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Introduction. Surface modification by self-assembled mono-
layers (SAMs) currently attracts considerable attention because of
the potential applications in chemical sensing, corrosion inhibition,
wetting control, and nanopatterning.1 SAMs can also be used in
electronic applications to derivatize electrode surfaces2 or serve as
the gate insulator3 or the semiconductor4 in nanoscale organic field-
effect transistors. SAMs are important in surface science since they
form a variety of 2D-lattices, depending on deposition conditions
and substrate surface.5 The most widely investigated SAMs
compounds possess a sulfur-based anchoring group (n-alkanethiols
for example) and are deposited on an atomically flat Au(111)
surface.

However, the need for alternative SAM systems with improved
order and stability is crucial for the development of new material
technologies. A number of SAMs of silicon-based molecules have
recently been studied, such as alkylsilanes on SiO2.6 Nevertheless,
we found no report on direct visualization of organosilane SAMs
on Au(111) in the literature. However, Owens et al.7 have recently
reported that a series of reactive alkylsilanes R-SiH3 form
monolayers on freshly evaporated gold in UHV.

We report here on the formation of SAMs of 13-(trimethylsilyl)-
1-tridecene-6,12-diyne (1) at then-tetradecane/Au(111) interface
and their characterization using scanning tunneling microscopy
(STM). 1 is a polyunsaturated organosilane with a linear chain of
13 carbon atoms containing two triple bonds and one double bond
and terminated by a trimethylsilyl group.8 In its fully linear
conformation the length of1 is ∼19.5 Å, given that the triple bond
directly linked to the silicon atom rigidifies the-CtC-Si(CH3)3

segment into a linear rod. Note that the terminal double bond
(-CHdCH2) could be used to introduce a variety of functional
substituants. Compound2, where the Si atom is substituted by a
carbon one, has also been studied for comparison.

Experimental Section.Compounds1 and 2 are colorless oils
synthesized following a procedure described elsewhere.8a For
deposition on gold substrates, a small quantity of1 or 2 (∼0.05
mg/ml) is mixed inn-tetradecane (99+% purity, Aldrich). A droplet
of the solution is then deposited on the Au(111) substrate.
Reconstructed Au(111) surfaces are prepared from gold films
(thickness≈ 150 nm) deposited in ultrahigh vacuum onto a freshly
cleaved mica surface. STM imaging is carried out in a thin layer
of the tetradecane solution using a Pico-SPM (Molecular Imaging).
Multiple STM images are recorded in the constant-current mode
on various samples to ensure reproducibility. All monolayer
preparations and imaging are carried out at room temperature (∼20
°C). All STM images have been flattened by software routines.

Results and Discussion.Figure 1a-c shows three STM images
of silane1 on Au(111) recorded at different scales. In Figure 1a,
beneath the organic monolayer, the image shows the typical terraces
of the Au(111) surface delimited by linear monatomic steps
extending over several hundreds of nanometers.9,10 The 23×x3
herringbone reconstruction was visible before adsorption of silanes
but is no longer visible after coverage by silane1. Figure 1a-b
show that after deposition the gold surface does not remain
atomically flat but consists of a network of domains separated by
randomly distributed “pits” (dark spots in Figure 1b). These
depressions are also often observed in alkanethiol monolayers on
Au(111)5b,11 and have the same depth (∼2.4 Å), consistent with a
gold single-atom step height.12 The density of these defects is
approximately 9( 1%. The pits are covered with highly organized
molecules of1 and do not induce molecular vacancies in the
monolayer. These similarities between thiol and silane SAMs on
Au(111) account for the possible presence of a strong Si-Au
interaction.

Under our experimental conditions, the monolayer appears to
be stable during several hours. After 4 h of scan, the solvent has
evaporated leaving a dry film of silane on gold. In these conditions,
there is no visible change in the surface morphology, and the
recorded images are highly reproducible. The stability of the layer
should thus be a consequence of a static anchoring of the molecules.

Figure 1c is a typical STM image of a monolayer of1 showing
that it consists of a close-packed hexagonal arrangement. The lateral
repeat distance between molecules is quantified in the cross-
sectional profile and equal to 5.0( 0.2 Å. This distance corresponds
precisely to the diameter of the trimethylsilyl group (5.0 Å),
suggesting that each molecule has an overall linear conformation
and stands upright on the surface plane. This is corroborated by
the shape of each molecular spot of the STM image, showing that
molecule1 is not lying flat on gold.
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In this geometry, it is very likely that the-CtC-Si(CH3)3

terminal group is in contact with the gold surface, the other end of
the molecule (the-CHdCH2 unsaturation) being at then-
tetradecane interface. Another argument in favor of such an
arrangement is that molecule2 (which bears a carbon atom instead
of a silicon one) does not self-assemble on gold, pointing out the
importance of the Si atom in self-assembly and grafting of1 on
Au(111).

It comes out from the STM images in Figure 1c that neighboring
molecules are separated by a distance equal tox3T ≈ 5 Å, T being
the interatomic distance on the Au(111) surface (T ) 2.88 Å). In
other words, the separation between molecules (∼5 Å) is similar
to the distance between second-neighboring〈110〉 Au rows. It means
that molecules are bound either in equivalent three-fold hollow sites
or on top sites of Au(111) for which the same lattice vectors are
expected. Consequently, the monolayer appears to be commensurate
with the gold adlattice along the〈112〉 direction. Then, monolayers
of 1 on Au(111) substrates form a so-called (x3 × x3)R30°
structure with lattice vectorsa ) b ) 5.0 ( 0.2 Å. Importantly,
commensurability probably contributes to the stability and long-
range ordering of1 on gold. Note that thetert-butyl group of
compound2 is substantially smaller (diameter) 4.3 Å) than the
trimethylsilyl group and thus could not have induced com-
mensurability on Au(111).

Tetradecane and silane1 have a comparable length, which raises
the question of a possible coadsorption. This possibility is excluded
because of the three following arguments. First, in the case of
coadsorption one could expect the presence of grain boundaries in
the monolayer, like those forn-alkanethiols.5 However, we never
observed this kind of defects. Second, independent experiments on
adsorption of alkanes on Au(111) show that alkanes lie flat on Au-
(111), with their main axis parallel to the surface.13 Finally,
deposition of silane1 from pure ethanol shows that the dry layer
has exactly the same morphology as when deposited from tetra-
decane.

These results raise the essential question of the nature of the
interaction between organosilane1 and gold. They suggest that,
besides commensurability, a chemical reaction between Si and Au
atoms may have occurred. In particular, it has been reported that
Si directly linked to an electron-withdrawing and sterically compact
group (such as in the-CtC-Si(CH3)3 motif of 1) can become
pentacoordinated and adopt a bipyramidal geometry when in contact

with an electron-donating atom (such as Au).14 In our system, this
“supervalent” Si would then be covalently bonded to Au to form a
local surface complex. Such a chemical interaction would contribute
to the long-range ordering, stability, and creation of pits described
above. We are presently investigating this assumption and more
generally the nature of the molecule-substrate interaction by using
surface analysis techniques such as X-ray photoelectron spectros-
copy and vibrational spectroscopies. Further developments in the
design of new SAMs based on trimethylsilyl end-capped compounds
could represent an alternative for applications based on alkanethiols
self-assembled monolayers.

Supporting Information Available: Complementary STM images,
cross-sectional line scan of Figure 1b-c (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 1. STM images (setpoint:It ) 150 pA; Ut ) 250 mV) of a self-assembled monolayer of silane1 recorded at then-tetradecane/Au(111) interface
at various scales: (a) 1050× 1050 nm2, (b) 62 × 62 nm2, and (c) 55× 55 Å2. The high-resolution image in (c) shows a periodic array of bright spots
corresponding to individual molecules in a hexagonal close-packed arrangement.
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