fig. 1)
as diene monomer, which presents a tri-substituted alkene as
a side group aer polymerisation. Initial studies focused on the
application of conditions for alkene epoxidation developed
earlier42,43 in the epoxidation of the low molar mass ENBH
model compound (Scheme 2). This model compound lacks the
endocyclic C]C of the starting ENB diene, which is converted
during polymerisation, so that only the exocyclic C]C is
available for epoxidation. Direct analysis of the reactionmixture
by 1H NMR spectroscopy shows complete conversion of the
ENBH unsaturation with the disappearance of the 1H NMR
signals of the –CH]CH2 alkene moiety at 5.0 and 5.2 ppm and
the appearance of new signals at ca. 3.0 ppm, characteristic of
the expected exo- and endo-epoxide products (Fig. S1†).

The insolubility of EPDM in acetone means that the conditions
used for the epoxidation of the ENBHmodel are unsuitable. Apolar
solvents (e.g., alkanes or aromatic solvents) are required for the
dissolution of high molar mass, apolar polymers, such as EPDM
rubber. Methods available for the epoxidation of EPDM rubber use
toluene as solvent.18,25,36,37 A primary requirement for the present
catalytic system is that the reaction is fully homogenous and, hence,
the solvent used should be sufficiently polar to solubilise the catalyst
[Mn(II)/PCA], a base such as sodium acetate, and not undergo phase
separation upon addition of aqueous H2O2. The good solvent
tolerance of the Mn(II)-based method used here (e.g., acetone,
ethanol, CH3CN etc.)43 means that conditions compatible with both
EPDM dissolution and epoxidation are found in an equalmixture of
cyclohexanone and cyclohexane. This solvent mixture is sufficiently
apolar to solubilize the EPDM polymer and at the same time suffi-
ciently polar to dissolve the catalyst components and oxidant.
Furthermore, neither solvent is susceptible to oxidation (e.g.
hydroxylation, Baeyer–Villiger) under these conditions.45
Scheme 2 Epoxidation of 5-ethylidene-2-norbornane (ENBH) (a) and
of ENB–EPDM rubber (b) with an in situ prepared manganese(II)
catalyst and H2O2. mol% and equivalents are with respect to the C]C
concentration in the EPDM rubber.

32508 | RSC Adv., 2021, 11, 32505–32512
Under these modied conditions, the extent of conversion of
the model compound ENBH was low, which was suspected to be
due to precipitation of NaOAc upon its addition. This limitation
was circumvented by using sodium picolinate, which is sufficiently
soluble to achieve the concentrations required [3-fold excess with
respect to the Mn(II) present] to ensure formation of an active
catalyst.43 Sodium picolinate co-precipitates with the polymer, but
is readily removed by washing the rubber residue with water
(Fig. S4†). The extent of epoxidation of the EPDM rubber was 70%
under these conditions (Scheme 2 and Fig. 2).

An additional challenge is the viscosity of the EPDM-containing
solutions. High concentrations of the rubber are desirable to reduce
solvent demand. The increase in viscosity limits the concentrations
that can be reached. At 50 �C, a 5 wt% solution of EPDM rubber
could be achieved, which corresponds to a 30 mM in ‘ENB’ units,
which is still compatible with the catalyst system used.43
On-line analysis of reaction progress

On-line analysis of the reaction progress is advantageous over
off-line analysis for reaction optimisation, as the former does
not require sampling and sample pretreatment.46 Facile on-line
monitoring of alkene oxidation in situ with on-line Raman
spectroscopy with the present catalytic system has been
demonstrated earlier43 and initially a similar approach was
investigated here for the epoxidation of the EPDM rubber. Two
conditions that have to be met for this approach to be
successful are: a sufficiently low viscosity (hence low concen-
tration) of the EPDM rubber in the solvent mixture
(cyclohexane/cyclohexanone, 50/50 v%) to allow dissolution of
the other chemicals and good mixing, and a high enough
concentration of the rubber to reach the spectroscopic limit of
detection for the alkene units in the polymer. The maximum
amount of EPDM rubber that could be dissolved in cyclohexane
(to be still able to properly stir the solution) was about 100 mg in
2 mL cyclohexane (6.5 wt%). This concentration of EPDM rubber
corresponds to a concentration of 37.5mMof ENBmonomer. ENB
diene was used to determine the limit of detection of the alkene
stretching band. Raman spectra, recorded at 532 nm of ENB in
a 50/50 volume percentmixture of cyclohexane and cyclohexanone,
show that neither the strongest band of ENB (exocyclic C]C
stretching band at 1690 cm�1) nor any other band were above the
limit of detection by Raman spectroscopy at concentrations of 30–
100 mM (Fig. S5 and S6†). Furthermore, even if the concentration
of ENB could be increased, the C]C stretching band of the ENB
overlaps with the C]O stretching band of cyclohexanone. Hence,
on-line monitoring of the conversion of the unsaturation in ENB–
EPDM with Raman spectroscopy was concluded to be not feasible.

Infrared and 1H NMR spectroscopy have been applied for off-
line analysis of eEPDM samples.18,25,31,36,37 The extent of epoxi-
dation of EPDM rubber to eEPDM can be determined by 1H
NMR spectroscopy (Fig. S3†).

For reaction progress monitoring and optimisation, off-line
analysis with Raman and ATR-FTIR spectroscopy is more
practical, as the Mn(II)-catalysed epoxidation reaction is
quenched by dilution in acetone and minimal sample prepa-
ration is required (Fig. 2). The advantage of combining these
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (Top) Raman spectra (lexc 785 nm) of ENB–EPDM rubber
during epoxidation obtained following flash quenching at indicated
reaction times, with expansion of the region around the alkene
stretching band of the ENB unit at 1690 cm�1. (Middle) ATR-FTIR
spectra of the same samples with expansion of the region around the
epoxide band at 870 cm�1. (Bottom) Integrals of the Raman band at
1690 cm�1 and the FTIR absorption at 870 cm�1 with time, with
standard deviations calculated from repeated measurements on each
sample. Conditions: EPDM (30 mM in alkene), 0.3 mM Mn(II)(ClO4)2-
$6H2O, 1.5 mM sodium picolinate, 60 mM 2,3-butanedione, 30 mM
acetic acid, and 300 mM H2O2 in cyclohexane/cyclohexanone (50/
50 wt%) at 50 �C. Samples were withdrawn and quenched in acetone
at the specified times.

Fig. 3 Normalized intensity of Raman ENB alkene band at 1690 cm�1

vs. FTIR epoxide absorption band at 870 cm�1.
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two spectroscopies in the analysis of epoxidized EPDM rubber is
that alkene conversion can be followed by the Raman band
(alkene stretch) at 1690 cm�1 and epoxide formation through
the IR absorption at 870 cm�1 (out-of-plane bending), with
spectral normalization with the alkane bands at 1437 cm�1 and
© 2021 The Author(s). Published by the Royal Society of Chemistry
1377 cm�1, respectively. Although transmission infrared analysis
is possible with these rubbers,36 attenuated total reection (ATR)
infrared spectroscopy is preferred as it does not require sample
preparation, specically avoiding thermal damage (e.g., epoxide
ring opening) during hot pressing of polymer sheets. The epoxide
product is readily apparent in the ATR-FTIR spectra. However,
whereas transmission FTIR allows for sample thickness to be
adjusted to observe the alkene stretching band, alkene conversion
cannot reasonably be determined by ATR methods due to the low
molar absorptivity of the alkene stretching band.

Repeated measurements on each sample shows that the
accuracy achieved by Raman spectroscopy is less than that by
ATR-FTIR absorption spectroscopy (Fig. 2 Bottom and Fig. S7†),
which is ascribed to the low density of the rubber which reduces
the Raman scattering collected but has less effect on the
sampling by ATR. A plot of the integrated intensity of the
Raman band at 1690 cm�1 (alkene stretching) and absorbance
at 870 cm�1 (epoxide o.o.p bending) shows an inverse correla-
tion (R2 ¼ 0.992) as expected for epoxidation (Fig. 3), showing
that side products are not formed to a signicant extent during
the epoxidation reaction itself and indicating that both bands
are reliable indicators of the extent of reaction.

The conversion of the ENB–EPDM unsaturation over time
(Fig. 2) shows an initial, short lag period, followed by a linear
decrease in the concentration of alkene. The zero order
dependence on the alkene concentration is consistent with
earlier studies in the epoxidation of low molecular weight
alkenes,43 in which the lag period was shown to be due to the in
situ formation of acetic acid from 2,3-butanedione.42,43 The zero-
order dependence of the reaction on the concentration of EPDM
unsaturation indicates that full conversion can be achieved by
reducing its initial concentration and holding the concentra-
tions of all other reaction components constant, as shown
earlier for low molar mass alkenes. Indeed, reducing the
concentration of EPDM rubber by half under similar reaction
conditions shows already 90% conversion (Fig. S8†).

The factors that inuence the reaction extent and its depen-
dence on the concentration of ketone are of interest. Epoxidation of
RSC Adv., 2021, 11, 32505–32512 | 32509
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Fig. 4 Formation of a hydroperoxide-adduct from cyclohexanone
and H2O2.
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EPDM is less efficient than the epoxidation of analogous, lowmolar
mass alkene substrates, e.g., ENBH. Even under these modied
solvent conditions, reaction progress data (Fig. 2) indicate that the
dependence of reaction rate on the concentrations of the reaction
components is the same as for low molar mass substrates. The
conversion aer 2 hwith various concentrations of 2,3-butanedione
(45, 75, 60 and 150 mM) is approximately the same (ca. 70%) in all
cases, while the conversion was ca. 90% with 225 and 300 mM 2,3-
butanedione (Fig. S9†). Conversion is also observed in the absence
of 2,3-butanedione (around 65% conversion, Fig. S10†), since the
co-solvent cyclohexanone can also form the required hydroperoxide
adduct with H2O2 (Fig. 4). It is of note that the initial report of this
catalytic system used acetone (as solvent) alone,47 only with later
studies showing the accelerating effect of 2,3-butanedione.42 The
formation of the adduct between cyclohexanone and H2O2 was
conrmedhere by Raman spectroscopywith a decrease of the C]O
stretching band of cyclohexanone and the appearance of an O–O
stretching band of the adduct (Fig. S11†).

The lower conversion of EPDM unsaturation in the absence
of 2,3-butanedione is consistent with a reduced reaction rate as
observed in acetone earlier. The data indicate that a minimum
concentration of 2,3-butanedione (between 150 and 250 mM) is
necessary for it to affect conversion, as it competes with cyclo-
hexanone for formation of the hydroperoxide adduct.
Side reactions

Inspection of the ngerprint region of the ATR-FTIR spectra (Fig. 2)
reveals changes in addition to those expected for epoxidation
(Fig. 5). The band at 808 cm�1 assigned to the alkene o.o.p
bending band of EPDM rubber decreases and has been frequently
Fig. 5 Fingerprint regions of the ATR-FTIR spectra from samples taken
at various times over 2 h in the epoxidation of ENB–EPDM rubber. See
Fig. 2 for details.

32510 | RSC Adv., 2021, 11, 32505–32512
used to determine the conversion.25,36,37 However, the alkene band
in the Raman spectrum at 1690 cm�1 is amore reliablemeasure of
conversion in regard to signal to noise ratio and resolution
(Fig. S12†) and thus has been used above. New bands also appear
around 1000 and 950 cm�1 (Fig. 5), which are characteristic of C–O
stretching bands, indicating the formation of ethers and esters as
side products of the reaction.25 The absorption bands of these side
products are weak compared to those of the epoxide product
(Fig. 5). The extent of side reactions is low considering the corre-
lation between alkene conversion and epoxide formation (Fig. 3).

Another side reaction occurs concomitant with epoxidation.
In the absence of H2O2 but in the presence of all other reagents,
the ENB–EPDM unsaturation converts slowly to a product
(z35% conversion over 24 h), which is manifested in a sharp
ATR-FTIR absorption band at z1710 cm�1 (Fig. 6, Bottom),
indicating the formation of carbonyl groups as in carboxylic
acid or ketone. The Raman spectrum shows the formation of
the carbonyl product also with the intensity of the alkene
stretching band decreasing (Fig. 6, Top). This side reaction may
proceed by an auto-oxidative pathway where Mn(II) ions trigger
the activation of oxygen.48 Alternatively, the oxidative side
reaction may be due to the combination of 2,3-butanedione and
Fig. 6 Spectroscopic evidence for side reactions in EPDM rubber in
the absence of H2O2. Raman and ATR-FTIR spectra of original EPDM
and eEPDM after 12 h. Conditions: 30 mM ENB from EPDM, 0.3 mM
Mn(II)(ClO4)2$6H2O, 1.5 mM sodium picolinate, 150 mM 2,3-butane-
dione, 30 mM acetic acid in 50/50 wt% cyclohexane/cyclohexanone.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Raman spectra (785 nm) (top) and ATR-FTIR spectra (bottom) of
eEPDM rubber samples at specified times (wk ¼ week) after isolation
and storage.

Fig. 8 Ring-opening and subsequent cross-linking of epoxide groups
of eEPDM, forming an ether linkage between the polymer backbones.
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Mn(II)(ClO4)2$6H2O, which generates a reactive species, e.g.,
inorganic peroxyl radical and a consequence of removal of the
stabilisers (anti-oxidants) from the as-supplied rubber.

Ageing and cross-linking of eEPDM

As mentioned earlier epoxidation of EPDM with formic acid/
H2O2 leads to epoxide ring-opening with longer reaction times,
limiting the conversion that could be achieved.25 In the present
study ring-opening was not observed during the required reaction
time, however, the eEPDM prepared undergoes ageing on standing
in the acetone-quenched mixture as well as aer isolation under
ambient conditions, apparent from Raman and ATR-FTIR spectral
analysis of eEPDM rubber aer several weeks (Fig. 7). The epoxida-
tion with the present catalyst was incomplete, as manifested in the
observation of residual alkene stretching bands of the eEPDM rubber
obtained. Within one week this alkene stretch band was no longer
apparent and was replaced by bands at 1720 and 1660 cm�1 indi-
cating the formation of carbonyl moieties. Oxidative ageing of EPDM
has been shown earlier,49–51 and it is concluded that for the present
case, the eEPDM rubber samples age with a similarmechanism even
undermoderate conditions, as prior and during epoxidation, as anti-
degradants (present inside the raw EPDM rubber sample before
purication in cyclohexane, but not aer, see Fig. S2†) are removed.

Infrared spectra indicate the presence of C–O–C moieties
(between 1300–1000 cm�1, from ethers and/or esters), hydroxyl
groups (between 3600–3000 cm�1), and a decrease in the absorp-
tion of the epoxide band at 870 cm�1. These observations can be
explained by ring-opening of the epoxide and subsequent cross-
linking of a ring-opened epoxide and a second epoxide group
© 2021 The Author(s). Published by the Royal Society of Chemistry
(Fig. 8). Hydroxyl bands are formed upon ring-opening and remain
aer cross-linking, when formation of C–O–C units has taken
place also. Cross-linking is manifested by the insolubility of the
nal rubber samples in cyclohexane. Thus, it is essential that
analysis of the eEPDM reaction products immediately aer
recovery from the epoxidation in order to obtain useful data for
correlating alkene conversion with epoxide formation as in Fig. 3.
Conclusions

The epoxidation of ENB–EPDM rubber using an in situ prepared
manganese catalyst and H2O2 is shown to be effective under
solvent conditions compatible with polymer dissolution. The
method uses non-toxic reagents and the extent of epoxidation can
be controlled to allow for variation in rubber properties. Although
in-line reaction monitoring is unfeasible due to the poor rubber
solubility and, thus, the low EPDM alkene concentration, reaction
optimization is facilitated by off-line analysis combining ATR-FTIR
with Raman spectroscopies and with validation by 1H NMR spec-
troscopy.18,25,31,36,37 This combined spectroscopic approach allows
for the reliable monitoring the formation of the epoxide as well as
the conversion of the alkene of the EPDM rubber. Furthermore,
the approach allows for the determination of the extent of further
oxidation and ring opening of the epoxide units in the recovered
eEPDM products also. The reported method is like suitable for
a wide range of other, alkene-containing rubbers.
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