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Self-assembled monolayers (SAMs) formed by organo-
sulfur compounds on metal surfaces offer a simple and
powerful route for the fabrication of functional ultrathin
films that can be employed in various technical applications
such as corrosion inhibition, chemical sensors, biosensors,
nanopatterning, and molecular electronic devices.*’” Recent-
ly, SAMs derived from conjugated aromatic thiols on gold
have attracted much attention as a result of their interesting
electrical and optical properties as well as their potential for
use in molecular electronics applications.”*° Oligo(phenyl-
ene ethylene) (OPE) molecules have been considered as an
extremely promising molecular system for device applications
because they have a 7z-conjugated and rod-like molecular
structure. The formation of OPE SAMs and their electrical
properties have been extensively characterized by various
surface characterization tools.*>*? Thioacetyl-protected con-
jugated molecules with a high chemical stability have been
frequently used for electronic device applications.”*%*? It has
been reported that these molecules can form chemisorbed
SAMs on gold in acid- or base-catalyzed mediums'®t or
without any catalyzed medium.*>*° Prior to the development
of SAM-based devices, it is essential to understand the
formation and structure of SAMs on gold. However, although
several macroscopic measurements for SAMs formed by
thioacetyl-terminated molecules have been carried out to
ganinsight into SAM formation, there have been only afew
nanometer-scale reports on these SAMSs.

Among these previous reports, one study showed that the
conductance switching behavior in single molecules is due
to conformational changes of molecular backbones, rather
than electrostatic effects of charge transfer.’ Therefore, for
SAM-based device applications, it is very important to
control the two-dimensional structure of conjugated SAMs
aswell asto obtain high-quality SAMs. Asfar as processing
conditions go, it iswell known that the thermal annealing of
pre-covered akanethiol SAMs a 70-100 °C results in the
formation of large ordered domains and healing of vacancy
islands (V1s).” It was al'so found that alkanethiol SAMswith
large well-ordered domains and few VIs can be formed by
liquid and vapor phase deposition methods at high temper-
ature as a one-step process to obtain high quality SAMs.*

Tolanemethylthioacetate (TMTA) with a 7z-conjugated,
rigid molecular backbone is one of interesting molecules for

electronic device application. Figure 1 shows the structural
formula of TMTA molecule. In this study, to obtain high-
quality ordered TMTA SAMs on Au(111), we examine the
effect of solution temperature on the formation and structure
of TMTA SAMsusing STM. We report herein thefirst STM
results showing the phase transition from the disordered
phase to the ordered phase of TMTA SAMSs as solution
temperature increased.

TMTA was synthesized by modifying a previoudy report-
ed method.™® Au(111) substrates on mica were prepared by
vacuum deposition as previoudy described.® The SAMs
were prepared by immersing Au(111) substratesin 0.5 mM
N,N'-dimethylformamide (DMF) solutions of TMTA & room
temperature, 50 °C, and 80 °C for 24 h. STM measurements
were carried out using a NanoScope E with acommercial Pt/
Ir (80:20) tip under ambient conditions.

The STM images in Figure 2 show the surface structures
of TMTA SAMs on Au(111) formed after immersion as a
function of solution temperature. Clearly, the solution temper-
ature markedly affects the formation and structure of TMTA
SAMs on Au(111). Although acetyl-protected TMTA mole-
culeson Au(111) form chemisorbed SAMsvia the spontane-
ous deprotection of acetyl group during the adsorption of
TMTA in DMF solution,®®* TMTA molecules form disorder-
ed phases containing partialy ordered domains and mole-
cular aggregates at room temperature, as shown in Figure 2a.
Differently from the formation of well-ordered SAMs by
alkanethiols at room temperature, TMTA molecules do not
form highly ordered SAMs. The unusua structural characteri-
stics of TMTA SAMs can be ascribed to the lower chemical
activity of sulfur headgroups againgt the gold atoms, which
is due to the existence of an eectron withdrawing acetyl
group attached to the sulfur atom. In contrast, more ordered
SAMs with a uniform surface morphology were formed in
the medium-temperature solution of 50 °C, as shown in the
STM image of Figure 2b. We observed a large number of
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Figure 1. Structural formulaof TMTA.
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Figure 2. STM images of TMTA SAMs on Au(111) formed in a0.5 mM DMF solution after immersion for 24 h as a function of solution
temperature: (&) room temperature, (b) 50 °C, and (c) 80 °C. Scan sizeswere (a) 100 nm x 100 nm, (b) 1200 nm x 100 nm, and (c) 120 nm x
120 nm.
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Au(111) formed at 80 °C. This image clearly shows two-dimen-
sional ordered SAMs with three domain orientations. (b) Cross-
sectional profile along line a on the STM image shows a height
difference between the ordered domains and the dark regions.

small size ordered domains with three domain orientations
(see arrows) ranging from several nm to 12 nm, and small
size Vls (dark holes) with a monatomic step height of 0.25
nm that are known to appear during chemisorption of
organosulfur compounds on gold surfaces.*”*® Compared to
the STM image of Figure 2b, the STM image in Figure 2c
(TMTA SAMson Au(111) formed at 80 °C) obviously shows
crystallized ordered domains with three domain orientations
and clear VIs irregular in shape. The domain sizes were
measured to be approximately 15-25 nm, and are aimost
twice the size of those observed in SAMs formed at 50 °C.
From this study, we report for thefirst time phase transitions
of TMTA SAMs on Au(111) from the disordered phase to
2D ordered phases with increasing solution temperature.
The magnified STM image of Figure 3a clearly shows a
high degree of structural order of TMTA SAMs on Au(111)
formed at 80 °C. Interestingly, the ordered domains, con-
sisting of molecular rows with pairs of molecules, are main-
ly separated by a network of connected Vs that has never
been observed in conventional akanethiol SAMs. However,
a present, it is hard to understand the origin of such
structural behaviors of TMTA SAMSs. The distance between
the molecular rowswas 1.4 nm. The height profileaong line
a of the STM image (Figure 3b) shows that the height
differences between the ordered domains and the dark
regions are 0.22-0.27 nm, which is very similar to the
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monatomic depth of 0.25 nm. Based on this observation, the
dark regions can be regarded as Vs formed as aresult of the
formation of chemisorbed SAMs.

In summary, we have clearly demonstrated that solution
temperature strongly affects the formation and 2D molecular
arrangements of TMTA SAMs on gold. Moreover, we can
obtain TMTA SAMs with a high degree of structural order
in high-temperature solutions. We also found that the growth
of thioacetyl-terminated tolane SAMs on gold is remarkably
different from that of organic SAMs.
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