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The formation, properties, and potential applications of self-
assembled monolayers (SAMs) on metal and metal oxide
surfaces have recently been demonstrated1 and reviewed,2 and
it is clear that the investigation of these structures represents a
target of opportunity for the discovery of new physical
phenomena and technologies. In this regard, the determination
of the nature and degree of order in a SAM can be a prerequisite
for its eventual utilization, yet to date, only SAMs based on
n-alkane systems [i.e., CH3(CH2)nCH2SH chemisorbed on the
Au(111) surface3] have been characterized with molecular
resolution.4 For this reason, then-alkanethiol/Au(111) SAM
model has become the most popular platform for experiments
requiring a well-ordered structure. However, for the further
investigation and utilization of monolayer assemblies, the need
is great to develop and characterize new SAM systems that can
rival those derived fromn-alkanethiols with respect to order.
Along these lines, we have undertaken investigations of the
structures and properties of monolayers derived from conjugated
arylthiol derivatives, and specifically, those related to the series
of oligo(phenylethynyl)benzenethiols represented by1 (ng 1).

Herein, we report a molecular resolution STM study of SAMs

derived from1a-c5 which reveals that the degree of order in
these systems increases with chain length and that, for1c, an
ordered SAM is formed. Due to the conjugated, rigid rod
framework of 1c, this SAM represents an important new
platform upon which a variety of optical/electronic studies
related to nanostructured materials can be based.6,7

SAMs prepared on Au substrates were characterized by
ellipsometric, contact angle, and Fourier transform infrared
(FTIR) measurements.8 FTIR data confirm the chemical identity
of the monolayer, while ellipsometric film thickness values are
consistent with a near vertical orientation of close-packed
molecular subunits for1b,c. Finally, advancing contact angles
for water increase with the chain length of the adsorbates, and
the value obtained for1c (80( 3°) is close to that of a densely
packed structure with the phenyl rings exposed in an “edge-
on” fashion.7c,9

Molecular order of the monolayers prepared on Au(111)/mica
was investigated by scanning tunneling microscopy (STM) at
high impedances (10 GΩ-1 TΩ) which permits imaging of
the poorly conducting SAMs.3b,4b,10 STM images were taken
in air at room temperature.
As shown in Figure 1a, thiophenol (1a) significantly affects

the gold surface, inducing the formation of islands, pits, and
jagged step edges. However, no molecular periodicity is ever
observed despite the use of a variety of imaging conditions,
thus suggesting that1a does not form an ordered SAM.
In contrast, monolayers of1b exhibit a degree of order,

although it is not always possible to image ordered regions from
sample to sample, and a wide range of behavior occurs even
within the same sample (Figure 1b). Frequently observed
characteristics are as follows: (1) terraces show texture due to
the presence of molecules with no apparent order; (2) terrace
edges and small regions of terraces appear elevated compared
with the surroundings by∼2 Å; (3) when ordered regions are
resolved within surrounding disordered regions, they also appear
∼2 Å higher; and (4) when order is resolved at steps, rows
appear to be oriented away from the edge. Although the
elevations may be due to both electronic and topographic effects,
the possibility that the molecules adopt a more vertical orienta-
tion upon ordering7c would be consistent with the observation
that ordered regions always appear elevated.
Remarkably, monolayers of1c always display a highly

ordered pattern (Figure 1c). This SAM consists of domains
that are typically about 100 Å in size and have a row structure
that adopts three orientations (labeled 1, 2, and 3 in Figure 1c).
At higher resolution (see inset), the rows appear composed of
oval-shaped subunits within which two lobes can sometimes
be discerned. The measured lattice vectors are consistent with
a 2x3× x3 structure (cf. |a|, |b|, andθ equal to 9.7( 0.9 Å,
5.2( 0.4 Å, and 55( 5° for the SAM of1c vs 9.98 Å, 4.99
Å, and 60° for the 2x3 × x3 structure; see Figure 2). This
structure may be the result of the gold-sulfur interaction, which
favors thex3 × x3 R 30° lattice, as well as additional
interactions between the sulfur head groups11 and/or between
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the molecular backbones. Based on the STM images and the
observation of herringbone packing in bulk aromatic hydrocar-
bons,12 the sterically permitted model shown in Figure 2 is
proposed.13

In conclusion, we find that, while amonolayeris formed in
all cases, the STM indicates an increase in order from1a to 1b
to 1c, culminating in the formation of a highlyordered SAM
for 1c. This represents the first direct observation of order in
a SAM that is not based on ann-alkanethiol derivative. The
design of new SAMs that are patterned after the general
structural motif of1c represents an opportunity to investigate
new electrical/optical phenomena, at both the molecular and
monolayer level, that might arise from the highly ordered,
conjugated nature of this particular array. Studies along these
lines are now in progress.
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(13) van der Waals dimensions of the phenyl head groups are 6.4 Å×

3.3 Å.

Figure 1. STM images taken in air of SAMs on Au (111)/mica derived from (a, left)1a (I ) 5 pA,V ) 200 mV, vertical scale ranges 6.4 Å from
dark to bright), (b, center)1b (I ) 5 pA, V ) 200 mV; vertical scale ranges 7.6 Å from dark to bright), and (c, right)1c (I ) 5 pA, V ) 200 mV;
vertical scale ranges 5.6 Å from dark to bright). The three row orientations are labeled 1, 2, and 3, and the inset (vertical scale range 1.6 Å) reveals
the dimerization of the molecules.

Figure 2. Top-down view of a 2x3× x3R30° model for SAMs of
1c on Au(111). The lattice vectors area andb, and the angle between
them isθ (see text). Ovals indicate a possible dimerization scheme.
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