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Porphyrin accumulation onto a self-assembled monolayer
(SAM) of imidazole-substituted porphyrins by a supramo-
lecular method to form a chain structure leads to significant
increase of light absorption in the visible light region and
therefore photocurrents.

Recently, the use of self-assembled monolayers (SAMs) of
porphyrins on gold electrodes was found to be an efficient
method to convert light energy to electric current by photo-
induced charge separation on the surface.1 In these approaches,
SAMs have been employed as the key technology because of
the easy preparation and the homogeneously developed struc-
ture.2 The use of porphyrin SAMs on gold allows a quantitative
determination of the number of porphyrins through monitoring
of the number of electrons transferred to gold.3 At the same
time, this approach limits the light absorption only to the single
molecular layer and to the narrow range of wavelengths due to
the sharp porphyrin Soret band (410–430 nm).4

In the natural photosynthetic system, a large number of
chlorophylls are arranged around the reaction centre for the
capture of light energy, followed by efficient excitation energy
transfer to the reaction centre.5 The use of a simpler light
harvesting system combined with the reaction centre could
obviate the need for a dense arrangement of the latter unit of
high complexity. Such photoelectrical systems may create an
improved artificial photosynthetic system.6 Since we have
already developed a unique methodology to obtain a giant
porphyrin array by self-coordination of imidazolyl(porphyr-
inato)zinc(II),7 each porphyrin monolayer fixed on the electrode
surface utilizing Au–S bonds was attempted to be grown into a
sequential structure, to bring about an increase of light
absorption in the range 350–750 nm and therefore an increase of
photocurrent generation.

In order to apply the above principle, imidazolyl-appended
porphyrin 1 bearing an w-mercaptoalkyl substituent was
prepared as the first layer molecule on the Au surface.8 SAM 3
was formed by soaking an Au electrode (1 3 3 cm) into a
solution of porphyrin 1 (1.0 mM) followed by metal introduc-
tion by using a Zn(OAc)2 solution (CHCl3+MeOH = 10+1).1
The complete metalation was confirmed by disappearance of
the absorption band of the free base porphyrin at 500 nm. The
surface concentration of porphyrin fixed on the Au electrode
was estimated as 3.1 3 10211 mol cm22 from the anodic peak
in the cyclic voltammogram. This value is rather small for a
porphyrin SAM, but acceptable given that Au–S bonds are
apparently cleaved partly during the metalation step.9

Our strategy of sequential elongation of the porphyrin was as
follows. Compound 2 was dissolved in a 1+1 mixture of
nitrobenzene and pyridine, in which the multi-porphyrin array
was dissociated into monomeric units by competitive coordina-
tion of pyridine to the central Zn ion. An aliquot of this solution
was applied dropwise to the electrode. Then pyridine was
evaporated at 50 °C in a gentle stream of air for 10 min so that

the multi-porphyrin sequence might grow on SAM 310 by the
development of complementary coordination of the meso-
imidazolyl ligand to the central Zn(II) (Scheme 1). The Au
electrode thus treated was washed thoroughly with CH2Cl2 and
dried under a stream of nitrogen. When deposition was applied
onto bare gold or SAM without metalation, any deposited
porphyrin was washed out by the treatment with CH2Cl2. The
porphyrin remained is therefore linked by strong complemen-
tary coordinate bonds between Zn and the imidazolyl groups on
removing pyridine.7 This series of solution application and
evaporation was repeated by using gradually increased concen-
trations of 2 until a satisfactory number of porphyrins were
applied, and the electrode finally washed with CH2Cl2 and
dried. The number of organized porphyrins (n) could be
controlled by the concentration of 2 in the solution and the
number of deposition cycles (ESI†). AFM observation detected
long porphyrin assemblies extending from the surface of the
electrode. The lengths were not homogeneous and n was
calculated as a mean value from the absorption area integrated
over the range 350–750 nm in CHCl3 employing e values of 2
in CHCl3. The absorption of visible light was obviously
increased by the repeated number of the deposition cycles.
Further treatment with a concentrated solution of 2 in
nitrobenzene without the addition of pyridine was not effective
for the extension. From these results, it is likely that the long
porphyrin chains make it difficult to access the surface due to
steric hindrance and the low concentration of terminal imidazo-
lyl–Zn. On adding a pyridine-containing solution of 2 for the
next deposition cycle, it is also difficult for pyridine to access
deep inside of the organized porphyrin chains and coordination
bonds are formed to extend preferably at the easily accessible
porphyrin chain ends. This may explain the irregular growth of
porphyrin chains observed by AFM.

† Electronic supplementary information (ESI) available: synthesis and
spectroscopic data for 1, photoelectrochemical measurement data and
further experimental details. See: http://www.rsc.org/suppdata/cc/b2/
b201251k/

Scheme 1 Schematic representation of 1 and 2, and preparation of SAM
3.
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Photocurrents were measured by irradiating the electrode
plate of area 0.5 cm2 by a 150 W Xe lamp through an IR cut-off
filter with application of negative bias voltage (2200 mV). The
plate was immersed in an aqueous 0.1 M Na2SO4 solution
containing 5 mM methylviologen (MV2+) as the electron
carrier. The plot of photocurrent as a function of the irradiating
wavelength, i.e. the action spectrum (Fig. 1), closely resembles
the absorption spectra of the porphyrin-assembled electrode in
the whole range of 350–750 nm. Photocurrent quantum
efficiencies11at the respective absorption peaks were calculated
as 0.14% (430 nm), 0.11% (490 nm), 0.10% (580 nm) and
0.26% (650 nm). These values are not large but are reasonable
considering that the system is composed only of simple
porphyrins without incorporation of either electron donor or
acceptor units.12

In Fig. 2, photocurrent values obtained by SAM 3 and
electrodes (a)–(d) obtained as well as other samples, were
plotted as a function of the absorption area (Al) integrated over
the range 350–750 nm. The current value increased uniformly
with the increase of the absorption area, showing a sharp
increase especially in the range 0–20 Al. This drastic increase
reveals that the ‘stalactite’ structure extended perpendicularly
on the surface is of obvious advantage in the photocurrent
generation. It is noteworthy that the photocurrent generation
was improved simply by porphyrin chain formation without
incorporating any specific electron acceptor or donor groups.
The increase comes primarily from the improved efficiency in
the absorption of light øenergy and the excitation energy
transfer by the accumulated porphyrins. Moreover, effective
charge separation and electron/hole transfer along the multi-
porphyrin chains may possibly be contributing.

Here we have established a method to grow porphyrin SAMs
into a chain structure linked by coordination bonds. The growth

is stepwise and controlled easily by the concentration of reagent
and the treatment cycle number. The chain structure once
formed is resistant under more or less dissociative conditions
for the succeeding treatment. In the view of successful
elongation of the chain structure by coordination organization,
appropriate functional groups may also be introduced at the
terminal position of the porphyrin chain.13 Such structures are
interesting not only for artificial photosynthesis, but developing
molecular electronic materials, examples of which were
reported recently from our laboratory.14

The authors acknowledge technical assistance from Dr E.
Fujiwara (CREST).
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Fig. 1 Action spectrum of electrode (d) described in the legend of Fig. 2; 50
mW cm22, 2200 mV vs Ag/AgCl, under N2, 0.1 M Na2SO4, 5 mM
MV2+.

Fig. 2 Plot of photocurrent density of 3 as well as electrodes (a)–(d) and
other electrodes as a function of the absorption area integrated over the
range 350–750 nm (150 Xe lamp, under N2). Concentration and repetition
cycles are (a) 1 mM and once (n = 2), (b) 0.1 mM and three times, (n = 4),
(c) 1 mM and three times (n = 13) and (d) 1 mM and four times (n = 16),
respectively.
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