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Photoinduced charge separation at polymer–solution interface
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Abstract

Photoinduced charge separation using electrostatic repulsion between an anionic polymer film (Nafion) and an anionic
sensitizer aqueous solution has been studied for the photoproduction of dihydrogen from proton. It was found that only anionic
sensitizers were effective to photoproduce cation radical (MV•+) in the anionic polymer film, while cationic sensitizers were
not effective. The initial formation rate of MV•+ by tris(bathophenanthroline)ruthenium (Ru(bpds)3

4−) sensitizer was faster
than that by tris(4,4′-dicarboxy-2,2′-bipyridine)ruthenium (Ru(dcbpy)3

4−). The presence of anthracene in the Nafion increased
the total amount of MV•+ species because the charge transfer complex formed between anthracene and methylviologen
(MV2+) prevents the dimerization of MV•+. The formation of MV•+ dimer is depressed by the coexisting anthracene. The
action spectrum for the formation rate of one-electron reduction species agreed with the absorption spectrum of the sensitizer
suggesting that an electron transfer from the sensitizer in its MLCT excited state to the MV2+ induces the photochemical event.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The demand of dihydrogen will increase consider-
ably in the near future, because hydrogen engines and
fuel cells would cause the shift of the energy resource
from fossil fuels to H2. Water is one of the promising
sources of H2 for the prosperity of the modern civi-
lization [1]. Water splitting with ultraviolet light was
accomplished with some intercalation compounds
[2,3] and TiO2 aqueous suspension with carbonate
anions[4]. However, the fraction of ultraviolet light
in sunlight is only 3%. Water photolysis with visible
light is needed to achieve high energy conversion
efficiency.
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A research on the H2 evolution with visible light
was reported as early as 1977[5], and after that consid-
erable studies have been done in the last two decades.
Semiconductor excited by visible irradiation is one of
the promising materials for the water photolysis to
produce H2, although a practical success has never
been accomplished using semiconductors up to now.
A semiconductor in combination with an organic dye
might also offer a bright future for developing water
photolysis[6].

Metal complexes with polypyridine ligands have
been studied as a photoexcited center in water pho-
tolysis systems. Tris(2,2′-bipyridyl)ruthenium(II) and
its derivatives exhibit a large extinction coefficient in
a visible region by a metal-to-ligand charge trans-
fer (MLCT). The reduction potential of these com-
plexes in the excited state is more negative than that
of proton, and the oxidation potential is more posi-
tive than that of water. Not only photochemical proton
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reduction[5,7,8] but also photochemical water oxida-
tion [9–11] was studied using these complexes and a
sacrificial electron donor or acceptor.

For the water photolysis, a back electron transfer
is one of the most serious problems. Many ideas have
been attempted for an efficient photocharge separation.
Application of electrostatic repulsion would be one
of the most effective methods in not only molecular
systems but also semiconductor systems. Brugger and
Grätzel suppressed a back electron transfer efficiently
using cationic micelles and a cationic sensitizer[12].
Frank et al. achieved an effective charge separation
using anionic colloidal SiO2 and an anionic mediator
[13]. Yi et al. utilized electrostatic repulsion be-
tween Nafion and propylviologen sulfonate (PVS) for
charge separation[14]. Although some attempts have
been done in this regard, the use of interface between
polymer and solution is still open for investigation.

In the present paper, we have studied charge sepa-
ration at the interface between Nafion and an aqueous
solution involving a sensitizer and a sacrificial elec-
tron donor, EDTA, utilizing electrostatic interaction
between the anionic polymer and an ionic sensitizer.

2. Experimental

2.1. Materials

1,1′-Dimethyl-4,4′-bipyridinium dichloride (methy-
lviologen) was purchased from Tokyo Kasei Kogyo
Co. Ltd. Nafion 117 membrane (thickness 178�m),
Nafion 117 5 wt.% solution, 4,4′-dicalboxy-2,2′-bip-
yridine and tris(bipyridine)ruthenium were purchased
from Aldrich Inc. Bathophenanthroline disulfonic acid

Fig. 1. Configuration of a vessel for the measurement of an apparent diffusion coefficient in the Nafion membrane.

sodium salt were purchased from Sigma Inc. Ruthe-
nium chloride and anthracene were purchased from
Kishida Chemical Co. Ltd.

Tris(bathophenanthroline)ruthenium(II)[15] ([Ru-
(bpds)3]4−) and bis(2,2′-bipyridine) (4,4′-dicarboxy-
2,2′-bipyridine)ruthenium[16] ([Ru(bpy)2L], L =
4,4′-dicarboxy- 2,2′-bipyridine) were synthesized
according to the previous procedures. Disodium di-
hydrogen ethylenediamine tetraacetate (EDTA) was
purchased from Kanto Kagaku Co. Ltd.

Tetraammine platinum(II) dichloride ([Pt(NH3)4]-
Cl2) was prepared according to a literature procedure
[17].

2.2. Measurement of an apparent diffusion
coefficient (Dapp) of anionic sensitizers in an
Nafion membrane

A Nafion membrane (1.2 cm× 1.2 cm) at various
thicknesses was sandwiched between disposable plas-
tic cells with 1 cm light pathlength, and glued with an
epoxy adhesive (Fig. 1) so as to make two chambers
separated by a Nafion membrane. One chamber of
the cell was filled with distilled water, and the other
with an anionic sensitizer aqueous solution (pH 6).
The amount of the sensitizer permeating through the
membrane was estimated from the visible absorption
spectral change of the distilled water side. Assuming
that a linear concentration gradient of the sensitizer
exists in the Nafion membrane due to the permeation
of the sensitizer into the Nafion, an apparent diffusion
coefficient (Dapp) was estimated using the following
equation:

J = Dapp
�C

�x
(1)
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whereJ (mol cm−2 s−1) is the molar flux of the sensi-
tizer,C (mol cm−3) the concentration of the sensitizer
in the Nafion, and�x the thickness of the Nafion
membrane.

2.3. Measurement of a methylviologen cation
radical formation rate

Nafion membrane incorporating a methylviolo-
gen (MV2+) was fixed on inside of a cell wall at
the irradiation side in a 1 cm× 1 cm× 4 cm quartz
cell. An aqueous solution containing a sensitizer and
EDTA was adjusted to pH 6 by a KH2PO4–K2HPO4
buffer solution. After the solution was introduced
into the cell, the cell was deaerated by bubbling
argon gas for ca. 30 min. Visible light was irradi-
ated with a tungsten–halogen lamp (288 mW cm−2).
A formation rate of methylviologen cation radical
(MV•+) in the membrane was measured with a
multi-channel photodiode array spectrophotometer
(Shimadzu, Multispec-1500). Nafion consists of hy-
drophobic and hydrophilic regions, and the sensitizer
and methylviologen adsorbed from their aqueous so-
lution can be present only in the hydrophilic region.
A Nafion membrane in water increased by 40% in
weight and by 37% in volume as compared with those
of a dry Nafion membrane, wherein, water penetrates
in the hydrophilic region. Assuming that the density
of water is 1 g cm−3 in the Nafion membrane, the
actual concentration of MV2+ is 2.5 times as high as
the apparent concentration calculated by the whole
Nafion volume. We applied the actual concentration
to figures and tables shown later.

The monochromatic light was obtained with a
monochrometer equipped with a L-37 filter for an
action spectrum. The incident light intensity was mea-
sured with an irradiation intensity meter (type CA1
from Kipp & Zonen).

2.4. Photochemical proton reduction

Platinum particles were introduced into a Nafion
membrane by the reduction of [Pt(NH3)4]2+ incorpo-
rated into the Nafion membrane with a 0.2 mol dm−3

sodium borohydride aqueous solution (pH 12) by ap-
plying ultrasonication for 1 h[18]. The amount of the
complex incorporated into Nafion membrane was es-
timated from the change of the complex concentration

in the aqueous solution by inductively coupled plasma
atomic emission spectrometry (ICP-AES) measure-
ment. The amount of H2 produced in a photochemical
proton reduction was analyzed by a gas chromato-
graph (Shimadzu, GC4C-PT) with a molecular sieve
5 Å column and argon carrier gas.

2.5. Measurement of consumption rate of MV•+ by
Pt particles in an aqueous solution

An aqueous solution containing Ru(bpds)3
4−,

EDTA, and MV2+ in a pH 6 KH2PO4–K2HPO4
buffer solution was poured into a quarts cell. After
the solution was deaerated by bubbling an argon gas
stream for 1 h, MV•+ was produced by irradiation of
light. When the measurement was started, Pt aqueous
suspension was injected to the cell. Absorption spec-
tral change was measured with a multichannel pho-
todiode array spectrophotometer (Otsuka Electronics
Co. IMUC-7000).

3. Results and discussion

The formation of MV•+ in the Nafion membrane
was attempted using not only anionic sensitizers
([Ru(bpds)3]4− or [Ru(dcbpy)3]4−) but also cationic
([Ru(bpy)3]2+) or neutral ([Ru(bpy)2L]) sensitizer.
With an anionic sensitizer MV•+ was formed in the
Nafion membrane. However, when using the cationic
or neutral sensitizer, MV•+ was formed in the aque-
ous solution, indicating that only the anionic sensi-
tizer is effective for MV•+ formation in the Nafion
membrane.

Fig. 2shows the dependence of (Dapp) of the anionic
sensitizers on the thickness of the Nafion membrane.
The Dapp values decreased with increasing thickness
of the Nafion membrane. It is suggested that charge
separation region is located in the region from the
Nafion–solution interface to about 12�m inside the
Nafion membrane, where these anionic sensitizers can
permeate.

The one-electron reduction products of MV2+
(abbreviated to MVs) in the Nafion membrane exist
as monomer (MV•+) and dimer ((MV•+)2), whose
isobestic point in the UV–VIS spectra is 550 nm
(ε = 8400 mol−1 dm3 cm−1) [19,20], so that the total
amount of the reduction products was estimated by the
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Fig. 2. Dependence of apparent diffusion coefficient (Dapp) on
the thickness of a Nafion membrane. (�), [Ru(bpds)3]4−; (�),
[Ru(dcbpy)3]4−.

absorption spectral change at 550 nm.Fig. 3shows the
initial formation rate of the reduction products plotted
as a function of the MV2+ concentration. The initial
rate is in the order of Ru(bpds)3

4− > Ru(dcbpy)3
4−.

Fig. 3. Relationship between the initial formation rate of methyl-
viologen one-reduction species (VMVT ) and the MV2+ concentra-
tion. The concentration of the one-reduction species was calculated
using the thickness of a charge separation region (12�m).
(�), [Ru(bpds)3]4−(0.05 mmol dm−3); (�), [Ru(dcbpy)3]4−
(0.062 mM). The curves are the best fitted ones byEq. (13).

A plot of the initial formation rate as a function of
the wavelength of the incident light is shown inFig. 4.
The action spectrum resembles the absorption spec-
trum of [Ru(bpds)3]4− with the maximum formation
rate around 460 nm indicating that the formation of
the one-electron reduced species is sensitized by the
[Ru(bpds)3]4−.

We assumed the elementary processes to analyze
the formation rate of the one-reduction species arising
from light irradiation as follows:

S+ hν → S∗ (2)

S∗ kem→ S+ hν′ (3)

S∗ knr→ S (4)

S∗ + MV2+ kel→ (S+ · · · MV •+)

(encounter complex) (5)

(S+ · · · MV •+)
kdis→ S+ + MV •+ (6)

(S+ · · · MV •+)
kret→ S+ MV2+ (7)

S+ + EDTA
kEDTA→ S+ EDTAox (8)

where S is a sensitizer,kem (s−1) a phosphorescence
rate constant,knr (s−1) a radiationless deactivation rate
constant,kel (mol−1 dm3 s−1) a total rate constant of
encounter complex formation and electron transfer,
kdis (s−1) the rate constant of encounter complex disso-
ciation, andkret (s−1) a back electron transfer rate con-
stant. The increasing concentrationI (mol dm−3 s−1)
of the sensitizer in the MLCT excited state per sec-
ond in a microvolume (1 cm× 1 cm×�l cm/1000) at
x = l, is expressed as the following equation:

I = −1000dn

NA�l
= 1000ε C0 n0 × ln 10× 10−εC0l

NA

(9)

whereNA is Avogadro’s number,ε (mol−1 dm3 cm−1)
a molar extinction coefficient,C0 (mol dm−3) the con-
centration of a sensitizer,n0 (cm−2) a photon number.
We applied the steady-state approximation to S∗. The
concentration of S∗ can be expressed byEq. (10),

CS∗ = I

kem + knr + kelCMV2+
(10)

whereCS∗ (mol dm−3) is the concentration of S∗, and
CMV2+ (mol dm−3) the concentration of MV2+. The
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Fig. 4. Action spectrum for the initial formation rate of the one-electron reduction species in Nafion[MV2+]/[Ru(bpds)3]4−system and
absorption spectrum of [Ru(bpds)3]4− in an aqueous solution.

steady-state approximation was also applied to the en-
counter complex (S+ · · · A−). The concentration of
the encounter complex is represented as:

CEC = kelCS∗CMV2+

kdis + kret
(11)

whereCEC (mol dm−3) is the concentration of the en-
counter complex. The total amount of MVs in a micro-
volume (�V (dm−3) = 1 cm× 1 cm× �l cm/1000)
is obtained fromEqs. (9)–(11)asEq. (12).

dA

dt
�V = kdisCEC�V

= kdiskelCMV2+

(kdis + kret)(kem + knr + kelCMV2+)

×εC0n0 ln 10

NA
× 10−εC0l�l (12)

The average formation rate in a charge separation re-
gion is represented as:

dCMVs

dt
= kdiskelCMV2+

(kdis + kret)(kem + knr + kelCMV2+)

×1000n0

l0NA
× (1 − 10−εC0l0) (13)

whereCMVs (mol dm−3) is the concentration of the
one-electron reduction species, andl0 (cm) the length
of the charge separation region.

The diffusion of one-electron reduction species to
the outside of the charge separation region is now
assumed negligible, since only the initial stage of
the reaction is adopted in the analysis. We applied
Eq. (13)to analyze the data inFig. 2using a non-linear
least-square method. The parameters of the best fit-
tings are shown inTable 1. In the [Ru(dcbpy)3]4−
system, there were many convergence points because
the plot of the initial formation rate constant versus
MV2+ concentration is linear. Therefore, we could
not determine the values ofkdis, and kret· kel was
almost constant at various convergence points.

Fig. 5depicts the time dependence of the total con-
centration of MVs arising from light irradiation in

Table 1
Parameters obtained by least-square fittings usingEq. (13)

[Ru(bpds)3]4− [Ru(dcbpy)3]4−

kel (106 M−1 s−1) 4.31 0.823
kdis (106 s−1) 8.09 –
kret (10−5 s−1) 1.83 –
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Fig. 5. Time dependence of the total concentration of methylviolo-
gen one-reduction species arising from light irradiation at various
anthracene concentrations. (�), none; (�), 0.015 mol dm−3; (�),
0.03 mol dm−3; (�), 0.06 mol dm−3.

the Nafion membrane with dispersed anthracene as a
mediator. Although the initial formation rate of MVs
with anthracene is almost the same as that without it,
the total concentration of MVs with anthracene be-
came higher than that without it as time passed. The
total concentration of MVs increased with increasing
anthracene concentration in the Nafion membrane, a
maximum was exhibited around 0.03 M and then it
decreased with the concentration. Anthracene precip-
itated in the Nafion membrane in high concentration
region. Thus, the decrease in the high concentration
region would be caused by the scattering of the light.

Fig. 6shows the absorption spectrum of the Nafion
membrane with dispersed anthracene and methylvi-
ologen. A new absorption band appeared around
500 nm. It is inferred that anthracene and methylvio-
logen form a charge transfer complex in the Nafion
membrane.

The excitation of the charge transfer complex would
not contribute to the formation of the one-electron re-
duction species, because the action spectrum for the
initial formation rate of the one-electron reduction
species with anthracene (seeFig. 7) is almost the same
as that without anthracene.

Fig. 8 shows the time dependence of the percent-
age of the methylviologen cation radical dimer as

Fig. 6. Absorption spectrum of the Nafion membrane (five pieces)
with dispersed anthracene (0.03 mol dm−3) and methylviologen
(0.06 mol dm−3).

obtained from spectrometry[20]. The dimer fraction
was smaller in the presence of anthracene dispersed
in the Nafion membrane in the initial time region
than without it probably because the anthracene ster-
ically hinders the formation of (MV•+)2. Otherwise,
electrons might be transferred to MV2+ in the whole
membrane via the charge transfer complex between
MV2+ and anthracene, since the total concentration
of MVs with anthracene is much higher than that
without it in longer time region.

Fig. 9 shows the amount of H2 evolution us-
ing a Nafion membrane with dispersed Pt particles
and methylviologen. The amount of H2 evolved
with [Ru(bpds)3]4− is almost the same as that with
[Ru(dcbpy)3]4−. After the reaction, the Nafion mem-
brane was deeply blue-colored indicating the presence
of methylviologen cation radical species existing in
the Nafion membrane. The amount of H2 evolu-
tion varied a little using another Nafion membrane
with dispersed Pt particles under the same condi-
tions owing to morphological difference in Pt parti-
cles between Nafion membranes. It is suggested that
the configuration of a proton reduction catalyst and
methylviologen cation radical species is important
for the efficient hydrogen evolution in the Nafion
membrane. Anthracene incorporated into the Nafion
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Fig. 7. Action spectrum for the initial formation rate of the one-electron reduction species with anthracene (�) and absorption spectra of
[Ru(bpds)3]4− (—) in an aqueous solution and the charge transfer complex (— —).

Fig. 8. Time dependence of the percentage of the methylviologen
cation radical dimer in a Nafion membrane with dispersed MV2+
(0.06 mol dm−3) in a [Ru(bpds)3]4− aqueous solution. (�), without
anthracene; (�), with anthracene (0.03 mol dm−3).

Fig. 9. Time dependence of H2 evolution under irradiation. (�),
[Ru(bpds)3]4−; (�), [RuL3]4−; (�), [Ru(bpds)3]4− with an-
thracene.
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Fig. 10. Relationship between the consumption rate of MV•+ and
initial MV •+ concentration.

membrane caused the increase of hydrogen evolu-
tion. However, the difference in H2 evolution among
[Ru(bpds)34−], [RuL3]4−, and [Ru(bpds)34−] with
anthracene is smaller than that in the formation rate
of methylviologen cation radical species. Because
the apparent turnover number per an Pt atom for H2
formation in an aqueous solution system (0.80 h−1)
was larger than that in this system (0.0125 h−1), and
the consumption rate of MV•+ was proportional to
the initial concentration of MV•+ in aqueous solution
system (seeFig. 10), rate-determining step would be
an electron transfer from methylviologen cation rad-
ical species to the reduction catalyst rather than the
proton reduction by the Pt particles.

4. Conclusion

For the photochemical formation of methylviologen
cation radical in a Nafion membrane, it was effective
to utilize the electric repulsion between an anionic
sensitizer and a Nafion membrane. It was shown
from the action spectrum that electrons were injected

from [Ru(bpds)3]4− to MV2+ at the Nafion–solution
interface. Anthracene incorporated into the Nafion
membrane raised the percentage of the methylvio-
logen monomer in the initial stage. The difference
in H2 evolution among [Ru(bpds)3

4−], [RuL3]4−,
and [Ru(bpds)34−] with anthracene was smaller than
that in the formation rate of methylviologen cation
radical species suggesting that the electron transfer
from methylviologen cation radical to the reduction
catalyst is the rate-determining step.
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