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Abstract: Films of polyions and octahedral layered manganese oxide (OL-1) nanoparticles on carbon
electrodes made by layer-by-layer alternate electrostatic adsorption were active for electrochemical catalysis
of styrene epoxidation in solution in the presence of hydrogen peroxide and oxygen. The highest catalytic
turnover was obtained by using applied voltage -0.6 V vs SCE, O2, and 100 mM H2O2. 18O isotope labeling
experiments suggested oxygen incorporation from three different sources: molecular oxygen, hydrogen
peroxide, and/or lattice oxygen from OL-1 depending on the potential applied and the oxygen and hydrogen
peroxide concentrations. Oxygen and hydrogen peroxide activate the OL-1 catalyst for the epoxidation.
The pathway for styrene epoxidation in the highest yields required oxygen, hydrogen peroxide, and a
reducing voltage and may involve an activated oxygen species in the OL-1 matrix.

Introduction

Epoxides are important intermediates for the manufacture of
a range of modern commercial products such as epoxy resins,1

textiles,2 surface coatings,1 and biological chemicals.3 Currently
epoxides are prepared from alkenes on an industrial scale using
oxygen, peroxides, and peracids. Ethylene oxide is industrially
obtained by gas-phase oxidation of ethylene using a supported
silver catalyst in oxygen environments whereas propylene oxide
is produced by metal catalyzed liquid-phase oxidation of
propylene using peroxides.4,5 Many polyoxometalate salts6,7 and
oxometallacycles8 have been used for epoxidation as well as
several homogeneous coordination complexes, e.g., porphyrins,9

salens,10 1,4,7-triazacyclononane11,12derived catalysts, and iron
tetradentate ligand complexes.13 Catalytic systems based on
different metals such as cobalt,14 molybdenum,15-17 vana-

dium,17 tungsten,18 manganese19,20 rhenium,21 and titanium22

have also been reported for the epoxidation of a wide range of
alkenes. The existing epoxidation processes, especially in the
case of propylene oxide, are not environmentally friendly or
give rise to significant amounts of byproducts.4 Thus, new
epoxidation procedures that are safer or more highly selective
toward the epoxides would be industrially attractive.

Manganese oxides have great potential as selective hetero-
geneous catalysts, adsorbents, and battery materials.23 They have
been used for a wide range of industrial catalytic applications,
e.g., ozone decomposition,24 photocatalytic oxidation of organic
pollutants,25 nitric oxide reduction,26-33 selective oxidations of
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carbon monoxide,34 cyclohexane,35,36ethylbenzene,37 ethanol38

and 2-propanol,39,40 decomposition of hydrogen peroxide,41

hydrogenolysis of cyclopropane, and oligomerization of meth-
ane.42 Porous manganese oxides either are amorphous or else
crystallize as tunnel-structured materials (octahedral molecular
sieves, OMS) or layered materials (octahedral layered phases,
OL).23,43 Correlations between the porosity of these materials
and catalytic activity and selectivity have been found.42,44 We
recently have explored materials combining proteins with
octahedral layered (OL-1) manganese oxide nanoparticles to
make electroactive films and macroscopic helixes with catalytic
activity.45

Layer-by-layer electrostatic assembly is a method of ultrathin
film growth based on the alternate adsorption of oppositely
charged polyions.46 The key feature of this method is excessive
surface adsorption at every stage of the polycation/polyanion
assembly that leads to recharging of the outermost surface at
every step of film formation. The layer-by-layer technique can
include polyions, DNA, proteins,47 viruses,48 and charged
nanoparticles.49 This technique has been suitable for the
construction of electronic, electro-optic, and charge storage
devices, sensors, biocompatible films, and bioreactors.50

Enzyme/polyion films grown layer-by-layer have been used
to catalyze organohalide reductions as well as epoxidation of
styrene derivatives.51,52 Lvov et al. constructed films of OL-1
nanoparticles with polycations and the protein myoglobin

(Mb).45a Films made with nanoparticles involve three-dimen-
sional film architecture with growth perpendicular to the solid
support resulting in a porous structure. Because Mb was
electrochemically and catalytically active in the protein/nano-
particle assemblies, these films could be used in electrochemical
bioreactors. Our preliminary results showed that protein/OL-1
nanoparticle films catalyzed reduction of oxygen to form
hydrogen peroxide, which in turn reacts with the film to form
catalytic species that are capable of transferring oxygen to
styrene. To our surprise, we found that both OL-1 nanoparticles
and myoglobin are active for electrochemical catalysis of styrene
epoxidation and may act by independent pathways.45b

In this paper, we report that in the presence of∼100 mM
hydrogen peroxide and oxygen, OL-1 nanoparticles in films
(without proteins) are excellent epoxidation catalysts. Synthetic,
electrochemical, and18O labeling results were used to propose
a pathway for styrene epoxidation by OL-1 manganese oxide
nanoparticles.

Experimental Section

Chemicals. A colloidal solution of manganese oxide (OL-1)
containing 0.01 M tetramethylammonium (TMA) permanganate was
prepared according to published procedures.23,43,48 Sodium poly-
(styrenesulfonate) (PSS, MW 70 000), poly(dimethyldiallylammonium
chloride) (PDDA), catalase, and superoxide dismutase were from
Aldrich. Hydrogen peroxide (30%) was from J. T. Baker. Water was
purified by a Hydro Nanopure system to a specific resistance> 15
MΩ cm-2. 18O2 (99%, 18O) and H2

18O2 were from Icon Isotopes.
Preparation of Films. Alternate adsorption onto solid substrates

from aqueous solutions of PDDA (2 mg/mL, pH 12), PSS (3 mg/mL),
and OL-1 nanoparticles (0.01 M, diameter≈ 40 nm) was used as
described previously.45 Immersion time used for the adsorption was
15 min, and surfaces were rinsed with water between adsorption steps
to remove weakly adsorbed molecules.

For QCM experiments, silver-coated quartz crystals were pretreated
to generate a silver oxide layer (negatively charged). This pretreatment
consisted in sonicating the silver coated quartz crystals in a mix of
KOH/ethanol/water (1:60:39) for 30 s and then rinsing in water for 10
s. A positively charged polyelectrolyte layer such as PDDA was then
adsorbed. Three layers (PDDA/PSS/PDDA) were typically adsorbed
as a precursor film followed by alternate layers of OL-1 and PDDA

For cyclic voltammetry studies, multilayer films of PDDA and OL-1
were assembled onto basal plane pyrolytic graphite electrodes with the
geometric area 0.16 cm2 roughened by abrading on coarse emery paper
(3M Crystal Bay). Three PSS/PDDA layers were adsorbed before the
first layer of OL-1 was deposited to form a smooth bed for OL-1
adsorption. After the first layer of OL-1 was adsorbed, 9 PDDA/OL-1
layers were adsorbed to form a total of 10 layers of OL-1.

For catalytic oxidation of styrene, OL-1 films were prepared using
a similar procedure in which three PSS/PDDA layers were adsorbed
on both sides of 1.5× 6 cm2 carbon cloth prior to OL-1 layer. Only
one layer of OL-1 was used for the oxidation experiments to minimize
mass transport limitations.

Quartz Crystal Microbalance. A quartz crystal microbalance
(QCM, USI System, Japan) was used to monitor the layer-by-layer
growth. Frequency shifts were measured after carefully washing and
drying the quartz crystal after each step of adsorption. The Sauerbrey
equation gives a relationship between the frequency shift (∆F) and the
mass change in the absence of viscolelasticity differences.46 The film
mass per unit areaM/A (g/cm2) on a resonator ofA ) 0.16( 0.01 cm2

is given by eq 1, taking into account characteristics of the 9 MHz quartz
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resonators. The nominal thickness of a dry film may be estimated taking
into account the film density53 by eq 2 which relates frequency shift
(∆F) and film thickness (d) of an adsorbed film on both sides of the
electrode. X-ray reflectivity measurements and scanning electron
microscopy of cross-section images were used to confirm these
calculations.45a,46

Electrochemistry.Voltammetry was done as described previously45a

at 22( 2 °C. The cell for electrolysis employed a saturated calomel
reference electrode (SCE), a carbon rod counter electrode, and a carbon
cloth (National Electrical Carbon Corp., 1.5× 6 cm2) working electrode.
The counter electrode was separated from the reaction solution by a
saturated KCl agar bridge. Electrochemical oxidation of styrene was
carried out in 10 mL of Tris buffer pH 7.4 saturated with styrene (∼10
mM), usually at-0.60 V vs SCE. The cell was saturated with oxygen,
and temperature was controlled at 4°C to minimize loss of reactants
and products under gas input conditions. Samples were extracted after
1 h of reaction with hexane and analyzed by GC by a previously
described method.51

Results

Film Assembly. Film growth was monitored by frequency
changes measured with a quartz crystal microbalance (QCM).
The first three steps represent a polyion bed of PDDA/PSS/
PDDA on the quartz crystal. Subsequent steps represent (OL-
1/PDDA)n layers (Figure 1). The data for the (OL-1/PDDA)n

films suggest a reproducible film growth process.∆F was 1500
Hz for OL-1 adsorption steps, with a smaller step of 650 Hz
for each PDDA layer. The growth of OL-1/PDDA films
proceeded with a regular increase in mass in which each layer
of OL-1 added 8.3µg/cm2 and PDDA added 3.6µg/cm2, based
on eq 1. The corresponding nominal average thicknesses (from
eq 2) for the OL-1 and PDDA layers were 24( 3 nm and 10
( 1 nm, respectively. These results demonstrate the reproduc-

ibility of layer and film formation and are similar to those
reported previously.45a

Cyclic Voltammetry. OL-1/PDDA films were evaluated by
cyclic voltammetry in buffers of 20 mM acetate (pH 5.5). Cyclic
voltammograms of 10-layer OL-1 films in the absence of oxygen
showed no electroactivity in the 0 to-0.7 V potential range
(Figure 2a). However, the films showed a small increase in
current in the presence of O2 at -0.6 V vs SCE (Figure 2b)
due to the reduction of oxygen. These films also showed a large
reduction peak in the presence of H2O2 at potentials of-0.35
V vs SCE (Figures 2c-f). Figure 3 shows that control polyion
films without OL-1 gave no evidence for reduction of O2 or
H2O2. Results indicate that both OL-1 and H2O2 have to be
present for the reduction reactions to occur efficiently, and the
data suggest the electrochemical catalytic reduction of H2O2 by
OL-1. Similar results were obtained at pH 7.4.

Figure 4 shows cyclic voltammograms of OL-1 films under
O2 and 100 mM H2O2 with and without styrene. The presence
of styrene does not seem to affect the behavior of these films
in cyclic voltammetry. Cyclic voltammetry only provides
information about the capability of these films to reduce oxygen
and H2O2. Thus, to study the epoxidation of styrene, electrolysis
and product analysis were employed.52

Styrene Epoxidation. Electrolysis experiments were done
at potentials where the film reduces oxygen and hydrogen
peroxide. It appears that this process produced activated OL-1,
which then epoxidizes styrene to styrene oxide. Products were
measured by gas chromatography. Chemical reactions with no
applied voltage were also studied. Results from incubation of
styrene with OL-1 films, at conditions appropriate for epoxi-
dation, yielded styrene oxide and benzaldehyde as major
products. Previous work using iron heme proteins as catalysts
reported noncatalytic conversion of styrene to benzaldehyde by
hydrogen peroxide.51

Table 1 summarizes results from the epoxidation of styrene
under different conditions. In electrolysis experiments, at a
constant applied potential of-0.6 V vs SCE, OL-1 in the
presence of O2 produced 0.09µmol of styrene oxide (Table 1,
entry 1), which indicates that OL-1 is able to oxidize styrene.
The applied voltage is on the plateau of the catalytic H2O2

reduction wave in CV. The 6 mM concentration of H2O2 found
(53) Lvov, Y.; Ariga, K.; Ichinose, I.; Kunitake, T.J. Am. Chem. Soc.1995,

117, 6117-6123.

Figure 1. QCM frequency shifts for films assembled from OL-1 nano-
particles (0.01 M) and PDDA (2 mg/mL) on a bed of PDDA/PSS/PDDA
silver resonators. Silver-coated quartz crystals were pretreated, as explained
in the Experimental Section, to generate a negatively charged layer on top
of which PDDA was adsorbed. Three layers (PDDA/PSS/PDDA) were
adsorbed as a precursor film, followed by alternate layers of OL-1 and
PDDA. Frequency shifts were measured after carefully washing and drying
the quartz crystal after each step of adsorption. (Negative shift is upward.)

Figure 2. Cyclic voltammograms at 0.05 V‚s-1 in pH 5.5 buffer for OL-1
film at different conditions. OL-1 film: PG-(PSS/PDDA)3/OL-1/(PDDA/
OL-1)9; 10 layers of OL-1 in total were assembled onto basal plane pyrolytic
graphite electrodes with the geometric area 0.16 cm2. (a) No O2/no H2O2,
(b) O2/no H2O2 (reduction of oxygen), (c) no O2/10 mM H2O2, (d) O2/10
mM H2O2, (e) no O2/100 mM H2O2, and (f) O2/100 mM H2O2.

M
A

(g/cm2) )
∆F (Hz)

-1.83× 108
(1)

d (nm)≈ -(0.016( 0.002)∆F (Hz) (2)
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at the end of the reaction showed that the systems reduced O2

to H2O2. Other electrolysis experiments were performed with
OL-1 films in the absence of O2 to prevent H2O2 formation
(Table 1, entry 2). These experiments gave virtually no styrene
oxide indicating that H2O2 is required for the epoxidation of
styrene by OL-1. This result was confirmed with electrolysis
experiments in which the enzyme catalase was added to rapidly
destroy the H2O2 that was formed (Table 1, entry 3).51 Results
from these experiments gave no styrene oxide, showing once
again that H2O2 is necessary for the epoxidation. Electrolysis
in the absence of OL-1 (PDDA film) under oxygen conditions
(Table 1, entry 4) produced 1 mM hydrogen peroxide but gave
negligible amounts of styrene oxide supporting the important
catalytic role that OL-1 plays in the epoxidation of styrene.
Electrolysis experiments performed without O2 and in the
absence of OL-1 resulted in no products.

In electrolysis, oxygen is reduced at the electrode to form
H2O2, which in turn may react chemically/electrochemically with
OL-1 to form an active species that transfers oxygen to the
olefinic bond of styrene. Since hydrogen peroxide is essential
for styrene oxide formation, experiments were also done after

adding additional hydrogen peroxide without any potential
applied. In these chemical reactions, hydrogen peroxide con-

Figure 3. Cyclic voltammograms at 0.05 V‚s-1 in pH 5.5 buffer. Polyion film: PG-(PSS/PDDA)3. OL-1 film: PG-(PSS/PDDA)3/OL-1/(PDDA/OL-1)9.
Multilayer films were assembled onto basal plane pyrolytic graphite electrodes with the geometric area 0.16 cm2. (a) polyion film, O2; (b) polyion film, O2

/10 mM H2O2; (c) OL-1 film, O2; and (d) OL-1 film, O2/10 mM H2O2. (High sensitivity inset on right.)

Table 1. Oxidation of Styrene by OL-1 Film at 4° Ca for 1 h

entry film O2
b

Eapplied
c

(V vs SCE)
[H2O2]id

added (mM)
styrene

oxidee (µmol)
benzaldehydee

(µmol)
turnover

ratef (h-1)
[H2O2]fg

found (mM)

1 OL-1h yes -0.6 0 0.09 0.06 0.05 6.0
2 OL-1 no -0.6 0 0 0.01 0 0
3 OL-1 (+ catalase)i yes -0.6 0 0 0.01 0 0
4 PDDA (no OL-1)j yes -0.6 0 0.01 0.01 1.0
5 OL-1 yes 100 0.11 0.07 0.06 100
6 OL-1 no 100 0.07 0.03 0.04 100
7 PDDA (no OL-1) yes 100 0.01 0.01 100
8 OL-1 yes -0.6 100 5.20 0.05 3.0 100
9 OL-1 no -0.6 100 0.39 0.05 0.2 100
10 OL-1 (+ superoxide

dismutase)k
yes -0.6 100 5.22 0.05 3.0 100

11 OL-1 yes -0.45 0 0 0.01 0 1.6
12 OL-1 no -0.45 100 0.36 0.01 0.2 100
13 OL-1 yes -0.45 100 1.46 0.19 0.9 100

a All reactions were in pH 7.4 buffer (50 mM Tris+ 50 mM NaCl) saturated with styrene (∼10 mM). Mixing was performed using a magnetic stir bar.
Temperature was controlled with a circulating water bath. Time of reaction: 1 h. All results were averaged for three or more reactions in 10 mL of solution.
Reproducibility was(20%. Electrode surface area used was 9 cm2 (1.5× 6 cm2). b Yes/no: presence/absence of oxygen during the reaction. Oxygen flow
rate used was 35 mL/min.c Eapplied: constant potential applied.d [H2O2]i: initial hydrogen peroxide concentration used.e GC-FID was used for the product
analysis. The average retention time was 6.54 min for styrene oxide and 4.67 min for benzaldehyde. The total charge was 60 C, and the current efficiency,
2.5%. f Turnover rate (h-1) ) (moles of product)(moles of catalyst)-1(time)-1. Amounts of catalyst (OL-1) in films were calculated from QCM estimates of
µg per cm2 electrode area for OL-1 layer.g [H2O2]f: final hydrogen peroxide concentration determined with an error margin of(15% using Quantofix
Peroxide 100 test sticks (Macherey-Nagel GmbH & Co., Germany).h OL-1: film with OL-1 as outer layer deposited onto polyion bed, (PSS/PDDA)3-
OL-1. i 3000 units catalase added.j PDDA: polyion film with PDDA as outer layer, (PSS/PDDA)3. k 3000 units of superoxide dismutase added.

Figure 4. Cyclic voltammograms at 0.05 V‚s-1 in pH 5.5 buffer for OL-1
film at different conditions. OL-1 film: PG-(PSS/PDDA)3/OL-1/(PDDA/
OL-1)9; 10 layers of OL-1 in total were assembled onto basal plane pyrolytic
graphite electrodes with the geometric area 0.16 cm2. (a) O2/100 mM H2O2

and (b) O2/100 mM H2O2/saturate styrene.
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centration also played an important role. Reactions with added
amounts of 10 mM and 20 mM H2O2 produced no styrene oxide.
Results from chemical reactions in which 100 mM H2O2 was
directly added to the reaction mixture are shown in Table 1
(entries 5-7). The amounts of styrene oxide produced in these
experiments were 0.11µmol of styrene oxide in the presence
of oxygen (Table 1, entry 5) and smaller amounts (0.07µmol)
in the absence of oxygen (Table 1, entry 6). These results
confirmed that hydrogen peroxide is an essential component
for the activation of OL-1 and can provide turnover even in the
absence of electrolysis. Chemical reactions without OL-1
(PDDA film) in the presence of O2 gave no styrene oxide (Table
1, entry 7). Control experiments with OL-1 film in the absence
of both O2 and H2O2 gave no styrene oxide.

Electrolysis combined with 100 mM H2O2 for OL-1 films in
oxygen environments gave dramatically improved turnover
(Table 1, entry 8). The amount of styrene oxide obtained from
this experiment was 5.2µmol of styrene oxide. In the absence
of O2, 0.39µmol were found (Table 1, entry 9). We conclude
that both O2 and H2O2 play an important role in the epoxidation
process on OL-1-coated electrodes.

It is possible that oxidant species such as superoxide anions
could be formed during this reaction. However, the addition of
superoxide dismutase, an enzyme that destroys superoxide
anion,54 did not affect the yields typically obtained (∼5.2µmol)
under our conditions (Table 1, entry 10).

OL-1 films showed a steady-state catalytic reduction wave
atE1/2 of -0.35 V vs SCE in cyclic voltammetry in the presence
of H2O2 (Figure 2c), which increased in the presence of oxygen
and at larger H2O2 concentrations (Figures 2d-f). This electron
transfer process was not observed when electrodes coated only
with polyions were used, which suggests that this electron-
transfer reaction may be involved in the epoxidation of styrene,
since the control polyion electrode without OL-1 does not
produce styrene oxide (Table 1, entries 4 and 7). Thus, it was
important to check if the reduction peak observed in CV from
Figure 2 (at-0.35 V vs SCE) was due to a reaction involved
in the epoxidation mechanism, since films without OL-1 did
not show this peak under the same conditions.

Electrolyses with OL-1 films at-0.45 V vs SCE in the
presence of O2 but with no H2O2 added, resulted in minimal
products (Table 1, entry 11). In addition, the concentration of
H2O2 measured at the end of the electrolysis at-0.45 V vs
SCE (1.6 mM) was smaller compared to that obtained at-0.6
V vs SCE (6 mM). The amounts of styrene oxide obtained were
negligible at-0.45 V vs SCE and 0.09µmol at -0.6 V vs
SCE. Electrolysis experiments were also performed at-0.45
V vs SCE in the presence of 100 mM H2O2 and in the absence
of O2 produced 0.36µmol of styrene oxide (Table 1, entry 12),
which is comparable with the styrene oxide amount formed in
electrolysis at-0.6 V vs SCE at the same conditions. For
electrolysis at-0.45 V vs SCE in the presence of both H2O2

(100 mM) and O2 (Table 1, entry 13), the amount of styrene
oxide obtained was almost 13 times larger (1.46µmol) than
that obtained from chemical reactions (0.11µmol). Electrolyses
at -0.6 V vs SCE at the same conditions gave 50 times more
styrene oxide (5.2µmol) compared to the amounts obtained in
chemical reactions (0.11µmol). These results indicate that the

electron-transfer reaction observed by CV at-0.35 V vs SCE
is part of the epoxidation mechanism and is definitively voltage
dependent. The data obtained from synthetic experiments at
lower applied potentials also confirm that the epoxidation
reaction is dependent on the oxygen and hydrogen peroxide
concentrations.

18O-labeling. Electrolyses were also done with18O2 and
H2

18O2 to understand the role of molecular oxygen, OL-1, H2O2,
and the source of oxygen in the product. Table 2 shows the
percentage of S16O and S18O obtained for all these experiments
by GC-MS. Results show that 24% of18O is incorporated when
18O2 is used and no H2O2 added. This18O2 incorporation
increases to 66% when labeled H2

18O2 is used and16O2 is used.
18O incorporation reaches almost 100% when both H2

18O2 and
18O2 are used, which suggest that oxygen is not coming from
the OL-1 lattice under these particular experimental conditions
(14 mM H2

18O2 and18O2 flow rate of 3 mL/min). On the other
hand, there was no18O incorporation when 140 mM H216O2

was used even though18O2 was bubbled into the reaction
solution at 3 mL/min. Results from these labeling experiments
confirm the important contribution of H2O2 in the mechanism
of epoxidation by OL-1. Amounts of styrene oxide produced
confirm the reaction rate dependence on O2 and H2O2.

Discussion

QCM results (Figure 1) showed that the layer-by-layer method
was successful for making stable films of OL-1 nanoparticles
in alternation with PDDA. Lvov found a similar OL-1/PDDA
ratio (2.1-2.4) in thickness for these nanoparticle-polyion
assemblies and obtained a bilayer thickness of 27 nm, 18.4 nm
for OL-1 and 8.6 nm for PDDA layers, which gives an OL-1/
PDDA ratio of 2.1. We obtained a bilayer thickness of 34 nm,
24 nm for OL-1 and 10 nm for PDDA layers, which gives an
OL-1/PDDA ratio of 2.4.

CV showed that OL-1 films reduce oxygen to hydrogen
peroxide, which catalyzes the epoxidation of styrene-to-styrene
oxide. OL-1 films produced hydrogen peroxide as well as
styrene oxide (Table 1). Oxygen was reduced to hydrogen
peroxide, a known reaction for manganese oxides,55 at a
potential of-0.6 V vs SCE (Figure 2b). In the presence of
H2O2, OL-1 films showed a reduction wave at-0.35 V vs SCE

(54) Ortiz de Montellano, P. R.; Catalano, C. E.J. Biol. Chem.1985, 260, 9265-
9271. (55) Matsuki, K.; Kamada, H.Electrochim. Acta1986, 31, 13-18.

Table 2. Oxidation of Styrene by OL-1 Film a at 4°Cb Using
Electrolysis in the Presence of 18O2 and/or H2

18O2

experimental
conditionsc

[H2O2] d

(mM)

O2

flow rate
(mL/min)

S16Of

(%)
S18Of

(%)

total
SOg

(µmol)

BEe + 18O2 0 3 76 24 0.06
BEe + H2

18O2 + 16O2 14 35 34 66 1.15
BEe + H2

18O2 + 18O2 14 3 0 100 0.53
BEe + H2

16O2 + 18O2 140 3 100 0 6.45

a OL-1: film with OL-1 as outer layer deposited onto polyion bed, (PSS/
PDDA)3-OL-1. b Temperature was controlled with a circulating water bath.
c All reactions were in pH 7.4 buffer (50 mM Tris+ 50 mM NaCl). Time
of reaction: 1 h. All results were averaged for three or more reactions in
10 mL of solution. Reproducibility was(20%. d [H2O2]: initial hydrogen
peroxide concentration used.e BE: bulk electrolysis experiments performed
at a constant applied potential of-0.6 V. f GC-FID was used for the product
analysis.g Total SO: amount of S16O + S18O produced. The average
retention time was 6.54 min for styrene oxide and 4.67 min for benzalde-
hyde. GC-MS was used for the detection of labeled and nonlabeled styrene
oxide.
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(Figure 2c), which could be due to the reduction of an activated
OL-1 species from the chemical reaction between H2O2 and
OL-1. Manganese oxides particles undergo similar reactions.41

Once the activated manganese oxide is reduced electrolytically,
oxygen seems to play a very important role in regenerating
active sites. Scheme 1 shows a representative pathway of all
the reactions involved in this catalytic process: the electrode
reduces both O255 and activated OL-1 (O‚OL-1), H2O2 activates
OL-1 as well as produces O2 from its decomposition on OL-
1,41 and O2 forms H2O2 under electrolytic conditions55 as well
as regenerate the active sites56 after activated OL-1 is reduced.
The overall process results in reduction of H2O2 to H2O.

From electrolysis in the presence of oxygen (Table 1, entry
1), 0.09µmol of styrene oxide were produced, which indicates
that the generated hydrogen peroxide (6 mM) assisted OL-1 in
the oxidation of styrene at a relatively small turnover rate. This
result was confirmed when catalase was added to destroy H2O2

in a similar experiment and gave no products (Table 1, entry
3). Results from chemical reactions or direct addition of H2O2

(100 mM) with no potential applied gave 0.11µmol of styrene
oxide (Table 1, entry 5), which proves that OL-1 can be
activated by H2O2 alone to produce styrene oxide.

Addition of H2O2 to electrolysis mixtures in the presence of
oxygen greatly improved the yields (Table 1, entry 8), which
indicates that epoxidation efficiency depends critically on the
H2O2 concentration. Similar trends were found when a potential
of -0.45 V vs SCE was used (Table 1, entries 11-13). The
yields for styrene oxide increased at this potential when H2O2

was added. However, these increments were lower at-0.45 V
vs SCE compared to equivalent experiments at-0.6 V vs SCE,
suggesting that the rate of epoxidation depends strongly on the
applied potential as well. Electrolyses were performed in oxygen

environments in the presence of different added amounts of
H2O2: 0, 14, and 100 mM H2O2 gave 0.09 (Table 1, entry 1),
1.15 (Table 2), and 5.20 (Table 1, entry 8)µmol of styrene
oxide, respectively. These results confirm that the rate of
epoxidation is H2O2 concentration dependent. Analogously, the
O2 concentration or O2 flow rate also affects the rate of
epoxidation. Electrolyses were performed in the presence of 14
mM H2O2 at different O2 flow rates: 3 and 35 mL/min gave
0.53 and 1.15µmol of styrene oxide, respectively (Table 2).
Furthermore, as mentioned previously, the absence of oxygen
always resulted in lower amounts of styrene oxide produced.
Thus, the rate of epoxidation is O2 concentration dependent as
well.

In general, results agree with the pathway shown in Scheme
1: H2O2 needs to activate OL-141 (step 2), and then O‚OL-1 is
reduced when electrical potential is applied (step 4), transferring
oxygen to styrene producing a manganese oxide with a vacant
active site represented as *OL-1 which will then be regenerated
to O‚OL-1 by O2. Step 4 represents the key oxygen transfer to
the olefinic bond. The equation as written reflects the role of
catalytic electrochemical activation and regeneration of the
active site on the catalyst, although the details of this process
are still under investigation. Scheme 1 also shows other roles
of O2, H2O2, and potential that indirectly participate in the
reaction: O2 can form H2O2 electrochemically (step 1); H2O2

can form O2 after reacting with OL-1 (step 3).
Superoxide anion is ruled out as an oxidant in the epoxidation

because the addition of superoxide dismutase did not influence
the amounts of styrene oxide produced (Table 1, entry 10). Other
oxidant species such as radicals, peroxy radicals, singlet oxygen,
or peroxy anion could possibly be involved. Further experiments
using scavengers of these species would be necessary to
elucidate their role, if any. Data from the present work suggest
that at least one of the oxidant species comes from H2O2, but
this may also involve the MnO2 nanoparticles.

The precedence of the oxygen transferred to styrene was
determined from electrolysis experiments using18O2 and/or
H2

18O2. Results indicate that the oxygen transferred to styrene
comes from different sources: molecular oxygen, hydrogen
peroxide, and/or lattice oxygen from OL-156 depending on the
experimental conditions which include oxygen flow rate,
hydrogen peroxide concentration, and constant potential applied
(Table 3). When low O2 flow rates are used in the absence of
H2O2, the oxygen transferred to styrene comes from molecular
oxygen as well as from the OL-1 lattice.57,58On the other hand,
when O2 is used in the presence of H2O2, there are two

(56) Makwana, V. D.; Son, Y. C.; Howell, A. R.; Suib, S. L.J. Catal.2002,
210, 46-52.

Scheme 1. Suggested Pathway for Electrochemical Styrene
Epoxidation by OL-1a

a *OL-1 stands for OL-1 with vacant active sites and O‚OL-1 for OL-1
with active oxidant sites. Colors beside steps in the pathway correlate to
the items in the colored-coded circles.

Table 3. Source of the Oxygen in Styrene Oxidation by OL-1
Filma at 4 °Cb Using Electrolysis in the Presence of O2 and/or
H2O2

experimental conditionsc O-incorporation (%)

[H2O2]d (mM) O2 flow rate (mL/min) H2O2 O2 lattice-O

0 3 0 24 76
14 35 66 34 0

140 3 ∼100 0 0

a OL-1: film with OL-1 as outer layer deposited onto polyion bed, (PSS/
PDDA)3-OL-1. b Temperature was controlled with a circulating water bath.
c All reactions were in pH 7.4 buffer (50 mM Tris+ 50 mM NaCl). Time
of reaction: 1 h. Potential applied:-0.6 V vs SCE. All results were averaged
for three or more reactions in 10 mL of solution. Reproducibility was(20%.
d [H2O2]: initial hydrogen peroxide concentration used.g Data in this table
were taken from data shown in Table 2.
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tendencies: (1) if high concentrations of H2O2 are used in the
presence of O2, most of the oxygen transferred comes from
H2O2, and (2) if low concentrations of H2O2 are used, the oxygen
transferred comes from both O2 and H2O2. Interestingly, oxygen
does not come from the OL-1 lattice when there are both O2

and H2O2 present.

Conclusions

OL-1 nanoparticle/polyion films on carbon electrodes elec-
trochemically catalyze styrene epoxidation. The reaction path-
way involves H2O2, O2, and a reducing voltage. Oxygen
incorporation to styrene takes place from three possible
sources: molecular oxygen, hydrogen peroxide, and/or lattice
oxygen from OL-1 depending on the constant potential applied

and on the oxygen and hydrogen peroxide concentrations. A
key step involves the activation of the catalyst by hydrogen
peroxide. In this respect, the reaction has some similarity to
hydrogen peroxide-activated oxidations catalyzed by iron heme
enzymes such as peroxidases or cyt P450s.59 Further work is
underway to establish the generality of the epoxidation method
and to develop experimental and reactor conditions leading to
high yields.
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