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Design of an Organic Ultramicroelectrode Array.

Potential Use of Microstructures of

Binary Langmuir—Blodgett Monolayers of Totally
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Mixed monolayers of totally 7m-conjugated electroactive compounds, 1-methyl-4-[2-[4-[2-(4-quinolyl)vi-
nyl|phenyl]vinyl]quinolinium perchlorate (1) and 1-methyl-4-[2-[4-[2-(4-pyridyl)vinyl]phenyl]vinyl]pyridinium
perchlorate (2) and those of compound 1 and palmitic acid (PA) were formed on a 0.1 M KClO4 aqueous
solution. Surface pressure area isotherms and fluorescence microscopic observations suggest that mixtures of
compounds 1 and 2 form homogeneous mixed monolayers, but those of 1 and PA are phase-separated in the
mixed monolayers. These monolayers were transferred to gold by using the Langmuir-Blodgett technique and
then in situ electrochemical characterization was conducted. Cyclic voltammograms of the mixed monolayers
of 1-2 and 1-PA on gold indicate rectified transmembrane electron transfer through the monolayer of 1 in
the mixed monolayers to hexacyanoferrate(Il) in solution. Potential-step chronocoulometric responses have
revealed that the monolayer of 1 in the mixed LB monolayer of 1-2 acts as an organic ultramicroelectrode

array electrode.

The formation and characterization of assembled or-
ganic monolayers, especially those possessing electroac-
tive moieties, on electrodes are of considerable interest
because they provide organized and oriented electro-
chemical reaction sites on metal electrode surfaces.'—2%
A convenient way to form monolayers on electrode sur-
faces is the use of self-assemblies of alkanethiols and
their derivatives with a long alkyl chain from solution
onto gold surfaces.?"'?» Using this approach, the sur-
face coverage of monolayers on gold can be roughly
controlled by changing the immersion time of the gold
electrodes in the thiol-containing organic solution and
the concentration of thiol in the organic solvent. These
monolayers can be prepared with relatively defect-free
structures. In self-assembly procedures, the control
of the composition ratio in mixed monolayers is not
easy. Langmuir—Blodgett (LB) film transfer is an al-
ternative technique for the formation of monolayers on
solid substrates.??> Although LB monolayers on solid
surfaces often retain defect structures from the mono-
layers formed at the air-water interface, the LB tech-
nique is a powerful method for the formation of multi-
component monolayers with different composition ratios
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on solid surfaces.

The purpose of this study is the design and prepara-
tion of an organic ultramicroelectrode array using mi-
crostructures of LB monolayers for the stepwise elec-
tron transfer through totally 7-conjugated electroac-
tive compounds. There are some reports of the for-
mation of monolayer-based ultramicroelectrodes for the
study of very rapid electrode kinetics. Sabatini and
Rubinstein?® studied the microelectrode kinetics of an
ultramicroelectrode array of self-assembled monolay-
ers formed spontaneously by adsorption of octadecyltri-
chlorosilane and 1-octadecanol on gold. Bilewicz and
Majda®® reported the formation of mixed LB films
of octadecylmercaptan and octadecylalcohol containing
ubiquinone which act as a “gate site” for the electro-
chemical communication with [Ru(NHj3)g)3*/2* in solu-
tion. Detailed electrochemical studies of self-assembled
octadecylmercaptan monolayers on gold as microarray
electrodes were described by Finklea, Rubinstein and
co-workers.29

Very recently, we described the formation of mono-
layers of 7-conjugated electroactive compounds (1, 2)
at the air—water interface and rectified transmembrane
electron transfer through the LB monolayers of 1 and 2
on gold with [Fe(CN)g]3~ in solution (Chart 1).!” The
study led us to design and develop organic ultramicroar-
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rays using LB monolayers of 7t-conjugated electroactive
amphiphiles on electrodes, as described here.

Experimental

Materials. The syntheses of 1-methyl-4-[2-[4-][2-(4-
quinolyl)vinylphenyl]vinyl]quinolinium perchlorate (1) and
1-methyl-4-[2-[4-[2- (4-pyridyl)vinyl]phenyl]vinyl]pyridinium
perchlorate (2) were described elsewhere.’” Palmitic acid
(PA) was recrystallized twice from ethanol solution before
use.

Surface Pressure-Area Isotherms. Surface pres-
sure-area isotherms of the single component and mixed
monolayers of 1, 2, and PA were measured on a 0.1 M (1
M=1 moldm™3) KCIO; Milli-Q aqueous solution (20 °C)
at a compression rate of 40 mmmin~* by a computer-con-
trolled film balance (USI System, Model FSD-110). Aceto-
nitrile/benzene (v/v=1/9, Tokyo Kasei spectroscopic grade)
was used as the spreading solvent.

Fluorescence Microscopic Observation of Mono-
layers. The fluorescence microscopy setup used in this
study includes a computer-controlled film balance (USI Sys-
tem, FSD-110) and a fluorescence microscope equipped with
a SIT TV camera (Hamamatsu Photonics, Model C-2400)
and a video recording system.2” A 150 W Hg lamp with a fil-
ter (Zeiss, BP546,/12) was used for excitation, and the light
emitted from a monolayer was passed through a filter (Zeiss,
LP590). Compound 1 was found to be fluorescent, therefore,
addition of a fluorescence probe such as octadecylrhodamine
B to the monolayers was not necessary in this study.

Formation of LB Monolayer Electrodes. A com-
puter-controlled Langmuir-Blodgett trough (size: 330x40
mm?, maximum barrier moving area: 300x40 mm?)
equipped with an area controller (USI System Co., Ltd.,
FSD-111) was used for the preparation of the monolayer
electrodes. The trough was placed in a closed box containing
nitrogen. The deposition of the monolayers was conducted
with the modified horizontal dipping procedure, typically as
follows. At a surface pressure of 20 mNm™?!, a well-polished
Au disk electrode (Bioanalytical Systems, diameter 1.6 mm)
was slowly lowered to make contact with the monolayer at
the air/water interface for about 10 s. The electrode was
then further lowered into the subphase (obtained monolayer
electrodes: 1/Au, 2/Au, 1-2/Au, 1-PA /Au).

LB Monolayers with Microelectrode Array Structures

In Situ Electrochemical Measurements of LB
Monolayer Modified Electrodes. In situ cyclic voltam-
metry and potential-step chronocoulometry of the modified
electrodes were conducted in the subphase solution with an
electrochemical analyzer (Bioanalytical Systems, 100B) in
a closed box under a nitrogen atmosphere. A saturated
calomel electrode and a Pt wire were used as the reference
and the counter electrodes, respectively. The experimental
conditions of potential-step chronocoulometry were as fol-
lows. The solutions were all deoxygenated 0.1 M KCl1Oy4 con-
taining 0.01 M K3[Fe(CN)g]. The initial and final potentials
were 0.5 V and —0.75 V, respectively and the pulse width
was 200 ms. For the diffusion constant of [Fe(CN)g]®~, the

reported value of 7.69%x107% cm?s™! was used.

Results and Discussion

As we have described elsewhere,'” the totally m-con-
jugated compounds 1 and 2 showed typical expanded
monolayers at the air/water interface. Figure 1 shows
the surface pressure-area isotherms of the mixed mono-
layers composed of 1-2 and 1-PA at 20 °C. The limit-
ing areas occupied by 1 and 2 on 0.1 M KCIO4 aqueous
solution at 20 °C were 0.37 and 0.27 nm?/molecule,
respectively. These values are almost identical with ar-
eas estimated from CPK space-filling models. Figure 2
shows plots of the area of mixed monolayers composed
of 1-2 and 1-PA at a surface pressure of 25 mNm™! as
a function of mole fraction of compound 1.27~2) When
compound 1 was mixed with compound 2, there was
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Fig. 1. Surface pressure-area isotherms for binary
monolayers of 1-2 (above) and 1-PA (below) on 0.1
M KCl1O4 aqueous solutions at 20 °C. X is the mole
fraction of 1 in the LB monolayers.
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Fig. 2. Plots of mean molecular occupied area for 1-
2 (O) and 1-PA (@) monolayers calculated from the
data (at 25 mNm™?!) of Fig. 1 as a function of mole
fractions of 1. See the text for details.
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no deviation from the expected theoretical straight line
(dotted) which occurs in the case of ideal mixing or
complete non mixing. Because the chemical structures
of 1 and 2 are similar, “semi-quantitative ideal” mixing
is suggested. In contrast, when compound 1 was mixed
with PA, a considerable negative deviation from ideal
mixing, associated with a strong molecular interaction
between each component molecule, was observed.

In order to obtain direct images of the structures of
the binary monolayers at the air/water interface, we ap-
plied a fluorescence microscopic technique.?”3%3%) Flu-
orescence micrographs of the monolayers of 1-2 and 1-
PA at 20 °C are shown in Fig. 3. In the applied excited
condition, only compound 1 fluorescence was observed.
At surface pressures of zero (data not shown) and 20
mNm™!, totally homogeneous microscopic images were
observed for the 1-2 monolayers (Fig. 3a), indicating
that the two components were uniformly mixed. In
contrast, the 1-PA mixed monolayer gave darks spot
at 0 mNm™! (Fig. 3b) and an increase in the surface
pressure to 20 mNm™! led to enlarged domains in the
matrix (Fig. 3c). Despite the strong molecular inter-
action between compounds 1 and PA, as can be seen
from Fig. 2, phase separation behavior between the two
component is evident. This can be explained as follows:
the two components interact at the molecular level, but
at the macroscopic level (pum size), phase separation oc-
curs between the single component of compound 1 and
the mixed phase of 1 and PA or the single phase of
PA and the mixed phase of 1 and PA. The former ex-
planation is suggested from the electrochemical results
described below.

Each mixed monolayer of 1-2 and 1-PA was trans-
ferred to a gold disk electrode by lowering a polished
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Fig. 3. Fluorescence microscopic images of mixed
monolayers of 1-2 and 1-PA on a 0.1 M KClO4 aque-
ous solution at 20 °C. a. 1-2 monolayer (molar ra-
tio; 1/2=1, surface pressure; 20 mN m~!), b. 1-PA
monolayer (molar ratio; 1/PA=1, surface pressure; 0
mNm™?), c. 1-PA monolayer (molar ratio; 1/PA=1,
surface pressure; 20 mN m_l)‘

electrode horizontally to the air/water interface at 20
mNm™! and then pushing it into the subphase (0.1 M
KClOy) to conduct in situ electrochemistry.
Single-component monolayers of 1 and 2 on gold
electrodes give cyclic voltammograms with E,,=-0.78
V, Epc=—0.84 V and E,,=-0.86 V, E,c=—-1.08 V,
respectively.!” These redox couples are attributable to
the one-electron reduction/oxidation couple of 1 and
2. Typical +F curves (first scan) of a mixed mono-
layer modified electrode of 1-2 (1/2=0.5) are shown
in Fig. 4. The switching potential was set to —0.90 V
in order to measure the redox current of compound 1
only in the mixed monolayer on the electrode; i.e., the
electrochemistry of amphiphile 2 is almost negligible.
Transmembrane vectorial electron transfer to a redox
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Fig. 4. Cyclic voltammograms for binary monolayer
electrodes modified with 1-2 (A and B) and 1-PA (C
and D) in the presence (A and C) and the absence (B
and D) of 1 mM K3[Fe(CN)g] in deoxygenated 0.1 M
KClOy4 solution. Measured potential range: —0.5 to
—0.9 V vs. SCE. Scan rate, 0.2 Vs~!. Molar ratios
of 1/2 and 1/PA are both 0.5.
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species in solution via m-conjugated compound 1 in the
mixed monolayers was examined. In the presence of
ferricyanide, a 1-2/Au electrode gave minimal faradaic
electrochemistry near 0.2 V vs. SCE, the formal poten-
tial of ferricyanide (Fig. 5, trace b). This indicates that
the mixed monolayer blocks the direct electrochemical
communication of ferricyanide with the electrode. It is
evident by comparing trace a and trace b in Fig. 4 that
the presence of ferricyanide results in an increase in the
cathodic current and the disappearance of the anodic
current near —0.75 V. This demonstrates a one-way
electron transfer from 1 in the mixed monolayer to [Fe-
(CN)g]3~ in solution. Moreover, the stepwise electron
transfer via 1 molecules in the mixed monolayer assem-
blies on the electrode to [Fe(CN)g]>~ in the subphase
is indicated. A 1-PA/Au mixed monolayer electrode
gave similar i-E curves (Fig. 4, ¢ and d); however, the

LB Monolayers with Microelectrode Array Structures
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Fig. 5. Cyclic voltammograms for a bare electrode (a)
and the same monolayer modified electrodes as in
Fig. 4 (b, 1-2; ¢, 1-PA) in the presence of 1 mM
K3[Fe(CN)g] in deoxygenated 0.1 M KClOy4 solution.
Measured potential range: +0.5 to —0.3 V vs. SCE.
Scan rate, 0.2 Vs~ 1.

blocking ability of the monolayer on the electrode for
the direct electron transfer between the electrode and
[Fe(CN)g)®>~ was poor (Fig. 5, trace c). In the 1-PA sys-
tem, blocking ability was increased with the increase of
the composition ratios of PA.

Potential-step chronocoulometry®® was used to ex-
amine the phase structure of the binary monolayer mod-
ified electrodes with different molar ratios of 1/2 and
1/PA. Figure 6 shows typical chronocoulometric re-
sponses for the 1-2/Au electrode in the form of Anson
plots. The value of “A”, defined as the apparent “ef-
fective” electrode area for the mixed monolayer with
different molar ratios on modified electrodes, and the
value of “A® ”, defined as the apparent electrode area
of the pure 1 monolayer modified electrode, can be cal-
culated from those Anson plots for the 1-2/Au and 1-
PA/Au electrodes using the following equation:

Q = 2nFAD}/*Cyt'/?, 1)
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Fig. 6. Chronocoulometric Anson plots for mixed

monolayers of 1-2 on gold in the presence of 0.01
M K3[Fe(CN)g] in deoxygenated 0.1 M KClO4 aque-
ous solution at 20°C. Mole fractions of 1 are: 1.0 (a),
0.5 (b), 0.4 (c), 0.2 (d), 0.1 (e).
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where @, n, F, Dy, and C; are the charge, the electrons
per molecules oxidized or reduced, the Faraday number,
the diffusion coefficient, and the bulk concentration of
the electroactive species, respectively.’® Table 1 sum-
marizes the slopes, Qt'/2, of the Anson plots and the
apparent electrode areas for 1/2/Au and 1+PA/Au
electrodes with different fractions of 1. In Fig. 7, 4/A°
ratios for the mixed monolayer modified electrodes are
plotted as a function of the mole fraction of 1. In the
mixed monolayer system of 1-2, A/ A° changed very lit-
tle; i.e., the value of A/A° for the monolayer of 1-2 at a
mole fraction 0.4 showed just a 10% decrease compared
with a mole fraction of 1.0. On the other hand, in the
mixed monolayers of 1-PA, A/A° values decreased al-
most linearly with a decrease in the composition ratio
of 1. But the extrapolation of the plot of A/A° vs. the
mole fraction of 1 does not give a zero intercept. This
may be due to insufficient blocking of these monolayers
toward ferricyanide.

The differences in the electrochemistry between the
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Fig. 7. Electrode area rations (A/A°) for the mixed

monolayer modified electrodes obtained from Anson
plots (Fig. 6) as a function of the mole fraction of 1.
Open circles: 1-2 modified electrodes, solid circles:
1-PA electrodes.
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two kinds of mixed monolayer systems can be explained
by differences in diffusion mechanisms. At the 1-PA
mixed monolayer modified electrodes, the distances be-
tween the formed electroactive domains of 1 on Au
may be large in comparison with the thickness of the
diffusion layer.>¥ Thus, the electrochemistry is being
controlled by linear diffusion, which gives a linear re-
lationship between A/A° and the mole fraction of 1.
At the 1-2 mixed monolayer electrodes, distances be-
tween the electroactive domains of 1 in the mixed mono-
layer are expected to be smaller than those of the dif-
fusion layer. This is because 1-2 forms “semi-quanti-
tative ideal” mixed monolayers and radiation diffusion
is operative;®*—%7 i.e., the apparent diffusion layer does
not decrease linearly with the decrease in the mole frac-
tion of 1. The results of Fig. 7 for a 1-2 monolayer elec-
trode are consistent with this model. Radial diffusion
depends on whether the diffusion layers overlap and the
layer thickness depends on time.

Conclusions

A new type of organic ultramicroelectrode array using
mixed Langmuir-Blodgett monolayers of electroactive
and electroinactive m-conjugated amphiphiles has been
described. Stepwise rectified transmembrane electron
transfer which exhibits microelectrode behavior occurs
through electroactive molecules in mixed monolayer as-
semblies on electrodes to [Fe(CN)g]3~ in bulk solution.
Cyclic voltammetry and potential-step chronocoulome-
try have been used to characterize these reactions. Mi-
crostructures of the ultramicroelectrode arrays could be
controlled by the miscibility of the binary components
in the monolayer assemblies on the water surfaces.

To the best of our knowledge, this is the first report
on the preparation and electrochemical characterization
of an organic ultramicroelectrode array using binary LB
monolayers of 7t-conjugated electroactive and electroin-
active compounds. Totally 7m-conjugated compounds
are candidates for “molecular wires”®®*® which con-
nect electron flow between the different elements of a
molecular electronic device. The present study may be
useful in such applied fields apart from the fundamental
aspects of this work.

Table 1. @Q/t'/? and Apparent Electrode Area for 1+2/Au and 1+PA /Au Electrodes

Fraction of 1 1/1+2 1/1+PA
t
action o Q/t'? Apparent electrode Q/t/? Apparent electrode
coulomb /s/2 area, A/mm?® coulomb /s'/? area, A/mm?®

1.0 0.977 1.02(=A4%) 0.293 1.03(=4%)
0.5 0.872 0.913 0.178 0.621
04 0.853 0.893 0.148 0.516
0.3 ©) — 0.142 0.495
0.2 0.717 0.750 ©) —
0.1 0.620 0.648 0.106 0.366

a) [Fe(CN)g]3~ =10 mM. b) [Fe(CN)g]>~ =3 mM.

¢) Not measured.
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