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The surface structure and electrochemical behavior of self-assembled monolayers (SAMs) prepared from
benzenethiol (BT), cyclohexanethiol (CHT), and cyclopentanethiol (CPT) on Au(111) surface were examined
by scanning tunneling microscopy (STM) and cyclic voltammetry (CV) to understand the influence of thiol
molecular backbone structure on the formation and reductive desorption behavior of SAMs. STM imaging
showed that BT and CPT SAMs on Au(111) surface formed at room temperature were mainly composed of
disordered domains, whereas CHT SAMs were composed of well-ordered domains with three orientations.
From these STM results, we suggest that molecule-substrate interaction is a key parameter for determining the
structural order and disorder of simple aromatic and alicyclic thiol SAMs on Au(111). In addition, the reductive
desorption peak potential for BT SAMs with aromatic rings was observed at a less negative potential of —566
mV compared to CHT SAMs (-779 mV) or CPT SAMs (=775 mV) with aliphatic cyclic rings. This reductive
desorption behavior for BT SAMs is due to the presence of p-orbitals on the aromatic rings, which promote
facile electron transfer from the Au electrode to BT as compared to CHT and CPT. We also confirmed that the
reductive desorption behavior for simple alicyclic thiol SAMs such as CHT and CPT SAMs on Au electrodes
was not significantly influenced by the degree of structural order.
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Introduction

The spontaneous adsorption of organic thiols onto metal
surfaces creates self-assembled monolayers (SAMs) that are
key building blocks for tailoring the physical and chemical
properties of surfaces and for fabrication of functional nano-
structures.' In particular, SAMs of alkanethiols with simple
aliphatic chains are considered the best model systems for
understanding fundamental issues such as molecular self-
assembly, two-dimensional (2D) phase transition, 2D pack-
ing structure, thermal and temporal stability, and adsorption
state.!*61% Scanning tunneling microscopy (STM) imaging
with molecular-scale spatial resolution has revealed that
alkanethiol SAMs at saturation coverage on Au(111) surface
have a well-ordered (V3 x V3)R30° structure or a c(4V3 x
23)R30° superlattice (often denoted as a c(4 x 2) super-
lattice).>*”%!* On the other hand, SAMs from aromatic
thiols with p-conjugated phenyl rings have drawn much
attention due to their potential use in molecular electronic
applications.'3? It has been realized that SAM-based device
performance is greatly influenced by the molecular orienta-
tion, packing structure, adsorption conditions, and structural
order of the SAMs. Hence, it is very important to develop
preparative methods to obtain high-quality aromatic thiol
SAMs with a uniform, ordered packing structure, which
could be attained by tuning experimental conditions*2* and

backbone structure,”?® and by displacement techniques?’

and microwave treatment.”® Alicyclic thiols with flexible
aliphatic rings can be precursors for preparing SAMs on
gold surfaces.'®?*3 It was reported that SAMs derived
from cyclohexanethiol (CHT) could be utilized as effective
temporary layers for guiding the well-ordered two-dimen-
sional (2D) SAM growth of benzenethiol (BT) SAMs.? 4-
Cyclohexyl substituted CHT SAMs can be used as an ex-
cellent resist for patterning by electron irradiation.™

From numerous investigations, it was realized that the
formation of 2D SAMs was mainly driven by the interactions
both between the sulfur headgroup-gold substrate and bet-
ween the molecular backbones. In particular, the packing
structure, order, and stability of SAMs were significantly
influenced by the chemical structure of the organic thiol
molecular backbone. To understand these fundamental issues,
STM has been used as one of the very powerful tools for
visualizing the atomic- and molecular-scale surface structures
of SAMs on metal surfaces, as demonstrated in many previ-
ous reports.'#6162033 Additionally, thermal desorption spectro-
scopy (TDS)!*11323437 and electrochemical measurements®®*
are very useful techniques to investigate the adsorption
conditions, thermal stability, and the electrochemical behavior
and stability of SAMs. TDS measurements revealed that
alkanethiol SAMs exist as a form of monomer (alkanethio-
late), not dimers (dialkyl disulfides) derived from associa-
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Figure 1. Chemical structures of target molecules used in this
study: (a) benzenethiol (BT), (b) cyclohexanethiol (CHT), and (c)
cyclopentanethiol (CPT).

tive reactions of the sulfur headgroups,'®!'*** while electro-

chemical measurements have shown that alkanethiolates
with longer alkyl chains have more negative peak potential
for reductive desorption compared to those with shorter
chains, implying that van der Waals interactions among alkyl
chains are a crucial factor for enhancing electrochemical
stability.®#? To date, however, there have been no reports
directly comparing the formation and reductive desorption
behavior of organic thiol SAMs with aromatic and alicyclic
molecular backbones. Therefore, to better understand these
issues, we investigated three types of molecules: BT with an
aromatic ring, CHT with a six-membered aliphatic ring, and
cyclopentanethiol (CPT) with a five-membered aliphatic
ring (Figure 1). By comparing the results obtained from BT,
CHT, and CPT SAMs, we sought to understand the effects of
the m-conjugated aromatic ring and the size of the aliphatic
ring on the formation and electrochemical behavior of SAMs.
In this work, we clearly demonstrated that the aromatic and
alicyclic molecular backbones of organic thiols significantly
affect the formation and reduction desorption behavior of
SAMs.

Experimental Section

BT, CHT, and CPT were purchased from Tokyo Chemical
Industry (Tokyo, Japan) and were used without further
purification. Au(111) substrates with atomically flat terraces
of 100-300 nm in diameter were prepared by thermal evapo-
ration of gold onto freshly cleaved mica sheets prebaked at
330 °C under a vacuum pressure of 10°-107 Pa.! BT, CHT,
and CPT SAMs were prepared by immersing the Au(111)
substrates in freshly prepared 1 mM ethanol solutions of the
corresponding thiols at room temperature for 24 h. After the
SAM samples were taken from the solutions, they were
thoroughly rinsed with pure ethanol to remove physisorbed
molecules from the surface and were dried in a stream of
nitrogen.

STM measurements (NanoScope E, Veeco, Santa Barbara,
CA, USA) were performed in air with mechanically cut Pt/Ir
tips (80:20). All STM images were acquired in constant
current mode using a sample positive bias voltage (Vy) rang-
ing from 400 to 500 mV and a tunneling current (I;) ranging
from 150 to 400 pA between the tip and sample. Electro-
chemical experiments were conducted with an electro-
chemical system (BAS-100) employing a three-electrode
cell. Gold electrodes coated with BT, CHT, or CPT SAMs
were used as the working electrodes, and platinum wire and
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Ag/AgCl (KCl sat.) were used as the counter and reference
electrodes, respectively. For cyclic voltammograms, all solu-
tions contained 1 mM K4[Fe(CN)s] and 1 M KNOs aqueous
electrolyte, and they were thoroughly deaerated by bubbling
nitrogen gas through the solution for 30 min before each
experiment. The system was cycled at a scan rate of 50 mV/
s between —400 and +800 mV. For reductive desorption
measurements, samples were immersed in an electrochemical
cell filled with a solution of 0.5 M NaOH degassed for 30
min prior to use. Linear sweep voltammograms of SAM
samples were recorded with a potential scan rate of 50 mV/s
in the range from —400 to —1000 mV.

Results and Discussion

The STM images in Figure 2 clearly show a significant
difference in the formation and surface structures of BT,
CHT, and CPT SAMs on Au(111) surface formed after
immersion for 24 h in 1 mM ethanol solutions of the corre-
sponding thiols at room temperature. As revealed by several
earlier studies of our group and others,**?® the adsorption
of BT molecules (BTs) with n-conjugated aromatic rings on
the Au(111) surface mainly formed poorly ordered SAMs
with many aggregated bright domains, as shown in Figure
2(a). Figure 2(a") shows the height profile along line (a') on
the STM image of Figure 2, and reveals that the bright
domains have a protrusion of 0.25 nm, which is nearly the
same as the monatomic step height of Au. Therefore, the
bright domains are considered as Au adatom islands, and
they appeared due to from the low mobility of Au adatoms
that emerge from chemisorption of BTs on the Au(111)
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Figure 2. STM images of aromatic and alicyclic SAMs on Au(111)
surfaceformed after 24 h immersion in a 1 mM ethanol solution of
the thiol at room temperature: (a) BT SAMs, (b) CHT SAMs, and
(c) CPT SAM:s. The scan size for all STM images was 100 nm x
100 nm. Imaging parameters were (a) I = 0.15 nA and V, = 500
mV, (b) [;=0.4 nA and V, =500 mV, and (c) ;= 0.25 nA and Vy, =
450 mV.
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surface, as suggested by previous work.* In contrast to BT,
the adsorption of CHT molecules (CHTs), which have
aliphatic rings, led to the formation of well-ordered SAMs
containing three domain orientations and boundaries, as
shown in Figure 2(b). CHT SAMs also contained vacancy
islands (VIs) that have been typically observed for the solid
phases of closely packed and ordered alkanethiol SAMs. It is
interesting to note that even though the CHT ring has vari-
ous dynamic structural conformers,’*** CHTs always form-
ed ordered SAMs driven by optimization of van der Waals
interactions between the aliphatic rings.?**'** STM and
surface enhanced Raman scattering measurements suggested
that CHT SAMs on Au(111) surface contained two energeti-
cally stable conformers, i.e., equatorial and axial chair con-
formations.”>* Structural details from the molecular-scale
viewpoint have been described previously in the literature.?’

An interesting question is why BTs on Au(111) surface
have difficulty forming ordered SAMs, unlike CHTs, as shown
in Figures 2(a) and 2(b). It is well known that the molecular
backbone of thiols are oriented parallel to the gold surface in
the initial SAM growth stage. As a result, interactions bet-
ween molecules and substrate would be maximized in this
initial stage, resulting in the formation of lying down striped
phases.” As surface coverage increases with increasing im-
mersion time, the number of molecules with an upright geo-
metry would increase due to phase transition from the strip-
ed phase to the upright phase. If interactions between the 7-
conjugated aromatic rings of BTs and the gold substrate are
relatively stronger than the van der Waals interactions bet-
ween BT aromatic rings, only some BTs would be able to
change their adsorption geometry to the upright phase upon
increased immersion time, while other BTs would remain
unchanged in adsorption geometry. Near-edge X-ray absorp-
tion spectroscopy and STM measurement results suggested
that the BT aromatic rings had a nearly flat lying adsorption
geometry,*® as expected. Therefore, it is reasonable to con-
sider the formation of disordered phases in Figure 2(a) being
due mainly to the presence of mixed phases with lying down
and upright geometries. However, CHTs usually form well-
ordered 2D SAMs, as shown in Figure 2(b). This can be
attributed to the very weak interactions between the mole-
cular backbones of CHTs and the Au(111) surface due to the
conformational dynamics in the lying down phase. Therefore,
well-ordered 2D SAMs formed as a result of optimizing the
van der Waals interactions between aliphatic rings.

In contrast to CHTs with a six-membered ring, CPT mole-
cules (CPTs) with a five-membered ring at room temperature
formed only disordered SAMs, as shown in Figure 2(c). The
observed remarkable difference in the 2D structures of CHT
and CPT SAMs can be ascribed to the large difference in
their ring structures: the cyclohexyl ring of CHTs has
dynamic structural conformers, while the cyclopentyl ring of
CPTs has torsional strain and a nonplanar envelope structure.
Hence CPTs at the initial SAM growth stage experience
slightly stronger interactions between the cyclopentyl rings
of CPTs and the Au(111) surface compared to the inter-
actions between the cyclohexyl rings of CHTs with their
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Figure 3. Cyclic voltammograms of (a) bare Au electrode, (b) BT
SAM-, (C) CHT SAM-, and (d) CPT SAM-modified Au elec-
trodes in 1 mM K4[Fe(CN)s] containing 1 M KNO;.

dynamic ring conversions and the Au(111) surface. How-
ever, such interactions for CPT SAMs are probably less than
for BT SAMs. Therefore, fully covered CPT SAMs with
upright adsorption geometry could form after a sufficient
immersion time of 24 h used in this study, but the formation
of disordered phases was ascribed to the lack of crystal-
lization of 2D CPT SAMs since CPTs can form solid-phase
SAMs with a (V3.5 x V5)R25° structure via long-term
stabilization for one month, as revealed in previous work.*’
From the STM results, we clearly found that the molecule-
substrate interaction is a crucial parameter for determining
the structural order and disorder of simple aromatic and
alicyclic thiol SAMs on Au(111), especially in the case of
SAM systems in which the surface energy gained by weak
van der Waals interactions is relatively small (or nearly the
same) compared to the energy gained by molecule-substrate
interactions in the lying down phase.

Figure 3 depicts cyclic voltammograms (CVs) of the (a)
bare Au electrode, (b) BT SAM-, (¢) CHT SAM-, and (d)
CPT SAM-modified Au electrodes in 1 mM Ky[Fe(CN)s]
containing 1 M KNOs. The peak currents (Ip,) for (a), (b), (c),
and (d) were measured to be 38.85, 3.68, 13.15 and 18.39,
respectively. Figure 3(a) presents a well-defined CV charac-
teristic indicating a diffusion limited redox process of the
bare Au electrode. The heterogeneous electron transfer of
Fe(CN)s*™ ions was blocked on the Au electrodes after SAM
formation, as shown in Figure 3. BT SAMs (aromatic phenyl
ring) showed more effective blocking properties than CHT
and CPT SAMs (alicyclic rings). This result suggests that
BT SAMs formed via n-mt stacking interactions among BTs
and interactions between the aromatic ring and Au(l11)
surface prevent more effective electron transfer reactions
between electrolytes and gold electrodes compared to CHT
and CPT SAMs. On the other hand, CHT SAMs (ordered
phase) have higher blocking efficiency compared to CPT
SAMs (disordered phase). Therefore, the structural order for
alicyclic thiol SAMs on Au(111) surface could be a major
factor for blocking electron transfer reactions between the
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Figure 4. Reductive desorption cyclic voltammograms for (a) BT
SAMs, (b) CHT SAMs, and (c) CPT SAMs on Au(111) surfacein
0.5 M NaOH.

electrolytes and gold surface.

Figure 4 shows a clear difference in reductive desorption
peak potentials between aromatic thiol (BT) SAMs and
alicyclic thiol (CHT and CPT) SAMs. The reductive peak
potentials for (a) BT SAMs, (b) CHT SAMs, and (c) CPT
SAMs on Au(111) surface in 0.5 M NaOH were observed at
=566, =779, and —775 mV, respectively. In general, the re-
ductive desorption of organic thiol SAMs occurs via S—Au
bond cleavage when a negative potential is applied to the Au
electrode. The related electrochemical half reaction is shown
by the following Eq. (1).

R-S-Au+e > R-S"+Au 1)

It has been reported that the reductive desorption potentials
for alkanethiol or alkanedithiol SAMs were negatively shift-
ed with increasing alkyl chain length.**** In addition, it was
found that reductive desorption peaks for COOH-terminated
alkanethiol SAMs on Au electrodes appeared at less negative
potential compared to the corresponding CHjs-terminated
alkanethiol SAMs,* and fluorinated aromatic thiol SAMs on
Ag electrodes showed similar reductive desorption behavior
to the corresponding hydrogenated aromatic thiol SAMs.*
These results imply that the reductive desorption for organic
thiol SAMs on metal electrodes occurs more easily when the
organic thiols contain electron withdrawing groups, since
such groups act as good electron acceptors in the reduction
process. From this study, we found that the reductive de-
sorption potential for BT SAMs with the aromatic phenyl
rings was observed at a less negative potential of —566 mV,
compared to alicyclic CHT SAMs (=779 mV) or CPT SAMs
(=775 mV). This reductive desorption behavior for BT SAMs
is due to the presence of p-orbitals on the phenyl rings of
BTs allowing electron transfer from the Au electrode to BTs
to occur more easily compared to CHT and CPT SAMs (ali-
cyclic rings of CHT and CPT have only sp® hybridization).
In addition, it is likely that the peak broadening for BT SAMs
is related to the mixed phase with complicated adsorption
configurations, as discussed above.
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On the other hand, the observed peak potentials for CHT
and CPT SAMs were quite similar to those of ethanethiol
SAMs at around —750 mV,* which suggests that van der
Waals interactions between alicyclic rings in CHT and CPT
SAMs are nearly the same as the interactions between ethyl
groups. We observed that, although the surface structures of
these SAMs differed considerably (CHT SAMs have 2D
ordered phase, while CPT SAMs have only a disordered
phase, as shown in Figure 2(b) and 2(c)), the difference in
reductive potential between CHT and CPT SAMs was quite
small, implying that the magnitude of the van der Waals
interactions between CHT and CPT SAMs was nearly the
same. We also confirmed that the reductive desorption
behavior for simple alicyclic thiol SAMs such as CHT and
CPT SAMs on the Au electrode was not significantly influ-
enced by the degree of structural order.

Conclusions

Surface structure and electrochemical behavior of self-
assembled monolayers (SAMs) prepared from BT, CHT, and
CPT on Au(111) surface were investigated by STM and CV.
STM imaging revealed that BT and CPT SAMs on Au(111)
surface contained mainly disordered domains, whereas CHT
SAMs contained well-ordered domains with three domain
orientations and boundaries. From this STM result, we sug-
gest that molecule-substrate interaction is a key parameter
for determining the structural order and disorder of simple
aromatic and alicyclic thiol SAMs on Au(111). Moreover,
we found that BT SAMs had a less negative reductive
desorption peak potential of =566 mV compared to CHT
SAMs (=779 mV) or CPT SAMs (=775 mV). This reductive
desorption behavior for BT SAMs is due to the presence of
phenyl ring p-orbitals, resulting in electron transfer from the
Au electrode to BTs during the reduction process occurring
more easily compared to CHTs and CPTs. We also confirm-
ed that the reductive desorption behavior for simple alicyclic
thiol SAMs such as CHT and CPT SAMs on Au electrodes
was not significantly dependent on the degree of structural
order.
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