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Self-assembled monolayers (SAMs) of thiolated molecules have numerous potential applications and are ideal
models for complex supramolecular systems. The structure of these two-dimensional crystals is not understood
fully yet and deserves in-depth investigations. Here we show that a short carboxylic acidω-terminated molecule
(3-mercaptopropionic acid, MPA) forms highly ordered SAMs on Au(111) surfaces. Molecular resolution
scanning tunneling microscopy (STM) images were taken at room temperature in air (ex situ). They showed
a x3 × x3 unit cell that, when imaged at high set current, appears reconstructed as ac(4 × 2) superlattice.
This structure is quantitatively the same as that of intermediate-length alkane thiols, but is different from the
structure found previously for SAMs of the same molecule investigated with liquid-STM during the formation
of the monolayer (in situ). This work highlights the possibility for a shortω-terminated molecule to form
ordered monolayers over large areas with few defects.

Introduction

Self-assembled monolayers (SAMs) affect many of the
properties of the surfaces they coat,1 and indeed are used in
fields ranging from biology1-4 to electronics.1,5,6 In most
applications performance is strongly linked to the structure of
the SAMs, namely the average environment of each molecule,7

the entropic freedom of its endgroup,2 the presence of point or
line defects,5 etc. In the last 20 years progress has been made
in the characterization and understanding of SAMs’ structure
but not everything is understood yet.1,8-10 To a first approxima-
tion, medium chain length alkylthiols on Au(111) surfaces form
large two-dimensional crystals that can be described with ax3
× x3 R30° commensurate structure, the alkyl chains being
extended in an all-trans configuration, with their axes tilted about
30° with respect to the surface normal.8 While this description
fits most experimental data, it does not fully explain some
diffraction8 and scanning tunneling microscopy (STM) observa-
tions.11 The former discrepancy has been recently solved by a
few groups that have proposed the presence of gold adatoms at
the sulfur plane.12-14 The latter is based on the fact that STM
images of alkylthiol monolayers reveal a 4x3 × 2x3 (hereafter
referred asc(4 × 2)) reconstruction of thex3 × x3 lattice.15

There are many explanations for the formation of this super-
lattice but none have been validated through ab initio calcula-
tions. Very recently Wang and Selloni were able, for the first
time, to simulate through ab initio cal-
culations STM images containingc(4 × 2) superlattices.16

Interestingly, to obtain their result they had to include an equili-
brium population of adatoms and vacancies on the gold surfaces.
In their theory the contrast between molecules observed in the
c(4 × 2) superlattice is due to a difference in “contact resistance”
at the gold-sulfur three-dimensional interface.

STM has been extensively used to investigate organic SAMs
because it provides real-space images with unmatched subang-
ström resolution, typically revealing the rich diversity of SAMs

structures.17 The interpretation of STM images is, however, not
straightforward. First, images are always determined by an
interplay between real surface topography and its electronic
structure.18 Second, image quality is greatly affected by the
cleanliness of the surface, especially in the case of hydrophilic
surfaces that adsorb water from the environment. For this reason,
initial imaging studies on SAMs have focused on hydrophobic
molecules. Recently, research interest has shifted toward SAMs
composed of molecules terminated with hydrophilic (and
potentially reactive) ligand molecules (for instance carboxylic
acid terminated thiolated molecules) that have great potential
in biological applications3 or in the field of directed assembly.19

Structure should have an important role in these applications,
for example, in determining the acid pKa and ultimately
reactivity.7 Recently, ax3 × x3 lattice has been reported for
mercaptoundecanoic (MUA) molecules,20 a surprising result
because it implies that carboxylic acid head groups have little
influence on the assembly of these molecules, despite being
larger than methyl head groups and having the possibility of
different types of bonding. Indeed, previous experimental works
have reported a striped phase with an interline spacing of around
4.2 Å compatible with a hydrogen bond induced reconstruc-
tion.21,22 To further investigate this problem we decided to
concentrate on a short carboxylic acid terminated molecule,
mercaptopropionic acid (MPA). In situ STM studies of MPA
SAMs showed the coexistence of 3× 3, 2x3 × 2x3 R30°, p
× x3, and p× 2x3 structures.23,24 Whether these structures
are equilibrium structures also in the dry state where no
exchange with solvated molecules is possible remains to be
determined. To the best of our knowledge, there is no ex situ
STM25 studies on pure MPA SAMs published in the literature.

Here we report on the self-assembly of the short acid-
terminated alkanethiol chain MPA. Molecular resolution STM
investigation reveals large areas of densely packed monolayer
in a x3 × x3 surface reconstruction displaying ac(4 × 2)
superlattice similar to what is routinely observed on methyl-
terminated alkanethiols.9,17 The large monophased areas are* Corresponding author. E-mail: frstella@mit.edu.
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delimited by regions displaying stripes. We strikingly observe
the absence of etch pits in our images in contrast to alkanethiols
SAMs prepared under the same conditions. We demonstrate that
short carboxylic alkanethiol chains can form highly ordered
SAMs on Au(111). In addition, we observe a reproducible
smooth contrast transition from thec(4 × 2) superlattice to a
x3 × x3 structure with decreasing tunnel current, which could
be explained by different decay lengths parallel to the surface
normal for the wave functions of the nonequivalent molecules
in the unit cell. In addition to contributing to the understanding
of the alkanethiol SAM formation, these findings are relevant
for the functionalization of organic surfaces.

Experimental Section

Flame annealed Au(111) on mica purchased from Molecular
Imaging and Phasis SARL were used as substrates. 3-Mercap-
topropionic acid and 11-mercaptoundecanoic acid were pur-
chased from Alfa Aesar and used as received.

We used a Digital Instruments Multimode Nanoscope IIIa
(with both E and A scanners)26 installed in an acoustic chamber
mounted on a vibration damping system. All the measurements
were performed at room temperature in air with constant current
mode. We used platinum-iridium STM tips either mechanically
cut or chemically etched, both techniques giving identical
images. The STM measurements, reproducible over the time
scale of our experiments (several months), show that our samples
did not suffer from surface contamination or aging effects. Our
results on MPA were consistently obtained on 8 samples using
tens of tips. Molecular resolution has been achieved in a wide
parameter window: the bias voltage (applied to the sample)
and tunnel current used ranged fromVb ) (300-900 mV and
It ) 25-800 pA, respectively, with the precise values explicitly
mentioned with each image. The images acquired at low
voltages,Vb e 300 mV (It ) 500 pA), still show molecular
resolution but are of poor definition. Similarly, a reversible
image degradation occurs when the tunnel current is increased
above 1 nA (Vb ) 500 mV). The likely explanation is a
perturbation of the SAM head groups due to the too close
proximity of the STM tip. Since our measurements have been
performed in air at room temperature, some of our images
exhibited a distortion due to thermal drift. We have therefore,
after identifying the drift direction and velocity by scanning at
different tip speeds, treated these images to correct for the drift
(mentioned in the captions). Prior to the investigation of the
SAMs we carefully selected all the tips by achieving atomic
resolution on highly oriented pyrolytic graphite.

Results and Discussion

To investigate monolayers of carboxylic acidω-terminated
thiolated molecules on gold surfaces we first prepared and
investigated well-established alkyl-thiol SAMs. We focused on
butanethiol, hexanethiol, octanethiol, and dodecanethiol mono-
layers. We prepared these monolayers by immersing our gold
substrates in 1 mM solutions with toluene or ethanol for periods
of time varying from 1 day to 1 week. After removal from
solution, the samples were dried in air sometimes after rinsing
in the same solvent. To the best of our observations we found
no difference in the final structure of the SAMs as a function
of the assembly time, the molecules used, or the solvent. In all
cases we observed phases rich in etch pits similar to what is
observed in literature.10 We did not investigate these SAMs
thoroughly but used them only as a metric of comparison relative
to other published results and to the carboxylic acid terminated
SAMs that we assembled in the exact same conditions. When

we studied 11 mercaptoundecanoic acid (MUA) SAMs as-
sembled from toluene and ethanol solutions for periods of times
ranging from 1 day to 1 week we observed a somewhat different
behavior. Also in the case of these SAMs there was no
observable morphological difference as a function of assembly
time and solvent and all SAMs were rich in etch pits. Molecular
resolution could not be achieved (Figure 1), we seldom observed
isolated regions with ax3 × x3 unit cell (Figure 1 lower inset),
similar to what has been reported in the literature.20 On the basis
of these observations it is reasonable to suspect that in the
assembly conditions used, MUA forms “amorphous” SAMs,
that is, containing only short-range order. The lack of molecular
resolution on these SAMs could be ascribed to the adsorption
of a water layer or other hydrophilic contaminants from air or
solution, but the results presented below on MPA SAM question
this common belief.

Different results were obtained when assembling MPA
monolayers. When the SAMs were prepared from ethanol we
observed morphologies similar to those described for MUA
monolayers, i.e., etch pit-rich “amorphous” layers even after 1
week of assembly time. In the case of SAMs obtained from
toluene solutions, already after 1 day highly ordered etch pit-
free layers were routinely observed. It should be noticed that
the presence of etch pits in the “ethanol” SAMs versus their
absence in their “toluene” counterparts is an indication that these
SAMs are morphologically different, as opposed to the “ethanol”
SAMs being similar to the “toluene” ones but covered by some
impurity. Figure 2a shows a representative image of a MPA
SAM assembled from a toluene solution, containing a relatively
large single crystal with boundaries constituted of a striped 11
× x3 phase (flat lying phase). Figure 2b shows the same SAM
assembled from ethanol. We believe that these results highlight
the effect of solvent on the morphology of a SAM. It is
reasonable to expect that SAMs prepared from toluene (where
MPA is less soluble compared to ethanol) could reach equilib-
rium faster when compared to ethanol-derived SAMs, yet even
after 1 week we saw no hint of the etch pit-free morphology
observed after 1 day in toluene.

Next we focused on the highly ordered phase that we
observed on all our MPA SAMs formed from toluene. As shown
in Figure 3, molecular resolution STM reveals ax3 × x3
structure with ac(4 × 2) superlattice reminiscent of the
extensively studied alkanethiols. The carboxyl-terminated head
group of MPA, although larger than the alkanethiol molecule,
is sufficiently small (carboxyl-carbonyl oxygen distance) 2.2
Å) to conform in this lattice. This is reasonable if one compares

Figure 1. Ex -situ STM topographies showing 11-mercaptoundecanoic
acid (MUA, schematic in the inset) SAMs covering Au(111). Lower
inset: Isolated region displaying crystallization. (Vb ) 800 mV, I t )
25 pA.)
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these SAMs with benzyl mercaptan SAMs, where the constituent
molecules comprise a larger diameter (benzene ring outer
diameter) 2.8 Å) than MPA molecules, but also self-assemble
into a regularx3 × x3 R30° lattice.10,27 It also seems to
exclude any substantial enthalpic contribution to the SAM
formation from head group interactions (such as H-bonds or
van der Waals types of interactions). As shown by the line
profile (Figure 3b) taken across the brightest molecules, the
average molecular spacing is 5.0( 0.1 Å. The inset of Figure
3a displays one rectangular unit cell (chosen as 3× 2x3)
together with the locations of the molecules observed with STM.
We observe that the positions of the molecules slightly deviate
from a perfectly hexagonalx3 × x3 lattice. The molecules
marked by black circles are clearly off the dotted line of the

unit cell. This phenomenon, also observed for alkanethiols, has
yet to be fully explained.28

It is known that STM images of SAMs showingc(4 × 2)
reconstructions show different “polymorphs” of the unit cells
where the relative intensity of the atoms changes.17 We observed
the same phenomenon on our SAMssspecifically, we observed
one polymorph per single crystal, but we could observe several
polymorphs on the same substrate while keeping all of the
imaging parameters the same. Two different polymorphs are
shown in Figure 4 as an example. In Figure 4a the brightest
molecules are the four molecules standing at the corner of the
unit cell, in Figure 4b the brightest molecules are in a coupled
staircase arrangement. The reproducibility of these topographies
after successive scans has also demonstrated the stability of the
domains with respect to the STM probe, thus ruling out the
possibility of tip-induced rearrangements of the molecules. We
also note that we did not observe the presence of different
polymorphs in the same STM image as previously observed by
Riposan et al. on undecanethiol SAMs.17 At present we believe
that we did not succeed to image boundaries between poly-
morphs due to the large size of our single crystals. Further work
needs to be performed to clarify this point.

With the aim of probing whether these observed polymorphic
structures are straightforward effects of the spatial variation of
the local density of states (LDOS) we have acquired images at
several bias voltages and tunnel currents (set points). Scanning
the same area at different bias voltage fromVb ) 500 to 900
mV (probing the unoccupied states) only slightly modify the
relative brightness of the molecules in the unit cell. However,
due to a slow but not negligible thermal drift it is difficult to
locate the same atom in two successive images. We have thus
made certain that the molecules in the unit cell do not exchange
their brightness between images acquired at different voltage
and current set points. As shown in Figure 4c, the continuity of
the structure between the lower and upper parts of the
topography (the voltage was switched from 500 mV to 700 mV

Figure 2. Ex situ STM topographies of MPA (schematic in the inset)
SAMs formed from toluene (a) and ethanol (b) solutions. (a) Etch pit-
free MPA highly ordered domain delimited by regions displaying a
striped phase. (b) Etch pits rich amorphous MPA monolayer formed
in ethanol. (Vb ) 500 mV, I t ) 500 pA.) All the images presented in
this paper (raw data) have been postprocessed using WsXM software
(with slope correction and linear interpolation between pixels but
without FFT filtering).35

Figure 3. (a) STM molecular resolution image showing thec(4 × 2)
structure together with the 3× 2x3 unit cell. Inset: Zoom into the
unit cell (rectangle) with the positions of the nonequivalent molecules.
(b) Height profile running along the blue line in (a) crossing the corner
molecules. (Vb ) 500 mV, I t ) 500 pA.)

Figure 4. Different contrasts for the molecules in thec(4 × 2) structure
have been observed at different locations on our sample: (a)â-contrast
and (b)ú-contrast following Riposan et al.17 (Vb ) 500 mV, I t ) 500
pA.) (c) Images acquired switching fromVb ) 500 to 700 mV (I t )
500 pA) while scanning showing the continuity of the structure. (Panels
b and c were drift-corrected.)
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while scanning) allowed us to observe that the brightest spots
correspond to equivalent molecules in both structures. This
suggests that within our imaging range the polymorphic
structures observed are linked to the monolayer structure rather
that to some electronic imaging effect.

Finally, we investigated the LDOSz-dependence by varying
the tunnel current from 500 to 30 pA. As shown in Figure 5,
we observe a transition in the contrast of our images from a
clearc(4 × 2) at 500 pA to what appears ax3 × x3 structure
at 30 pA. Image appearance (and quality) did not depend on
the sequence of currents used. It should be noted that the images
shown are all on the same color scale, hence the contrast
obtainedper moleculeremained constant as the tip was retracting
(smaller current); the only things that changed were the intensity
ratio between molecules and the apparent size of the molecules.
The strong contrast between the molecules in the unit cell occurs
when the tip probes the LDOS closer to the SAM whereas no
contrast between molecules is observed farther from the SAM.
An irreversible tip-inducedx3 × x3 toc(4 × 2) rearrangement
of the structure of decanethiolate SAMs on Au(111) has been
reported in the literature.29 However, in our case, the reversible
contrast transition renders a tip-induced scenario very unlikely.
Another study of butanethiol and dodecanethiol has reported
reversiblex3 × x3 S c(4 × 2) structural fluctuations under
the same tip and voltage conditions.30 We point out that, at a
given current-voltage setpoint in our experiments, the targeted
areas have always displayed the same polymorph during each
measurement (time scale typically∼1 h). The origin of this
contrast transition calls for further investigations. However, since
STM in the constant current mode maps isosurfaces of the
LDOS, such a contrast transition could be qualitatively explained
considering different decay lengths of the wave functions for
the nonequivalent molecules assuming these latter are standing
at slightly different physical heights (z-position), resulting from
either different sulfur adsorption sites or the presence of
adatoms.16 In any case, we think this contrast transition worth

reporting and believe that spectroscopic measurements would
provide a more conclusive answer.

Conclusions

Our results show that short carboxylic-terminated molecules
self-assemble onto Au(111) forming ax3 × x3 structure
featuring ac(4 × 2) superlattice similar to the well-known
alkanethiol case. In addition, the absence of etch pits demon-
strates the possibility for short alkyl chains to form a long-
range (∼100 nm) ordered monolayer. Finally, our results on
MPA SAMs on flat surfaces should form a basis for a deeper
understanding of STM observations of mixed monolayers
containing MPA molecules, specifically in the case of SAMs
on nanoparticles,1,31,32a topic that our group has been studying
in recent years.33,34
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