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1 Reaction schemes of oxygen reduction reported previously
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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.
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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 uM 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 [HCI] is observed. Also, a wave
for facilitated transfer of chloride is observed at 0.0 V (pH = 0) for Coy(DPX) and
Coy(DPOx), as this wave shifts to more positive potentials with increasing chloride
concentration (also ca. 60 mV vs. log [HCI] ). 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 uM Co,(DPO) (A), Co,(DPOx) (B) and
Coy(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 HCI.
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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.
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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 uM Co(DPOx + 2 mM
DMFc + 5 mM BATB) after oxygen reduction in aerobic conditions (5 mM LiTB + 10

mM HCI in aqueous phase) and biphasic reaction with hydrogen peroxide in anaerobic
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conditions (I mM H,O, + 5 mM LiTB + 10 mM HCI in aqueous phase) after 60 s of
reaction are shown in Figure S-3. DMFc" is observed in both cases (A = 550-725 nm),

indicating that hydrogen peroxide reduction is catalyzed by cofacial porphyrins.
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Figure S-3. Comparison of UV-Vis spectra of a 2 mM DMFc and 100 uM Co,(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.*
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Atg= vyt + KL & (SI 1)
F

The mass balance for the species i is

N =N 1 (S12)

Vo wiga T Ve Cimiga = VoCi Vo0 (SI3)

Additionally, electroneutrality condition of the both phases must be fulfilled:
ZZiCiW = ZZiC; =0 (ST4)

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

c

2% 7 W‘ —=0 (SI5)

' 1+€XP{RT(AO¢—AO¢% )}

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 HCI 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
BAY 2.77 x 1072 5.00 523 x 10722 5.00
TB" 3.82 6.18 2.47 7.53
H* 8.9 1.14 7.49 0.51
Lit 4.96 0.04 4.98 0.02
Cl- 10.00 240 % 1079 10.00 452 % 1077
DMFc* . . 1.13x 107" 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.” In general, the reduction of O to R in phase o is expressed as:
O(a) + ne” — R(a) (S16)

where the standard redox potential can be expressed as™®

[~ AGO 1 o, o, oW 1 oW
[Eg/R ]SHE :_Fzﬁ(ﬂd — Hr _n(ﬂﬁl _Eﬂx-fz j} (SI7)

So, the standard redox potentials of the reaction (SI 6) in benzonitrile and aqueous phase

are
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BCN 1 3 . w1y
[0, L = —(uo’BCN — P —n(uﬂu — D (SI8)

nkF 2
W 1 oW oW o,W 1 oW
[ES L = ﬁ(uo' o n[uw A D (SI9)

When eq. (SI 8) is subtracted from eq. (SI9), eq. (SI 10) is obtained:

BCN A 1 ° ° o,W oW
[Eg/R ]SHE = [Eg/R ]SHE + E(:uo’BCN - /UR’BCN —Ho )=
(S110)

W 1 w w
8, L +——av62 - a26%)

HE

where AYG/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. (S110).

H'+e 2 12H, (SI11)

0, +2H +2¢ 2 H,0, (SI 12)

120, +2H" +2 ¢ 2 H,0 (SI 13)

o Pl o Laves —ave SI 14
HM, Spe— L7HH, kg * F( o H, 0 H*) ( )

[0 o I =[ES o I+ avGh, —A%GE. —2A"G" SI15
0,/H,0, Iggg — L7 0,/H,0, Jgyg +E( 0o 7H,0, T o0, T o H+) ( )

BCN w | B w w
[E2 1o L = [ED o L S (ANGh, ~1/287GE, ~28G) ) (SI 16)

In benzonitrile, AYG’. = 33 kI / mol,” and A}Gy, ,was calculated from the solubility

data (the solubility of water to BCN is about 1.21 w/w % = 0.67 mol dm™)*® and
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AY Gﬁzoz was estimated to be close to the value for A’ ngo . 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° vs. SHE in BCN (V)
H'+e 2 1/2H, 0.34
0,+2H"+2 ¢ 2 H,0, 0.98
1/20,+2H" +2¢ 2 H,0 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 MoS,
nanoparticles at a liquid-liquid interface.”” 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

dID’] =k, [D] (SI'17)
dt pp

VvV =

where kp, 1s the apparent rate constant of the reaction. The integrated rate law was

expressed as®'"

S10



k. _t=In

app

(SI'18)

a—x
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 k. 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.
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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 (kqpp / s'l) for the reactions with different catalysts (see Table 2).
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