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A self-assembled monolayer of 1-dodecanethiol (C;2SH) on a gold electrode was prepared by dipping a polished

bare electrode into an ethanolic solution of C1;SH (1.0 mmol dm~?) for 10 min. The obtained modified electrode blocked
the direct electron-transfer reaction of [Fe(CN)s]*~ and [Fe(CN)s]*~ with the underlying electrode. However, a pH-
dependent redox compound, 4,4’-biphenyldiol (1) in solution, was permeable into the monolayer and gave well-defined
cyclic voltammograms at both higher and lower pHs. Using this chemical-recognition ability of the modified electrode
together with the formal potential shift of 1 according to the Nernst equation, pH-modulated vectorial electron transfer
reactions were examined. At pH 3, cyclic voltammograms at the modified electrode ina 1+ [Fe(CN)s]*~ aqueous solution
revealed that one-way electron flow from [Fe(CN)I*~ to the electrode via 1 (oxidized form) occurred. On the contrary, at
higher pHs (pH 9—11), the vectorial electron flow at the electrode in 1+[Fe(CN)s]>~ solution was reversed. A triggered
change (‘switching’) between the anodic and cathodic vectorial electron transfer reactions by changing the pH was also
possible at the-Ci;SH-modified electrode in the presence of 1, [Fe(CN )s]*~ and [Fe(CN)s]>~ in solution. This finding may
offer possibilities for the construction of functional molecular devices based on the tuning of rectified electron transfer
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reactions.

The one-way flow of electrons provides a critical function
in biological electron-transfer systems, such as the respira-
tory electron-transfer chain that is located in the inner mem-
brane of mitochondria.” We and others have reported that
vectorial electron transfer reactions occur between electrodes
and redox compounds in solution via electroactive self-as-
sembled monolayers (SAMs) or redox compounds embed-
ded in SAMs or in Langmuir-Blodgett (LB) lipid bilayers
on gold. Creager et al.” described mediated electron trans-
fer from 1-methyl-1’-octadecyl-4-4'-bipyridinium dibromide
bound to a octadecanethiol monolayer on Au via chemisorp-
tion to [Ru(NHj3)s]** in solution. One-way electron transfer
from an L.LB monolayer of a flavin to cytochrome c in solu-
tion was described by Ueyama and Isoda.” Uosaki et al.¥
showed the vectorial electron transfer from an assembled
monolayer of ferrocenyldodecanethiol on gold to Fe(ClOy);
in solution. We reported a rectified transmembrane electron
transfer from [3-NADH to the electrode via a s-conjugated
electroactive compound with the o-quinoidal moiety embed-
ded in an octadecanethiol monolayer,” as well as a rectified
transmembrane electron transfer through LB monolayers of
mi-conjugated electroactive amphiphiles.®*” Buttry and co-
workers® have examined the kinetics of mediated electron
transfer between SAMs of viologen derivatives on gold elec-
trodes and [Ru(NH;3)g]** in solution.

Our interest in this field is to design and develop stim-
uli-responsive vectorial electron transfer systems. Such
a study could provide fundamental data for developing a
molecular rectifying device based on organized molecular
membranes. Recently, Taniguchi reported on the potential-

dependent rectified electron transfer at a moldola’s blue in-
corporated decanethiol-modified electrode.” We showed that
the tuning of the LB lipid bilayer fluidity between the crys-
talline-to-liquid crystalline phase could regulate a vectorial
electron transfer from a flavin with a long alkyl chain embed-
ded in the LB film to hexacyanoferrate(Il) in solution.'” We
would now like to report a pH-modulated vectorial electron
transfer system using a SAM on gold. Our basic concept
is shown in Fig. 1, where compound A is a proton-depen-
dent redox molecule embedded in a SAM (case I) on gold,
or is permeable into the SAM (case II) to undergo a direct

Fig. 1.

Schematic representation for molecular recognition
at a SAM of an alkanethiol on Au (top) and pH-modulated
vectorial electron transfer reactions (bottom). Details see
the text.
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electron transfer reaction with the electrode. Compound B is
highly water soluble, and the modified layer acts as a barrier
for bilocking direct access of B to the electrode. When the
formal potential of A is negative compared to B, a vectorial
electron transfer reaction from A to B would occur. Through
the change in pHs, E°’ of A becomes positive compared to
B, and electron flow from B to A is expected. We describe
the possibility of case Il by choosing 4,4’-biphenyldiol (1) as
A and K;3[Fe(CN)g] and K4[Fe(CN)] as B.

Experimental

4,4’ -Biphenyldiol (Tokyo Kasei) and 1-dodecanethiol (Tokyo
Kasei) were used as received. Monolayer modified electrodes were
prepared using the following procedure. A well-polished gold disk
electrode (Bioanalytical Systems, diameter: 1.6 mm) was immersed
in 1.0 mM (1 M=1 mol dm~>) 1-dodecanethiol (C;,SH) in ethanol
for 10 min, and then rinsed with ethanol. Cyclic voltammograms
(Electrochemical Analyzer BAS-100B, Bioanalytical Systems) at a
bare and modified electrode (C12SH/Au) were measured in deoxy-
genated aqueous KCl1 (0.1 M) at 25°C. The pHs were adjusted with
HCl and KOH aqueous solutions. A platinum wire and a saturated
calomel electrode were used as the counter and reference electrodes,
respectively.

Results and Discussion

SAMs on gold function as physical or chemical molecu-
lar recognition interfaces.!'—'® The size, shape, charge, and
hydrophobicity (hydrophilicity) of the molecules are impor-
tant factors for physical recognition. SAMs on gold elec-
trodes can easily block the electrochemical communication
of charged inorganic compounds, such as [Fe(CN)g]>~/4~
and [Ru(NH3)6]2*/3*, with the electrodes. On the contrary,
organic redox compounds with small sizes are permeable
through SAMs, and undergo direct electron transfer reac-
tions with the underlying electrodes. Figure 2 shows typical
CVs of 1, K3[Fe(CN)g] and Ky4[Fe(CN)g] at an electrode
prepared by the 10-min dipping of an electrode in a C;,SH
ethanolic solution. At both pHs, well-defined cyclic voltam-
mograms of 1 are evident, indicating that 1 is permeable

through the monolayer to the electrode surface to undergo

direct electron transfer with the electrode. However, at the
measured pH range (pH 3—11), the SAM acted as a barrier
for the electrochemistry of [Fe(CN)s]*>~ and [Fe(CN)g]*~
with the electrode. The pH dependence of the formal po-
tentials of 1 in solution at a bare electrode and the 10 min-
dipping prepared electrode were measured, where 1 (50 uM)
existed as a monomeric form (from UV-visible absorption
spectra; data not shown). For both electrodes, at lower pHs,
the formal potentials changed with pH with a slope of —60
mV/pH and at 9.4+0.1 < pH < 10.3+0.1, the E°/ values var-
ied with pH by —30mV/pH. At pHs higher than 10.3 E°’
was pH-independent. These results indicate that pK,, and
pKaz of 1 are 9.44-0.1 and 10.340.1, respectively. Thus, the
redox reaction of 1 is given as :

Ho{ )08 " o{D)=D0 +2H" +2¢°
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Fig. 2. Cyclic voltammograms at a 10 min-dipped C;2SH/Au
electrode in the presence of 1 (50 uM) at pH 4.0 (a) and pH
10.0 (b) and in the presence of 2 mM Kj3[Fe(CN)s] (c) or 2
mM K4[Fe(CN)s] (d). Electrolyte concentration : KCI=0.1
M.
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The formal potentials of 1 at pH 3.0 and pH 9.0 are 493.5
and 130 mV vs. SCE, respectively, and E°’ (167.5mV vs.
SCE) of [Fe(CN)¢]>~/4~ lies in between these values. The
obtained results seem to satisfy the requirements for pH-
modulated vectorial electron transfer reactions.

The surface coverage of Cj2SH should be important for
chemical recognition based on electrochemistry. To ascer-
tain this, we examined the electrode-dipping time depen-
dence, and found that modified electrodes prepared by long
dipping (>1 h) in an ethanolic solution of C;,SH (1.0 mM)
resulted in no electrochemical communication of 1 with the
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electrodes and, therefore, were not suitable for the present
study. Hence, the 10 min-dipped SAM electrodes were used
for the following experiments.

Figure 3 shows the influence of K4[Fe(CN)g] addition for
CVsat pH 4.0 at the C;,SH/Au electrode in the presence of 1,
where the reaction of [Fe(CN)s]*~ and 1 (oxidized form) is
downhill by 266 mV. Itis evident that the added [Fe(CN)¢]*~
induces an increase in the anodic current, demonstrating one-
way electron transfer from [Fe(CN)s]*~ to 1 (oxidized form),
and then from biphenyldiol to the electrode.

On the contrary, at pH 10.0, where the reaction of 1
(reduced form) and [Fe(CN)s]>~ was downhill by 69 mV,
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Fig. 3. Influence of K4[Fe(CN)s] addition on cyclic voltam-
mograms at a 10 min-dipped C;,SH/Au electrode in pH 4.0
aqueous solution containing 50 uM 1, K4[Fe(CN)s] and 0.1
M KCl. Concentration of K4[Fe(CN)g] are: 0 mM (a), 0.1
mM (b), 0.2 mM (c), and 0.3 mM (d). Sweep rate: 50
mV s~ !, Temperature:25°C.
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Fig. 4. Influence of K3[Fe(CN)s] addition on cyclic voltam-
mograms at a 10 min-dipped C;»SH/Au electrode in pH
10.0 aqueous solution containing 50 pM 1, K3[Fe(CN)s]
and 0.1 M KCl. Concentration of K3[Fe(CN)g] are: 0 mM
(a), 0.1 mM (b), 0.2 mM (c), and 0.3 mM (d). Sweep rate:
50 mV s~'. Temperature:25°C.
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one-way electron flow was found to be reversed (from ‘an-
odic vectorial electron transfer’ to ‘cathodic’). Typical data
are shown in Fig. 4 where the observed decrease and in-
crease in the anodic and cathodic currents, respectively, via
the addition of [Fe(CN)g]>~ should be ascribable to a recy-
cled reduction of 1 (oxidized form) with the electrode couple
via the oxidation of 1 (reduced form) with [Fe(CN)s]>~.

A triggered change (‘switching’) between the anodic and
cathodic vectorial electron transfer reactions is revealed in
Fig. 5, where [Fe(CN)s]*~, [Fe(CN)]*~, and 1 coexist in’
solution. Note that just by changing the pH, one-way electron
flow is reversed. Similar results were obtained for the pH
change between pH 3.0 and 11.0. A schematic illustration
for the pH-modulated vectorial electron transfer reactions is
shown in Fig. 6.

In conclusion, pH-modulated vectorial electron transfer
reactions between the underlying electrode and [Fe(CN)¢]*~
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Fig. 5. Cyclic voltammograms at a 10 min-dipped C;,SH/Au
electrode in the presence of 50 uM 1, 2 mM Kj[Fe(CN)g]
and 2 mM Ku[Fe(CN)s] in pH 3.0 (a) and pH 9.2 (b)
aqueous solution (KCl: 0.1 M). Sweep rate: 50 mV s™h
Temperature:25°C.
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Fig. 6. Schematic illustration for the pH-modulated vectorial electron transfer reactions.

or [Fe(CN)g¢]*~ via 1 (oxidized or reduced form) at a self-
assembled monolayer of C1,SH were demonstrated for the
first time. This finding may offer possibilities for the con-
struction of functional molecular devices based on the tuning
of rectified electron-transfer reactions.
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