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We present here the first high-resolution scanning tunneling microscope images showing that 1,4-
phenylenedimethanethiol forms mono- and multilayers on gold(111) substrates under particular solution-
deposition conditions. The high-resolution images show that the deposition conditions strongly influence
the type of surface structure formed. The molecular structures were also probed using molecular-etching
techniques and through deposition and imaging of gold nanoparticles. The current-voltage (I-V)
characteristics of the multilayer structures are significantly different from those of monolayers. For the
first time, scanning electron microscopy experiments were used to investigate the homogeneity of larger
surface areas of the surface structures.

Introduction

The study of electrical conduction through molecules has
attracted significant attention.1-7 A number of configurations
have been used to create molecular junctions between metal
contacts.4,8-10 Commonly, molecules under investigation have
been attached to gold surfaces using thiol groups. Structures
made from 1,4-phenylenedimethanethiol11 (Figure 1) have
been used extensively in this area.12-14 The 1,4-phenylene-
dimethanethiol molecules stand upright on gold surfaces
anchored by one of the two thiol groups,15 leaving one thiol
group free to bind to a second metallic contact. Gold nano-
particles, for example, have been used for this purpose.16-21

Recently, Pugmire et al.15 concluded that 1,4-phenylene-
dimethanethiol can form multilayered structures on gold
surfaces under certain conditions, with implications for any
subsequent molecular conductivity experiments. Rifai and
Morin22 showed that an oxidative mechanism can be utilized
to form multilayers of 1,4-phenylenedimethanethiol on gold
by the formation of disulfide bonds between unbound thiol
groups of surface-bound molecules and thiol groups on
molecules from solution. We present here the first high-
resolution STM images showing that 1,4-phenylenedimethane-
thiol can form both mono- and multilayers on gold substrates
under particular solution-deposition conditions.

Experimental Section

Materials. 1,4-phenylenedimethanethiol and gold nanoparticles
(5 nm diameter, 0.01% as HAuCl4) were purchased from Aldrich
and used as received. Gold(111) films (150 nm thick on mica) were
purchased from Molecular Imaging (Phoenix, Arizona) and flame-
annealed before use.

Preparation of Molecular Structures on Gold. Gold films (∼5
mm × 5 mm) were immersed in 2 mL of a 1 mM solution of 1,4-
phenylenedimethanethiol in deoxygenated absolute ethanol under
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Figure 1. 1,4-Phenylenedimethanethiol.
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a nitrogen atmosphere. The containers were sealed and placed in
the dark for periods ranging from 8 to 48 h at either room
temperature or 55°C. The substrates were then removed from the
solution, rinsed liberally with absolute ethanol, and dried with a
slow stream of nitrogen gas. To prepare multilayered structures,
we used the procedure above to form SAMs of 1,4-phenylene-
dimethanethiol on gold (24 h immersion time at room temperature),
and the sample was subsequently re-immersed in a 0.1 mM solution
of 1,4-phenylenedimethanethiol in absolute ethanol and incubated
at 55 °C for 12 h before being rinsed liberally with ethanol and
dried with nitrogen gas. Gold/SAM/gold nanoparticle structures
were prepared by first preparing a SAM of 1,4-phenylene-
dimethanethiol on gold (24 h immersion time at room temperature)
and then immersing the sample in a gold-particle solution for 24 h
at room temperature. The sample was then rinsed with ethanol and
dried under a stream of nitrogen gas.

X-ray Photoelectron Spectroscopy.Data were acquired using
a Kratos Axis ULTRA X-ray photoelectron spectrometer incorpo-
rating a 165 mm hemispherical electron energy analyzer. The
incident radiation was monochromatic Al X-rays (1486.6 eV) at
150 W (15 kV, 10 mA). Survey (wide) scans were taken at an
analyzer pass energy of 160 eV and multiplex (narrow) high-
resolution scans at 20 eV. Survey scans were carried out over a
1200-0 eV binding-energy range with 1.0 eV steps and a dwell
time of 100 ms. Narrow high-resolution scans were run with 0.1
eV steps and a 250 ms dwell time. Base pressure in the analysis
chamber was 1.0× 10-9 Torr and during sample analysis was 1.0
× 10-8 Torr.

Secondary-Ion Mass Spectrometry.Secondary-ion mass spec-
trometry data were acquired using a Kratos PRISM time-of-flight
secondary-ion mass spectrometer. The primary ion source was 69
Ga, which produced a beam of 25 keV ions. The analysis area was
approximately 0.15 mm× 0.15 mm.

Scanning Electron Microscopy.Scanning electron microscope
(SEM) images were obtained using a LEO Supra 55VP SEM (Zeiss)
equipped with an in-lens secondary electron detector. Images were
manipulated using Scanning Probe Image Processor (SPIP) soft-
ware, and color brightness has been added to the images using
Adobe Photoshop to enhance discrimination of the fine detail.

Scanning Tunneling Microscopy and Spectroscopy.STM
images were acquired using a Nanosurf EasyScan system under
ambient conditions. STM piezoelectric scanners were calibrated
laterally, with graphite(0001) and Au(111), and vertically, using
the height of the Au(111) steps (2.2 Å). The STM tip was prepared
from Pt/Ir wire cut under ambient conditions. All images were
acquired in a constant-current mode. Typical imaging conditions
are bias voltages of(0.2 to(1 V and a tunneling current of 3 pA
to 1 nA. Images shown are raw data unless stated otherwise. Images
were manipulated with the Scanning Probe Image Processor (SPIP)
software. Contrast-enhanced images were obtained by applying a
correlation averaging procedure to analyze repeat molecular units
and by a applying low-pass filter. The relative tunneling spectros-
copy was determined fromI-V measurements. The relevant surface
area was imaged before and after scanning tunneling spectroscopy
(STS) measurements to ensure no tip or sample alterations occurred
during the experiment. Images of the same area showed no changes
after STS with the exception of a small lateral drift of the sample
between the two scans.

Results and Discussion

Preparation and Characterization of SAMs. SAMs of
1,4-phenylenedimethanethiol were prepared on gold by
liquid-solid phase assembly. Gold substrates were immersed

in a solution of 1,4-phenylenedimethanethiol at room tem-
perature for periods of 8, 24, and 48 h under oxygen-free
conditions. Additionally, a sample was prepared at 55°C
for 48 h. Each sample was imaged using scanning tunneling
microscopy. X-ray photoelectron spectroscopy, time-of-flight
secondary-ion mass spectrometry, and scanning electron
microscopy experiments were performed on samples pre-
pared at room temperature with 24 h immersion time.

The S 2p X-ray photoelectron spectrum of a SAM prepared
under these conditions has features matching those reported
in detail by Pugmire et al.15 In that report, the authors
concluded that the S 2p XPS spectrum consisted of signals
assigned to gold-bound thiol, gold-bound atomic S, and
unbound molecular thiol or disulfide. This is consistent with
the molecule being bound to the gold substrate by one of
the two available thiol groups and also with the reported
formation of multilayered structures.

Secondary-ion mass spectrometry (SIMS) experiments
were performed on a sample prepared by the same method
(see the Supporting Information for negative and positive
ion spectra). SIMS experiments on SAMs of 1,4-phenylene-
dimethanethiol have been previously reported by others,23

although only data up tom/z190 were reported. In the current
work, measurements up tom/z 750 were performed. The
negative ion spectrum contains a signal corresponding to the
molecular ion, indicating 1,4-phenylenedimethanethiol is
present on the gold surface. Signals assigned to [Au-SH]-

and [Au(SH)2]- fragments are also observed, together with
higher masses, which were not able to be unambiguously
assigned.

The structures of self-assembled films were studied at
atomic resolution using scanning tunneling microscopy.
Figure 2a shows a representative sample after 24 h immersion
at room temperature. The image shows many 2.4( 0.2 Å
deep vacancy islands. This depth correlates to the theoretical
height of a single gold layer. Details of the mechanism of
pit formation have been recently reported.24 These monatomic
depressions are similar in number density, size, and shape
to those found in other thiol-bound SAMs on gold.25 Between
the vacancy islands, the monolayer is composed of generally
unorganized molecules. Figure 2a (inset) shows a contrast-
enhanced section of the image formed by the application of
a correlation averaging procedure (see Experimental Section).
Features of approximately 6 Å diameter are apparent and
are consistent with individual 1,4-phenylenedimethanethiol
molecules.

Figure 2b shows an STM image of a sample after 48 h
immersion in a solution maintained at room temperature.
Again, the typical vacancy islands are evident, but some
molecular ordering is also observed. The contrast-enhanced
image, Figure 2b (inset), shows domains of molecular rows
with an inter-row separation (peak to peak) of 1( 0.2 nm.

Figure 2c shows an STM image of a sample after 48 h
immersion in a solution maintained at 55°C. Larger
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structured domains are apparent. The contrast-enhanced
image, Figure 2c (inset), is shown at higher magnification.
The separation between the rows is 1( 0.6 nm, consistent
with the data obtained for the samples assembled for 48 h
at room temperature. We ascribe the brighter spots in this
image to the phenyl rings in 1,4-phenylenedimethanethiol
and the smaller gray spots to S atoms. The distance between
the centers of two adjacent phenyl rings within a row is 0.49
( 0.08 nm. The domains yield a nearly rectangular lattice
with R ) 9.8( 0.5 Å, â ) 5.1( 0.1 Å, andγ ) 82 ( 0.2°.

Surprisingly, immersion of gold substrates in solutions of
1,4-phenylenedimethanethiol for shorter time intervals such
as 8-10 h at room temperature resulted in the formation of
structures of the type shown in Figure 2d. Analysis of the
Fourier transform of the image in Figure 2d reveals a
rectangular surface net with lattice constants ofR ) 3.9 (
0.3 Å, â ) 3.7 ( 0.1 Å, andγ ) 88 ( 0.2°. It is important
to note that because STM analysis covers relatively small
areas, no generalizations about the entire surface morphol-
ogies are made. However, the first high-resolution STM
images of 1,4-phenylenedimethanethiol structures on gold
shown here indicate that molecular ordering is highly
dependent on the time and temperature of sample preparation.

STM Images of Multilayer Structures. Pugmire et al.15

reported that the preparation of SAMs of 1,4- phenylene-
dimethanethiol SAMs could result in structures containing
multilayers. These may be formed by disulfide linkages
between the free thiol groups of molecules attached to gold
and thiols from unbound molecules (from solution). Disul-
fides are often the first oxidation products of thiol com-
pounds,26 so we performed experiments in which SAMs
formed by the procedure outlined in the previous section (24

h immersion time, room temperature) were re-immersed in
a solution of 1,4- phenylenedimethanethiol without any
precautions to exclude air. Figure 3 shows STM images of
samples prepared by this procedure. In both images, the steps
associated with gold domain boundaries are visible. Figure
3a contains a number of features not observed in the SAMs
shown in Figure 2. Although steps and vacancy islands are
observed in some regions, which correspond to a single-layer
structure (dark area), islands of molecules are visible that
we assign to a multilayered structure. Line profiles taken
across these images are consistent with a second layer of
1,4-phenylenedimethanethiol molecules. The formation of
this second layer is dependent on sample preparation; in our
hands, whenever the sample is prepared without rigorous
exclusion of oxygen, we observe regions that correspond to
multilayer structures.

Scanning tunneling spectroscopy experiments yielded an
I-V curve for a monolayer region (Figure 3c) that shows a
characteristic sigmoidal form, although the curve measured
on a double-layer region (Figure 3D) is significantly different.

Molecular-etching experiments27 were performed to further
probe the single and multilayer structures. In this experiment,
the molecular layers are first scanned under normal imaging
conditions (Vbias ) 1 V andI tunneling) 1 nA). Pits were then
etched by bringing the STM tip close to the surface using
parametersVbias) 10 mV andItunneling) 10 nA and scanning
a 20× 20 nm2 area for 30 s at 0.75 s per line. Increasing
the scan area to 50× 50 nm2 and scanning under normal
imaging parameters allowed for inspection of the etched pits.

Figure 4a shows a monolayer structure before etching.
Figure 4b shows the same area after etching of the 1,4-
phenylenedimethanethiol SAM. A pit of area 20× 20 nm2

is clearly visible. Similarly, Figure 4c shows a multilayer
structure before etching; Figure 4d shows the sample after
etching and again, a pit of area 20× 20 nm2 is visible. We
observed that continuous scanning withVbias ) 1 V and
Itunneling) 1 nA caused removal of most of the loosely bound
material, as reported by others.28 Line profiles taken across
the etched pits on the samples shown in panels b and d of
Figure 4 indicate apparent pit depths of 0.48 and 0.47 nm,
respectively. These apparent depths suggest that, in both
cases, only a monolayer of 1,4-phenylenedimethanethiol has
been removed, although no conclusions may be drawn about
the precise height of the layers. Previous STM investiga-
tions29 of thiol-bound SAMs on gold have found that the
height measured by STM is not necessarily the same as the
physical film thickness. Thus, although atomic resolution
may be achieved in the lateral dimensions, the resolution in
the vertical dimension is restricted because the height data
involve a convolution of electronic and physical properties.
Furthermore, inspection of the etched pit in the multilayer
sample shows features corresponding to the underlying
molecules of the surface-bound layer.
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Figure 2. STM images of assemblies of 1,4-phenylenedimethanethiol on
gold(111): (a) after 24 h at room temperature (inset, higher magnification
image at 12× 11 nm2); (b) after 48 h at room temperature (inset, higher
magnification image at 27× 22 nm2); (c) after 48 h at 55°C (inset, higher
magnification image at 4.8× 4.2 nm2); and (d) after 8 h atroom temperature
(image is low-pass filtered; inset, 4× 3.5 nm2). Images are raw data except
for the inset and panel d, which are contrast-enhanced and slightly low-
pass filtered to accentuate molecular features.

2378 Chem. Mater., Vol. 18, No. 9, 2006 Zareie et al.



Scanning Electron Microscopy.Because STM can image
only a relatively small area, we performed SEM experiments
to investigate the homogeneity of larger surface areas. A
representative in-lens secondary electron (SE) SEM image
of a bare gold(111) surface is shown in Figure 5a. Boundaries
between gold(111) domains and 20 nm pit defects in the

gold film are visible. A virtually featureless flat surface is
observed within each gold(111) domain. An in-lens SE SEM
image of a SAM of 1,4-phenylenedimethanethiol self-
assembly on gold(111) (prepared by 24 h immersion at room
temperature) is shown in Figure 5c. This SE image reveals
a highly textured surface, together with the gold domain
boundaries and pit defects. The spatial variation in the SE
signal, due to the presence of the SAM, is accentuated by
applying equivalent image-processing procedures together

Figure 3. I-V characteristics of single and double layers of 1,4-phenylenedimethanethiol on gold(111). (a and b) Two different images of raw data showing
double-layer regions, (c) scanning tunneling spectroscopy (STS) of a single-layer region, and (d) STS of a double-layer region.

Figure 4. (a and c) STM images of 1,4-phenylenedimethanethiol film
coated on Au/mica ((a) single layer and (c) double layer). (b) Same area
shown in (a) after etching. (d) Same area shown in (c) after etching. All
images are raw data.

Figure 5. In-lens secondary electron scanning electron microscopy
images: (a) bare gold(111); (b) image (a) processed using a low-pass filter;
(c) 1,4-phenylenedimethanethiol SAM on gold prepared at room temperature
for 24 h; and (d) image (c) processed using a low-pass filter.
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with a low-pass filter to both the bare gold surface (Figure
5b) and the SAM on gold surface (Figure 5b). Full
interpretation of the SE contrast is difficult, as it results from
a complex combination of effects arising from differences
in the SE yield between the gold substrate and the SAM,
differences in the number of molecular layers, changes in
the gold work function due to the presence of the molecules,
and electron-beam-induced charging-related phenomena.
However, SE images show that the 1,4-phenylenedimethane-
thiol SAM is not homogeneous over each of the gold(111)
domains. Interestingly, these results suggest that SE imaging
can be used to rapidly establish the presence and distribution
of the SAM over a large area of specimen.

To further probe the surface structure, we deposited gold
nanoparticles (5 nm) onto a 1,4-phenylenedimethanethiol
SAM. Panels a and b of Figure 6 show in-lens SE images
of the gold/SAM/gold particle structure. Aggregates of gold
nanoparticles form networks of bright pathways 20-200 nm
wide that contain∼50 nm diameter nanoparticle-free areas.
At higher magnification, the individual 5 nm gold nano-
particles can be clearly observed within the pathways (Figure
6b), which appear bright because the entire surface of each
gold nanoparticle emits secondary electrons. The edges of

the gold nanoparticle aggregate pathways tend to follow the
boundaries of the areas of low SE emission, which are in
some cases related to pits in the gold substrate. However,
the density of the dark features in the gold(111)/SAM/gold
particle structure is significantly greater than the density of
pit defects in the bare gold(111) substrate.

Figure 6c shows an STM image confirming that the
surface-bound gold nanoparticles have diameters in the range
∼6-8 nm. In Figure 6d, both single gold nanoparticles and
the underlying 1,4-phenylenedimethanethiol molecules are
visible.

Conclusions

Detailed scanning tunneling microscopy images of self-
assembled structures of 1,4-phenylenedimethanethiol mol-
ecules on gold(111) have been presented for the first time.
The STM data indicate that this molecule can self-organize
on gold under particular solution-deposition conditions.
SAMs of 1,4-phenylenedimethanethiol can exist in different
phases. Analysis of STM images shows two different unit-
cell configurations, with each formed under particular
conditions. Multilayer SAMs were prepared by a controlled
process and imaged with STM. Single layers from the
multilayer could be etched using standard STM techniques.
Scanning tunneling spectroscopy revealed different electronic
behavior between the single and double layers. Gold nano-
particles could be deposited on 1,4-phenylenedimethanethiol
SAMs by solution techniques. Finally, the gold/SAM and
gold/SAM/nanoparticle structures were investigated by in-
lens electron microscopy for the first time to show regional
differences across areas of SAMs.
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Figure 6. SEM and STM images of 5 nm gold particles on 1,4-
phenylenedimethanethiol SAMs: (a and b) in-lens SE micrographs; (c and
d) STM images of the nanostructure (images (a) and (c) are raw data, images
(b) and (d) are low-pass filtered to accentuate contrast).
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