
Disulfide-linked manganese mesoporphyrin derivatives
separated by spacer methylene groups (Figure 1) were synthe-
sized and then the porphyrin derivatives were assembled on a
gold electrode.  Cyclic voltammetry (CV) of the porphyrin
monolayer on a gold electrode showed that one set of waves
was clearly visible, corresponding to the consecutive monoelec-
tronic reduction of the manganese porphyrin unit, depending
upon the spacer methylene groups.  Interestingly, a large posi-
tive-shift of the redox potential for the mesoporphyrin was
observed due to fluorination of the porphyrin ring.

Porphyrin pigments play an important role in electron-
transfer reactions of biological processes such as photosynthe-
sis.1 Synthetic porphyrin models can be very helpful in study-
ing the effects of the structure of porphyrins and the distance
between porphyrins in electron transfers of biological process-
es.2 Recently, electron transfer in a self-assembled monolayer
(SAM) of tetraphenylporphyrin derivative on a gold electrode is
reported to clarify the electron transfer on the surface of the
electrode.3 It is interesting to note that SAM of porphyrin
derivative on a gold electrode can easily examine the effect of
the distance on the electron-transfer rate by controlling the dis-
tance between the electrode and porphyrin.3f We now report
the synthesis of disulfide-linked manganese mesoporphyrin
(MnMP-C12-S)2 and its fluorinated mesoporphyrin derivative
(MnMPF4-C12-S)2 (Figure 1) and then, characterize the effect of
the structure of porphyrins on electron transfer in the self-
assembled porphyrin monolayer on a gold electrode.  We rea-
soned that the fluorinated mesoporphyrin was used because the
electron transfer of mesoporphyrin on electrode modified with
lipid bilayers was more efficiency than tetraphenylporphyrin2b

and also an enhanced electron transfer across a liposomal mem-
brane was observed due to the fluorination of the porphyrin.2a

Mesoporphyrin IX dimethyl ester (MPDME) was fluorinat-
ed by using N-fluoro-2,3,4,5,6,-pentachloropyridinium triflate
(FP-T 1100, Onoda) with hexafluorobenzene/acetonitrile (20/1)
and purified by HPLC with acetone/methanol/water (74/20/6),
resulting in fluorinated mesoporphyrin IX dimethyl ester
(MPF4DME) in 9.3% yield.4 19F NMR spectrum of MPF4DME
in CDCl3 solution substantiated the assigned structure as shown
in Figure 2.5 Mesoporphyrin IX methyl ester (MPMME) and
its fluorinated compound (MPF4MME) were synthesized by the
hydrolysis of MPDME or MPF4DME in 6 M HCl.  The cou-
pling reaction between MPMME or MPF4MME and bis(12-
aminododecyl)disulfide using ethyl chloroformate gave disul-
fide-linked mesoporphyrin (MP-C12-S)2 or its fluorinated deriv-
ative (MPF4-C12-S)2, respectively.  Preparation of the man-
ganese complex was carried out by treatment of disulfide-
linked free-base mesoporphyrin derivatives with manganese
acetate in acetic acid.  1H NMR, 19F NMR, FAB-MS and
UV/Vis. spectra of porphyrin derivatives support unambiguous-
ly the assigned structure.6

The porphyrin monolayers on a gold electrode were
formed by immersing a gold-coated substrate into a chloroform
solution containing disulfide-linked manganese mesoporphyrin
derivatives, followed by sufficient rinsing with chloroform.
SAM of porphyrin derivatives on a gold electrode was studied
with infrared reflection-absorption spectroscopy (IR-RAS), X-
ray photoelectron spectroscopy (XPS) and UV/Vis. spectra.
IR-RAS measurement showed characteristic absorption of the
methylene group3e,7 and XPS signals (Table 1), indicating ele-
ments of the porphyrin derivative on the gold electrode.3b,c,e,8

The S(2p3/2) energies are in good agreement with the reported
values for thiolate bound to gold.  Furthermore, visible absorp-
tion spectra of MnMP-C12-S or MnMPF4-C12-S monolayer on a
gold membrane exhibited the characteristic absorption of the
porphyrin ring.  For example, the absorption maximum length
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(λmax: 458 nm) of MnMP-C12-S monolayer on a gold membrane
in dimethyl sulfoxide (DMSO) solution nearly equaled that of
MnMPDME (λmax: 455 nm) in DMSO solution.  The area of
one molecule (molecular size: 3.3 × 1.3 × 0.3 nm3) on the gold
electrode is determined to be 1.3 nm2 assuming that the por-
phyrin inclines to the gold surface.  In 0.1 M phosphate buffer
(pH 7.0) solution, the Soret band was broadened and red-shifted
relative to the corresponding spectra in DMSO solution and to
those of mesoporphyrin derivatives on the gold electrode.3a,d,e

The red-shift is probably due to strong interaction among the
porphyrins on a gold surface. 

Alternatively, the effect of fluorination of porphyrin on
electron transfer in a self-assembled porphyrin monolayer on a
gold electrode was examined by CV.  Figure 3 shows cyclic
voltammograms of MnMPF4-C12-S and MnMP-C12-S monolay-
ers on a gold electrode in DMSO solution containing 0.1 M
tetrabutylammonium perchlorate (TBAP).  One set of waves in
each was clearly visible, corresponding to the consecutive
monoelectronic reduction of the manganese porphyrin unit
Mn(III)/Mn(II).  The peak current of MnMP-C12-S monolayers
depended on the spacer methylene length, where the largest
current was observed when n = 12.  The electron-transfer rate
constant of MnMP-Cn-S [n = 2, 6, 12] monolayers was estimat-
ed by using Laviron’s equation,9 in which the rate increased
with an increase in the spacer methylene-chain length (C2 = 75
s-1, C6 = 90 s-1, C12 = 115 s-1).  Furthermore, the redox potential
of MnMPF4-C12-S (∆E°: -0.09 V vs. Ag/AgCl (0.1 M KCl)) or
MnMP-C12-S (∆E°: -0.49 V) monolayers on a gold electrode in

DMSO nearly equaled that of MnMPF4DME (∆E°: -0.08 V) or
MnMPDME (∆E°: -0.48 V) in DMSO solution containing 0.1
M TBAP, respectively.  Interestingly, the redox potential of the
MnMPF4-C12-S monolayer (∆E°: -0.09 V) on a gold electrode
was largely positive-shifted by 0.40 V due to fluorination of the
porphyrin ring.  It is interesting to note that the fluorination of
the mesoporphyrin ring clearly changes the redox potential of
the porphyrin on the electrode so that the electron transfer of
the mesoporphyrin monolayer in buffer solution may be
observed by minimizing the influence of the hydrogen-evolu-
tion on the electrode.
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