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The self-assembly and electrochemical properties of mixed self-assembled monolayer
(SAMs) of 4-methoxy-4'-(N-(2''-mercaptoethyl)amino)carbonyl)azobenzene
(C1AzoC,SH) and 1-butanethiol (C4SH) were studied on the gold electrode by cyclic
voltammetry. Usually the azobenzene groups exhibit very sluggish electron-transfer ki-
netics in the densely packed films. The alkanethiol as the spacer molecule was introduced
to the azobenzene monolayer system to weaken the intermolecular interaction in order to
enhance the electrochemical activity of the azobenzene group. Under the different molar
ratios of C;AzoC,SH and C4SH we obtain a different electrochemical response and an ap-
parent surface electrochemical rate constant. The experimental results suggested that the
azobenzene groups exhibit a higher electrochemical activity in the mixed SAMs systems.
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Chemical modified electrodes have been the subjects of considerable interest for
more than a decade [1]. The electrochemical behavior of surface-modified electrodes
continues to be of interest for both fundamental and practical perspectives [2,3].
Among them, monolayer self-assembly chemistry is a most promising strategy for
constructing stable, well-defined monolayers on electrode surface. It provides a way
of immobilizing redox-active groups onto electrode surface at a desired distance and
a controlled microenvironment. Up to now, redox couples such as ferrocene [4,5],
viologen [6,7] and ruthenium polypyridyl complexes [8,9] within self-assembled
monolayers (SAMs) have been widely investigated.

Azobenzene chromophore is photochemically reactive, originating from its re-
versible trans-cis photoisomerization and is also electrochemically reactive, owing
to its red-oxidation [ 10]. Recently, efforts have been made to introducing azobenzene
group into SAMs [11,12]. Usually, the azobenzene groups exhibit very sluggish elec-
tron-transfer kinetics in the densely packed films. Many researchers have indicated
that the main reason for the low electrochemically activity of the azobenzene SAMs is
the spatial inhibition of monolayer structure on the reactions of azobenzene, which
involve conformation change and protonations [ 13,14]. Basing on this sense, we pre-
pared mixed monolayers, introducing the alkanethiols with the similar carbon chain
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into the azobenzene SAMs in order to enhance the electrochemical activity of the azo-
benzene groups.

In this paper, the 1-butanethiol (C4SH) acts as the spacer component, which has
the same length of alkyl chain as the —C(O)N(H)(CH,),- of azobenzene component.
We describe the preparation of mixed self-assembled monolayers on gold electrode
with a novel thiol-functionalized azobenzene, 4-methoxy-4'-(N-(2"'-mercaptoethyl)a-
mino)carbonyl)azobenzene (C;AzoC,SH) and alkanethiols, 1-butanethiol (C4SH),
and the investigation of their electrochemical behavior by cyclic voltammetry.

EXPERIMENTAL

Chemicals: The azobenzene functionality was introduced into the thiol according to Figure 1(A).
Thionyl chloride (CP), pyridine (CP) was purchased from Beijing Chemicals. 2-Aminoethanethiol hy-
drochloride was obtained from Aldrich. Pyridine was dried over potassium hydroxide and distilled before
using. All other chemicals were used without further purification. The 4-methoxy-4'-carboxylic azoben-
zene was prepared following a standard literature procedure [15].

CH3O@N=N—QCOOH
_S0ChL @ N=N— H—cocl

NH,(CH,),SH
2{3\2 : @ OCONH(CHz)ZSH
N

(A)

2€ 2H

N
o
(B)

Figure 1. (A) Synthesis route for alkanethiol derivatives having both amide and azobenzene groups.
(B) Redox process occurs between azobenzene and hydroazobenzene in the monolayer.
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Substrate preparation: Monolayers were formed by the self-assembling technique on gold electrodes.
The electrodes were first polished with 0.5 um alumina slurry, followed by extensive rinsing with water
and sonication. The Au electrode was then electrochemically cleaned and polished by cycling the elec-
trode potentially between —0.20 and +1.40V vs Ag/AgClin 0.5 M H,SO, for several minutes until a stable
and standard voltammetry was obtained. Self-assembled monolayers (SAMs) were prepared by immers-
ing clean gold substrate into a series of 1.0 mmol/L ethanol solution containing 4-methoxy-4'-(N-(2"'-
mercaptoethyl)amino)carbonyl)azobenzene (C;AzoC,SH) and 1-butanethiol (C4,SH) with different com-
ponent ratios over 24 h to reach a saturated and steady coverage. Afterwards, the substrates were washed
with ethanol and dried in N, prior to characterization.

Apparatus: Electrochemical measurement was performed by using BAS-100B electrochemical ana-
lyzer. A personal computer was used for data storage and processing. The conventional three-electrode
system was used. An Ag/AgCl saturated KCl electrode and a Pt plate were used as the reference electrode
and counter electrode, respectively. All experiments were carried out in 0.067 mol L™ phosphate buffer
(pH: 5.4), which was free from oxygen by bubbling through it with high-purity nitrogen.

RESULTS AND DISCUSSION

Electrochemical behavior of C;AzoC,SH and mixed SAMs: Azobenzene group is
electrochemically active in aqueous solution owing to its redox (see Fig. 1). The typi-
cal cyclic voltammogram of C;AzoC,SH SAMs at pH 5.4 in 0.067 mol L' sodium
phosphate buffer is shown in Fig. 2. Under the experiment condition, repetitively cy-
cling over hundreds of scans does not alter the voltammogram, demonstrating that the
SAMs are stable to electrochemical cycling. The shapes of voltammetric waves deviate
from that predicted for an immobilized quasi-reversible redox couple. In particular, re-
markably large separation between anodic peak and cathodic peak was found ina CV
plots. Such a peak separation has also been observed by Laviron [16] when azobenzene
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Figure 2. Cyclic voltammogram of C;AzoC,SH SAMs in pH 5.4 phosphate buffer solution. Scan rate is
100 mV/s.
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is reduced on a carbon electrode or a platinum electrode, and is generally attributed to
the interaction between the redox active site and electrode surface. The surface concen-
tration of electrochemically active azobenzene groups (I's,,) in C;AzoC,SH SAMs
was estimated to around 2.035 x 10" mol cm 2, which is obtained by the integration
of the current associated with the azobenzene redox wave, assuming a two-electron
and two-proton mechanism. In the case of SAMs, C;AzoC,SH molecules are highly
oriented and closely packed, with the carbon chain (including the amide groups) lo-
cated between the azobenzene unit and the gold substrate, making it possible to elimi-
nate the specific interaction of the azo group with electrode surface. Therefore, large
peak separation observed in this system can mainly be attributed to the sluggish elec-
tron transfer kinetics.

In this work, the mixed SAMs system is introduced into the azobenzene SAMs in
order to enhance the electrochemical activity of azobenzene groups. Fig. 3 shows the
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Figure 3. The schematic illustration of C;AzoC,SH SAMs and mixed SAMs of C;AzoC,SH and C,SH.



Electrochemical behavior of... 703

schematic illustration of mixed SAMs of C;AzoC,SH and C4SH. Since both kinetic
and thermodynamic factors may effect the final composition of the monolayers, but
the preparation of mixed SAMs is far from trivial [17]. The RA-IR results showed that
varying the relative ratio of these two components in the assembling solution could
control the ratios of the component in SAMs. The cyclic voltammograms in Figure 4
were obtained from an electrode prepared by soaking gold electrode in ethanol so-
lutions containing various ratios of C;AzoC,SH and C,SH. Following modification,
the electrode potential was cycled between +600 mV and —800 mV at 100 mV/sin a
phosphate buffer solution. The differences in the potentials of the peaks decreased,
while the content of C4SH in the film increased, which indicated that introducing the
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Figure 4. Cyclic voltammetry of mixed SAMs of C;AzoC,SH and C4,SH: (a) pure C;AzoC,SH, (b) 99.5%
C,AzoC,SH, (¢) 99% C1AzoC,SH, (d) 90% C,AzoC,SH, (e) 80% C,AzoC,SH, (f) pure C4,SH
(molar percentage in solution). The electrolyte was 0.067 mol/L phosphate solution and scan
rate was 100 mV/s.
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C,4SH into the SAMs resulted in a change of the microenvironment of azobenzene
groups and enhance an electron transfer kinetics. It is clear that C,SH are preferentially
adsorbed relative to C;AzoC,SH. Thus, when the content of C4,SH is about 20% (mo-
lar percentage in the assembling solution), no distinct anodic or cathodic peak appears.
The competitive self-assembly of C;AzoC,SH and C4SH results in a decrease of the
concentration of azobenzene in the mixed SAMs.

Electrochemical kinetics of C;AzoC,SH and mixed SAMs: The significantly large
AE, values, that we observed for azobenzene SAMs, led us to investigate their possi-
ble scan rate dependence. Figure 5 shows the plot, which clearly indicates that £, and
E, are linearly changed with the logarithmic scan rate, not only for the C;AzoC,SH
SAMs but also for the mixed SAMs assembled with different ratios solution. Accord-
ing to Laviron’s treatment [ 18], the standard heterogeneneous rate constant of elec-
tron transfer may be obtained in a straightforward manner from (1, 2 and 3) under
totally irreversible conditions

E -E" - RT In ankv (1)
oanF | RTk,,,

" RT ln[(l - (X)I’IFV] @)

E,=E" +
(1-o)nF RTk,,,

log kuyp = . log(l —a) + (1 — ) log a. — log(RT/nfv) — a1 — a)nFAE,/2.3RT 3)
AE,=E,—-E,

where the notation v means the potential scan rate and R, T and F have their usual
meaning. Assuming that the product an does not vary with potential, the graphs of .
-In(v) and E,, -In(v) have been fitted with linear regression lines, as shown in Figure 5.
The respective slopes of the lines are RT/(anF) and RT/((1 — a)nF). The values of an
and (1 — o)n were thus obtained and substituted back in (1) and (2) to solve for k.
The results (see Table 1) demonstrate that the k,,, of C;AzoC,SH SAMs was much
smaller than that of mixed SAMs. In the previous study [19], we have shown that in
the azobenzene SAMs three kinds of intermolecular interactions exist: aromatic in-
teraction between the azobenzene groups, the hydrogen bonding between the amide
groups, and the hydrophobic interactions between the alkyl chains. The existence of
these three kinds of interactions attracts the molecules together, forming a closely
packed, well-ordered structure in SAMs. Azobenzene groups exhibit very sluggish
electron-transfer kinetics in the densely packed films. In this work, we introduced the
C,4SH into the azobenzene SAMs to weaken these intermolecular interactions, which
allows for required conformational changes of the azobenzene unit. The standard het-
erogeneous rate constant of the mixed SAMs is two orders of magnitude larger than
that of the azobenzene SAMs.
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Figure 5. The dependence of the anodic peak potential (£,), the cathodic peak potential (£;) and the
mid-point potential (E,. = (E, + E./2)) on the scan rate (v) for C;AzoC,SH SAMs (A) and
mixed SAMs (B).

Table 1. The electrochemical parameters of C;AzoC,SH SAMs and mixed SAMs.

T=287.15 C1AzoC,SH C1Az0C,SH:C,SH CAz0C,SH:C,SH
V=0.1V/s 99.5:0.5 99:1
EJ/mV ~0.575 ~0.455 ~0.499
E/mV 0.005 ~0.078 ~0.065
n 2.000 3275 1.778
a 03822 0.7525 0.5403
Kapp 4.1522e-5 3.9126¢-4 1.54078¢-3

logkep, —4.3817 -3.4076 —2.8123
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