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The use of biphasic solutions has recently attracted attention as an
effective strategy to spatially extend photoinduced charge
separation between the photocatalyst and electron
donors/acceptors phase migration, enabling efficient
photocatalysis. Herein, key parameters of biphasic photocatalytic
systems, namely, diffusion in solution, liquid-liquid phase boundary,
and phase transfer equilibrium, were modulated in detail, unveiling
design principles that maximise the benefits of biphasic systems.

via

Photoinduced electron transfer and charge separation are
among the most common and essential driving principles of
redox-based photocatalytic molecular conversions, such as CO,
reduction! water splitting? and organic transformations.? Since
the product of photon absorption efficiency, charge-separation
fraction, and survival yield against charge recombination
determines the overall reaction quantum efficiency, many
studies have focused on photoinduced charge separation and
recombination.®

Recently, photocatalysis in immiscible biphasic solutions has
been demonstrated to spatially facilitate charge separation and
suppress backward electron transfer (recombination).” In a
biphasic solution, a key mechanism enabling spatial charge
separation is interphase migration triggered by photoinduced
electron transfer (Fig. 1),® which is inspired by electrochemically
well-studied electron-transfer-coupled phase-transfer
phenomena observed for reversible redox couples such as
ferrocenium (Fc*)/ferrocene (Fc),?
benzoquinone/hydroquinone,° 7,7,8,8-
tetracyanoquinodimethane (TCNQ),!! and alkyl viologens.'? In
Fig. 1, electron transfer between a photoexcited Ir(Ill) complex
photoredox catalyst (Ir) and Fc as an electron donor produces a
charge-separated pair of reduced Ir and Fc* in the organic
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solution phase (Process (1) in Fig. 1). Because the generated Fc*
in the organic phase has a completely different solubility from
that of water-insoluble Fc, migration of Fc* to the counterpart
aqueous solution phase proceeds (Processes (2) and (3)),
enabling interphase charge separation. Photoinduced electron
-transfer-coupled phase migration has been demonstrated to
suppress backward electron transfer effectively.” Furthermore,
challenging artificial photosynthetic reactions that connect
water oxidation and reductive molecular conversion (i.e., H>
evolution’®> and organic transformation!®) have been
demonstrated using a biphasic solution and photoinduced
phase migration.
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Fig. 1 Schematic illustration of biphasic photocatalysis driven by photoinduced electron-
transfer-coupled phase migration.

In addition to the conventional photoredox steps that
generate a charge-separated pair (Process (1) in Fig. 1) and its
diffusion (Process (2)), interfacial mass transport across the
liquid-liquid boundary (Process (3)) and phase transfer
equilibrium (Process (4)) are involved in biphasic photocatalysis;
these additional parameters should affect the overall
photocatalytic efficiency. However, the biphasic properties that
most strongly control the photoreaction outcome, and how
they are quantitatively related to Fc* generation and substrate
conversion, remain unclear. Herein, we modulated diffusion in
solution, immiscibility between the two liquid phases, and
partition equilibrium to elucidate the factors that maximise
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The UV-visible absorption and emission properties of Ir in
organic solvents are summarised in Table 1. In each solvent, Ir
exhibited an intense visible absorption band assigned to ligand-
centred charge-transfer transitions,> 16 with only minor solvent
dependence (Fig. S1a). Under deaerated conditions, Ir displayed
room-temperature phosphorescence with a maximum at ~590
nm (Fig. S1a), and its lifetime decreased markedly in acetonitrile
(MeCN) compared with that in halogenated solvents because of
differences in their dielectric constants (Table 1 and Fig. S1b), as
previously reported.15 16

The incremental addition of Fc led to a decrease in the
emission intensity of Ir, suggesting reductive quenching (Fig.
S1c—f). Stern—Volmer analysis (see ESI) provided quenching rate
constants kq on the order of 10° M1 s71, consistent with near
diffusion-controlled quenching. The efficiency of reductive
quenching (774) of photoexcited Ir by Fc was almost quantitative
at [Fc] =5 mM (Table 1). Therefore, [Fc] was fixed at 5 mM for
the photocatalytic evaluation to eliminate differences in the
photoinduced electron process.

In each organic solvent, Fc showed a reversible wave
attributed to a metal-centred Fe(lll/ll) redox process at Ei2 ™
0.09-0.25 V vs. Ag/AgNOs (Fig. S2a-d). The diffusion coefficient
(D) of Fc, which was estimated from the Randles—Sevcik plots
(see ESI), decreased in the order MeCN > dichloromethane
(DCM) > 1,2-dichloroethane (DCE) > 1,2-dichlorobenzene (DCB),
following the Stokes—Einstein relationship with viscosity ()
(Table S3 and Fig. S2f). Difference in diffusion in the organic
solution may affect the opportunity to reach the liquid-liquid
interface (Process (2) in Fig. 1) before interphase charge
separation in biphasic photocatalysis, as discussed later.

Table 1 Photophysical properties of Ir in each solvent

Mo kq

Solvent  &¢ / mPa /ﬂ':;; f;’"r; /r(:; / 10° 7‘;:
s M-1s?

DCM 8.9 0.41 483 588 26.1 9.6 >99

DCE 10.4 0.78 482 590 25.6 6.7 >99

DCB 9.9 1.32 487 590 19.2 8.6 >99

MeCN 36.7 0.34 478 588 3.6 8.6 >99

9Djelectric constant at 252C.17 bViscosity at 252C.18 cExcitation at 480 nm.
dExcitation at 440 nm. eQuenching efficiency when [Fc] =5 mM.

The immiscibility of the two solvent phases is an important
biphasic characteristic that likely affects the migration across
the liquid-liquid boundary (Process (3) in Fig. 1). In this study,
we used the solubility of an organic solvent (1 mL) in the same
volume of water (1 mL) as a pseudo-parameter to describe
immiscibility (Table S1). Pure MeCN is almost completely
miscible with water at a concentration of approximately 4 M
(Table S1). Upon addition of (NH4),SO4 to the MeCN/water
mixed solvent, a biphasic solution was formed owing to the
salting-out effect.’® The solubility of MeCN decreased with

2| J. Name., 2012, 00, 1-3

increasing (NH4),SO4 concentration (Table S1). Theselubilityof
the halogenated solvents in water was! deveFalDerdérssst
magnitude lower than that of MeCN, even when 2 M (NH4),S04
was added.

The partition coefficients in the H,O/DCE biphasic solution
(Cu20/Coce; Cx indicates the concentration in phase X) of each
compound were estimated to be 2 x 107> (Fc), 1 x 107 (Ir), 1 x
1076 (Bn-Br), and 122 (Fc*Cl-), based on the absorption spectra
of each phase of the biphasic solution after reaching equilibrium
(Fig. S4a and Table S2). Thus, the starting compounds for
photoredox catalysis were initially predominantly distributed in
the DCE phase, whereas Fc*Cl- showed a strong preference for
the aqueous phase. The partitioning trends were similar for
MeCN/H,0 salted-out with 2 M (NH4),SO4 (Fig. S4b and Table
S2).

Visible-light irradiation of a biphasic H,O/DCE solution (2.0
mL) containing Fc (5.0 mM), Ir (0.05 mM), and benzyl bromide
(Bn-Br, 50 mM), all of which were predominantly distributed in
the DCE phase, with stirring under Ar (1 =470 nm) produced Fc*
and dibenzyl (Bn;) in the aqueous and DCE phases, respectively,
at a stoichiometric ratio satisfying Eq. 1 (Figs. 2 and S5, and
Entry 1 in Table S3).

Fc + Bn-Br - Fc* + 1/2Bny + Br- (1)

where the entire reaction involves the photocatalytic reduction
of Bn-Br using Fc as an electron donor. In contrast, no product
was obtained in the absence of the aqueous phase (Entry 2 in
Table S3). We previously reported that Fc* remaining in the DCE
phase inhibits further production of Fc* via backward electron
transfer (i.e. re-reduction of Fc* to Fc), whereas Fc* that
migrates to the aqueous phase does not, owing to spatial
charge separation across the liquid-liquid interface (see Fig. 1).”
Hence, escape of the generated Fc* from DCE to the aqueous
phase was the key to suppressing backward electron transfer
and promoting the photocatalytic reaction. Accordingly, the
amount of Fc* generated in the reaction system was used as an
indicator of photocatalytic performance.
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Fig. 2 (a) Photographs of a biphasic solution before and after irradiation, and (b)
time course of Fc*/Bn, formation and Fc consumption along with Fc conversion

from a biphasic H,O/DCE solution (1:1, v/v; 2.0 mL) containing Fc (5.0 mM, 5 umol),

Ir (0.05 mM, 50 nmol), and Bn-Br (50 mM, 50 umol) under visible-light irradiation
(A=470 nm).

The effect of forming a biphasic solution was systematically
examined in a MeCN/H,0 system with different concentrations
of (NH4),S04 (Fig. 3a). Similar to single-phase DCE system, a
single-phase MeCN-H,0 mixed solution without (NH4),SO4 did
not generate any products (Entry 3 in Table S3). In contrast,
upon addition of (NH4)2SO4 to the MeCN-H,0 mixture to induce
phase separation, Fc* was generated under visible-light
irradiation (Entries 4-7 in Table S3). The amount of Fc* increased
with increasing (NH4),SOs4 concentration, owing to the
increased immiscibility of the MeCN/H,0 system (Fig. 3). Even
in macroscopically phase-separated systems, partial mixing can
occur in the interfacial region. The extent of this mixing depends
on the mutual solubility of the two phases. If the mixed
boundary has properties similar to those of a miscible solvent,
recombination of the charge-separated pair can be accelerated
before escape to another phase (Process (3) in Fig. 1). Hence, it
was concluded that decreasing the mutual solubility of the two

phases by salting-out with (NH4);SOs improved the
photocatalytic activity.
(a) Immiscibility (b) Diffusion coefficients
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Fig. 3 Amounts of photochemically generated Fc* in biphasic solutions containing
Fc (5.0 mM, 5 umol), Ir (0.05 mM, 50 nmol), and Bn-Br (50 mM, 50 umol) under
visible-light irradiation (4 = 470 nm, 60 min) against (a) the concentration of each
organic phase solvent dissolved in the aqueous phase ([Org.] in aqueous phase)
and (b) the diffusion coefficient (D) of Fc in each organic phase in the presence
and absence of various concentrations of (NH4)2SOa.

Halogenated solvent/H,O biphasic systems, in which the
immiscibility was much higher than in the MeCN/H,0 system,
exhibited much higher photocatalytic activities (Fig. 3a). Note
that the noticeable difference in their behaviour was not found
during mixing among biphasic solutions used in this study
(Supporting Videos). Upon closer inspection, however, the
activity (DCM > DCE > DCB) did not correlate with immiscibility
in water (DCB > DCE > DCM). The diffusion coefficient (D) of Fc*
in the halogenated solvent explained the photocatalytic trend
(Fig. 3b); rapid diffusion in the organic phase possibly increased
the opportunity for Fc* to reach the interphase boundary for
phase migration, enabling spatial charge separation (Process (2)

This journal is © The Royal Society of Chemistry 20xx
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in Fig. 1). Because the immiscibility of the halogenated
solvent/H,0 was sufficiently high, the effe&ts BFIDIKeRbEEaMe
another significant factor. In contrast, although D in MeCN was
larger than that in any halogenated solvent employed in this
study, the photocatalytic activity was much lower, likely
because the significantly low immiscibility of MeCN with H,O
was the dominant limiting factor. It should be noted that the
immiscibility of the halogenated solvents was further improved
by addition of (NH4).SO4, which resulted in a slight but obvious
increase in photocatalytic activity. Thus, it was concluded that
both immiscibility and diffusion are important factors.

For salting-out, the salt (i.e., (NH4)2SO4in this work) dissolved
in water plays a crucial role in decreasing the solubility of the
counterpart organic solvent.'® Here, the additional effects of a
salt "dissolved in the organic phase" were also investigated on
biphasic photocatalytic efficiency. As has been used in phase
transfer catalysis, tetrabutylammonium cation enables
hydrophilic anions to be distributed in the organic solution
phase.? In fact, the majority of tetrabutylammonium hydrogen
sulfate (TBAHSO,) partitioned in the DCE and MeCN phases in
HzO/DCE (CHZO/CDCE = 011) and salted-out MECN/Hzo
(Cuz20/Cmecn ~ 0) biphasic solutions (Fig. S6). In the H,O/DCE
biphasic system, TBAHSO4 markedly enhanced photocatalytic
activity (Fig. 4a). Notably, TBAHSO, did not make MeCN/H,0
solution biphasic, indicating it has no role of salting-out.
Combined addition of TBAHSO4 and (NH4)2SO4 further improved
photocatalytic efficiency. In contrast, the promotional effect of
TBAHSO4 was observed only in the presence of (NH4)2SO04 in the
MeCN/H,0 system; addition of TBAHSO4 alone resulted in no
activity (Fig. 4b). These results suggest different roles for
TBAHSO4 and (NH4),S04 in promoting photocatalysis, and that
TBAHSO; is likely to promote interphase charge separation.

Phase migration of Fc* generated by photoinduced electron
transfer in the organic phase occurs with an anion A~ to
maintain charge balance in the solution phase. Hence, the
driving force for phase transfer, represented by AG(Fc*A-
Jorg>H20 (EQ. 2) is a key factor that can be tuned using coexisting
anions in the organic phase.

AG(Fc*A™)orgsH20 = AG(Fc*)orgsH20 + AG(A )org>H20  (2)
For the H,O/DCE system, the Gibbs energy for ion migration of
Fc* from the DCE phase to the aqueous phase (AG(Fc*)pce—H20)
was reported to be —2.0 k) mol.21 The presence of HSO4~ in the
DCE phase (AG(HSO4 )ocesH20 = —46 kJ mol™)?2 substantially
increased the driving force for phase migration. Once Fc*A-
migrates to the aqueous phase, it still has the opportunity to
kinetically return to the DCE phase during the photocatalytic
reaction owing to the distribution equilibrium (Process (4) in Fig.
1). Therefore, we conclude that addition of TBAHSO., by
improving AG(A™)org>h20, further decreases backward charge
recombination in the organic phase, thereby
photocatalytic efficiency.

increasing

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 Amount of Fc* generated in biphasic (a) H,O/DCE and (b) MeCN/H,0 solutions
containing Fc (5.0 mM, 5 umol), Ir (0.05 mM, 50 nmol), and Bn-Br (50 mM, 50
umol) under visible-light irradiation (4 = 470 nm, 60 min) in the presence and
absence of (NH4),S04 (2.0 M) and/or TBAHSO4 (5.0 mM).

In summary, we elucidated the key factors that maximise
recently emerged biphasic photocatalysis via phase migration
by modulating chemical parameters, including diffusion in
solution, immiscibility, and the driving force for phase transfer,
using Fc*/Fc phase-migrating electron mediators. The first is the
immiscibility of the two solution phases. Formation of a biphasic
solution is essential to enable spatial charge separation
between the two liquid phases, thereby suppressing backward
electron transfer. Upon decreasing the mutual solubility of the
solutions to construct biphases, interphase charge separation
accelerated (Process (3) in Fig. 1). On the premise of high
immiscibility in the biphasic solution, high diffusion coefficients
of the electron mediator in the bulk solution improved biphasic
photocatalysis owing to an increased opportunity to reach the
phase boundary and escape to the other solution phase
(Process (2) in Fig. 1). Finally, a large driving force for phase
migration of the electron mediator, which can be controlled by
escorting counter-ions, plays an important role in suppressing
backward phase migration. This work provides design principles
for constructing photoinduced electron-transfer-driven
interphase charge transport in biphasic photocatalysis, which is
promising for achieving artificial photosynthetic reactions
coupled with valuable oxidative and
conversions.3 14

reductive molecular
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