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Selective modiﬁcation of electrode surfaces is a vital step in the
development of many practical applications of self-assembled monolayers (SAMs). This paper describes a protection–deprotection
strategy similar to that commonly utilized in organic synthesis, with
gold oxide as a protecting layer, to direct self-assembly on one gold
electrode in the presence of another.
Spontaneous formation of self-assembled monolayers (SAMs)
of organosulfur compounds is a convenient route to the uniform
modiﬁcation of gold surfaces.1 Some applications (e.g. sensors,
photovoltaics, microelectronics, and diagnostic chips), however,
require selective modiﬁcation only on speciﬁc regions of a
substrate.2 To meet this need, methods have been developed
to print patterns of SAMs on uniform substrates,1–3 as well as
to modify particular features selectively on pre-patterned
substrates (e.g., electrode arrays).1,4–10 This paper describes a
facile electrochemical method using gold oxide as a protecting
layer to allow the directed self-assembly of monolayers from
dialkyl disulﬁdes on selected gold electrodes. This approach
integrates the well-established ‘‘protection–deprotection’’
strategy used successfully by synthetic organic chemists for
decades into an electrochemical method with potentially broad
applicability for the regiochemical control of surface structure.
This approach complements our previous work on the siteselective formation of SAMs from alkyl thiosulfates and may
provide a route to o-functionality (e.g. hydroxyl, vinyl) not
amenable to that method.11–14
Previously, Rubinstein and coworkers demonstrated that
although dialkyl disulﬁdes spontaneously adsorb on gold to
form SAMs, they do not adsorb on oxidized gold.15–17 This
behavior contrasts with that of alkanethiols, which form
SAMs on gold oxide, presumably by initial reduction to
produce elemental gold followed by adsorption.17–21 The
inherent diﬀerence in the reactivity of disulﬁdes with gold and
gold oxide, coupled with the ease of formation and removal
of oxide coatings on gold, oﬀers opportunities analogous
to protection–deprotection sequences common in synthetic
organic chemistry, for example in the use of silyl groups to
temporarily block reactivity at a protected hydroxyl group.22
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This system also served as an appropriate target because it
would extend the types of precursors that can be used for the
regioselective formation of SAMs and because dialkyl disulﬁdes
exchange much more slowly than alkanethiols with pre-formed
monolayers.23
To test this approach, we used glass substrates bearing two
independently addressable gold electrodes. As shown schematically in Fig. 1, both electrodes initially represented viable
sites for chemisorption of disulﬁde. Oxidation of one of these
electrodes produced an oxide coating that rendered it inert to
chemisorption. A monolayer could then be adsorbed on the
other electrode selectively. After this adsorption step, the ﬁrst
electrode could be deprotected, regenerating a bare gold
substrate, onto which a second, distinguishable monolayer could
be adsorbed. Gold oxide can be produced electrochemically,
by application of an anodic potential in sulfuric acid, and the
nature of the oxide can be controlled by the particular potential
used.24–26
Although this oxide is thermodynamically unstable, ﬁlms
formed in this way are (kinetically) inert over the timescale of
the experiments described in this paper.18,27,28 In our studies,
gold oxide was produced electrochemically in 0.5 M sulfuric
acid using a standard three-electrode cell comprising a gold
working electrode, a platinum wire as the counter-electrode,
and an aqueous Ag/AgNO3 (10 mM) reference electrode. To
oxidize electrode 1 (Fig. 1), its potential was held at 0.2 V for
10 s, followed by 1.2 V for 10 s. The sample was then rinsed
with deionized water (18.1 MOcm) and dried under a stream
of N2.
Analysis by X-ray photoelectron spectroscopy (XPS) conﬁrmed
the addition of an oxide coating. A survey scan revealed the
presence of gold, oxygen and a small amount of carbon
(contamination). A high resolution spectrum in the Au 4f
region contained both narrow peaks (fwhm, 0.7 eV) due to
elemental gold (84.0 eV, 4f7/2; 87.7 eV, 4f5/2) and broad peaks
(fwhm, 1.3 eV) consistent with a mixed oxide (B85.7 eV, 4f7/2;
89.4 eV, 4f5/2).25,26,29–32 A high resolution spectrum in the
oxygen 1s region contained a broad peak that could be ﬁt with
four components at 529.3, 530.1, 531.1, and 532.5 eV. These
binding energies are similar to those reported for gold oxide
grown by pulsed-laser deposition and are consistent with a mixed
oxide containing both oxo and hydroxyl species.28–30,33,34 The
ratio of Au3+ to oxygen on this sample was 38 : 62, very close
to that expected for Au2O3 (40 : 60).
To assist formation of a SAM on the unmodiﬁed electrode
(2, Fig. 1), its potential was stepped from 0.3 V to 0.9 V,
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Fig. 1 Schematic representation of a protection–deprotection approach to the selective, sequential modiﬁcation of neighboring gold electrodes.
In the ﬁrst step, electrode 1 is oxidized electrochemically, which allows electrode 2 to be modiﬁed selectively. The oxide on electrode 1 is then
reduced to regenerate the bare gold surface, and a second SAM is adsorbed on it. For clarity, the thicknesses of the gold electrodes and glass
substrates are not drawn to scale.

with 5 s at each potential, in the presence of dihexadecyl
disulﬁde. The applied potential served to accelerate the
adsorption of dialkyl disulﬁdes on bare gold,17 and thereby
reduce the time required to accomplish the synthetic sequence.
Forty of these voltammetric pulses were applied to electrode 2
in a solution containing dihexadecyl disulﬁde (1 mM) and
LiClO4 (0.1 M) in tetrahydrofuran (THF). In optimization
studies, we found that this combination of limiting potentials
and number of pulses gave the highest quality monolayers.
The sample was then removed from solution, rinsed with
THF, and water, and dried under a stream of N2. The contact
angles of hexadecane (481) and of water (1121), as well as the
ellipsometric thickness (16 Å), were consistent with formation
of an ordered monolayer ﬁlm on the surface.13,35,36 The contact
angles of hexadecane (wetting) and water (551) on the oxidized
electrode 1 indicated that a SAM had not adsorbed on this
surface. Ellipsometry also indicated the continued presence of
the oxide coating.34
High-resolution XPS spectra in the Au 4f region veriﬁed
that electrode 2 remained in a reduced state after this step
(Fig. S1, ESIw). A slight reduction of the oxide ﬁlm on
electrically isolated electrode 1 occurred, perhaps by secondary
electrons resulting from the X-ray irradiation used to analyze
the sample.37 To determine the selectivity of SAM formation,
high-resolution spectra were also collected in the sulfur 2p
region (Fig. S2, ESIw), and these data revealed the presence of
thiolate only on electrode 2 (162.1 eV, S 2p3/2; 163.3 eV, S 2p1/2),
consistent with SAM formation only on that electrode.38 Weak
photoemission intensity centered at B167.5 eV for electrode 1
is consistent with a small amount of sulfate at the surface of

the electrode, presumably from the solution in which that
electrode was oxidized.39 Subsequent treatment of electrode 1
in ethanol (Fig. S1 and S2w) reduced the oxide on that electrode
(84.0 eV, Au 4f7/2; 87.6, Au 4f5/2), while the SAM on electrode 2
remained intact (84.0 eV, Au 4f7/2; 87.6, Au 4f5/2; 162.0 eV,
S 2p3/2; 163.3 eV, S 2p1/2).
A SAM was then adsorbed on electrode 1 by stepping its
potential from 0.3 V to 0.9 V, with 5 s at each potential, in
the presence of [CF3(CF2)9(CH2)2S]2. The contact angles of
hexadecane (801) and water (1211), as well as the ellipsometric
thickness (9 Å), indicated the presence of a ﬂuorinated SAM
on that electrode.13,40 The contact angles and ellipsometric
thickness of the dihexadecyl disulﬁde SAM on electrode 2
remained the same as before the adsorption of a SAM on
electrode 1.
High resolution XPS spectra in the S 2p region veriﬁed the
presence of a SAM on both electrodes (electrode 1, 161.9 eV,
S 2p3/2; 163.1 eV, S 2p1/2; electrode 2 162.0 eV, S 2p3/2;
163.2 eV, S 2p1/2). Furthermore, a high resolution spectrum
in the F 1s region showed the presence of ﬂuorinated SAM only
on electrode 1 (688.3 eV, fwhm 1.6 eV), verifying that no crosscontamination of electrode 2 occurred during monolayer formation (Fig. 2, left).13 As expected, a high resolution spectrum
of electrode 1 in the C 1s region showed three major peaks
corresponding to the CF3, CF2 and CH2 carbons (293.3 eV,
fwhm 1.0 eV; 290.9 eV, fwhm 1.1 eV; and 284.3 eV, fwhm 1.5 eV,
respectively; Fig. 2, right).13 A high resolution spectrum of
electrode 2 in the C 1s region showed only one peak corresponding to the carbon in the dihexadecyl disulﬁde (284.8 eV,
fwhm 1.1 eV; Fig. 2, right). These results unambiguously

Fig. 2 High resolution X-ray photoelectron spectrum of electrodes 1 and 2 in the F 1s and C 1s regions after the selective adsorption of a
hydrocarbon-bearing SAM on electrode 2 and a ﬂuorinated SAM on electrode 1.
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demonstrate that this protection–reaction–deprotection sequence
allows the regioselective modiﬁcation of independently addressable electrodes on a single substrate.
In summary, we have developed a method that successfully
uses gold oxide as a reversible protecting layer for the directed
self-assembly of monolayers from dihexadecyl disulﬁde on gold.
This approach is similar to the protection–deprotection scheme
used for analogous reasons in synthetic organic chemistry. The
analogy is not strict, of course, because the electrodes are
independently addressable, and therefore can be selectively
protected or deprotected without relying on inherent diﬀerences
in chemical kinetics. Although there are alternative strategies
for reaching a similar target—e.g., reductive desorption,4
cathodic blocking,8 or directed electrochemisorption11–14—the
approach described here may have important advantages in
certain applications. For example, this method does not involve
thiols or thiolates that could exchange with components of
previously adsorbed SAMs, nor does it not produce reactive
by-products (such as SO3) that could complicate incorporation
of nucleophilic functionality into the SAM. This procedure
holds promise for microelectronic applications, including sensors,
biosensors, and photovoltaics, and ongoing work focuses on its
applicability to microelectrodes and its use with o-functionalized
disulﬁde precursors.
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