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Abstract: In order to play a role of a linker between a 
functional molecular layer and the electrode substrate, 
the method to prepare the self-assembled monolayer of 
4-aminothiophenol (4-ATP), with the terminal amino 
group which can connect an anion, on Au(100) was 
investigated. The adsorption amount, orientation, and 
stability were examined based on the results of the 
electrochemical reductive desorption measurements. 
 
1. Introduction 

In the electrodes modified with the molecular 
layers with various functionalities, in order to 
efficiently take place electron transfer between the 
electrode and the functional molecular layer, it is of 
great importance to control the structure of the linker 
layer that connects the molecular layer and the single-
crystal electrode surface at the molecular dimension. 
Self-assembled monolayers (SAMs) of alkylthiols on 
gold have been extensively studied because of their 
high density, regular orientation, and high stability, and 
have been applied to various fields, such as sensors, 
corrosion inhibition, wetting control, and molecular 
electronic devices, because the alkylthiol SAMs can 
connect the gold substrate surface and the molecular 
layers with various functionalities [1-8]. 

Since many functional molecules have a 4-fold 
symmetry crystal structure, a single-crystal Au 
substrate, of which surface atomic arrangement has 4-
fold symmetry, like a Au(100) single-crystal substrate 
is desirable. Because of the ease of the preparation, 

however, there are most of the studies on the SAMs on 
Au(111) , which has 3-fold symmetry, and few studies 
on the SAM on Au(100) [3,10]. 

On the other hand, in order to construct a 
functional molecular layer containing anions, a cation 
terminated SAM is required. As one of them, an amino-
terminated 4-aminothiophenol (4-ATP) SAM has been 
well-studied [11-25]. However, the role of the 4-ATP 
SAM is to simply adsorb the deposit on the 
polycrystalline Au substrate [11-19] or to control the 
orientation on Au(111) with 3-fold symmetry [20-25]. 
There is no discussion about the dependence of the 
preparation method on the structure and orientation of 
the 4-ATP SAM formed on Au(100) with 4-fold 
symmetry.  

Here, two kinds of solvents, ethanol which is a 
polar solvent and hexane which is a non-polar solvent 
were employed as a solvent for the 4-ATP SAM 
preparation and the adsorption amount, orientation, and 
stability of 4-ATP SAMs, which were prepared by 
immersing the Au(100) substrate in the 4-ATP solutions 
for various periods, on Au(100) were discussed based 
on the results of the electrochemical reductive 
desorption measurements [26]. 
 
2. Material and Methods 
Materials. 

Au(100) single-crystal disk (diameter: 10 mm, 
thickness: 5 mm) was purchased from SPL and used 
after the pretreatments [27,28]. 4-ATP (97.0%) was 
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purchased from Wako Pure Chemicals, reagent grade 
ethanol, hexane, H2SO4 were from Kanto Chemicals, 
and semiconductor grade KOH was from Aldrich. All 
the chemicals were used without any further 
purification. Platinum wire (99.999%, diameter: 0.5 
mm) was purchased from Nilaco Co. Water was 
purified using a Milli-Q system (Sartorius, arium®pro 
UV/DI). Ultrapure Ar gas (99.9995%) and pure N2 gas 
(99.99%) were purchased from Kotobuki Sangyo. 
Sample Preparation 

Prior to each sample preparation, the Au(100) 
single-crystal disk substrate was flame-annealed using 
a Bunsen burner and was quenched with an ultra-pure 
water. Then, the Au(100) disk was immersed in ethanol 
or hexane solution containing 1 mM 4-ATP at room 
temperature (RT) for several periods from 10 min. to 5 
hours. The substrate was then rinsed with ethanol or 
hexane, respectively, and was dried with N2 blowing. 
Measurements 

Electrochemical measurements were carried out in 
an Ar-saturated 50 mM H2SO4 solution and in an Ar-
saturated 0.1 M KOH solution for checking the real 
surface area of the Au(100) electrode [28] and for the 
evaluation of the adsorbed amount of 4-ATP molecules 
on Au(100) [26], respectively, using the conventional 
three-electrode cell with the Hg/Hg2SO4 electrode 
(MSE) and Ag/AgCl electrode, respectively, as an 
reference electrode and with a Pt wire as a counter 
electrode. 

X-ray photoelectron spectroscopy (XPS) 
measurements were performed with the XPS system 
(Thermo Fisher Scientific, K-Alpha) under ambient 
pressure less than 10-4 Pa using AlK x-ray (1486.6 
eV) as an x-ray source. 
 
3. Results 

Figure 1 shows the cyclic voltammogram (CV) of 
the Au(100) single-crystal electrode, measured in the 
deaerated 50 mM H2SO4 solution just after Au(100) 
disk was flame-annealed and quenched. Two typical 
oxidation peaks at +0.64 V (vs. MSE) and +0.68 V for 

Au(100) showed that most of the surface of the present 
Au disk is the regulated Au(100) plane, but the 
relatively small oxidation peak was also observed at 
+0.85 V, indicating that a part of the surface is the 
Au(111) plane [28]. 

 

Figure 1. The CV of the Au(100) electrode, measured 

in the Ar-saturated 50 mM H2SO4 solution with a scan 

rate of 20 mV s-1. 

 
Based on the charge of the cathodic peak, which is 

due to the reduction of the outermost surface Au oxide 
layer, observed at +0.45 V, we can obtain the surface 
area to be 0.877 cm2 (roughness factor: 1.12) [28], 
showing that most of the surface of the present Au(100) 
disk is atomically flat. 

Using this Au(100) disk electrode, the 4-ATP 
SAMs were constructed by dipping the disk substrate 
into the 1 mM 4-ATP in ethanol or hexane for several 
dipping periods. Figure 2 shows the linear sweep 
voltammograms (LSVs) of the Au(100) modified with 
the 4-ATP SAM, prepared from the ethanol solution 
(Fig. 2(a)) and hexane solution (Fig. 2(b)) by the 
several dipping periods, measured in the deaerated 0.1 
M KOH solution when the potential scan started at 0 V 
to the negative direction. In both the LSVs shown in 
Figs. 2(a) and 2(b), one dominant cathodic peak was 
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observed around -0.9 V (vs. Ag/AgCl), which is due to 
the reductive desorption of the 4-ATP SAM from the 
Au(100) surface [26]. 

 

Figure 2. LSVs of the Au(100) electrodes modified 
with the 4-ATP SAMs, which prepared (a) from the 
ethanol solution and (b) from the hexane solution, 
measured in the Ar-saturated 0.1 M KOH solution with 
a scan rate of 20 mV s-1. Dipping periods were 10 min 
(black), 1 hour (green), 3 hours (red), and 5 hours (blue). 

 
Based on the literature [1,26], the alkylthiol SAM 

formed on gold (R-S / Au) is reductively desorbed from 
the gold surface with an electron (e-) as follows; 

 
R-S / Au + e-  R-S- + Au (1) 

 
where R-S- represents alkylthiolate anion. Therefore, it 
is possible to obtain the adsorption amount from the 
integrated charge (nmol cm-2) of the reductive peak, the 

stability of the SAM from the peak potential (V), and 
the orientation of the SAM from the full width at half 
maximum (FWHM) (mV) of the corresponding peak 
[26]. 

Figure 3 shows the dipping period dependences of 
the adsorbed amount, peak potential, and FWHM of the 
cathodic peak due to the reductive desorption of the 4-
ATP SAM in Fig. 2. 

 

Figure 3. Dipping period dependences of (a) the 
adsorbed amount (nmol cm-2), (b) peak potential (V vs. 
Ag/AgCl), and (c) FWHM values (mV) of the reductive 
current peak observed from the LSVs in Fig. 2. Data 
points, from which the 4-ATP SAM was prepared from 
the ethanol and hexane solutions, represent the red and 
blue, respectively, circles. 
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In the both dipping solvent cases, the adsorbed 
amount increased, the peak potential negatively shifted, 
and the FWHM value became smaller, with the dipping 
period, indicating that the longer the dipping period, the 
better the SAM formed. In both the 4-ATP SAMs 
prepared from the ethanol and hexane solutions, values 
of each factor were saturated by the dipping for 5 hours. 
Comparing 4-ATP SAM prepared from the ethanol 
solution with that prepared from the hexane solution, 
that prepared from the hexane solution showed better 
values for all factors. This is probably because 4-ATP 
is not protonated in hexane, which is a non-polar 
solvent, and then a uniform intermolecular interaction 
take place during SAM formation. On the other hand, 
in ethanol, which is a polar solvent, 4-ATP is a little 
protonated and then, the intermolecular interaction at 
each site of the molecule differ during the formation of 
the 4-ATP SAM, which may result in the formation of 
the relatively low-quality SAM. When the 4-ATP SAM 
was constructed on Au(111) using the same ethanol 
solution, the similar low-quality 4-ATP SAM is formed 
[20]. Therefore, it can be concluded that the highest 
quality 4-ATP SAM can be constructed by dipping the 
Au(100) single-crystal disk in the 1 mM hexane 
solution for more than 5 hours at RT. Although there is 
also report that high-quality 4-ATP SAM on Au(111) 
was prepared by dipping the Au substrate into the 
ethanol solution with much lower concentration of 4-
ATP for more than 1 day [25], we only compared 
solvents at the same 4-ATP concentration. 

In order to further characterize the 4-ATP SAM, 
the XP spectra of the 4-ATP SAM modified Au(100) 
substrate, which were prepared by dipping the Au(100) 
disk into the hexane solution containing 1 mM 4-ATP 
for 5 hours at RT, were measured. Figures 4(a) and 4(b) 
show the XP spectra of the 4-ATP SAM fully modified 
Au(100) disks in the S2p and the N1s regions, 
respectively. 

In the S2p region (Fig. 4(a)), three different kinds 
of S species, which were labelled SA, SB, and SC, as 
shown in red, blue, and green lines, respectively, in Fig. 

4(a) were observed as a result of the peak fitting. SA 
and SB species were assigned to a S atom covalently 
bonded to gold [29-35] and to a S atom forming the 
disulfide [36-39], respectively. Therefore, it was found 
that not only 4-ATP forming a direct covalent bond 
with gold atoms but also 4-ATP forming a disulfide 
bond and then physorbed as a dimer are present on the 
Au(100) surface. SC species was identified as a S atom 
forming oxide [39-41], but we cannot clear when this 
species formed. 

 

Figure 4. (a) XP spectrum of the 4-ATP SAM fully 
modified Au(100) substrate in the S2p region. The raw 
spectrum represents black and each separated spectrum 
is shown in red, blue, and green. The solid and dotted 
lines correspond to 3/2 and 1/2 of the S2p region, 
respectively. (b) XP spectra of the 4-ATP SAM formed 
from ethanol (red) and hexane (blue) solutions in N1s 
region. 
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In the 4-ATP SAM formed from both solvents, 
only one peak was observed around 399 eV in the N1s 
region (Fig. 4(b)). As clearly seen in Fig. 4(b), the peak 
in the case of forming from ethanol (399.2 eV) was 
observed slightly higher than that in the case of forming 
from hexane (399.0 eV). When the amino group is 
protonated, the N1s peak is shifted to higher energy. 
Actually, the N1s peak was observed at relatively high 
binding energy when the 4-ATP SAM was constructed 
on Au(111) using the same ethanol solution [20]. 
However, it is considered in the present study that the 
peak was not shifted, because the XPS measurement 
was performed under ultra-high vacuum (UHV). 
 

4. Conclusion 
As a result of forming 4-ATP SAM on Au(100) by 

using ethanol as a polar solvent and hexane as a non-
polar solvent, it was found that all the density, stability, 
and orientation of the 4-ATP SAM preparing from the 
hexane solution are much higher than those from 
ethanol solution. As a factor of this, the XP spectra 
suggested that the amino group was not protonated in 
the non-polar solvent. 
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