Photocurrent responses associated with heter ogeneous electron transfer at
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Photocurrent measurements originating from the electron
transfer between photoexcited water soluble porphyrins and
hydrophobic redox species are studied at the polarised
water/1,2-dichloroethane (DCE) interface.

Artifical photosynthesis still remains a formidable technolog-
ical challenge and afocal point for scientists well into the next
century. Apart from solar cells based on dye sensitised colloidal
semiconducting films%2 no major breakthrough has been
achieved in the field of solar energy conversion since the solid
state photovoltaic cell.3 A novel approach may rely on
interfaces between two immiscible electrolyte solutions
(ITIES), in which electron exchange involves redox centres
separated by a defect-free junction. Despite recent advancesin
photochemistry4 and electrochemistry at ITIES,56 very few
works have dealt with photocurrent measurements associated
with heterogeneous electron transfer processes.”™ The present
report describes photocurrent responses corresponding to the
oxidation/reduction of a photoexcited water soluble porphyrin
by hydrophobic redox centres such as TCNQ and 1,2-diferro-
cenylethane (DFCET) at the water/DCE interface.

One of the mgjor obstacles for studying electron transfer at
ITIES are the interferences introduced by ion transfer reac-
tions.> Therefore, it is critical that charged species remain in
their respective phases over a certain potential range. This
condition was achieved by cell 1, where Zn(TPPC)4— denotes
zinc tetrakis(carboxyphenyl)porphyrin and BTPPATPBCI is
the organic electrolyte bis(triphenylphosphoranylidene)am-
monium tetrakis(4-chlorophenyl)borate. Under the cell 1 ar-
rangement, a potential window of ca. 0.8 V can be obtained
without any significant faradaic response in the dark. The
polarisation of the liquid/liquid interfaces (1.54 cm2 surface
area) was performed by a custom built four-electrode poten-
tiostat.

Photocurrent measurements were also obtained with low
frequency chopped light and lock-in detection (Stanford
Research SR830).

Photocurrent transient responses associated with the hetero-
geneous quenching of Zn(TPPC)4— by TCNQ and DFCET are
displayed in Fig. 1. The Gavani potential difference was
determined from the formal transfer potential of tetramethyl-
ammonium ion (TMA), A%,$%, = 0.160 V.10 Wavelengths
< 450 nm were cut off by a Schott filter in order to avoid the
absorption region of the ferrocene derivative. By convention, a
positive current corresponds to a negative charge crossing from
the organic to the aqueous phase. It is observed that the current
ispositivein the presence of the electron donor, and negativefor
the case of the electron acceptor. In the absence of either
quencher or sensitiser, no photocurrent responses are obtained
within the potential window.
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Thefact that neither reactants nor products transfer acrossthe
interface indicate that photocurrent responses are associated
with heterogeneous electron transfer phenomena. Kotov and
Kuzmin1-13 have studied the case where a homogeneous
photoreaction is followed by transfer of the charge products
across the water/DCE interface. The shapes of the transient
responses reported by these authors are essentially different to
those observed in Fig. 1, and an order of magnitude slower. The
heterogeneous nature of the electron transfer process is further
confirmed by the dependence of the photocurrent sign on
whether the excited state of the porphyrin is reduced or
oxidised.

The transient photocurrent in Fig. 1 depends on the applied
Galvani potential difference acrosstheinterface. For TCNQ, the
photocurrent is rather small at positive potentials and increases
toward negative potentials. The photocurrent exhibits an in-
phase response followed by a slow decay upon illumination.
When the illumination is interrupted, a positive overshoot is
observed before the photocurrent relaxes to zero. These
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Fig. 1 Photocurrent transient measurements at various Galvani potential
differences obtained from cell 1 and employing as quenchers TCNQ (a) and
DFCET (b). Illumination was provided by a450 W Arc-Xelamp. A < 450
nm were cut by a Schott filter. It is observed that the photocurrent is
negative (electron transfer from water to DCE) in the presence of TCNQ and
positive for DFCET.
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Fig. 2 Photocurrent spectra of cell 1 at various potentials in the presence of
DFCET. The transmission absorption spectrum of Zn(TPPC)4— is aso
superimposed for qualitative comparison.

transients resemble the behaviour observed for interfacial
electron—hole recombination at p-type semiconductor/electro-
lyte junctions.14 For DFCET, the recombination features are not
so evident, but the photocurrent increases progressively as the
potential is increased.

Photocurrent action spectra obtained at various Galvani
potential differences are contrasted with the transmission
absorption spectrum of the systemin Fig. 2. Thesimilar features
in both spectra confirm the relation between electron transfer
and the excited state of the porphyrin. It is observed the onset of
the Soret band, which corresponds to the second singlet excited
state S, located at ca. 430 nm. The photocurrent spectra aso
show three Q band transitions in the region 500-630 nm, which
are associated with thefirst singlet excited state S; (560 nm) and
its vibrational overtones. Although the wavelength of the
photocurrent responses coincides with the absorption bands, the
relative intensities are somehow different. The origin of this
effect is still unclear, but it could indicate that the porphyrin
involved in the electron exchange process have a different
environment in comparison to the bulk porphyrin, probably due
to adsorption.

Some of the features observed in the photocurrent transients
in Fig. 1 can be explained in terms of a competition between
product separation following the electron transfer step and the
return electron transfer (recombination). In analogy with
homogeneous photochemistry, the complex formed during the
electron transfer phenomena can be denominated ion pair.415 In
the present case, this intermediate has an essentially heteroge-
neous stucture, therefore the forward electron transfer aswell as
the recombination reaction involve faradaic responses. In
general, the photoel ectrochemical reduction of a sensitiser S by
an electron donor Q can be represented by Scheme 1 where
[S—-Q*] represents the intermediate ion pair, and the sub-
indexes w, 0 and int stand for agueous, organic and interfacial
region respectively. According to this mechanism, the initia
photocurrent will be determined by the competition between
electron transfer [egn. (3)] and the decay of the excited state
[egn. (2)]. The subsequent decay of the photocurrent will be an
effect of the recombination reaction [egn. (5)], and the steady
state photocurrent will be afunction of the rate constants k;—k.
A quantitative analysis of the transient responsesis currently in
preparation.
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Recent results reveal that the photocurrent density is
independent of the angle of illumination and linearly dependent
on thelight intensity.16 This behaviour further suggests that the
porphyrin moleculesinvolved in the photocurrent responses are
effectively confined to the liquid/liquid contact surface. It has
also been found that diffusion effects become significant at high
photocurrent levels (>10-5 A cm—).16

Several other quenchers have been studied, showing different
kinetics of electron transfer and recombination. In general,
recombination features are dependent on the applied potential,
indicating that the competition between recombination and
product separation is affected by the Galvani potential differ-
ence. Moreover, theinitial photocurrent is also dependent on the
applied potential, reflecting achangein the el ectron transfer rate
constant. The fact that the photocurrent increases as the
potential becomes more negativein the case of TCNQ, and with
increasing potentials for DFCET, suggests that these effects are
not related to changes in the interfacia concentration of the
porphyrin.>17.18 |n contrast to the behaviour at semiconductor/
electrolyte interfaces, the experimental evidence indicates that
the activation energy for the electron transfer is affected by the
applied potential.

The results presented in this report indicate that Zn(TPPC)4—
is an ideal senditiser for the study of heterogeneous electron
transfer across the water/DCE interface. Both positive and
negative photocurrents can be obtained upon replacing an
electron donor for an electron acceptor in the organic phase. The
photocurrent responses exhibit the same feature of the absorp-
tion spectra of the porphyrin. Evidence of back electron transfer
appears in a similar fashion to electron-hole interfacial
recombination at the semiconductor/electrolyte junctions.
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