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A rectangular (3x 2+/3) surface lattice for long-term-annealed dodecanethiol self-assembled monolayers on
Au(111) is observed by ultra-high-vacuum scanning tunneling microscopy. The new lattice has the same
density and a unit cell of the same size as the well-known>c@) reconstruction. In contrast, it does not
show hexagonal symmetry but rather a sort of thiol pairing, leading to a shift in the binding position of every
second molecule. The described structure is believed to be an intermediate phase close to desorption.

Self-assembled monolayers (SAMs) offer an interesting way
of creating high-quality organic thin films with tailored elec-
tronic and chemical properties. Alkanethiol SAMs on (111)-
oriented Au surfaces are probably the best examined SAM
system and serve as a model for self-assembly in general.
Especially, the molecular structure of the monolayer for different
alkane chain lengths has been investigated in great détail.
During assembly from solution or the gas phase, domains of
lying-down surface phases evolve toward a complete saturated
monolayer of standing-up molecules. As the molecular lattice
of a saturated monolayer, hexagonal packing of the molecules
with an additional c(4x 2) symmetry is observed by helium
diffraction experiments* and grazing incidence X-ray diffrac-
tion (GIXD).> Detailed real-space studies are conducted by
scanning tunneling microscopy (STM) and came up with the
internal details of the well-known c(4 2) superlatticé,which
is formed by alternating heights of the standing-up molecules.
Besides this superlattice structure, additional different structures
are measured by STM, a (6 +/3) final phase after long-term
storage (6 months)slightly different c(4x 2) phase$; or a '
(3 x 4) superstructure confirmed by low-energy electron Figure 1. STM topograph
diffraction (LEED) and density functional theory (DFT) calcula- h in solution. The characteristic features of a solution-processed SAM
tionsl® as well as different structures from theoretical calcula- are clearly visible. Besides the substrate step on the left and the small
tionsi*20 and intermediate standing «/3)phase§. vacancy islands (dark pits), different' domains of standing-up (horr_]o-_

Most experimental studies focus on the assembly proceSSge_neous areas) and lying-down (striped areas) phases can be distin-
. guished.
itself and on the structure of a complete monolayer. Long-term
evolution or even desorption is studied very little, although the With a (3 x 2¢/3) superlattice is observed by UHV-STM. For
structures emerging in these regimes contribute to the under-substrates, evaporated (111)-oriented Au thin films on mica with
standing of the SAM system by showing structures and large terraces and very low surface roughkease used. For
dynamics that are not possible or not visible in a complete STM, a JEOL JSPM 4600 UHV-STM with a base pressure of
monolayer. In this letter, we report about the structure of long- 3 x 1071° mbar is used with home-made electrochemically
term-annealed SAMs of dodecanethiol on Au(111) examined €tched tungsten tips. (The images obtained were processed by
by ultra-high-vacuum (UHV) STM. In such monolayers with ~direct current (DC) subtraction followed by line-averaging and

different coexisting phases (Figure 1), a dense, standing-up phas@OntraSt adjustments. Figures 1 and 2 are lightly median filtered.

No low-pass or fast Fourier transform (FFT) filters were used.)
Ier_@:;ﬂgrnfg év?zo_m;‘i’g{]ejgondence should be addressed. E-mail: L.Muel- The monolayers are deposited straight from solution, rinsed with
t Research Center Juelich GmbH. ethanol, and directly transferred into the UHV system. A

*RWTH Aachen. complete, saturated monolayer of dodecanethiols (Aldrich,
10.1021/jp051993w CCC: $30.25 © 2005 American Chemical Society
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Figure 2. STM topography scan of a sample prepared as for Figure
1. On the left, the typical domain structure is visible. When a smaller
area in one of the bright, homogeneous domains is scanned, different
standing-up phases such as the nonhexagonal @/3) phase are
clearly visible (right picture).

>97% purity, used as purchased) is formed by exposing the
sample surface in 1 mmol/L ethanolic solution for more than
24 h. Afterward, the container with sample and solution is
transferred into a hot water bath (7€) and annealed for an
elongated period. After being annealed, the sample is removed
and rinsed with neat ethanol. When the sample is annealed unde
controlled circumstances with a high concentration of excess
thiols available in solution, very large domains of the &(2)
phase, limited only by the terrace sizes of the underlying
substrate, are formed.

For longer annealing times at elevated temperatures, previ-
ously bound thiols are desorbed from the surface due to the
shifting balance in the desorption and adsorption process. Thus,
surfaces with sub-monolayer coverages of alkanethiols, but with

J. Phys. Chem. B, Vol. 109, No. 23, 20061425

height (nm)

1 ES 2fn
distance {(nm})

T
1.0 3.0

0.08 <
0.04 -

height {nm)

0.00 4

T T T T T

0.0 0.8 1.0 18 20 25 3,
distance {(nm})

Figure 3. On the left side, a STM scan of the nonhexagonalx(3
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very clean and pronounced molecular structures, are achieve®./3) phase and the suggested arrangement of the alkanethiol molecules
on the sample. In these layers, domains of different densitiesWith respect to the underlying Au(111) lattice. On the right, the well-

from lying-down and almost completely desorbed phases up to
full-coverage phases with saturated density coexist. In our
experiment, the surface coverage of the thiols is reduced over
the course of a long annealing proces$ () to allow detailed

examination of the various resulting phase structures by STM.

A topography scan of such layers shows features of the

underlying gold substrate as well as features of the SAM itself

(Figures 1 and 2). Monoatomic terrace steps are resolved a

well as vacancy islands, single-atom-deep depressions in th

surface created during the self-assembly process that are visibl
as dark spot80n the terraces, a mixture of standing-up phases

(homogeneous texture) and lying-down phases (striped texture)
can be distinguished. The domain boundaries are visible as dar

lines.

known c(4x 2) superlattice of alternating heights, which can be named
(8 x 2+/3) as well, illustrate the size of the unit cellhe topography
profiles A and B taken from the upper-left image show the thiol pairing.

For full-coverage standing phases, i.e., one molecule per threeFigure 4. Two-dimensional FFT spectra of the £32+/3) phase (left)

surface gold atoms or an average area of 0.216 per
molecule, a new high-density structure with a square superlattice

was observed. This structure has the same packing density an@

even the same unit cell size, as the commonc@) superlattice
structure but does not show hexagonal symmetry (Figures 2
and 3). (The c(4x 2) phase can also be expressed as & (3
2./3) phase (Figure 3) but is commonly called o{4) in the
literaturel) From the Fourier spectrum (Figure 4), the size of
the unit cell was measured to be 850.1 A x 10+ 0.1 A
compared to theoretical values of 8.65 and 9.99 A. This
difference is within the accuracy of the STM and partially due
to limited software resolution of the FFT spectra. From the
surface molecular arrangement, it is generally assumed that all
sulfur heads are bound on 3-fold hollow sites forming a
commensurate hexagonal lattie¥. For the observed, new
structure, this scheme does not fit. Even for the &(42)
superlattice, this strict arrangement is questionable. The different

and the common c(4 2) phase (right). Taken from the left spectrum,
the base unit cell vector lengths are 850.1 A and 104+ 0.1 A
ompared to the theoretical values of 8.65 and 9.99 A of a 3/3)

nit cell.

apparent heights of the molecules in the &(42) superlattice
are claimed to be caused by different twist angles of the
molecules and a slight displacement from the hexagonal
positionst Another possible explanation is the formation of
disulfides on the surfac®;6which is contradicted by othets.
Theoretical calculations of the adsorption energies of alkanethi-
ols on Au(111) are not yet consistent as well. Depending on
the exact settings, the energetically most favorable binding site
is the hollowi81the bridge? or the half-bridge sitél-22

The positions of the molecules in the observed image cannot
be explained by the common 3-fold hollow site placement of
the molecules, even if you take skewing and distortion of the
images into account. The relative position of the center
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