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1 Reaction schemes of oxygen reduction reported previously 

 

 

Scheme S-1.  Reaction scheme for oxygen reduction by a mediator catalyzed by metal 

porphyrins. IT stands for ion transfer and ET for electron transfer, adapted from ref. s1.  

  

 

Scheme S-2. Reaction scheme for oxygen reduction by a mediator catalyzed by cofacial 

metal bisporphyrin, adapted from ref. s2. 
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2 Electrochemical measurements  

 

Figure S-1 shows the voltammetry of 100 µM catalyst + 5 mM BATB in DCB for 

various proton concentrations in the aqueous phase. A dependence of the transfer 

potentials of chloride and protons of ca. 60 mV vs. log [HCl] is observed. Also, a wave 

for facilitated transfer of chloride is observed at 0.0 V (pH = 0) for Co2(DPX) and 

Co2(DPOx), as this wave shifts to more positive potentials with increasing chloride 

concentration (also ca. 60 mV vs. log [HCl] ). No significant adsorption on the interface 

is observed, as the capacitance remains virtually unchanged. 
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Figure S-1. Cyclic voltammograms of 100 µM Co2(DPO) (A), Co2(DPOx)  (B) and 

Co2(DPX)  (C) with 5 mM BATB in DCB for various proton concentrations in the 

aqueous phase. The baseline corresponds to the CV of 5 mM BATB in DCB in contact 

with 10 mM aqueous HCl. 



 S5 

3 UV-Vis measurements  

 

Figure S-2 shows UV-Vis spectra of DCB phases before and after 30 s biphasic reaction. 

DMFc has a peak at 439 nm and DMFc
+
 has a broad peak at 550-725 nm, so it is clearly 

seen from Figure S-2 that oxygen reduction takes place and DMFc
+
 is formed during the 

reaction.   

 

Figure S-2. UV-Vis spectra of DCB phases containing 2 mM DMFc and 5 mM BATB 

before and after 30 s two-phase reaction (25% conversion), showing a broad peak of 

DMFc
+
 in the 550-725 nm range. 

 

The comparison of UV-Vis spectra of the DCB phase (100 µM Co2(DPOx + 2 mM 

DMFc + 5 mM BATB) after oxygen reduction in aerobic conditions (5 mM LiTB + 10 

mM HCl in aqueous phase) and biphasic reaction with hydrogen peroxide in anaerobic 
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conditions (1 mM H2O2 + 5 mM LiTB + 10 mM HCl in aqueous phase) after 60 s of 

reaction are shown in Figure S-3. DMFc
+
 is observed in both cases (λ = 550-725 nm), 

indicating that hydrogen peroxide reduction is catalyzed by cofacial porphyrins.  

 

Figure S-3. Comparison of UV-Vis spectra of a 2 mM DMFc and 100 µM Co2(DPOx) 

solution in DCB before and after oxygen reduction in biphasic experiment and after 

hydrogen peroxide reduction in anaerobic conditions in biphasic experiment. 

 

 

4 Calculation of the Galvani potential difference across the liquid-

liquid interface  

 

In a system where ionic species of the two immiscible liquid phases are in equilibrium, 

the potential difference across the interface can be calculated with the Nernst equation.
s3

 



 S7 

w

o
0

i

w

o

w

o ln
i

i

c

c

zF

RT
+∆=∆ φφ        (SI 1) 

The mass balance for the species i is 

wo

  total, iii nnn +=         (SI 2) 

w

w

o

o

w

initial,w

o

initial ,o iiii cVcVcVcV +=+       (SI 3) 

Additionally, electroneutrality condition of the both phases must be fulfilled: 

∑∑ ==
i

ii

i

ii czcz 0ow         (SI 4) 

In a case where Vo = Vw combination of the equations (SI 1-4) gives 

0

)(exp1 0

i

w

o

w

o

 total, =






 ∆−∆+
∑

i

i

i

RT

zF

c
z

φφ
      (SI 5) 

Solution of the equation (SI 5) gives the Galvani potential difference of the system in 

equilibrium, and Nernst equation and mass balance equations can be used to calculate 

the compositions of both phases, as shown in Table S-1. The Gibbs transfer energies of 

the species were estimated as described in the Supporting Information of ref. s4. 
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Table S-1. Calculated equilibrium concentrations (mM) between 5 mM BATB in DCB 

and 10 mM HCl and 5 mM LiTB in water in the beginning and in the end of the reaction 

corresponding to full conversion of the 2 mM DMFc to DMFc
+
.  

 Beginning End 

 water DCB water DCB 

BA
+
 2.77 × 10

–22
 5.00 5.23 × 10

–22
 5.00 

TB
�

 3.82 6.18 2.47 7.53 

H
+
 8.9 1.14 7.49 0.51 

Li
+
 4.96 0.04 4.98 0.02 

Cl
�

 10.00 2.40 × 10
–15

 10.00 4.52 × 10
–15

 

DMFc
+
 - - 1.13 × 10

–11
 2.00 

 

 

5 Standard redox potentials of hydrogen evolution and oxygen 

reduction in benzonitrile 

 

The standard redox potentials of the reactions in benzonitrile can be estimated with the 

thermodynamic cycle.
s5

 In general, the reduction of O to R in phase α is expressed as:  

O(α) + ne
-
 → R(α )        (SI 6) 

where the standard redox potential can be expressed as
s6
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So, the standard redox potentials of the reaction (SI 6) in benzonitrile and aqueous phase 

are 
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When eq. (SI  8) is subtracted from eq. (SI 9), eq. (SI 10) is obtained: 
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where 0

i

w

o G∆ is the Gibbs energy of transfer of the species i from oil phase to aqueous 

phase. Standard redox potentials of the following reactions in BCN were calculated with 

eq. (SI 10). 
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In benzonitrile, 0

H

w

o +∆ G = 33 kJ / mol,
s7

 and 0

OH

w

o 2
G∆ was calculated from the solubility 

data (the solubility of water to BCN is about 1.21 w/w % = 0.67 mol dm
−3

)
s8

 and 
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0

OH

w

o 22
G∆ was estimated to be close to the value for 0

OH

w

o 2
G∆ . Transfer energies of gasses 

were considered to have little effect on the standard redox potential. Results are shown 

in Table S-2. 

  

Table S-2. Standard redox potentials of hydrogen evolution and oxygen reduction 

reactions in BCN. 

Reaction E
0
 vs. SHE

 
in BCN (V)   

H
+
 + e

− →
←     1/2 H2 0.34 

O2 + 2 H
+
 + 2  e

− →
←     H2O2 0.98 

1/2 O2 + 2 H
+
 + 2

 
e

− →
←     H2O 1.53 

 

 

8 Estimation of the rate constants 

 

The rate of reaction was assumed to be first order in respect to DMFc, as the same 

reaction order has been found for the hydrogen evolution by DcMFc catalyzed by MoS2 

nanoparticles at a liquid-liquid interface.
s9

 Both oxygen reduction and hydrogen 

evolution are similar proton-coupled electron transfer reactions, and thus can be treated 

in the same way as a first assumption. Therefore, the reaction rate can be written as 

]D[
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where kapp is the apparent rate constant of the reaction. The integrated rate law was 

expressed as
s10
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where a is the initial concentration of the electron donor and x is the concentration of D
+
. 

The right hand side of eq. (SI 18) when plotted as a function of time gives a straight line 

with a slope of kapp. The catalyzed reactions finished in less that 1 minute, so the 

minimum value for the rate constant was estimated by assuming that 1% of the reactant 

was unreacted at the end of the reaction. The data is presented in Figure S-4, and in 

Table 2.  

 

Figure S-4. Plot of the integrated rate law (SI-18) for the estimation of the minimum 

value of the rate constant. a is the initial concentration of DMFc and x is the 

concentration of DMFc
+
, versus time (s). The slopes of the straight lines represent the 

apparent rate constants (kapp / s
-1

) for the reactions with different catalysts (see Table 2). 
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