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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, O,, and 100 mM H,0.. 180 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 dium}’ tungsten'® manganesé20 rhenium?! and titaniun?
f 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

epoxides are prepared from alkenes on an industrial scale usingglve zse. to 5|gn|f(|jcant ar:nounts O; byproduéti’.lhtésl, nelw .
oxygen, peroxides, and peracids. Ethylene oxide is industrially epoxidation procedures that are safer or more highly selective

obtained by gas-phase oxidation of ethylene using a supported®Ward the epoxides would be industrially attractive.

silver catalyst in oxygen environments whereas propylene oxide Manganese oxides have great potential as selective hetero-
is produced by metal catalyzed liquid-phase oxidation of geneous catalysts, adsorbents, and battery mat€ritiey have
propylene using peroxidé$.Many polyoxometalate saftand been used for a wide range of industrial catalytic applications,
oxometallacycléshave been used for epoxidation as well as €-9-, 0zone decompositifiphotocatalytic oxidation of organic
several homogeneous coordination complexes, e.g., porpByrins, Pollutants?® nitric oxide reductior?®* selective oxidations of
salens'1,4,7-triazacyclononarié2derived catalysts, and iron

Epoxides are important intermediates for the manufacture o
a range of modern commercial products such as epoxy résins,
textiles? surface coatingsand biological chemicasCurrently
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carbon monoxidé? cyclohexané>3%ethylbenzené’ ethanot®
and 2-propanot?#® decomposition of hydrogen peroxide,

(Mb).#52 Films made with nanoparticles involve three-dimen-
sional film architecture with growth perpendicular to the solid

hydrogenolysis of cyclopropane, and oligomerization of meth- support resulting in a porous structure. Because Mb was
ane?? Porous manganese oxides either are amorphous or elseelectrochemically and catalytically active in the protein/nano-
crystallize as tunnel-structured materials (octahedral molecular particle assemblies, these films could be used in electrochemical
sieves, OMS) or layered materials (octahedral layered phaseshioreactors. Our preliminary results showed that protein/OL-1
OL).2343 Correlations between the porosity of these materials nanoparticle films catalyzed reduction of oxygen to form
and catalytic activity and selectivity have been fodad! We hydrogen peroxide, which in turn reacts with the film to form
recently have explored materials combining proteins with catalytic species that are capable of transferring oxygen to
octahedral layered (OL-1) manganese oxide nanoparticles tostyrene. To our surprise, we found that both OL-1 nanoparticles
make electroactive films and macroscopic helixes with catalytic and myoglobin are active for electrochemical catalysis of styrene
activity #° epoxidation and may act by independent pathwa¥s.
Layer-by-layer electrostatic assembly is a method of ultrathin  In this paper, we report that in the presence~df00 mM
film growth based on the alternate adsorption of oppositely hydrogen peroxide and oxygen, OL-1 nanoparticles in films
charged polyioné® The key feature of this method is excessive (without proteins) are excellent epoxidation catalysts. Synthetic,
surface adsorption at every stage of the polycation/polyanion electrochemical, antfO labeling results were used to propose
assembly that leads to recharging of the outermost surface ata pathway for styrene epoxidation by OL-1 manganese oxide

every step of film formation. The layer-by-layer technique can
include polyions, DNA, protein%] viruses!® and charged
nanoparticled® This technique has been suitable for the

construction of electronic, electro-optic, and charge storage

devices, sensors, biocompatible films, and bioreacfors.

nanoparticles.

Experimental Section

Chemicals. A colloidal solution of manganese oxide (OL-1)
containing 0.01 M tetramethylammonium (TMA) permanganate was

Enzyme/polyion films grown layer-by-layer have been used Prepared according to published proceddfés:® Sodium poly-
to catalyze organohalide reductions as well as epoxidation of (Styrenesulfonate) (PSS, MW 70 000), poly(dimethyldiallylammonium

styrene derivative®-52 Lvov et al. constructed films of OL-1
nanoparticles with polycations and the protein myoglobin
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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 resistances

MQ cm2. 80, (99%, *¥0) and B0, 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 previousKf. 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 émoughened 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 cn? 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 shi) and the
mass change in the absence of viscolelasticity differetfcele film
mass per unit arell/A (g/cn?) on a resonator oA = 0.16+ 0.01 cn?
is given by eq 1, taking into account characteristics of the 9 MHz quartz

(52) Rusling, J. F.; Zhang, Z. Iandbook of Surfaces and Interfaces of
Materials Vol 5, Biomolecules, Biointerfaces and Applicatiph&lwa,
H. S., Ed.; Academic Press: San Diego, CA, 2001; pp BB
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Figure 1. QCM frequency shifts for films assembled from OL-1 nano- Figure 2. Cyclic voltammograms at 0.05°¥* in pH 5.5 buffer for OL-1
particles (0.01 M) and PDDA (2 mg/mL) on a bed of PDDA/PSS/PDDA film at different condmon_s. OL-1 film: PG-(PSS/PDDAPL-1/(PDDA/ _
silver resonators. Silver-coated quartz crystals were pretreated, as explained®L-1)s; 10 layers of OL-1 in total were assembled onto basal plane pyrolytic
in the Experimental Section, to generate a negatively charged layer on top draphite electrodes with the geometric area 0.18.¢&) No G/no H;0,

of which PDDA was adsorbed. Three layers (PDDA/PSS/PDDA) were (0) Oz/no HO, (reduction of oxygen), (c) no £10 mM H,Oy, (d) 0210
adsorbed as a precursor film, followed by alternate layers of OL-1 and MM Hz0z, (€) no /100 mM HO,, and (f) G/100 mM HO,.

PDDA. Frequency shifts were measured after carefully washing and drying

the quartz crystal after each step of adsorption. (Negative shift is upward.) jbjlity of layer and film formation and are similar to those
reported previously2
Cyclic Voltammetry. OL-1/PDDA films were evaluated by

resonators. The nominal thickness of a dry film may be estimated taking

into account the film density by eq 2 which relates frequency shift : . .
(AF) and film thicknessd) of an adsorbed film on both sides of the cyclic voltammetry in buffers of 20 mM acetate (pH 5.5). Cyclic

electrode. X-ray reflectivity measurements and scanning electron VOltammograms of 10-layer OL-1 films in the absence of oxygen
microscopy of cross-section images were used to confirm these Showed no electroactivity in the 0 t00.7 V potential range

calculationg52:46 (Figure 2a). However, the films showed a small increase in
current in the presence of,@t —0.6 V vs SCE (Figure 2b)
M /en?) — AF (Hz) due to the reduction of oxygen. These films also showed a large
A (g/cnt) = —1.83x 10° 1) reduction peak in the presence of®4 at potentials of~0.35

V vs SCE (Figures 2¢f). Figure 3 shows that control polyion
films without OL-1 gave no evidence for reduction of Or
H20,. Results indicate that both OL-1 and:® have to be
Electrochemistry. Voltammetry was done as described previot8ly - hrasent for the reduction reactions to occur efficiently, and the

at 22+ 2 °C. The cell for electrolysis employed a saturated calomel data suggest the electrochemical catalytic reduction,ahHy
reference electrode (SCE), a carbon rod counter electrode, and a carbo L-1. Similar results were obtained at pH 7.4

cloth (National Electrical Carbon Corp., 156 cn¥) working electrode. ; ) )
The counter electrode was separated from the reaction solution by a Figure 4 shows cyclic voltammograms of OL-1 films under
saturated KCI agar bridge. Electrochemical oxidation of styrene was Oz and 100 mM HO, with and without styrene. The presence
carried out in 10 mL of Tris buffer pH 7.4 saturated with styrend of styrene does not seem to affect the behavior of these films
mM), usually at—0.60 V vs SCE. The cell was saturated with oxygen, in cyclic voltammetry. Cyclic voltammetry only provides
and temperature was controlled at@ to minimize loss of reactants information about the capability of these films to reduce oxygen
and products under gas input conditions. Samples were extracted afteiand H0,. Thus, to study the epoxidation of styrene, electrolysis

1 h of reaction with hexane and analyzed by GC by a previously and product analysis were employ&d.
described methott.

d (nm)~ —(0.016+ 0.002AF (Hz) )

Styrene Epoxidation. Electrolysis experiments were done
Results at potentials where the film reduces oxygen and hydrogen
. . . peroxide. It appears that this process produced activated OL-1,
Film Assembly. Film growth was monitored by frequency \nich then epoxidizes styrene to styrene oxide. Products were

changes measured with a quartz crystal microbalance (QCM). eaqyred by gas chromatography. Chemical reactions with no
The first three steps represent a polyion bed of PDDA/PSS/ 5 jieq voltage were also studied. Results from incubation of

PDDA on the quartz crystal. Subsequent steps represent (OL-gtyrene with OL-1 films, at conditions appropriate for epoxi-
1/PDDA), layers (Figure 1). The data for the (OL-1/PDDA)  gation, yielded styrene oxide and benzaldehyde as major
films suggest a reproducible film growth proceas: was 1500 . 5qy,cts. Previous work using iron heme proteins as catalysts

Hz for OL-1 adsorption steps, with a smaller step of 650 Hz 4 rted noncatalytic conversion of styrene to benzaldehyde by
for each PDDA layer. The growth of OL-1/PDDA films hydrogen peroxidé:

proceeded with a regular increase in mass in which each layer Table 1 summarizes results from the epoxidation of styrene

of OL-1 added 8.3g/cn? and PDDA added 3.6g/cn?, based : > P ) y

on ed 1. The corresponding nominal average thicknesses (fromunder different conditions. In electrolysis experiments, at a
q- P 9 g constant applied potential 0f0.6 V vs SCE, OL-1 in the

o respocively. These restts demonstate the reprocuc PreSece of @produced 0.08mol of styrene oside (Table L,
- resp Y- P entry 1), which indicates that OL-1 is able to oxidize styrene.

(53) Lvov, Y.; Ariga, K.; Ichinose, I.; Kunitake, TJ. Am. Chem. Sod.995 The apphed vol_tage is on the plateau of t_he catalytOH
117, 6117-6123. reduction wave in CV. The 6 mM concentration of®$ found

7678 J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004
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/10 mM HOg; (c) OL-1 film, O; and (d) OL-1 film, Q/10 mM HO,. (High sensitivity inset on right.)
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Figure 3. Cyclic voltammograms at 0.05-¥"1 in pH 5.5 buffer. Polyion film: PG-(PSS/PDD4)OL-1 film: PG-(PSS/PDDAYOL-1/(PDDA/OL-1).
Multilayer films were assembled onto basal plane pyrolytic graphite electrodes with the geometric area?0(&$ potyion film, Q; (b) polyion film, O,

-600

-800

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

I, uA

100,

50 |

-100 -150 -200 -250 -300 -350 -400 -450 -500
E, mV vs SCE

Eappliec® [H,04]¢ styrene benzaldehyde® turnover [H,0,]¢

entry film oY (V vs SCE) added (mM) oxide® («mol) («mol) ratef (h~1) found (mM)
1 oL-1" 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 (+ catalasé) yes -0.6 0 0 0.01 0 0

4 PDDA (no OL-1) 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 yes —0.6 100 5.22 0.05 3.0 100

dismutase)

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 noln.of soluti
Reproducibility wast20%. Electrode surface area used was 9 ¢irb x 6 cn?). ® Yes/no: presence/absence of oxygen during the reaction. Oxygen flow
rate used was 35 mL/mifi.Exppied constant potential applied [H-O2];: initial hydrogen peroxide concentration usé@&C-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') = (moles of product)(moles of catalys#{time)1. Amounts of catalyst (OL-1) in films were calculated from QCM estimates of
ug per cn? electrode area for OL-1 laye¥[H.Oq]r: final hydrogen peroxide concentration determined with an error margild% using Quantofix
Peroxide 100 test sticks (Macherey-Nagel GmbH & Co., Germdr@).-1: film with OL-1 as outer layer deposited onto polyion bed, (PSS/PRBA)

OL-1. 73000 units catalase addéd®DDA: polyion film with PDDA as outer layer, (PSS/PDDAJ 3000 units of superoxide dismutase added.

at the end of the reaction showed that the systems reduged O 80—
to H,O,. Other electrolysis experiments were performed with

OL-1 films in the absence of £to prevent HO, formation 600 L ]
(Table 1, entry 2). These experiments gave virtually no styrene I

oxide indicating that KO- is required for the epoxidation of 00l 1
styrene by OL-1. This result was confirmed with electrolysis < .

experiments in which the enzyme catalase was added to rapidly = I

destroy the HO, that was formed (Table 1, entry 3)Results 200 - 1
from these experiments gave no styrene oxide, showing once

again that HO; is necessary for the epoxidation. Electrolysis ol ]
in the absence of OL-1 (PDDA film) under oxygen conditions [

(Table 1, entry 4) produced 1 mM hydrogen peroxide but gave - ‘ . . 1
negligible amounts of styrene oxide supporting the important '200200' — (', - '_206 ' '_400' ' I-eod ‘ '_800
catalytic role that OL-1 plays in the epoxidation of styrene. E, mV vs SCE

Electrolysis experiments Performed without @nd in the Figure 4. Cyclic voltammograms at 0.05-§"*in pH 5.5 buffer for OL-1
absence of OL-1 resulted in no products. film at different conditions. OL-1 film: PG-(PSS/PDDADL-1/(PDDA/

In electrolysis, oxygen is reduced at the electrode to form OL-1); 10 layers of OL-1 in total were assembled onto basal plane pyrolytic
H,O,, which in turn may react chemically/electrochemically with ~9raPhite electrodes with the geometric area 0.18 ¢a) ©./100 MM HO;

. . and (b) Q/100 mM HO,/saturate styrene.

OL-1 to form an active species that transfers oxygen to the
olefinic bond of styrene. Since hydrogen peroxide is essential adding additional hydrogen peroxide without any potential
for styrene oxide formation, experiments were also done after applied. In these chemical reactions, hydrogen peroxide con-
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centration also played an important role. Reactions with added Table 2. Oxidation of Styrene tngl OL-1 Film ‘at 4°CP Using
amounts of 10 mM and 20 mM4@; produced no styrene oxide.  E/eCtrolysis in the Presence of O, and/or H,0,

Results from chemical reactions in which 100 mMQd4 was _ ) 0, o - total
directly added to the reaction mixture are shown in Table 1 e:g:;'::;:g‘a' ['?;Oh;]) (f';VLV/:I‘:) S(O/()’ S(U/C)’ ;r:;)
(entries 5-7). The amounts of styrene oxide produced in these — - -
experiments were 0.1dmol of styrene oxide in the presence EEEI Hs(}go 4160 12 335 733 %‘é ?‘22
of oxygen (Table 1, entry 5) and smaller amounts (Q:0%l) BEe + HilsoiJr 1802 14 3 0 100 053
in the absence of oxygen (Table 1, entry 6). These results BE®+ H,'%0, + 180, 140 3 100 0 6.45

confirmed that hydrogen peroxide is an essential component 2oL film with OL | g ed \yion bed, (PSS/
P _ . ; -1: film witl -1 as outer layer deposited onto polyion bed,

for the activation of OL ,1 and Can, provide twnover, even in the PDDA);—OL-1. ® Temperature was controlled with a circulating water bath.

absence of electrolysis. Chemical reactions without OL-1 ca|l reactions were in pH 7.4 buffer (50 mM Tri& 50 mM NaCl). Time

(PDDA film) in the presence of ©gave no styrene oxide (Table  of reaction: 1 h. All results were averaged l;OI’ three or more reactions in
. . o 10 mL of solution. Reproducibility was20%. 9 [H,0,]: initial hydrogen

1, entry 7). Control experiments with OL_'l film in the absence peroxide concentration usetBE: bulk electrolysis experiments performed

of both G and RO gave no styrene oxide. at a constant applied potential-60.6 V. ' GC-FID was used for the product

i i i 1 fi i analysis9 Total SO: amount of 8O + SO produced. The average
Electrolysis combined with 100 mM®; for OL-1 films in retention time was 6.54 min for styrene oxide and 4.67 min for benzalde-

oxygen environments gave dramatically imprOVEd. tUrnNover hyde. GG-MS was used for the detection of labeled and nonlabeled styrene
(Table 1, entry 8). The amount of styrene oxide obtained from oxide.

this experiment was 5.2mol of styrene oxide. In the absence
of O,, 0.39umol were found (Table 1, entry 9). We conclude electron-transfer reaction observed by C\V-#1.35 V vs SCE
that both Q and HO, play an important role in the epoxidation  is part of the epoxidation mechanism and is definitively voltage
process on OL-1-coated electrodes. dependent. The data obtained from synthetic experiments at
It is possible that oxidant species such as superoxide anionslower applied potentials also confirm that the epoxidation
could be formed during this reaction. However, the addition of reaction is dependent on the oxygen and hydrogen peroxide
superoxide dismutase, an enzyme that destroys superoxideconcentrations.
anion® did not affect the yields typically obtained6.2umol) '%0-labeling. Electrolyses were also done witfO, and
under our conditions (Table 1, entry 10). H,180, to understand the role of molecular oxygen, OL-30Ob
OL-1 films showed a steady-state catalytic reduction wave and the source of oxygen in the product. Table 2 shows the
atEy of —0.35 V vs SCE in cyclic voltammetry in the presence Percentage of 50 and $°0 obtained for all these experiments
of H,0; (Figure 2c), which increased in the presence of oxygen Py GC—-MS. Results show that 24% &0 is incorporated when
and at larger KD, concentrations (Figures 2d). This electron 02 is used and no yD, added. This'®0, incorporation
transfer process was not observed when electrodes coated onlj/Creases to 66% when labeled'fD; is used and®O; is used.
with polyions were used, which suggests that this electron- O incorporation reaches almost 100% when bojt®, and
transfer reaction may be involved in the epoxidation of styrene, **Oz are used, which suggest that oxygen is not coming from
since the control polyion electrode without OL-1 does not the OL-1 lattice under these particular experimental conditions
produce styrene oxide (Table 1, entries 4 and 7). Thus, it was (14 MM H'%0; and*®O; flow rate of 3 mL/min). On the other
important to check if the reduction peak observed in CV from hand, there was n&O incorporation when 140 mM #rO,
Figure 2 (at—0.35 V vs SCE) was due to a reaction involved Was used even thougHO, was bubbled into the reaction
in the epoxidation mechanism, since films without OL-1 did solution at 3 mL/min. Results from these labeling experiments
not show this peak under the same conditions. confirm the important contribution of #D, in the mechanism
Electrolyses with OL-1 films at-0.45 V vs SCE in the  Of epoxidation by_ OL-1. Amounts of styrene oxide produced
presence of @but with no HO, added, resulted in minimal ~ confirm the reaction rate dependence ona@d HO,.
products (Table 1, entry 11). In addition, the concentration of piscussion
H,O, measured at the end of the electrolysis—1.45 V vs ]
SCE (1.6 mM) was smaller compared to that obtained @6 QCM results (Figure 1)_ showed thz_it the layer-by-layer me_‘thod
V vs SCE (6 mM). The amounts of styrene oxide obtained were Was succgssful_for making stable films of_ OL-1 nanoparticles
negligible at—0.45 V vs SCE and 0.02mol at —0.6 V vs in glternatlon W|_th PDDA. Lvov found a similar O_L-l/P_DDA
SCE. Electrolysis experiments were also performed-@#45 ratio (2.1-2.4) in thickness for these nanopartiefeolyion
V vs SCE in the presence of 100 mM® and in the absence assemblies and obtained a bilayer thlckne§s of'27 nm, 18.4 nm
of O, produced 0.3&mol of styrene oxide (Table 1, entry 12), for OL-1 and 8.6 nm for PDDA layers, which gives an OL-1/
which is comparable with the styrene oxide amount formed in PDDA ratio of 2.1. We obtained a bilayer thickness of 34 nm,
electrolysis at—0.6 V vs SCE at the same conditions. For 24 nm for OL-1 and 10 nm for PDDA layers, which gives an
electrolysis at—0.45 V vs SCE in the presence of both®4 OL-1/PDDA ratio of 2.4. _
(100 mM) and @ (Table 1, entry 13), the amount of styrene ~ CV showed that OL-1 films reduce oxygen to hydrogen
oxide obtained was almost 13 times larger (1:480l) than pe.roxme, WhIC.h catalyzes the epoxidation of styrene-to-styrene
that obtained from chemical reactions (Ozrhol). Electrolyses ~ 0Xide. OL-1 films produced hydrogen peroxide as well as
at—0.6 V vs SCE at the same conditions gave 50 times more Styrene oxide (Table 1). Oxygen was reduced to hydrogen
styrene oxide (5.2mol) compared to the amounts obtained in Peroxide, a known reaction for manganese oxRdeat a

chemical reactions (0.14mol). These results indicate that the Poténtial of —0.6 V vs SCE (Figure 2Db). In the presence of
H20;, OL-1 films showed a reduction wave &0.35 V vs SCE

(54) Ortiz de Montellano, P. R.; Catalano, C.JEBiol. Chem1985 260, 9265—
9271. (55) Matsuki, K.; Kamada, HElectrochim. Actal986 31, 13—18.
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Scheme 1. Suggested Pathway for Electrochemical Styrene
Epoxidation by OL-12

Formation of H,0, (1)

Reduction of O, (1)
Regeneration of active sites (5)

Reduction of active OL (4)

7

1. 0,+2H*+2e > H,0, [

2. OL-1+H,0,> 0-0L-1+H,0l

3. OL-1+H,0,>1/20,+ OL-1+H,0 Hl

4. O-OL-1+1e + ArCH=CH, & ArCHOCH, + *oL-1 [
5. 2*0L-1+0,->20-0L1[]

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

(Figure 2c), which could be due to the reduction of an activated
OL-1 species from the chemical reaction betwee®Hand
OL-1. Manganese oxides particles undergo similar reacfibns.

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 ©°and activated OL-1 (€DL-1), H,O, activates
OL-1 as well as produces drom its decomposition on OL-
14 and Q forms HO, under electrolytic conditiort8 as well

as regenerate the active sfeafter activated OL-1 is reduced.
The overall process results in reduction ofC4 to H,O.

From electrolysis in the presence of oxygen (Table 1, entry
1), 0.09umol 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 dest©y H
in a similar experiment and gave no products (Table 1, entry
3). Results from chemical reactions or direct addition eOK
(200 mM) with no potential applied gave 0.xinol of styrene
oxide (Table 1, entry 5), which proves that OL-1 can be
activated by HO, alone to produce styrene oxide.

Addition of H,O; 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
H,0O, concentration. Similar trends were found when a potential
of —0.45 V vs SCE was used (Table 1, entries-1B). The
yields for styrene oxide increased at this potential whe®H
was added. However, these increments were lowet0ad5 V
vs SCE compared to equivalent experiments@i6 V vs SCE,

suggesting that the rate of epoxidation depends strongly on the

applied potential as well. Electrolyses were performed in oxygen

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

Table 3. Source of the Oxygen in Styrene Oxidation by OL-1
Filma at 4 °C? Using Electrolysis in the Presence of O, and/or
H202

experimental conditions® O-incorporation (%)

[H20,]¢ (mM) 0, flow rate (mL/min) H,0, 0, lattice-O
0 3 0 24 76
14 35 66 34 0
140 3 ~100 0 0

a0L-1: film with OL-1 as outer layer deposited onto polyion bed, (PSS/
PDDA);—OL-1. » Temperature was controlled with a circulating water bath.
¢ All reactions were in pH 7.4 buffer (50 mM Tris 50 mM NacCl). Time
of reaction: 1 h. Potential applieei0.6 VV vs SCE. All results were averaged
for three or more reactions in 10 mL of solution. Reproducibility w&@9%.
d[H.07]: initial hydrogen peroxide concentration usédata in this table
were taken from data shown in Table 2.

environments in the presence of different added amounts of
H2O,: 0, 14, and 100 mM kD, gave 0.09 (Table 1, entry 1),
1.15 (Table 2), and 5.20 (Table 1, entry @nol of styrene
oxide, respectively. These results confirm that the rate of
epoxidation is HO, concentration dependent. Analogously, the
O, concentration or @ flow rate also affects the rate of
epoxidation. Electrolyses were performed in the presence of 14
mM H,0O; at different Q flow rates: 3 and 35 mL/min gave
0.53 and 1.15mol 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;@oncentration dependent as
well.

In general, results agree with the pathway shown in Scheme
1: H,O, needs to activate OL#1(step 2), and then @L-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 O,. 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 O, H,O,, and potential that indirectly participate in the
reaction: Q can form HO, electrochemically (step 1); 4D,
can form Q 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 fra@,Hbut
this may also involve the Mn©nanopatrticles.

The precedence of the oxygen transferred to styrene was
determined from electrolysis experiments usit¥@, and/or
H,180,. Results indicate that the oxygen transferred to styrene
comes from different sources: molecular oxygen, hydrogen
peroxide, and/or lattice oxygen from Ol%¢ldepending on the
experimental conditions which include oxygen flow rate,
hydrogen peroxide concentration, and constant potential applied
(Table 3). When low @flow rates are used in the absence of
H»0,, the oxygen transferred to styrene comes from molecular
oxygen as well as from the OL-1 latti€&58On the other hand,
when Q is used in the presence of,8,, there are two
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tendencies: (1) if high concentrations 0f®} are used in the and on the oxygen and hydrogen peroxide concentrations. A
presence of @ most of the oxygen transferred comes from key step involves the activation of the catalyst by hydrogen
H202, and (2) if low concentrations of @, are used, the oxygen  peroxide. In this respect, the reaction has some similarity to
transferred comes from both@nd HO. Interestingly, oxygen  hydrogen peroxide-activated oxidations catalyzed by iron heme
does not come from the OL-1 lattice when there are both O enzymes such as peroxidases or cyt PAS@aurther work is

and HO; present. underway to establish the generality of the epoxidation method
Conclusions and to develop experimental and reactor conditions leading to

OL-1 nanoparticle/polyion films on carbon electrodes elec- high yields.

trochemically catalyze styrene epoxidation. The reaction path-
way involves HO,, O, 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
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