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Photoinduced hydrogen production via the photo-
reduction of methyl viologen (MV?") using the sensitization
of light-harvesting chlorophyll a/b—protein complex of
photosystem II (LHCII) from spinach in the presence of
platinum nanoparticles and NADH is developed.

Photoinduced hydrogen production from water, which is an
attractive photosynthesis mimetic system, has been studied
extensively by means of converting solar energy to chemical
energy.'™ Photoinduced hydrogen production systems contain-
ing an electron-donor (D), a photosensitizer (P), an electron
relay (C), and a hydrogen production catalyst have been widely
studied. In this system, the photosensitizer molecule is an
important factor. Water-soluble zinc porphyrins such as zinc
tetraphenylporphyrin tetrasulfonate (ZnTPPS) and chlorophylls
from green plants are used as photosensitizer molecules.'™
Recently, photosynthetic protein such as light-harvesting
chlorophyll-protein complex (LHC), reaction center (RC),
and photosystems I (PSI) and II (PSII) have been purified from
green plants and photosynthetic bacteria using molecular
biotechnology techniques. Especially photon-to-current con-
version systems and photoinduced hydrogen production from
water using the photosensitized functions of RC, PSI, and PSII
have been attempted, because these proteins perform the
important role of photoinduced charge separation. Although
light-harvesting complex proteins (LHCs) perform the role of
light harvesting and photoenergy transfer to reaction centers,
they have not been paid much attention for these light energy
conversion systems. However, chlorophylls and carotenoids are
dye-molecules contained in LHCs. Carotenoids absorb blue
and green region light, which is small molar coefficient of
chlorophylls. Carotenoids serve two key roles in plants; one is
absorption of light energy for use in photosynthesis, and the
other is protection of chlorophyll from photodamage. Thus,
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LHCs are attractive photosensitizer material with wide absorp-
tion bands. Among the LHCs, light-harvesting chlorophyll-
a/b-protein complex of photosystem II (LHCII), which plays
the role of photoenergy transfer to PSII, purified from green
plants such as spinach is stable compared with other photo-
synthetic proteins. LHCII consists of eight chlorophyll-a, six
chlorophyll-b, two lutein, one 9’-cis-neoxanthin, and one
violaxanthin, and in higher green plants is a major light-
harvesting complex and serves as the principal solar energy
collector in the photosynthesis of green plants and presumably
also functions in photoprotection under high-light conditions.’
As carotenoids such as lutein, 9’-cis-neoxanthin, and violaxan-
thin, and chlorophyll molecules are contained in LHCII, it is
attractive photosensitizer material with wide absorption bands
for photoenergy conversion systems.

In this article, we describe a system of methyl viologen
(MV?*) photoreduction by the visible light photosensitization
of LHCII from spinach in the presence of NADH as an
electron-donor.

LHCII was purified from spinach according to the liter-
ature.®’

Photoreduction of MV?** was carried out by the following
method. A solution containing LHCII (chlorophyll concen-
tration: 5.0 umoldm™3; the ratio of chlorophyll-a/b = 4/3),
MV?* (2.0mmoldm™), and NADH (2.0mmoldm™) in
3.0mL of 10mmoldm~ potassium phosphate buffer (pH 7)
was deaerated by freeze—pump—thaw cycles repeated 6 times.
LHCII was dissolved in aqueous solution with D-fB-octylgluco-
side (OG) and 0.1 mmol dm~> micellar hexadecyltrimethylam-
monium bromide (CTAB). The sample solution was irradiated
with a 200-W halogen lamp (Philips) at a distance of 3.0 cm
with a red-filter Sigma sharp-cut filter SCF-50S-60R (trans-
mitted above the wavelength of 600 nm) or Sigma green filter
GRF-50S-533G (transmitted between 450 and 550 nm light) at
30°C. The solution containing chlorophyll a/b (total chloro-
phyll concentration: 5.0 pmoldm™3; the ratio of chlorophyll-
a/b=4/3) instead of LHCII, MV?** (2.0 mmoldm™?), and
NADH (2.0 mmol dm~3) in 3.0 mL of 10 mmol dm ™ potassium
phosphate buffer (pH 7) was used as a reference. Chlorophylls
also were dissolved in aqueous solution with OG and
0.1 mmoldm™ micellar CTAB. The MV?* reduced form
(MV**) concentration was determined by the absorbance at
605nm using the molar coefficient 13000 mol~!dm?cm~'.8
When the sample solution was irradiated with a 200-W halogen
lamp at a distance of 3.0 cm with a red-filter, corresponding to
the absorption band of chlorophylls, the accumulation of MV**
was observed with irradiation time as shown in Figure 1. For
the system using LHCII (closed circles), the concentration of
MV*+ was 0.18 mmol dm~ and the conversion ratio of MV?*
to MV** was estimated to be 9.0% after 20 min irradiation. For
the system using chlorophyll a/b (open circles) in contrast, the
concentration of MV*®* was 0.14 mmoldm~> and the conver-
sion ratio was estimated to be 7.0%. In both systems, the
concentration of chlorophyll a/b was almost the same.
However, the MV?** photoreduction was slightly increased
using LHCII compared with the system using chlorophyll a/b.

When the sample solution was irradiated with a 200-W
halogen lamp at a distance of 3.0cm with a green-filter,
corresponding to the absorption band of carotenoids, the
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Figure 1. Time dependence of MV** production with the
system consisting of NADH, LHCII or chlorophyll a/b,
and MV?* in potassium phosphate buffer (pH 7.0) under
steady state irradiation at 30°C. Circle: LHCII, square:
chlorophyll a/b. Close: irradiation with the wavelength
above 600nm; open: irradiation with the wavelength
between 400 and 500nm. x: Lutein used as a photo-
sensitizer. Triangle: dark.

accumulation of MV*" was observed with irradiation time as
shown in Figure 1. For the system using LHCII (closed
squares), the concentration of MV** was 0.15 mmol dm— and
the conversion ratio of MV?* to MV*®* was estimated to be
7.5% after 20 min irradiation. For the system using chlorophyll
a/b (open squares) in contrast, the concentration of MV** was
0.09 mmol dm™ and the conversion ratio was estimated to be
3.3%. The MV?* photoreduction also was slightly increased
using LHCII compared with the system using chlorophyll a/b
with green light irradiation. In the system using LHCII, the
conversion ratio of MV?* to MV** was larger than that in the
system using chlorophyll a/b with irradiation of the wave-
length above 600 nm light. Lutein, which is carotenoid, exists
in LHCII as a light-harvesting antenna dye molecule. Lutein
has a strong absorption band between 400 and 500nm. In
Figure 1, the result of accumulation of MV*™ using lutein as a
photosensitizer also is indicated (x). This result shows that the
lower photoreduction activity of MV27 is due to the shorter
lifetime of the photoexicited state of lutein. Moreover, no
photoreduction of MV?* is observed without irradiation (open
triangles). Therefore, effective MV2+ photoreduction also was
developed using LHCII under green light irradiation.

As the MV?* photoreduction system using LHCII was
achieved, the development of a photoinduced hydrogen
production system was attempted. The photoinduced hydrogen
production with LHCII was carried out as follows. A sam-
ple solution containing LHCII (chlorophyll concentration:
5.0 umol dm™3; the ratio of chlorophyll-a/b = 4/3), MV?**+
(2.0 mmol dm—3), NADH (2.0 mmol dm ™), and platinum nano-
particles (1.0nmol) in 3.0mL of 10mmoldm™ phosphate
buffer (pH 7.0) was deaerated by freeze—pump-thaw cycle 6
times, and substituted by argon gas. The amount of hydrogen
evolved was detected by gas chromatography (detector: TCD,
column: active carbon, carrier gas: nitrogen). When the sample
solution was irradiated with a 200-W halogen lamp at a distance
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Figure 2. Time dependence of hydrogen production with
the system consisting of NADH, LHCII or chlorophyll
a/b, and MV?* in potassium phosphate buffer (pH 7.0)
under steady state irradiation at 30°C. Circle: LHCII,
square: chlorophyll a/b. Close: irradiation with the
wavelength above 600nm; open: irradiation with the
wavelength between 400 and 500nm. x: Lutein used as
a photosensitizer. Triangle: dark.

of 3.0cm with a red-filter, corresponding to the absorption
band of chlorophylls, hydrogen production was observed with
irradiation time as shown in Figure 2. For the system using
LHCII (closed circles), the amount of hydrogen gas production
was 0.40 pmol after 180min irradiation. For the system
using chlorophyll a/b (open circles) in contrast, the amount
of hydrogen gas production was 0.29 pmol. In both systems, the
concentration of chlorophyll a/b was almost the same. How-
ever, the amount of hydrogen production was slightly increased
using LHCII compared with the system using chlorophyll a/b.

When the sample solution was irradiated with a 200-W
halogen lamp at a distance of 3.0cm with a green-filter,
corresponding to the absorption band of lutein, the hydrogen
production was observed with irradiation time as shown
in Figure 2. For the system using LHCII (closed squares),
the amount of hydrogen gas production was 0.28 umol after
180 min irradiation. For the system using chlorophyll a/b
(closed circles) in contrast, the amount of hydrogen gas
production was 0.17 umol. The photoinduced hydrogen pro-
duction also was increased using LHCII compared with the
system using chlorophyll a/b with green light irradiation. In the
system using LHCII, the hydrogen production rate was larger
than that in the system using chlorophyll a/b with irradiation at
a wavelength above 600 nm. In Figure 2, the result of hydrogen
production using lutein as a photosensitizer also is shown
(x). Moreover, no hydrogen production was observed without
irradiation (open triangles). Therefore, effective hydrogen
production also was developed using LHCII under green light
irradiation. When LHCII was excited with 480 nm correspond-
ing to the absorption band of lutein, the fluorescence was
observed around 700 nm to chlorophyll. It is predicted that the
improvement in hydrogen production is due to the photoinduced
energy transfer from lutein to chlorophyll in LHCIIL.
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These results indicate that LHCII acts as an effective
photosensitizer material with a wide absorption band for
photoenergy conversion systems.
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