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Introduction

The oxygen reduction reaction (ORR) is a key reaction in life
processes, such as respiration, and in energy-converting sys-
tems, such as fuel cells, or even for electrochemical sensors
design. So far, many catalytic systems are based on the use of
expensive noble-metal catalysts, but a lot of effort is dedicated
to the development of catalytic systems based on transition-
metal complexes.[1] In this context, metalloporphyrins have
been widely investigated as promising candidates for catalyz-
ing ORR,[2] and numerous studies have examined the electroca-
talytic reduction of dioxygen at metalloporphyrin-modified
electrodes. Usually, monomeric metalloporphyrins can reduce
oxygen to form hydrogen peroxide through a two-electron
pathway, and more complex bimetallic systems that can trap
molecular oxygen between the two metal centers, such as
Pacman cofacial dyads, are required to promote the direct re-
duction of oxygen to water via a four-electron pathway. These
dyads include biscobalt bisporphyrin,[3] biscobalt porphyrin-
corrole, and biscobalt biscorrole derivatives.[4]

The catalytic activity toward the reduction of oxygen has
been extensively investigated using the modified electrode
methodology (rotating ring disk electrode, RRDE)[5] or using
molecular electron donors, such as ferrocene (Fc) and its deriv-
atives in homogeneous solutions[6] . The reduction of O2 by Fc
and its derivatives in acidic solution proceeds rather slowly
while the presence of catalytic amounts of an appropriate met-
alloporphyrin can significantly accelerate the reaction rate.[7]

Employing Fc derivatives as electron donors, O2 reduction cata-
lyzed by cobalt(II) (2,3,7,8,12,13,17,18-octaethylporphyrin)
[Co(OEP)] and other cobalt porphyrins has been investigated
by Fukuzumi et al. in organic media in the presence of a solu-
ble organic acid.[6]

Another way to study the catalytic properties of different
porphyrins is to study oxygen reduction at polarized liquid j
liquid interfaces. Indeed, such interfaces can be polarized, that
is, the potential difference between the two phases can be
controlled; they also offer the possibility to physically separate
reactants, such as the protons in water and the electron
donors in the organic phase, to carry out interfacial proton-

coupled electron-transfer (PCET) reactions.[8] Therefore, the
electrochemical control of the interface between two immisci-
ble electrolyte solutions (ITIES) provides a very efficient
method to control the rates of either proton or electron trans-
fer across the interface that are both potential-dependent,
which is interesting considering that ORR is a PCET reaction. It
should be mentioned that in a classical voltammetry using a
solid electrode, one measures a current response associated to
the electron-transfer step but not to the proton-transfer step.

Herein, proton-coupled oxygen reduction by Fc involving
Co(OEP) as a catalyst at a polarized water j1,2-dichloroethane
(1,2-DCE) interface is reported. We show that Co(OEP) serves as
a redox catalyst—like conventional cobalt porphyrins—activat-
ing O2 reduction via coordination to the cobalt(II) center by
the formation of a superoxide structure.[9] Moreover, we also
find that Co(OEP) can reduce oxygen by itself in the absence
of any sacrificial electron donor. The present system provides
an example of molecular electrocatalysis for oxygen reduction
where a molecular catalyst is used like in homogeneous cataly-
sis, but the reaction is electrocatalytic because the ORR de-
pends on the applied Galvani potential difference between the
two phases.

Oxygen reduction catalyzed by cobalt(II) (2,3,7,8,12,13,17,18-oc-
taethylporphyrin) [Co(OEP)] at soft interfaces is studied by vol-
tammetry and biphasic reactions. When Co(OEP) is present in a
solution of 1,2-dichloroethane in contact with an aqueous

acidic solution, oxygen is reduced if the interface is positively
polarized (water phase versus organic phase). This reduction
reaction is facilitated when an additional electron donor, here
ferrocene, is present in excess in the organic phase.
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Results and Discussion

Voltammetry of Co(OEP)

Figure 1 a shows cyclic voltammetric (CV) data corresponding
to cell 1 in Scheme 1. In this case, the aqueous background
electrolyte is HCl and the organic salt is ammoniumtetrakis-
(pentafluorophenyl)borate (BATB). The resulting potential
window ranges from �0.2 to 0.35 V. The positive edge of this

window is determined by the transfer of H+ whereas the nega-
tive edge is determined by the transfer of Cl� ions from water
to 1,2-DCE since the ions composing the organic supporting
electrolyte solution, namely, BA+ and TB� , are too lipophilic to
be transferred within the potential range aforementioned. In
the presence of Co(OEP) in the organic phase, the positive cur-
rent signal observed at potentials above 0.3 V is assigned to a
PCET reaction, in which proton transfer and electron transfer
are tightly linked to reduce O2 to H2O2, as shown below.

From the voltammogram in Figure 1 a, measured in the pres-
ence of Co(OEP), two waves were observed on the forward
scan and only one wave on the reverse scan. The magnitude
of the first forward current wave is proportional to the square
root of the scan rate (Figure 1 b) and to the concentration of
Co(OEP) (see Figure SI-1 of the Supporting Information), indi-
cating a process controlled by the semi-linear diffusion of
Co(OEP) to the interface. On the other hand, the current mag-
nitude of the forward waves is independent of the pH of the
aqueous phase, but all three waves shown in Figure 2 shift by

60 mV per pH unit towards negative potentials, which indi-
cates that these waves are due to charge-transfer reactions as-
sociating both protons and Co(OEP). It can be noticed in
Figure 2 that the potential window decreases as the pH de-
creases, thereby confirming that the potential window is limit-
ed by H+ and Cl� , as discussed above. Finally, Figure 3 clearly
shows that the forward wave current depends on the presence
of oxygen in solution. These observations lead us to conclude
that the first current wave results from an assisted proton

transfer reactions where the
base is the oxygenated porphy-
rin Co�O2(OEP), and that the
second forward wave from the
interfacial desorption to the or-
ganic phase of the protonated-
oxygenated porphyrin, that is,
Co�O2H+(OEP). The current of
the reverse wave corresponds to
the deprotonation of the oxy-
genated cobalt porphyrin being
either adsorbed or present in
the organic phase.

Recently, we reported a theo-
retical study on the cyclic vol-
tammetry response for the trans-
fer and desorption of charged

surface–active molecules at liquid j liquid interfaces.[11] It has
been shown that, as for cyclic voltammetry on a solid elec-
trode, adsorption at the interface can cause the occurrence of
pre- or post-peaks along with the usual voltammetric signal
obtained for a reversible ion-transfer reaction controlled by
semi-linear diffusion. In particular, we have shown that a clear
distinction between adsorptive and diffusive phenomena is
strongly dependent on the Gibbs energy of adsorption and
that complex voltammetric signals could be obtained if the
Gibbs energy of adsorption is moderate (<�20 kJ mol�1). Here,

Figure 1. a) Cyclic voltammograms (50 mV s�1) obtained using cell 1 in the absence (x = 0, a) and presence
(x = 200, c) of porphyrin P = Co(OEP) in 1,2-DCE; b) The magnitude of the forward current wave at 0 V as a
function of the square root of the scan rate.

Scheme 1. Electrochemical cells employed.

Figure 2. Cyclic voltammograms obtained (50 mV s�1) at a water j1,2-DCE in-
terface with cell 1 (x = 200) at different pH values, as indicated.
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the first peak on the forward scan corresponds to an assisted
proton-transfer reaction controlled by the diffusion of Co�
O2(OEP) in the organic phase, followed by a desorption peak
of Co�O2H+(OEP). The close proximity between the two sig-
nals does not allow a clear differentiation and it is therefore
difficult to estimate the Gibbs energy of adsorption of the ad-
sorbed Co�O2H+(OEP) species.

Oxygen Reduction by Co(OEP)

Two-phase reactions were performed by mixing a 1,2-DCE so-
lution containing 5 mm BATB and 200 mm Co(OEP) together
with an aqueous solution containing 5 mm lithium tetrakis(pen-
tafluorophenyl) borate diethyl etherate (LiTB) and 10 mm HCl
in a small flask, as shown in Figure 4 a. The Galvani potential
difference across the water j1,2-DCE interface was polarized at
a very positive value of 0.54 V calculated by the distribution of
the two salts, LiTB and BATB with a common anion TB� . At
such potential values, protons can be transferred from water
to 1,2-DCE and the aqueous TB� ions act as a proton pump in
the organic phase. As the supporting electrolyte concentration
is in excess compared to that of Co(OEP), we can assume that
the Galvani potential difference is not affected by the oxygen
reduction reaction. After 30 min of stirring, the two phases
were separated from each other and analyzed. When only
Co(OEP) was present, the color and UV/Vis spectrum of the
1,2-DCE phase changed; red shifts of the original Soret (lmax =

390 nm) and Q bands (lmax = 515, 550 nm) were observed,
which indicates that a reaction took place.[12] Indeed, the UV/
Vis spectrum, which is ascribed to the oxygenation of Co(OEP)
with formation of superoxide adduct, considered formally as
[(CoIII-O2

·�)OEP] exhibits bands at lmax = 409, 523, and 557 nm,
as shown in Figure 4 b when using only 5 mm of Co(OEP).

The isolated aqueous solution was titrated with NaI to
detect the formation of H2O2. Thus, 0.1 m of NaI was added to
1 mL of the solution, and the color changed from colorless to

pale yellow. Adding NaI to an aqueous solution containing
5 mm LiTB and 10 mm HCl in a controlled titration did not lead
to any color changes within the present experimental time-
scale, thus confirming the presence of H2O2 in the aqueous so-
lution of the experiment in Figure 4 a. The produced I3

� species
can be also detected by UV/Vis spectroscopy, as shown in
Figure SI-2 of the Supporting Information (sharp absorption
bands at lmax = 287, 352 nm). Taking a emax value of 2.76 �
104

m
�1 cm�1,[13] the concentration of I3

� can be calculated to
be 0.023 mm. A time profile for the formation of H2O2 in the
presence of Co(OEP) in the case of TB� at two pH values was
observed (see Figure SI-3 of the Supporting Information),
which shows that the production of H2O2 occurs more
efficiently at pH 1 than at pH 2.

Co(OEP) Catalyzed Oxygen Reduction by Ferrocene

Figure 5 compares the CVs obtained under different experi-
mental conditions. First, in the presence of only Fc in 1,2-DCE
under aerobic conditions, a small voltammetric wave with a
half-wave potential at 0 V was observed, which corresponds to
the transfer of ferrocenium (Fc+) produced by a slow oxidation
of Fc in air of the stock solution.[8, 9c] However, when both Fc
and Co(OEP) or Co(OEP) alone were dissolved in 1,2-DCE, an ir-
reversible positive current signal at the end of the potential

Figure 3. Cyclic voltammograms obtained at a water j1,2-DCE interface
using cell 1 with x = 200 under N2-saturated (c) and O2-saturated (a)
conditions.

Figure 4. a) Two-phase reaction before (I) and after (II) 30 min shaking: the
top aqueous phase containing 5 mm LiTB + 10 mm HCl; the bottom 1,2-DCE
phase contained 5 mm BATB + 200 mm Co(OEP) in the flask. b) Absorption
spectra of 5 mm Co(OEP) in 1,2-DCE freshly prepared (c) and after a shake
flask experiment (g).
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range attributed to a PCET reaction can be observed. A control
experiment under anaerobic conditions showed that this cur-
rent signal is not present (data not shown). As observed previ-
ously with cobalt porphine[8] in the presence of Fc, this PCET
reaction yields Fc+ , thus accounting for the significant incre-
ment of the Fc+ transfer current wave located at 0 V, as shown
in Figure 5. In fact, repeatedly cycling the potential to positive
values, more Fc+ will be produced, leading to a continuous in-
crease of the Fc+ transfer current. A control cyclic voltammetry
measurement also proved that in the available potential
window no reaction takes place between Fc in 1,2-DCE and
H2O2 in acidic aqueous phase (see Figure SI-4 of the Support-
ing Information).

The reduction of O2 by Fc was also studied by shake flask
experiments performed as reported above.[8] The Galvani po-
tential difference across the water j1,2-DCE interface was polar-
ized at a very positive value by using two salts, LiTB and BATB.
As shown in Figure 6, 10 mm HCl was present in water in two
flasks, and the 1,2-DCE phase contained only 5 mm Fc in
flask a, 50 mm Co(OEP) and 5 mm Fc in flask b. It was observed

that the 1,2-DCE phase in flask b changed its color from
orange to dark green immediately (flask d) after being put in
contact with the water solution. In contrast, the 1,2-DCE phase
in flask a remained the same (c). The two phases were then
separated from each other for further spectroscopic and
colorimetric tests.

First, UV/Vis spectra of the separated 1,2-DCE solutions were
measured, as shown in Figure SI-5a of the Supporting Informa-
tion. The formation of Fc+ in the 1,2-DCE solution from flask d
was revealed and the absorption band with a maximum at
620 nm represents its signature. The color change is thus due
to the oxidation of Fc to Fc+ and the color of the 1,2-DCE
phase in flask d reflects a mixed color of green Fc+ and orange
Co(OEP). In contrast, in the presence of Fc, only in 1,2-DCE
(flask c) no Fc+ was detected, because no change in color and
in the absorption spectrum (dotted black compared to full
black) was observed. As for the isolated aqueous solutions
from three flasks, an excess of NaI (equivalent to 0.1 m) was
added. It was observed that the one from flask d changed
from colorless to yellow (as illustrated in Figure SI-5b of the
Supporting Information). As shown above, this color change
can be due to the presence of H2O2 in the solution. In contrast,
no H2O2 was detected at all in the aqueous solutions from
flask c. The above-presented experimental facts clearly demon-
strate that H2O2 and Fc+ were produced in water and 1,2-DCE,
respectively, only when both Fc and Co(OEP) were present
(flask b). The concentration of I3

� can be calculated to be
0.058 mm.

A time profile of the formation of Fc+ in the absence and
presence of Co(OEP) shows that the oxidation of Fc only takes
place in the presence of Co(OEP). Upon addition of Co(OEP),
the rise of the absorption bands at 620 nm, corresponding to
Fc+ , could be immediately observed, as displayed in Figure 7 a.
In this experiment, the amount of ferrocenium produced, and
of organic protons consumed, alters the distribution potential
during the reaction. Figure 7 b presents the calculated Galvani
potential difference as a function of time based on the follow-
ing assumptions:

i) To produce one mole of Fc+ ions, one mole of protons has
to be consumed.

ii) The system is always at thermodynamic equilibrium;
therefore, the composition of the two phases will be dictated
according to the Nernst equation and the concentration of
ferrocenium as a function of time is read from Figure 7 a.

iii) The electroneutrality condition is always fulfilled and the
volume ratio between the two phases remains equal to unity.

Figure 7 b clearly shows how the Galvani potential difference
is modified during the course of the reaction as protons are
being consumed and Fc+ is produced. Briefly, after approxi-
mately 2 min there is a clear change in the slope of the Fc+

appearance profile in Figure 7 a. According to the calculations,
the Galvani potential difference at 2 min corresponds to 0.49 V,
which turns out to be 60 mV more negative than the standard
ion-transfer potential of H+ . In consequence, the reaction rate
will be appreciably diminished since the driving force for the
proton-transfer reaction is lowered as the reaction proceeds.

Figure 5. Cyclic voltammograms obtained at a water j1,2-DCE interface with
cell 2: x = 50 and y = 0 (d), x = 0 and y = 5 (a) and x = 50 and y = 5
(c).

Figure 6. Photographs of two-phase reactions. The composition of the top
aqueous phase is the same for the two flasks: 5 mm LiTB + 10 mm HCl, and
the 1,2-DCE phase contains: a) a fresh solution of 5 mm Fc + 5 mm BATB;
b) a fresh solution of 5 mm Fc + 50 mm Co(OEP) + 5 mm BATB; c) 5 mm

Fc + 5 mm BATB after contacting with the water solution; d) 5 mm Fc + 50 mm

Co(OEP) + 5 mm BATB after contacting with the water solution.
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Mechanism

To interpret the data presented above, the following mecha-
nism can be considered based on our recent work on amphi-
philic cobalt porphyrins.[14] The first step is the oxygen binding
step on Co(OEP). This complexation reaction can take place in
the organic phase, and by tautomery we can obtain a CoIII

complex [Eq. (1)]:

CoIIðOEPÞðDCEÞ þ O2 !

CoII � O2ðOEPÞ½ �ðDCEÞ, CoIIIðþÞ � O�ð�Þ2 ðOEPÞ
h i

ðDCEÞ

ð1Þ

When applying a positive potential, this complex can be
protonated at the interface when in contact with aqueous pro-
tons. Some of the protonated complexes are likely to be ad-
sorbed as shown by the voltammetric data of Figure 1 a, as
described by Equation (2):

CoIIIðþÞ � O�ð�Þ2 ðOEPÞ
h i

ðDCEÞ
þHþðwÞ ! CoIIIðþÞ � O2H�ðOEPÞ

� �
ðads=DCEÞ

ð2Þ

In the absence of ferrocene, the production of H2O2 ob-
served in biphasic reactions shows that this complex is further
reduced by Co(OEP) [Eq. (3)] . However, in the presence of fer-
rocene, the latter acts as the electron donor as observed by
the production of ferrocenium in biphasic reactions [Eq. (4)] . Fi-
nally, in both cases the hyperoxide anion can then be proton-
ated to form H2O2 :

CoIIIðþÞ � O2H�ðOEPÞ
� �

ðads=DCEÞþCoIIðOEPÞðDCEÞ !

CoIIIðOEPÞ½ �þðDCEÞþO2H�
ð3Þ

CoIIIðþÞ � O2H�ðOEPÞ
� �

ðads=DCEÞþFcDCEÞ !

CoIIIOEPÞ½ �þðDCEÞþFcþðDCEÞ þ O2H�
ð4Þ

To compare the rate of oxygen reduction with and without
ferrocene in the organic phase, we show in Figure 8 the rate of
production of ferrocenium taken from Figure 7 and the rate of

production of H2O2 taken from
Figure SI-3 of the Supporting In-
formation, both at pH 2. Al-
though we do not compare ex-
actly the same reaction product,
we see that the normalized pro-
duction of reaction products is
somewhat faster in the presence
of ferrocene. Indeed, as shown
in Figure SI-6 of the Supporting
Information—and as reported in
Table 1—the standard redox po-
tential for Co(OEP) is about
50 mV more positive than that
of ferrocene (0.69 V vs 0.64 V)
and ferrocene is a slightly better
reducing agent.

Conclusions

This study shows that Co(OEP) acts not only as a catalyst for
the reduction of oxygen in the presence of electron donors
such as ferrocene, but can also reduce O2 directly. This reaction
is another example of molecular electrocatalysis at soft interfa-
ces. It has also been shown that adsorptive processes at the
liquid j liquid interface play an important role in the catalytic
effect observed for this porphyrin, thus allowing it to act as an
ionophore for protons. All this evidence opens the way to the

Figure 7. a) Time profile of the formation of Fc+ in the absence (*) and presence (~) of 50 mm Co(OEP) in 1,2-DCE
during the shake flask experiments with TB� as a common ion. b) Calculated Galvani potential difference using
the ferrocenium concentration from Figure 7 a.

Figure 8. Comparison at pH 2 of the production of ferrocenium obtained
with a concentration of 50 mm Co(OEP) + 5 mm Fc (*) and that of hydrogen
peroxide in the presence of 200 mm Co(OEP) (~) but normalized by the initial
concentration of the electron donor.

Table 1. Data referred to 50 mm of porphyrin with 5 mm BATB supporting
electrolyte in dry 1,2-DCE at 20 mV s�1.[a]

Porphyrin E1 [V][b] E2 [V][b] E3 [V][b]

Co(OEP) 0.69 1.23 1.83

[a] Data extracted from Figure SI-5 of the Supporting Information.
[b] Values measured versus the standard hydrogen electrode (SHE).
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study of catalytic self-assembled self-repairable monolayers at
liquid j liquid interfaces.

Experimental Section

Chemical Reagents: All solvents and chemicals were used as re-
ceived without further purification. LiTB was purchased from Al-
drich. Hydrochloric acid (HCl), 1,2-dichloroethane (1,2-DCE,
�99.8 %), sodium iodide (NaI, >99.5 %), tetramethylammonium
chloride (TMACl, >98.0 %), and bis(triphenylphosphoranylidene)
ammonium chloride (BACl, �98 %) were obtained from Fluka. Bis-
(triphenylphosphoranylidene) ammoniumtetrakis(pentafluorophe-
nyl)borate (BATB) was prepared by metathesis of 1:1 mixtures of
BACl and LiTB in a methanol/water mixture (V:V = 2:1), followed by
recrystallization from acetone. All the aqueous solutions were pre-
pared with ultrapure water (18.2 MW cm�1). The pH of the acidic
aqueous solutions was adjusted by addition of HCl. Co(OEP) was
synthesized following the typical procedure[10] and its molecular
structure is illustrated in Scheme 2.

Voltammetry Measurements: Voltammetry measurements were car-
ried out at the water j1,2-DCE interface in a four-electrode configu-
ration using a conventional glass cell with a cross-section of
1.53 cm2. Two silver j silver chloride (Ag jAgCl) wires positioned in
two Luggin capillaries function as the reference electrodes to po-
larize the interface and two counter electrodes to provide the cur-
rent. The electrolyte composition of the cells is illustrated in
Scheme 1. The electrochemical experiments were performed on a
commercial potentiostat (PGSTAT 30, EcoChemie, The Netherlands).
The potential reported is the Galvani potential difference (Dw

0 �) ob-
tained by correcting the applied potential with respect to the
formal ion-transfer potential of tetramethylammonium (TMA+)
0.16 V. The CVs during the second scan are presented, unless oth-
erwise specified.

Two-Phase Reactions Controlled by the Distribution of the Support-
ing Electrolytes: Two-phase reactions were carried out in the pres-
ence of supporting electrolytes whose role is to control the Galvani
potential difference between the two immiscible phases. These re-
actions were run in small flasks under magnetic stirring unless spe-
cially specified. A 1,2-DCE solution (2 mL) containing either 200 mm

Co(OEP) or 5 mm Fc or 5 mm Fc + 50 mm Co(OEP) was added first,
followed by the addition of 2 mL of an aqueous solution contain-
ing 10 mm HCl on the top. The supporting electrolytes, LiTB and
BATB, were present at a concentration of 5 mm in the aqueous and
1,2-DCE phase, respectively. After stirring and further waiting for
the clear separation of two phases, the aqueous and organic solu-
tions were isolated from each other. The organic phase was direct-
ly subjected to UV/Vis spectroscopic measurements; the formed

hydrogen peroxide (H2O2) in aqueous phase was checked by titra-
tion by iodide ion. Excess NaI (equivalent to 0.1 m) was added to
1 mL of aqueous solution after two-phase reaction in a round glass
flask, and the formation of I3

� was examined both by addition of
Starch and by UV/Visi spectroscopy. The UV/Vis spectra were mea-
sured on an Ocean Optical CHEM2000 spectrophotometer with a
quartz cuvette (path length = 10 mm).
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Scheme 2. Molecular structure of Co(OEP).

2984 www.chemphyschem.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2010, 11, 2979 – 2984

H. H. Girault et al.

http://dx.doi.org/10.1126/science.1162018
http://dx.doi.org/10.1126/science.1162018
http://dx.doi.org/10.1126/science.1162018
http://dx.doi.org/10.1021/ar7000638
http://dx.doi.org/10.1021/ar7000638
http://dx.doi.org/10.1021/ar7000638
http://dx.doi.org/10.1021/cr0206059
http://dx.doi.org/10.1021/cr0206059
http://dx.doi.org/10.1021/cr0206059
http://dx.doi.org/10.1021/ja0501060
http://dx.doi.org/10.1021/ja0501060
http://dx.doi.org/10.1021/ja0501060
http://dx.doi.org/10.1021/ja0501060
http://dx.doi.org/10.1021/ar960264j
http://dx.doi.org/10.1021/ja049115j
http://dx.doi.org/10.1021/ic00311a042
http://dx.doi.org/10.1021/ic00311a042
http://dx.doi.org/10.1021/ic00311a042
http://dx.doi.org/10.1021/ja048403c
http://dx.doi.org/10.1021/ja048403c
http://dx.doi.org/10.1021/ja048403c
http://dx.doi.org/10.1021/ja048403c
http://dx.doi.org/10.1016/S0022-328X(00)88390-4
http://dx.doi.org/10.1134/S1070363207050246
http://dx.doi.org/10.1134/S1070363207050246
http://dx.doi.org/10.1134/S1070363207050246
http://dx.doi.org/10.1134/S1070363207040263
http://dx.doi.org/10.1134/S1070363207040263
http://dx.doi.org/10.1134/S1070363207040263
http://dx.doi.org/10.1134/S1070363207040263
http://dx.doi.org/10.1021/ja904569p
http://dx.doi.org/10.1021/ja904569p
http://dx.doi.org/10.1021/ja904569p
http://dx.doi.org/10.1016/S0020-1693(00)89121-5
http://dx.doi.org/10.1016/S0020-1693(00)89121-5
http://dx.doi.org/10.1016/S0020-1693(00)89121-5
http://dx.doi.org/10.1021/cr60318a002
http://dx.doi.org/10.1021/cr60318a002
http://dx.doi.org/10.1021/cr60318a002
http://dx.doi.org/10.1021/cr60318a002
http://dx.doi.org/10.1002/chem.200801807
http://dx.doi.org/10.1002/chem.200801807
http://dx.doi.org/10.1002/chem.200801807
http://dx.doi.org/10.1021/ja00278a047
http://dx.doi.org/10.1021/ja00278a047
http://dx.doi.org/10.1021/ja00278a047
http://dx.doi.org/10.1021/ja00278a047
http://dx.doi.org/10.1021/ic00350a017
http://dx.doi.org/10.1021/ic00350a017
http://dx.doi.org/10.1021/ic00350a017
http://dx.doi.org/10.1021/ic00350a017
http://dx.doi.org/10.1021/ic010530b
http://dx.doi.org/10.1021/ic010530b
http://dx.doi.org/10.1021/ic010530b
http://dx.doi.org/10.1021/ja950744q
http://dx.doi.org/10.1021/ja950744q
http://dx.doi.org/10.1021/ja950744q
http://dx.doi.org/10.1562/0031-8655(2003)078%3C0146:QYOTIC%3E2.0.CO;2
http://dx.doi.org/10.1562/0031-8655(2003)078%3C0146:QYOTIC%3E2.0.CO;2
http://dx.doi.org/10.1562/0031-8655(2003)078%3C0146:QYOTIC%3E2.0.CO;2
http://dx.doi.org/10.1562/0031-8655(2003)078%3C0146:QYOTIC%3E2.0.CO;2
http://dx.doi.org/10.1021/ja908488s
http://dx.doi.org/10.1021/ja908488s
http://dx.doi.org/10.1021/ja908488s
www.chemphyschem.org

