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ABSTRACT: Mixed methyl- and propyl-thiolate self-assembled
monolayers (SAMs) are prepared on a Au(111) surface by
exposing the gold substrate to methyl-propyl-disulfide vapor at
room temperature. Scanning tunneling microscopy imaging of
such SAMs reveals a (3 × 4) phase consisting of CH3-S-Au-S-
CH3, CH3-S-Au-S-(CH2)2CH3, and CH3-(CH2)2-S-Au-S-
(CH2)2CH3. Partial desorption of methyl-thiolate occurs when
samples are thermally annealed to 373 K, leading to the formation
of a striped phase consisting of primarily CH3-(CH2)2-S-Au-S-
(CH2)2CH3.

■ INTRODUCTION

Despite the extensive study of self-assembled monolayers
(SAMs) of alkanethiols,1,2 the nature of the chemical bonding
at the thiolate−Au interface is still a matter of debate.3−6 There
is a growing consensus that gold-adatom-dithiolate, RS-Au-SR,
is the key structural motif on both Au nanoparticles7 and the
extended gold surface.8,9 On the other hand, Au-adatom-
monothiolate, RS-Au, may also play an important role during
the dynamic assembly process.7,10 Using high-resolution
scanning tunneling microscopy (STM) imaging, it has been
shown that methyl- and ethyl-thiolate monolayers on Au(111)
form a (3 × 4) phase at saturation coverage of 1/3 monolayer
(ML).11−13 The (√3 × √3)-R30° structure and its (3 ×
2√3)-rect./c(4 × 2) variations, observed for SAMs of longer
chain thiols (butyl-thiolate and beyond), do not exist for
methyl- and ethyl-thiolate monolayers.11 Finding the con-
nection between the (3 × 4) phase and the (√3 × √3)-R30°
phase has thus become a crucial step in developing a
satisfactory understanding of alkanethiol SAMs.
Here we report findings of an STM study of mixed methyl-

and propyl-thiolate monolayers. Mixed SAMs of the longer
chain alkanethiols on Au(111)14−16 and on Au nanopartciles17

have been studied in the past. Mixed layers can be prepared by
either a single-step co-adsorption process14 or a two-step
adsorption involving ligand exchange.16,18 We produce the
mixed SAMs by exposing the gold substrate to methyl-propyl-
disulfide vapor under vacuum.

■ EXPERIMENTAL SECTION
We conducted experiments in an ultrahigh vacuum (UHV) chamber
using an Omicron variable-temperature STM instrument (VT-STM).
The gold sample is a (111)-oriented Au film deposited on a highly
oriented pyrolitic graphite substrate. The Au film is cleaned in situ
using cycles of Ar+ ion sputtering and thermal annealing. The mixed
SAM was prepared by exposing the gold sample to ∼10−5 mbar of

methyl-propyl-disulfide (MPDS) vapor at room temperature (RT).
MPDS purchased from Sigma-Aldrich was treated with a few freeze−
pump−thaw cycles to remove air and other trapped impurities before
being introduced into the vacuum chamber. STM imaging was
performed using electrochemically etched tungsten tips.

■ RESULTS AND DISCUSSION

Alkyl disulfide molecules dissociate on gold surfaces at RT,19

and they subsequently combine with Au atoms to form RS-Au-
SR units.8,9,11 Here we expect to see CH3S-Au-SCH3 (C1−C1),
CH3S-Au-S(CH2)2CH3 (C1−C3), and CH3(CH2)2S-Au-S-
(CH2)2CH3 (C3−C3) on the Au(111) surface. Figure 1a
shows an STM image obtained from the gold sample covered
by ∼0.2 monolayer (ML) of mixed methyl- and propyl-thiolate.
One monolayer is defined as one thiolate (not distinguishing
between methyl- and propyl-thiolate) per surface Au atom. The
coverage of the “full” layer is 1/3 ML. With this coverage, the
mixed SAM is disordered at RT as observed with the STM, and
hence, the image in Figure 1a was acquired at 115 K. Here we
see the typical striped phase frequently observed for many
alkylthiolate monolayers at less than the saturation coverage.
Bright spots along each stripe parallel to the ⟨112⟩ directions
are separated by 0.5 nm. The interstripe distance is not 100%
regular but has a typical value of 1.3 nm that is ∼4.5a, where a
is the atomic spacing on Au(111). The domains consisting of
parallel stripes have similar characteristics with those found for
ethyl-thiolate20−22 and propyl-thiolate monolayers.9,23 A closer
examination reveals that there are three types of striped rows.
One type, seen as two parallel rows of spots as highlighted by
the blue colored arrows in panels a and b of Figure 1, is
assigned to the C3−C3 rows. This double-row feature is also
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present in the striped phase of ethyl-thiolate monolayers.20−22

The second type, consisting of three rows of spots as denoted
by the white arrows, is assigned to the C1−C1 rows. Here, CH3
and the Au adatom appear as protrusions.9,11 In Figure 1b, a
rectangular unit cell is illustrated. The unit cell is 9a long and
√3a wide. At 115 K, there is some anisotropic thermal drift,
making the numerical measurement of distances less reliable.
The 9a distance should be regarded as a guideline value rather
than an accurate determination of the unit cell dimension.
Figure 1c shows the third type of striped rows. In this case, each
stripe consists of two rows of spots with different heights. We
assign this type as the asymmetric C1−C3 rows with the C3
chain appearing taller than C1. An indicative rectangular unit
cell, 4.5a × √3a, is illustrated in the figure. On the basis of the
analysis described above, we draw the conclusion that the
striped phase of the mixed thiolate monolayer consists of
domains of alternating C1−C1 and C3−C3 rows and domains of
C1−C3 rows. Increasing the temperature causes disordering
initially at the domain boundaries (Figure 1d). A complete loss
of ordering occurs at 250 K. For both ethyl- and propyl-thiolate
monolayers, stable striped phases are observed at RT.20,23

Therefore, the lower stability of the striped C1/C3 mixture is
caused by the presence of the methyl-thiolate.
In contrast to the striped phase at 0.2 ML, a stable structure

is observed at RT when the surface is covered by 1/3 ML of the
mixed thiolate. Figure 2a shows an STM image of the mixed
SAM formed on Au(111) following an exposure to MPDS at a
pressure of 2 × 10−5 mbar for 1 h. A first glance of the image
gives the impression that long-range order is lacking, but short-
range order is clearly identified as shown by the ordered rows
of spots inside the rectangles. On the basis of previous
experience with methyl- and ethyl-thiolate monolayers,11 we
can assign the bright spots in the image to the methyl groups of
the alkane chains. A fast Fourier transform (FFT) of Figure 2a

is shown Figure 2b, which exhibits a 3 × 4 lattice. The
directions of the unit vectors along the ×3 and ×4 directions
are shown in Figure 2a. We do not show a unit cell because it
would be too small in the figure.
To improve the long-range order of the SAM, the sample was

then thermally annealed at 323 K for 30 min. Figure 2c shows
an image obtained after the annealing process. The ordered
arrays of paired spots highlighted by the rectangles suggest that
the ordering has been improved. Near the lower left corner of
the image, there is a small patch showing a perfectly ordered (3
× 4) phase. Any signs of the (3 × 4) phase on the surface is
direct evidence that the global coverage is very close to 1/3
ML.11 Figure 2c, however, gives the impression that the
coverage is rather low. This is because at RT only C3 appears as
protrusions in the image. The dark areas in the image are not
empty space. Instead, they are places where C1 is hidden. By
simply counting the number of protrusions in Figure 2c, we
find that the observed protrusions (C3) have a density of 2.6
nm−2. This amounts to 56% of 1/3 ML. Thus, the monolayer is
slightly enriched in C3 with a C1:C3 ratio of 0.44:0.56.
Following the same scheme used for methyl- and ethyl-

thiolate monolayers,7,11 we present a ball model for a propyl-
thiolate monolayer in Figure 3. The (3 × 4) phase consists of
zigzag rows of C3−C3 chains. Each C3−C3 chain has two propyl
chains: an α chain and a β chain. The two chains have the same
composition and structure, but different tilt angles toward the
surface. The β chain, being sandwiched between the S atom and
the Au adatom of the adjacent C3−C3 chain, stands more
perpendicular to the surface than the α chain. Thus, the α and
the β chains appear with different heights giving rise to the
observed contrast in the STM image. In Figure 3, a red
rectangle is used to mark an array of paired β chains. There is a
good agreement between the model and the STM image of
Figure 2c.

Figure 1. (a) STM image (30 nm × 16 nm) obtained using a −0.25 V
sample bias and a 0.4 nA tunneling current at 115 K from Au(111)
with 0.2 ML of a mixed methyl- and propyl-thiolate monolayer. (b)
Magnified view showing the alternating C1−C1 and C3−C3 rows. (c)
STM image (15 nm × 17 nm) obtained using a −1.0 V sample bias
and a 0.1 nA tunneling current, showing C1−C3 rows along the [112 ̅]
direction. (d) STM image (33 nm × 33 nm) obtained using a −1.4 V
sample bias and a 0.1 nA tunneling current at 200 K. Disordering starts
at the boundaries.

Figure 2. (a) STM image (25 nm × 25 nm) obtained using a −1.5 V
sample bias and a 0.2 nA tunneling current from Au(111) with a
saturation layer of mixed methyl- and propyl-thiolate monolayers.
Rectangles are drawn to highlight ordered array of spots. (b) FFT of
the image in panel a. A 3 × 4 unit cell is illustrated. (c) STM image (17
nm × 11 nm) obtained using a −1.5 V sample bias and a 0.2 nA
tunneling current after the sample was thermally annealed at 323 K for
30 min.
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In Figure 2c, the monolayer consists of C1−C1, C1−C3, and
C3−C3 chains. However, only C3 chains appear as protrusions
in the image. Knowing that R1S-Au-SR2 is the basic structural
motif, we can locate the hidden C1 chains in Figure 2c by
performing a simple “pairing up” procedure. The only
condition that we apply is that a C3 observed in the image
must be paired with another C3 or C1 following the rules given
by Figure 3. This pairing procedure allows us to locate C1 in the
dark areas as indicated in Figure 4a. In Figure 4a, we overlay
spheres onto the STM image: yellow spheres represent the β
chains (C1 or C3) and blue spheres the α chains (C1 or C3).
The array of blue and yellow spheres gives a long-range ordered
(3 × 4) phase. In Figure 4b, red spheres are used to highlight
the hidden C1 discovered using the pairing procedure,
regardless of whether they occupy the α or β position. The
C1−C1:C3−C3:C1−C3 ratio within the area analyzed is
0.13:0.78:1. In the image, there are a number of dark areas
that are much larger than the size of the unit cell. These areas
are probably covered completely by C1−C1 chains. In our
analysis, we ignored these dark areas rather than attempting to
fill them with C1−C1 chains. If we assume that these dark areas
are covered by C1−C1 chains, it would bring the C1−C1:C3−
C3:C1−C3 ratio to 0.19:0.35:0.45. Statistically, a 0.25:0.25:0.5
ratio is expected. The low content of C1−C1 chains may arise
from a possible substitution of C1 by C3 during exposure to
DMDS.
A rather common feature in Figure 2c is the grouping of two

α C3 chains with two β C3 chains into a diamond-shaped
structure. Several such structures are highlighted with white
ovals in Figure 2c. Figure 5 presents a ball model explaining the
formation of such local structures. According to the scheme in
Figure 5, when four C1−C3 units join to form the (3 × 4)
phase, there is the tendency for the C3 chains to move close to
each other, likely as a result of the van der Waals interaction.
This effect is visually more striking when these four C1−C3
units are surrounded by C1−C1 units as seen in Figure 2c.
A previous study has already confirmed that the only stable

structure for a methyl- or ethyl-thiolate monolayer on Au(111)
at saturation coverage is (3 × 4).11 Here we demonstrate that
for the mixed SAM of methyl- and propyl-thiolate, the same
type of (3 × 4) arrangement is achieved. Since the submission
of this work, we have examined a propyl-thiolate (PT)

monolayer on its own and found that a PT monolayer also
forms the same (3 × 4) structure. Now we have a clear dividing
line between propyl-thiolate and butyl-thiolate (BT) mono-
layers. On one side of this line, we have the (3 × 4) structure;
on the other side, we have the (3 × 2√3)/c(4 × 2) structure.
This allows us to reach a conclusion that moving from PT to

Figure 3. Ball model of the (3 × 4) phase of a propyl-thiolate
monolayer consisting of Au-adatom-dithiolate units. The α chain tilts
more toward the surface than the β chain. This makes the β chain
taller as observed in STM images.

Figure 4. Application of the pairing procedure to the image shown in
Figure 2c. (a) The yellow and blue spheres represent all the thiolate
species identified by the pairing procedure. (b) Red spheres highlight
the hidden C1. Yellow spheres and blue spheres represent C3 at the β
and α positions, respectively.

Figure 5. Ball model showing the preferential grouping of the C3
chains. The two α chains and the two β chains inside the red-colored
oval form the diamond-shaped structure in Figure 2c.
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BT, the van der Waals interaction between the alkane chains
has grown to a critical strength to initiate a gross structural
change at the interface.
When the mixed SAM is further annealed to 373 K, partial

desorption takes place. The remaining thiolate on the surface
forms a long-range ordered striped phase. Figure 6 shows such

a striped phase after the sample had been annealed at 373 K for
30 min. The striped phase shown in Figure 6 has a (3√3 ×
√3)-R30° unit cell. In contrast to the striped phase of the
mixed SAM shown in Figure 1, this striped phase is stable at
RT. This striped phase consists of C3−C3 rows as illustrated in
Figure 7. The majority of C1 has been desorbed. In Figure 6a,

each C3−C3 row consists of two rows of spots with equal
intensity. There are a small number of faint spots indicating the
existence of residual C1−C3 chains within the layer.

■ CONCLUSIONS
A mixed methyl- and propyl-thiolate monolayer forms a (3 ×
4) phase at 1/3 ML coverage at RT. The (3 × 4) phase
comprises almost a random mixture of C1−C1, C1−C3, and
C3−C3 units. The limited level of phase separation into pure
C1−C1 and C3−C3 domains occurs after the sample has been

thermally annealed to 323 K, but the domain size is only a few
unit cells in size. Thermal treatment at 373 K causes nearly
complete desorption of C1 from the surface, with the remaining
C3 forming a stable striped (3√3 × √3)-R30° phase.
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