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Electrochemical Metal Deposition on Top of an Organic Monolayer

Deyu Qu and Kohei Uosaki*
Physical Chemistry Laboratory, DiVision of Chemistry, Graduate School of Science, Hokkaido UniVersity,
Sapporo 060-0810, Japan

ReceiVed: May 25, 2006; In Final Form: July 17, 2006

Electrochemical deposition of metals (platinum or gold) only on top of an organothiolate, 1,4-benzene-
dimethanethiol (BDMT) or hexanedithiol (HDT), self-assembled monolayer (SAM) on a Au(111) substrate
was achieved by electrochemical reduction of PtCl4

2- or AuCl4- ion, which was preadsorbed on one free
thiol end group of the dithiol SAM formed on a Au surface, in a metal-ion-free sulfuric acid solution at
potentials more negative than the reduction potential of the metal ion. Angle-resolved X-ray photoelectron
spectroscopy (AR-XPS) measurement after the reduction of preadsorbed PtCl4

2- ion on BDMT/Au(111)
electrode showed the presence of Pt not underneath but on top of the BDMT SAM. After a negative potential
scan of the Pt/BDMT/Au(111) electrode to-1.30 V in 0.1 M KOH solution, a typical cyclic voltammogram
of a clean Au(111) electrode was obtained, showing that the BDMT SAM with a Pt layer was reductively
desorbed. These results proved that a Pt-BDMT SAM-Au substrate sandwich structure without a short
circuit between the two metals was successfully constructed by this technique. Furthermore, a decanethiol
(DT) monolayer was constructed on a Au layer, which was formed by the reduction of preadsorbed AuCl4

-

ion on HDT/Au(111) electrode. The formation of DT/Au/HDT/Au(111) structure was confirmed as two cathodic
peaks corresponding to reductive desorption of DT from Au on top of the HDT/Au(111) at-0.97 V and that
of Au/ HDT from Au(111) at-1.12 V were observed when potential was scanned negatively to-1.35 V.

Introduction

Metal layer formation on top of a nonconductive organic
monolayer has been an important research subject in recent years
because of its connection with an attractive field of molecular
electronics in which an organic monolayer will be used in
electronic components. Self-assembled monolayers (SAMs) of
thiols are good candidates to be used as molecular layers for
this purpose because of their unique advantages such as ease
of preparation, highly ordered structure, and well-documented
characteristics. To build up molecular devices, attention must
be paid to the electrical properties of these organic molecules
in the SAM. A metal-SAM-metal sandwich structure without
a short circuit between the two metals is used to determine the
electrical properties of the molecules and is also an essential
component of molecule devices. In this geometry, a Au substrate
usually serves as a bottom electrode. The top electrode could
be metal nanoclusters prepared by vacuum vapor deposition1-10

or from a suspension of metal nanoparticles.11-14 Previous
studies have shown that vapor-deposited Au or Ag penetrates
into the SAM and inserts into the thiol-Au bond at the Au/
SAM interface when it is vacuum-deposited on an alkanethiol
SAM with a methyl end group.2,3,5-7 In contrast, when they
are deposited on an alkanedithiol SAM with a thiol end group
pointing up, metal nanoparticles are formed on top of the
SAM.1,2,4,8 This is due to the strong interaction between
deposited metal nanoparticles and thiol end groups, which
reduces the possibility of diffusion of deposited metal nano-
particles into the SAM. Dithiol SAMs are also used for attracting
and fixing the metal nanoparticles on the surface from a
solution.11-14

Formation of a metal layer on top of an SAM by electro-
chemical deposition has several advantages over vacuum
deposition. For example, electrochemical deposition is less
complex, less expensive, and easier to control. However, most
attempts to electrochemically deposit a metal on top of an SAM
have failed. For example, to galvanically deposit copper on thiol-
modified Au electrodes, an overpotential is required for
nucleation to occur,15 and defect sites on the SAM act as
nucleation centers in the under-potential deposition (UPD)
region.16-18 Deposition of copper took place through these
defects, and a Cu monolayer grew between the Au surface and
the thiol adlayer.16-21 The kinetics of this phase formation is
very slow, possibly because the deposit has to penetrate through
the molecule film and spread out as a buried monolayer.16-18

In the over-potential deposition (OPD) region, two- and three-
dimensional growth of Cu clusters at the defect sites were
observed,16-18,22-24 and the Cu clusters rapidly covered the
whole surface.16-18 In the case of electrochemical deposition
of silver on a thiolate SAM-covered Au electrode, Ag ions
penetrated the SAM through defects and Ag was deposited
directly onto the Au surface.25,26While the UPD Ag layer was
inserted between the SAM and Au substrate, the thiolate SAM
was buried by the bulk Ag deposited at high overpotential.27

Electrochemical deposition of an Rh cluster on a thiolate-
covered Au surface was also studied recently.28 In that case the
imperfections in the SAM acted as nucleation sites for small
Rh clusters, and the clusters outgrew on top of the organic
monolayer.

The above studies indicate that defect sites in SAMs play a
vital role in electrochemical metal deposition on SAM/Au
systems, and electrocrystallization of metal initially takes place
at these imperfections and metal deposits not on top of but
underneath the SAM. This is not surprising since the surface
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energies of metals are higher than those of organic molecules
and the metal-metal-SAM configuration is of the lowest
energy state.

Another cause of the failure of metal layer formation on top
of an SAM by electrochemical metal deposition seems to be
the presence of metal ions in solution. Even if some metal ions
are immobilized on top of anω-functional thiolate SAM, such
as dithiol, large amounts of free metal ions in the bulk solution
can still penetrate the organic film through defect sites in the
course of electrochemical reduction reaction, and metal deposi-
tion occurs directly on the Au surface.25,26

Thus, to deposit metal only on top of an organic surface, at
least one of these two factors must be eliminated. Recently,
Kolb and co-workers29-31 demonstrated the formation of a metal
layer on an organic surface by electrochemical deposition. They
used a 4,4′-dithiodipyridine-modified Au(111) electrode at which
a pyridine moiety was exposed, so that palladium(II) or platinum
tetrachloride ions were to be adsorbed on the surface of the
molecular layer. The Pd or Pt ion was then electrochemically
reduced to metallic Pd or Pt in a metal-ion-free acidic solution.
They showed that the metal existed not between the SAM and
Au substrate but on top of the organic layer by using angle-
resolved X-ray photoelectron spectroscopy (XPS). Electro-
chemical reduction of preadsorbed metal ion in metal-ion-free
solution led to the successful deposition of a metal layer only
on top of an organic surface.

To wire molecules into an electrical circuit and construct a
metal-molecule-metal junction for molecule electronic ap-
plications, strong interactions between the molecular layer and
the metal layers at each end are required but pyridine-Pt
interaction is not necessary strong. Recently, we have proposed
another approach,32 which is closely related to the work of Kolb
and co-workers,29-31 but provides stronger interaction between
SAM and the formed metal layer by using dithiol. The
adsorption energy of a thiolate group on Pt surface is ap-
proximately 65 kcal/mol33 while that of pyridine with its
nitrogen bound to Pt surface is around 18 kcal/mol.34 There is
another advantage of using dithiol SAMs as there are rich
references on dithiol SAMs in relation to molecular elec-
tronics.8,11,13,38-42 Thus, the system we studied, metal-dithiol-
metal, should be more suitable for application in molecular
electronics. The procedure we have proposed for the metal
deposition on top of the SAM is schematically described in
Figure 1. At first, a Au(111) electrode is modified with a
monolayer of dithiol through self-assembly from a solution. The
modified electrode is then immersed in a solution containing
metal ions. Then the metal ions in the solution bind to the free
SH end group of the SAM surface.35-37 Finally, the electrode
is transferred to a metal-ion-free solution, and the adsorbed metal
ions are electrochemically reduced to form a metal layer on
top of the SAM.

In this work, we carry out the detailed investigation of our
approach. Two systems are chosen. One is Pt deposition on a
1,4-benzenedimethanethiol (BDMT) SAM. BDMT is one of the
first molecules for which electrical resistance was quantitatively
measured,8,42-44 and the structure, stability, and reactivity of

the BDMT SAM on Au have been well studied.35,45-49 Pt is
chosen as the deposited metal by considering the possible
application of metal-organic-metal sandwich structure for
catalyst.50 The another system is Au deposition on 1,6-
hexanedithiol (HDT). In this case, a second organic layer is
formed on the deposited Au to demonstrate the possible
construction of organic multilayer.51

Experimental Section

Materials. BDMT (>95%) and HDT (>95%) were pur-
chased from TCI (Tokyo Chemical Industry). Methanol (reagent
grade), ethanol (reagent grade), H2SO4 (suprapure grade), HClO4
(suprapure grade), K2PtCl4 (suprapure grade), and KAuCl4

(96+%) were all obtained from Wako Pure Chemicals. 4-Me-
thylbenzyl mercaptan (MBM, 96%), decanethiol (DT) (>96%),
and KOH (semiconductor grade) were purchased from Aldrich.
All chemicals were used as received. Water was purified using
a Milli-Q purification system (Millipore). Ultrapure Ar gas
(99.9995%) was purchased from Air-Water.

A Au(111) single crystal, which was used in electrochemical
and XPS measurements, was prepared from a gold wire
(99.999% pure, Tanaka Precious Metal) by the Clavilier
method52 and was then cut and mechanically polished. The real
surface area of the Au(111) single-crystal electrode was
estimated from the cathodic current corresponding to the
reduction of Au oxide to be 0.068 cm2. The Au substrates used
for ellipsometry measurements were prepared by vacuum
evaporation. Titanium of 10 nm in thickness was evaporated
on a slide glass at 200°C followed by 100-nm-thick gold
evaporation at an evaporation rate of 0.01 nm s-1. The Au
surface was flame-annealed in a hydrogen flame and cooled
under an argon stream before each measurement.

Electrochemical Measurements.Electrochemical measure-
ments were performed in a three-compartment electrochemical
cell using a digital potentiostat (Hokuto Denko, HSV-100). The
electrode potential was referred to a Ag/AgCl (saturated NaCl)
electrode, and a Pt wire was used as a counter electrode. The
electrolyte solution was deaerated by bubbling Ar gas for at
least 30 min before each experiment.

Ellipsometry. Ellipsometry measurements were performed
using a SOPRA, GESP-5 ellipsometer in a wavelength region
of 300-800 nm with an incident angle upon the sample of 75°.
A software program (WINELLI) was employed to determine
the monolayer thickness. The refractive index of the SAM was
assumed to be 1.45.53

XPS.XP spectra were obtained using a Rigaku Denki model
XPS-7000 X-ray photoelectron spectrometer with a Mg KR
radiation. Base pressure in the analysis chamber was 5× 10-7

Pa. Angle-resolved XP spectra were obtained by varying the
angle between the surface and analyzer from 90° to 30°. Wide
scans were carried out with 50 eV pass energy, 25 W electron-
beam power, and a resolution of 0.8 eV. Narrow-scan spectra
of the Pt 4f, S 2p, C 1s, Cl 2p and Au 4f regions were obtained
with 15 eV pass energy, 100 W electron-beam power, and a
resolution of 0.1 eV. Binding energy was calibrated with an
Au 4f7/2 peak at 84.0 eV.

SAM Formation, Metal Ion Adsorption, and Metal
Formation. BDMT, HDT, and MBM SAMs were prepared by
immersing the Au substrate in an ethanol solution of thiols with
a concentration of 1 mM for 1 or 2 h (for dithiol SAM
formation) to 12 h (for monothiol SAM formation). BDMT or
HDT-modified gold, after being sufficiently rinsed with ethanol
and deionize water, was immersed in 0.5 M KOH solution for
3 min in order to deprotonate the surface thiol group and then

Figure 1. Schematic illustration of metal formation on top of the SAM.
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incubated in 5 mM K2PtCl4 or KAuCl4 solution for 20 min.
The treated Au electrode was transferred to a 0.05 M H2SO4

solution, and the electrode potential was set at+0.4 V, which
is more negative than the redox potential of PtCl4

2- (around
+0.55 V) and AuCl4-1 (around+0.8 V),54 to electrochemically
reduce the adsorbed Pt or Au ions to metallic Pt or Au,
respectively, on top of the BDMT or HDT SAM.

Results and Discussion

Characterization of BDMT SAM. Previous studies showed
that BDMT is adsorbed on a Au surface with a benzene ring
perpendicular to the surface.35,45-49 In this orientation, one thiol
group binds to the Au surface and the other is free on the surface.
This free thiol group on the surface may lead to the formation
of a multilayer as indicated by previous studies.35,45-49 The
formed BDMT SAM on the Au(111) surface was characterized
by ellipsometry and cyclic voltammetry.

The measured ellipsometric thicknesses of BDMT layers on
a vacuum-evaporated Au substrate surface with self-assembly
in a 1 mMBDMT ethanol solution for 1, 2, and 3 h were found
to be 1.1 ( 0.2 nm, 1.0( 0.20 nm, and 1.5( 0.2 nm,
respectively. The expected thickness of a BDMT monolayer
film on Au with perpendicular orientation, taking into account
the molecular length, bond angle, and Au-S bond distance, is
1.14 nm.45,49 Thus, a BDMT SAM formed on an Au(111)
surface prepared under the present conditions was a monolayer
with perpendicular orientation, leaving one free SH group on
top of the SAM.

A cyclic voltammogram (CV) of a BDMT SAM on Au(111)
was recorded in a 0.1 M KOH solution with a potential scan
rate of 20 mV s-1 as shown in Figure 2. A sharp cathodic peak
corresponding to reductive desorption of the BDMT SAM was
observed at-1.13 V. The reductive charge was 100µC cm-2

without double-layer charge correction, which is in good
agreement with the value for the reductive desorption of an
alkanethiolate SAM with saturated coverage of a (x3 × x3)
R 30° structure formed on an Au(111) surface.55-59 It should
be mentioned that this value consists of 70% of Faradic charge
for one-electron reduction of an SAM with saturated coverage
of a (x3 × x3) R 30° structure and 30% of capacitive (non-
Faradic) charge.55-59

These observations suggest that a full monolayer of BDMT
was formed on the Au(111) surface with a free thiol end group
face up.35,45-49

Adsorption of Platinum Ions on BDMT SAM Surface.
Figure 3 shows XP spectra of a Pt-ion-modified BDMT SAM
on a Au(111) substrate. The XPS spectra in Pt 4f region (Figure
3a) clearly show a Pt 4f doublet with binding energy of Pt 4f7/2

and Pt 4f5/2 peaks at 72.9 and 75.6 eV, respectively. The Cl 2p
(Figure 3b) peak was observed at a binding energy of 200.1
eV, which agrees with that of Cl 2p of K2PtCl4.60 The relative
amount of Pt and Cl was determined by61

where I is the peak intensity andR is the relative sensitivity
factor. UsingRCl andRPt of 0.45 and 1.75, respectively,61 the
ratio of Cl to Pt (CCl/CPt) was found to be 3.8. These results
and the fact that no potassium peak was found in the XP spectra
indicate that the platinum ions were adsorbed on the SAM in
the form of platinum tetrachloride complex (PtCl4

2-). The
obtained binding energy of Pt 4f7/2 was smaller than 73.4 eV,
which corresponds to Pt 4f7/2 binding energy of K2PtCl4.61 This
suggests that Pt was coordinated with the S end group and that
the oxidation state of Pt was changed from+2 to +1.35,37 As
shown in Figure 3c, the XP spectra in the C 1s region before
(dashed line) and after (solid line) adsorption of Pt ions are
almost identical with a binding energy peak of 285.7 eV. This
implies that the attachment of Pt ions did not affect the amount
and the nature of BDMT SAM.

Figure 3d shows XP spectra in the S 2p region before (dashed
line) and after (solid line) adsorption of Pt ions. The position
of the S 2p peak before the adsorption Pt ions was 164 eV,
which is in good agreement with that of a dithiol SAM-covered
Au,62,63 where two types of sulfur species, i.e., Au-SR and
RSH, coexisted. After adsorption of Pt ions, the S 2p peak was
observed at slightly lower binding energy with a shoulder around
162.5 eV and seemed to be broadened with decreased intensity.
This suggests that thiol, with S 2p3/2 and S 2p1/2 peaks at 163.6
and 164.8 eV, respectively,63,64was converted to thiolate, with
S 2p3/2 and S 2p1/2 peaks at 161.9 and 163.1 eV, respectively,63,64

after the Pt ion adsorption. This clearly indicates that the free
thiol groups on the surface have been coordinated with platinum
complex ions.

Formation of Metallic Pt on Top of the BDMT SAM
Surface.Figure 4 shows a cyclic voltammogram of the Pt-ion-
modified BDMT SAM-covered Au(111) electrode recorded in
0.05 M H2SO4 solution after electrochemical reduction of
platinum ions in 0.05 M H2SO4 solution by holding the electrode

Figure 2. Cyclic voltammogram of a BDMT SAM on a Au(111)
electrode in a 0.1 M KOH solution with potential scan rate of 20
mV s-1.

Figure 3. XP spectra of (a) Pt 4f, (b) Cl 2p, (c) C 1s, and (d) S 2p
regions of a BDMT SAM before (dashed line) and after (solid line) Pt
complex ion adsorption.

CCl/CPt ) (ICl/RCl)/(IPt/RPt) (1)
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potential at+0.4 V. A redox wave was observed in the potential
region of +0.1 V to -0.20 V, and a significant increase of
cathodic current was observed at potentials more negative than
-0.2 V. This is a typical CV of a Pt electrode, and no peaks
were found in this potential region at the BDMT SAM-covered
Au(111) electrode in the same solution, confirming the redox
wave observed in Figure 4 is not due to reductive desorption/
oxidative readsorption of the BDMT SAM but adsorption/
desorption of hydrogen on Pt. The large cathodic current was
due to hydrogen evolution. These results prove that metallic Pt
was formed.

The charge associated with the desorption of hydrogen on
the electrochemically deposited Pt was found to be 61µC cm-2.
This value is equal to about 28% of the charge associated with
the desorption of one hydrogen full monolayer on a Pt(111)
surface, which is 210µC cm-2,65 suggesting that only1/3
monolayer of Pt with respect to the number of gold atoms on
the Au(111) surface was formed. This is in very good agreement
with the value expected from the structure of thiolate SAM on
Au(111), i.e., (x3 × x3) R 30° structure, in which the number
of molecules with respect to the number of gold atoms on the
Au(111) surface is 1/3. These results suggest that one free thiol
group of each dithiol molecule is linked to one platinum
tetrachloride complex ion.

Figure 5 shows XP spectra of a Pt-BDMT-Au(111)
electrode. Peaks of Pt 4f7/2 and Pt 4f5/2 were observed at 71.7
and 75.2 eV, respectively (solid line), which are shifted from
72.9 and 75.6 eV, respectively (dotted line), obtained before
the reduction, confirming that metallic Pt was formed. The
binding energies of Pt 4f7/2 and Pt 4f5/ 2 peaks in Figure 5a are
still higher than those of the bulk Pt metal, i.e., 71.2 and 74.5
eV, respectively.61 A similar shift was reported in the XP spectra
of alkylthiol-modified Pt nanoclusters, in which the Pt 4f binding
energies were found to be higher than those of bulk Pt by 0.8
eV. 66

Figure 5b shows that the Cl 2p peak totally disappeared after
electrochemical reduction of Pt ions. This also supports that
the Pt complex ions were reduced to metallic Pt. The C 1s
spectra before and after the reduction were, however, almost
identical as shown in Figure 5c, showing that the BDMT SAM
was not disturbed in the course of Pt metal formation. The
position of the S 2p peak (Figure 5d) was also found to be the
same before and after the electrochemical reduction.

Figure 6 shows a set of XP spectra of a Pt-BDMT-Au-
(111) electrode in the region of (a) Pt 4f and Au 4f7/2, (b) C 1s,

and (c) S 2p observed with various takeoff angles,θ, i.e., angles
between the electrode surface and the direction of photoelectrons
detected by the analyzer. The intensities of the Au 4f7/2 peak
with binding energy of 84 eV and C 1s peak with binding energy
of 285.7 eV decreased with decrease in the takeoff angle. On
the other hand, the intensity of Pt 4f with binding energy of
72.9 and 75.6 eV seems to be independent of the takeoff angle.
The intensities of the S 2p peak were also found to be constant
at different takeoff angles. To clearly see the relation between
the relative intensities of the Pt 4f peak with respect to the Au
4f7/2 and C 1s peaks and the takeoff angles, log(IPt/IAu) and log-
(IPt/IC) were plotted as a function of 1/sinθ in Figure 7. The
relative intensities of the Pt 4f peak to those of the Au 4f and
C 1s peaks increased as the takeoff angle decreased. This proves
that Pt was indeed deposited not underneath buton top ofthe
BDMT SAM.

The results of electrochemical measurements also provided
the evidence that Pt was presentonly on top ofthe SAM. A
solid line in Figure 8 shows a current response of the Pt-BDMT
SAM-modified Au(111) electrode at the first cycle of the

Figure 4. Cyclic voltammogram of a Pt/BDMT/Au electrode in 0.05
M H2SO4 solution with potential scan rate of 20 mV s-1

.

Figure 5. XP spectra of electrodes prepared in different steps (BDMT/
Au: dashed line; Pt ion/BDMT/Au: dotted line; Pt/BDMT/Au: solid
line) in the region of (a) Pt 4f, (b) Cl 2p, (c) C 1s, and (d) S 2p.

Figure 6. XP spectra of Pt/BDMT/Au electrodes with different exit
angles (90°: solid line, 60°: dashed line, 30°: dotted line) in the region
of (a) Pt 4f with Au 4f7/2 peak, (b) C 1s, and (c) S 2p.
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potential scan in the region between 0 and-1.30 V. The
cathodic current increased significantly when the potential
became more negative than-1.0 V, and a shoulder peak was
observed at-1.18 V. The large cathodic current is due to
hydrogen evolution. It is well-known that Pt has much higher
catalytic activities for hydrogen evolution reaction (HER) than
Au.67 The hydrogen evolution current at Au(111) electrode in
0.1 M KOH solution started to flow around-1.1 V. The
shoulder should be due to the desorption of the Pt covered
BDMT SAM. The position of the shoulder peak is more negative
than the reductive desorption peak potential of the BDMT SAM.
The reductive charge of this peak is not able to be estimated
accurately because it is not possible to separate it from the
charge of hydrogen evolution. The HER current at a given
potential was smaller in the reverse scan. The dashed line in
Figure 8 shows the current response of the electrode during the
second cycle of the potential scan in the same potential region.
It clearly shows that the HER current decreased further in this
scan, showing that the amount of Pt gradually decreased. These
results indicate that Pt-BDMT SAM was desorbed from the
electrode surface in the negative going scan of the first potential
cycle but stayed in the vicinity of the electrode and gradually
left from the surface. To confirm the removal Pt from the

electrode, current response of the Pt-BDMT SAM-modified
Au(111) electrode was recorded when the potential was stepped
from 0 V to -1.30 V in 0.1 M KOH solution (Figure 9). The
current decreased gradually with time, confirming that Pt was
remained in the vicinity of the electrode after desorption of Pt-
BDMT SAM and gradually diffused away. It is already known
that thiol molecules form aggregate on the surface after the
reductive desorption.55-57,68-70 The inset of Figure 8 shows a
CV of the Pt-BDMT SAM-modified electrode after above-
mentioned potential scans in the potential region between-0.6
V and+0.6 V. This is a typical CV of a clean Au(111) electrode
in a 0.1 M KOH solution,55,71 suggesting the total removal of
the Pt-BDMT layer and recovery of the clean Au(111) surface
by potential cycling. The recovery of the clean Au(111) surface
was further confirmed by the CV of the electrode recorded in
H2SO4 solution after the examination in 0.1 M KOH solution
as shown in Figure 10, which is also in good agreement with
that of a clean Au(111) electrode reported previously.72,73 The
inset of Figure 10 shows the current-voltage relation with
enlarged scale in the potential region between+0.1 V and-0.25
V. It is clear that no redox wave of hydrogen adsorption/
desorption at Pt electrode was observed, no sign of HER in
this potential region. It should be stressed that even small amount
of Pt on a Au electrode significantly enhances the HER current,
which can be easily detected. Furthermore, the XP spectra
obtained after the negative scan to-1.30 V in 0.1 M KOH
solution show no Pt 4f and S 2p peaks. These results clearly

Figure 7. Dependencies of relative intensity of (a)IPt/IAu and (b)IPt/IC on the takeoff angle.IPt, IAu, andIC represent the intensities of XP spectra
of Pt 4f7/2, Au 4f7/2, and C 1s peaks, respectively.

Figure 8. Cyclic voltammogram of a Pt/BDMT/Au electrode recorded
in 0.1 M KOH solution with potential scan rate of 20 mV s-1. Solid
line shows the first cycle of potential scan between 0 and-1.30 V.
Dashed line shows the second cycle of scan. Inset: A CV of the
electrode, after above-mentioned scans, in the potential region between
-0.6 V and+0.6 V.

Figure 9. Current response of the Pt/BDMT/Au(111) electrode vs time
after potential stepped from 0 V to -1.30 V in 0.1 M KOH solution.
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show that Pt was removed with BDMT by the cathodic scan in
alkaline solution, indicating that Pt was not deposited on the
Au(111) surface but existedonly on top ofthe SAM and that
the Pt-SAM was reductively desorbed as it is impossible to
remove it by negative potential scan if Pt was directly deposited
on Au.

Electrochemical Pt Deposition on a BDMT SAM in a
Solution Containing Platinum Ions and on an MBM SAM
in a Platinum-Ion-Free Solution. The above results show that
a Pt/SAM/Au sandwich structure without a short circuit between
two metals can be constructed by the method proposed here.
There seems to be two important key factors for the success.
One of the key factors in this method is that the reductive
deposition of metal was carried out in a metal-ion-free solution.
This prevents the diffusion of free metal ions through the organic
film to the Au substrate surface. Another key factor is the
presence of free thiol end groups on the SAM, which provide
adsorption sites for metal ions. This prevents the penetration
of metal ions through the SAM and metal being deposited
underneath of the SAM, directly on the substrate metal.

To confirm the importance of these factors, effects of excess
platinum ion and of free thiol end group were investigated by
studying electrochemical deposition of Pt on a BDMT SAM-
modified Au(111) surface in a solution containing platinum ions
and on a MBM SAM-modified Au(111) surface in a platinum-
ion-free solution, respectively.

Pt deposition on a BDMT-covered Au(111) electrode was
carried out in a 0.05 M H2SO4 solution containing PtCl4

2- ions
at +0.4 V. After holding the potential at 0.4 V for 20 min,
which is equal to the incubation time used for Pt deposition in
a Pt-ion-free solution, the electrode was transferred to 0.1 M
KOH solution and potential was scanned negatively to-1.3 V
so that BDMT SAM was reductively desorbed. Figure 11 shows
a CV of this electrode after the reductive desorption of the SAM
in 0.1 M KOH solution measured in a 0.05 M H2SO4 solution.
In contrast to the result obtained for the Pt-BDMT-Au(111)
electrode prepared in a Pt-ion-free solution shown in Figure
10, a cathodic peak corresponding to the reduction of platinum
oxide and a hydrogen adsorption/desorption wave were observed
at around 0.4 V and in the potential region of+0.1V to -0.20
V, respectively. This clearly shows that Pt remained on the Au
surface after reductive desorption of the BDMT SAM, indicating

that Pt was deposited directly on the Au surface if Pt deposition
on a BDMT-covered Au(111) electrode was carried out in a
solution containing platinum ion. Thus, it is proved that the
platinum-ion-free solution is one of the key factors for the
formation of a metal-molecule-metal structure without short
circuit as suggested above.

Pt deposition was also carried out on an MBM SAM-modified
Au(111) electrode in a similar way as for Pt deposition on a
BDMT SAM-modified Au(111) electrode. After the incubation
in 5 mM K2PtCl4 solution for 20 min, the MBM SAM-modified
Au(111) electrode was transferred to a 0.05 M H2SO4 solution,
i.e., platinum-ion-free solution, and then the electrode potential
was set at+0.4 V so that adsorbed PtCl4

2- was electrochemi-
cally reduced to metallic Pt. After these treatments, the electrode
was transferred to a 0.1 M KOH solution where reductive
desorption of the SAM was carried out by scanning the potential
to -1.30 V. A CV of this electrode after the reductive desorption
measured in a 0.05 M H2SO4 solution was similar to the one
shown in Figure 11, indicating that Pt still existed on the Au
surface. This indicates that the Pt ions diffused through the SAM
in the course of incubation and adsorbed on the Au(111) surface.
The adsorbed PtCl4

2- was electrochemically reduced to metallic
Pt on the Au surface. Thus, importance of the existence of free
thiol end groups to prevent the direct deposition of Pt on the
Au substrate was also proved.

Electrochemical Formation of Metallic Au on Top of HDT
SAM-Covered Au(111) Surface.To prove this method is
applicable for the deposition of not only Pt but also other metals
on organic monolayers, Au was also electrochemically deposited
on top of an HDT SAM surface. Since the deposited metal is
the same material as the bottom substrate, the XPS measure-
ments were not carried out. Electrochemical and ellipsometry
measurements showed that a full monolayer of HDT with
measured ellipsometric thicknesses about 0.84 nm, which is
close to the expected length of 0.80 nm for the all-trans HDT
monolayer with a 30° tilt angle,74 was formed on a Au(111)
surface. After reduction of the adsorbed AuCl4

-1, metallic Au
was considered to be deposited on top of an HDT SAM-covered
Au(111) surface. To prove this, the Au/HDT/Au(111) structure
was used for an organic bilayer formation.51 Figure 12 shows a
CV of the Au/HDT/Au(111) electrode after the electrode was
dipped in an ethanol solution containing 1 mM DT recorded in
a 0.1 M KOH solution in a potential region between 0 and-1.35

Figure 10. Cyclic voltammogram of the electrode after desorbing the
Pt/BDMT SAM recorded in 0.05 M H2SO4 solution with a potential
scan rate of 20 mV s-1. Inset: An enlarged scale in the potential region
between+0.1 and-0.25 V.

Figure 11. CV of a Pt-deposited BDMT SAM-modified Au(111)
electrode, which was prepared in a 0.05 M H2SO4 solution containing
PtCl42- ions at+0.4 V, measured in 0.05 M H2SO4 solution with a
scan rate of 20 mV s-1 after the reductive desorption of the BDMT
SAM in a 0.1 M KOH solution by scanning the potential to-1.30 V.
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V. In contrast to the results shown in Figure 8, clearly resolved
two cathodic peaks were observed at-0.97 and-1.12 V
because HER was not catalyzed by deposited Au and took place
at more negative potential than the desorption of the SAMs.
The peak position of the reductive desorption of HDT SAM
after the Au deposition was close to that of the latter peak and
was more negative than that of reductive desorption of HDT
SAM, suggesting that the latter peak was due to the reductive
desorption of the Au/HDT SAM from the Au(111) substrate.
The charges of the former and the latter reduction peaks were
35 and 101µC cm-2, respectively, without double-layer charge
correction. Since the total reductive charge of the two peaks
was much larger than that of the reductive desorption of a full-
monolayer of alkanethiolate SAM on a Au(111) surface, the
possibility that the appearance of these two peaks was due to
the formation of binary SAM on the Au(111) surface by the
replacement of Au/HDT SAM with DT in solution was ruled
out.75,76These results suggest that the former peak at-0.97 V
was due to the reductive desorption of DT SAM from the
deposited Au on HDT modified Au(111) electrode. The fact
that the charge of the former peak was 34% of the latter is
reasonably explained by considering that the amount of Au
atoms deposited on HDT modified Au(111) surface was similar
to that of Pt atoms deposited on the BDMT SAM, which was
ca.1/3 of the Au atoms on the (111) surface. The DT SAM was
desorbed at more positive potential than the Au/HDT SAM
because while DT SAM was exposed to the solution, HDT SAM
was buried.

Conclusions

We have constructed and characterized metal-SAM-Au
sandwich structures. A dithiol SAM with free thiol groups facing
up was first formed on a Au(111) surface, metal ions were then
adsorbed on the free thiol groups of the thiol-terminated SAM
surface, and finally the metal ions were electrochemically
reduced in a metal-ion-free solution to form metal layer on top
of the dithiol SAM surface. XPS and electrochemical measure-
ments confirmed that metal was deposited not directly on the
Au(111) surface but only on top of the SAM. The strong
interaction between metal ions and the thiol-terminated surface
as well as the use of a metal-ion-free solution prevented the
deposition of metal on the Au(111) surface, i.e., beneath the
SAM. Bilayer structure was also constructed by utilizing Au/
SAM/Au(111) structure. Investigations of the electronic and
catalytic properties of metals deposited on the SAM are
underway.
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