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Potential-induced structural change in a self-assembled monolayer (SAM) of 4-methylbenzenethiol (4-MBT)
on Au(111) is investigated by in situ scanning tunneling microscopy (STM). STM images in 0.1 M HClO4

indicate that a 4-MBT SAM on Au(111) consists of multiple phases in electrochemical environments. These
phases include ordered domains (R-phase), aggregated molecular patches (â-phase), and potential dependent
structures (â′-phase andγ-phase). At a potential positive of 0.3 VSCE, comparable to the potential of zero
charge (pzc) of Au(111), Ostwald ripening ofR-phase domains is observed. Aggregated molecular patches
are annealed, by the applied potential, to form a structuredâ′-phase. At a potential negative of 0.3 VSCE, the
structure of 4-MBT SAMs transforms to a new phase (γ-phase), 2.0( 0.5 Å higher than the surrounding
R-phase surface. This is shown to be an STM tip-enhanced structural change, and is a consequence of the
weak binding of thiol to gold at a potential negative of the pzc. Stepping the substrate potential back from 0.2
to 0.4 VSCE transforms theγ-phase to theR-phase.

Introduction

Self-assembled monolayers (SAMs) of organothiols on gold
surfaces are model systems, forming well-ordered 2D structures,
to understand the fundamental properties of organic thin films
and monolayers.1-4 Aromatic thiols have an azimuthally aniso-
tropic structure, that aligns the molecules throughπ-π
stacking,5-8 and a higher electrical conductance compared to
alkanethiols.9,10Aromatic thiols have been considered candidates
for a number of applications including molecular wires and
electron-transfer promoters for electroanalytical sensors.9-11 To
control and design the properties of the modified surface it is
necessary to study the orientation and arrangement of self-
assembled molecules at electrified interfaces. However, the
nature and dynamic behavior of the self-assembly process of
aromatic thiols, e.g., the number of monolayer phases and the
thermodynamic stability of each phase, have been less studied
compared to those of alkanethiols.

Ordered SAMs on Au(111) are believed to be the result of
the van der Waals intermolecular interactions and the sulfur-
Au interaction. Most long-chain alkyl and aromatic thiol SAMs
form the (x3 × x3) structure consistent with close packing of
sulfur on Au(111).1 For example, the well-ordered (x3 × x3)
structures of long-chain aromatic thiols on Au(111), such as
oligophenylene thiols, terphenyl mercaptanes, and aromatic-
terminated aliphatic thiols, have been observed by scanning
tunneling microscopy (STM) measurements.12-17 However,
these are not the only structures observed. For example, (2x3
× x3) and (5x3 × 3) structures were reported for biphenyl
alkanethiols, CH3(C6H4)2(CH2)nSH SAMs.12 Yang et al. reported
a striped (7× x3) phase for 2-phenylethanethiol on Au(111).17

Baunach et al. observed benzylmercaptane with striped (15×
x3) and (2× x3) structures on Au(111) in solution,18 while a
(x3 × x3) structure was reported by Tao et al. in air for the
same molecule.19 On the other hand, a theoretical study of

benzenethiol adsorption suggested that the aromatic group
energetically favors a herringbone arrangement with a (2x3 ×
x3) structure.20 Clearly there are many different adsorption
structures for aromatic thiols on Au(111) reflecting different
surface coverages12 and experimental conditions.18

In the case of short aromatic thiols, other interactions, e.g.,
between the benzene ring and surface,11 between functional
groups,21 and the intermolecularπ-π interaction,5,22 can drive
the packing structure to deviate from the (x3 × x3) structure.
Such strong intermolecular interactions, compared with the van
der Waals lateral intermolecular interactions that driven-
alkanethiol molecules to assemble in well-defined monolayer
structures, can drive the short aromatic thiols to form multi-
layers, preventing the observation of the ordered phase in STM
measurements.18 For example, a high-resolution STM image of
a benzenethiol SAM with a (x13× x13) structure was reported
by Osawa et al.23 In contrast, other STM studies concluded that
benzenethiol cannot form an ordered structure.13,17,19Monolayers
of 2- and 4-mercaptopyridine and bis(2- and 4-pyridyl)disulfide
yielded a well-ordered structure with a (p × x3),5,11,24-28 while
2- and 4-aminothiophenol SAMs were imaged only as a few
molecular rows instead of larger ordered domains.21

The chemisorption of adsorbates on metal surfaces can lead
to a weakening of bonding between surface metal atoms or the
bonding between surface and bulk metal atoms, resulting in
higher metal adatom mobility.29,30 The surface morphology of
thiol modified gold can be influenced by the nature and dynamic
behavior of thiolate-Au complexes. For example, the lower
binding energy of sulfur to Au for arenethiols, compared with
alkanethiols, can lead to less mobility of arenethiolate-Au
complexes in the SAMs.17 The binding energies of the sulfur
atom to the Au atom for arenethiol and alkanethiol was
estimated to be 46 and 74 kJ mol-1, respectively.17 The energies
were estimated by subtracting the physisorption enthalpies of
benzene andn-hexane31,32(i.e., 60 and 53 kJ mol-1, respectively)
from the binding energies of benzenethiol33 and hexanethiol34,35

to Au (i.e., 106 and 127 kJ mol-1, respectively).17 Upon
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adsorption of aromatic thiols, such as benzenethiol and its
derivatives, Au adatoms slowly diffuse out of the terraces, and
Au adatom islands are observed as opposed to the depressions
(Au vacancy islands) observed forn-alkanethiol SAMs.17

Thermally induced phase transformations can be attributed
to the diffusion of alkanethiolate-Au complexes.17,36,37How-
ever, the weaker binding energy of the sulfur to Au in aromatic
thiols, compared ton-alkanethiols, reduces the mobility of
aromatic thiolate-Au complexes in aromatic thiol SAMs.17

Clearly, the behavior of alkanethiol SAMs may not necessarily
be useful in predicting aromatic thiol SAM behavior.

The adsorption and desorption of thiolates, as well as phase
transformations of thiol SAM surface structures, have been
suggested to be a consequence of potential-induced mobilization
of surface gold atoms.24,38,39 For example, Schweizer et al.
reported a potential-induced surface transformation of ethane-
thiol SAMs on Au(100) accompanied by a change in adsorbate
packing density, a consequence of a change in the substrate Au
surface atom density.38

Conjugated molecular structures, such as aromatic thiols, are
candidate components for molecular electronics.10 To use
aromatic thiols in such applications, we believe that insight into
surface thermodynamics of the aromatic thiol SAMs under
various environments is required. To date, potential-induced
structural changes in only a few aromatic thiol SAMs have been
reported, e.g., nitrobenzenethiol, mercaptopyridine, and bis-
(pyridyl)disulfide.22,24-26 Baunach et al. reported a phase
transformation of 4-mercaptopyridine SAMs taking place at
potentials close to the onset of reductive desorption, from the
(5 × x3) and (10× x3) structures to a dense (x3 × 1)
structure in 0.1 M H2SO4.25 However, the electrochemical
activity of the nitrobenzene group and the acidic hydrogen of
the pyridinium group complicate our understanding of the role
of intermolecularπ-π interactions.

We report the electrode-induced phase transformations in a
simple aromatic thiol, 4-methybenzenethiol (4-MBT), self-
assembled monolayer (SAM). The 4-MBT SAM on Au(111)
was chosen to investigate the dynamic behavior of aromatic
thiol SAMs, without the complication of any acid-based moiety25

that might influence adsorbate mobility under the potential
applied to the substrate electrode. In addition, cyclic voltam-
metry experiments show a lack of electrochemical activity for
4-MBT in the potential range from-0.25 to+0.65 VSCE.

We observed and characterized a number of phases in the
4-MBT monolayer in an electrochemical environment. The
thermodynamic stability of each phase was evaluated as a
function of substrate potential, by time-lapse STM at potentials
chosen to be negative and positive of the potential of zero charge
(pzc),∼0.3 VSCE for Au(111) in acidic solutions.40

In addition to substrate potential-induced structural changes
in a 4-MBT SAM, we report, for the first time to our knowledge,
a tip potential-enhanced phase transformation of aromatic thiol
SAMs.

In applications that employ STM tips to achieve nanoscale
structural changes in SAMs, the tip electric field perturbs the
molecular charge distribution and hence the sulfur-Au bond.17,41,42

However, the local structural changes achieved to date, e.g.,
local desorption and phase transformation, were irreversible in
alkanethiol SAMs.43 Under electrochemical environments, it
may be possible for the charge distribution of the sulfur-Au
bond to be regulated by applying a potential, leading to more
control of these effects.

Experimental Section

The Au(111) single-crystal disk (Mateck GmbH, Germany)
was chemically cleaned by hot piranha solution (1:3 H2O2 (J.T.
Baker, CMOS) and H2SO4 (J.T. Baker, CMOS)) (Caution:
piranha solution is a very strong oxidant and is extremely
dangerous to work with; gloves, goggles, and a face shield
should be worn), followed by hydrogen flame annealing before
use. Cyclic voltammetry of Au(111) in 0.1 M H2SO4 and HClO4

(Fisher Scientific Co.) solutions was employed to evaluate the
surface of the Au(111). All electrolyte solutions were prepared
with purified water of 18.2 MΩ·cm (Barnstead, EasyPure with
UV light). 4-Methylbenzenethiol (4-MBT) SAMs were prepared
by immersing the Au(111) for 5 min or 20 h into a solution of
0.05-0.2 mM 4-MBT (Aldrich) in ethanol, followed by 1 min
of utrasonication in ethanol to remove excess molecules from
the surface. Cyclic voltammetry of 4-MBT SAMs modified
Au(111) in 0.5 M KOH (Fisher Scientific Co.) was employed
to estimate the surface concentration from the reductive de-
sorption of 4-MBT molecules. All cyclic voltammetry was
performed under a N2 atmosphere after degassing electrolyte.
STM imaging (Molecular Imaging, Picoscan 2100) was per-
formed in 0.1 M H2SO4 and HClO4 solutions under potential
control provided by a bipotentiostat (Molecular Imaging,
Picostat). Tungsten tips were electrochemically etched in 3 M
KOH and then coated with paraffin wax to minimize the faradaic
current occurring at the tip. All STM images were recorded in
the constant current mode. The electrochemical cell was
composed of an Au(111) working electrode and Pt wires as the
reference and counter electrodes. All potentials are quoted versus
the saturated calomel electrode (SCE).

Results and Discussion

STM Images. The samples were initially imaged in 0.1 M
HClO4 or H2SO4 solutions at a potential where the adlayer is
electrochemically stable (e.g., 0.4 V). There were no noticeable
differences in the images obtained in HClO4 or H2SO4 solutions,
contrary to previous studies of more complex aromatic thiol
SAMs.24,25 The ordered domains, typically 30-50 nm in
diameter, are composed of striped structures (R-phase), whose
orientations reflect the Au(111) threefold symmetry (Figure 1A).
Aggregated molecular patches (â-phase), observed atR-phase
domain boundaries, are generally higher (∼0.5 Å) than the
orderedR-phase domains in the cross-sectional analysis (Figure
1). These aggregated molecular patches (â-phase) become more
ordered (â′-phase) with time (inset in Figure 1). The height
difference between orderedâ′-phase and orderedR-phase
domains is generally∼1 Å.

Au adatom islands form after the chemisorbed thiol-induced
lifting of the Au(111) reconstruction.17 However, the height
difference between theâ-phase and theR-phase is much less
than the height of monatomic gold islands (∼2.5 Å).44 The
â-phase coverage, as high as 35%, is higher than the 4.4% extra
Au atoms resulting from the lifting of the reconstruction.17,45

While ultrasonication of the modified Au(111) in an ethanol
solution should remove most of the excess physisorbed 4-MBT
molecules from the surface, e.g., multilayers, chemisorbed
molecules can remain on the surface. This leads us to suggest
that theâ-phase is comprised of chemisorbed 4-MBT molecules,
but not gold islands covered with 4-MBT.

We identify three distinct structures within different domains
of the stripedR-phase (Figure 1). The measured lattice constants,
for theR-phase structuresI andII (Figure 2A,B), area ) 0.48
( 0.02 nm andb ) 1.4( 0.1 nm, and the angle between lattice
vectors is 87( 2°. This model results in a (4× x3) structure
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(a ) 4aAu, b ) x3aAu, whereaAu ) 2.89 Å). The difference in
the appearance of structuresI and II is a consequence of the
difference in adsorption sites; all molecules in structureI reside
in 3-fold hollows, whereas molecules in structureII occupy both
atop and 3-fold hollow sites.5 The proposed unit cell corresponds
to a coverage of 0.25 ML (0.35× 1015 molecules cm-2). For
structureIII (Figure 2C), the measured lattice constants area
) 0.48( 0.02 nm andb ) 1.3( 0.1 nm, and the angle between
lattice vectors is about 58( 2°. A possible model structure is
a (2x3 × x3) structure. The proposed unit cell corresponds to
a coverage of 0.33 ML (0.46× 1015 molecules cm-2).

Electrochemistry. The 4-MBT SAMs were electrochemically
evaluated by cyclic voltammetry to determine the desorption
potential. Cyclic voltammograms (CVs) of Au(111) covered
with 4-MBT were recorded in 0.1 M HClO4. The reductive
desorption of 4-MBT on Au(111) starts at-0.25 V, which
overlaps with the evolution of hydrogen (Figure 3). 4-MBT is
not soluble in water and the desorbed molecules stay near the
surface. The peak at 0.4 V in the anodic scan suggests
readsorption of molecules. This is consistent with previous
reports,18,46 that electrochemically reductive desorbed thiolates
can physisorb at the interface due to lack of solubility in aqueous
solution, and that oxidative readsorption of physisorbed thiolates
takes place in a subsequent reverse anodic scan. The cyclic
voltammogram suggests that the 4-MBT SAM is electrochemi-
cally stable in the potential range between-0.25 and+0.65 V
in 0.1 M HClO4.

Cyclic voltammetry for the reductive desorption of 4-MBT
on Au(111) was performed in 0.5 M KOH to obtain the surface

concentration of adsorbed 4-MBT. The electrochemical desorp-
tion of n-alkanethiols from Au in alkaline solution was reported
by Porter et al., and described as a one-electron reaction (AuSR
+ 1 e- f Au(0) + RS-).47 The surface concentration of 4-MBT
monolayers on Au(111) was determined from the reductive peak,
and estimated to be about 7.5× 10-10 mol cm-2 (0.45× 1015

molecules cm-2), corresponding to 72.3 C cm-2 of the charge
under the peak, corrected for double layer charging. The
corresponding local surface coverage is 0.33 ML with respect
to the atomic density of Au(111). This value is high compared
to the local surface concentration of some of the proposed
surface structures. We suggest that aggregated molecules of the
â-phase lead to a high charge estimation in CV for reductive
desorption.5,18

Phase Transformation 1: Potential Annealing.Changes
of the surface morphology, e.g., transformation from theâ- to
â′-phase, were monitored with time in 0.1 M HClO4. At early
times, just after the initial adsorption step, theâ-phase dominates
the surface (Figure 4A) and the stripedR-phase domain, marked
as a circle, exists inside theâ-phase. To minimize mechanical
drifts, the sample stage was usually stabilized in air for 2 h.
Thus, the initial images show the disordered surface, and Figure
4A shows the result after several hours annealing in air without
applied potential, i.e., before adding electrolyte.

On the other hand, in the image recorded 3 h later the surface
mainly consists of stripedR-phase domains, with theâ′-phase
occupying the domain boundaries (Figure 4B). The coverage
of theâ-phase is considerably reduced. Possible effects of STM

Figure 1. Typical STM image of the 4-MBT on Au(111) in 0.1 M
HClO4 at 0.4 V and cross-sectional analysis of the region marked by
the line. The image shows striped structures (R-phase), aggregated
molecular patches (â-phase), and ordered patches (â′-phase) (inset).
The STM tip potential and tunneling current were 0.1 V and 0.6 nA,
respectively. The 4-MBT SAM was prepared by immersion of Au-
(111) in 0.05 mM ethanol solution for 5 min.

Figure 2. High-resolution STM images (R-phase) of the 4-MBT SAM
on Au(111) in 0.1 M H2SO4 at 0.4 V and proposed models for three
observed structures. Open circles represent the surface Au atoms. The
sulfur headgroups are solid circles. The tip potential and tunneling
current were 0.1 V and 0.4-0.6 nA, respectively. The 4-MBT SAM
was prepared by immersion of Au(111) in 0.2 mM ethanol solution
for 5 min.

Potential-Induced Structural Change in an Aromatic SAM J. Phys. Chem. C, Vol. 111, No. 17, 20076337
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tip scanning on the surface morphology are excluded as Figure
4B was imaged in a different part of the crystal surface from
Figure 4A.

The proposedâ′-phase structure, determined from images
recorded after the sample was held at 0.4 V for 2-3 h with no
scanning (Figure S1(A), Supporting Information), has lattice
constantsa ) 1.0 ( 0.1 nm andb ) 1.0 ( 0.2 nm, and the
angle between lattice vectors is 91( 2°. A possible proposed
model for the measured unit cell would fit best a (3× 3)
structure, corresponding to local coverage of 0.19 ML (0.27×
1015 molecules cm-2) (Figure S1(B),(C)).

Formation of orderedR-phase andâ′-phase domains from
the disorderedâ-phase suggests that 4-MBT molecules organize
into ordered structures with time under electrochemical condi-
tions. In addition, in the STM image obtained for the monolayer
formed after 20 h in thiol solution (Figure S1(D), Supporting
Information), Au vacancy islands are clearly observed at
boundaries between ordered domains, but theâ′-phase is not
observed. This suggests thatâ′-phase formation is substrate
potential-induced, i.e., theâ-phase is stable and does not
transform to theâ′-phase without applied potential>0.3 V.

Sequential imaging of an incompletely ordered domain
demonstrates that thiolates diffuse into and out of molecular
rows, and order to extend the molecular row (Figure 5 A-D).
This reorganization of adsorbed 4-MBT molecules in the SAMs
was imaged only at potentials positive of 0.3 V, comparable to
the potential of zero charge (pzc) of Au(111). We hypothesize
that the reason that this surface diffusion is only observed at
potentials>0.3 V is that the interaction between the sulfur and
Au atoms becomes stronger with increasing potential. Positive
potentials, promoting the strong adsorption of thiols to gold,
can lead to diffusion of thiolate-Au complexes and formation
of ordered structures as shown in Figure 5.48-53

Phase Transformation 2: A Function of Substrate Po-
tential. Potential-induced structural changes of 4-MBT SAMs
were observed at substrate potentials positive and negative of
0.3 V. Stepping the substrate potential from 0.4 to 0.2 V results
in adsorbate islands appearing at the domain boundaries (Figure
6B). The number and the size of the islands rapidly increase,
and these islands connect to each other to form a network (γ-
phase) on the surface. Cross-sectional analysis (Figure 6) shows
that theγ-phase island network is 2.0( 0.5 Å higher than the
rest of the surface. Internal, molecular-scale structure can be
resolved (Figure 7A). It should be noted that the apparent height
in STM images reflects tunneling probabilities between adsor-
bate and substrate, not necessarily physical height. However,
the higher packing density determined for theγ phase (vide
infra), and the apparently taller structure, are consistent with a
more vertical molecular orientation of 4MBT in theγ phase
than in theR,â andâ′ phases.

The phase transformation of 4-BMT SAMs from theR-phase
to theγ-phase starts at less ordered regions of the surface, e.g.,
R-phase domain boundaries, which is similar to thiol desorption,
in that the process is initiated from the defects in the SAM such
as the edges of the vacancy islands.54 However, 4-MBT
desorption probably does not take place at 0.2 V (Figure 3),
and in theγ-phase 4-MBT molecules are more densely packed
than in theR-phase (Figure 7B).

The average intermolecular spacing between stripes is 0.36
( 0.02 nm, and the distance between nearest neighbor molecules
in the stripe is 0.47( 0.01 nm (Figure S2, Supporting

Figure 3. Cyclic voltammograms of the 4-MBT SAM on Au(111) in
(A) 0.1 M HClO4 and (B) 0.5 M KOH, respectively. Scan rate: 50
mV s-1. The 4-MBT SAM was prepared by immersion of Au(111) in
0.05 mM ethanol solution for 5 min.

Figure 4. Surface structural change with a function of time of the
4-MBT on Au(111) in 0.1 M HClO4 at 0.4 V. (A) At 23 min after the
initial adsorption step, aggregated molecular patches predominate in
the adlayer. TheR-phase is mixed with theâ-phase (white circle). (B)
At 3 h after the initial adsorption step, the adlayer consists of the striped
R-phase and the orderedâ′-phase. The coverage of theâ-phase is
considerably reduced. The tip potential and tunneling current were 0.1
V and 0.6 nA, respectively. The 4-MBT SAM was prepared by
immersion of Au(111) in 0.2 mM ethanol solution for 5 min.

6338 J. Phys. Chem. C, Vol. 111, No. 17, 2007 Seo and Borguet
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Information). A possible model, a (x3 × 1) structure, corre-
sponding to local coverage of 0.5 ML (0.69× 1015 molecules
cm-2) is proposed (Figure S2C, Supporting Information). The
distance (0.29 nm) between molecules in the (x3 × 1) structure
is smaller than the van der Waals diameter of sulfur (0.37 nm).

One of possible explanations for the small intermolecular
distances, and the formation of the (x3 × 1) structure, is that,
at potentials negative of 0.3 VSCE, a decrease of the interaction
between 4-MBT and the substrate leads to a relative increase
of intermolecularπ-π ring interactions.24, 25 The stacking
distance of aromatic rings in SAMs on Au(111) is influenced
by intermolecularπ-π ring interactions. There is precedent in
the literature for such tight packing in aromatic SAMs. For
example, 4,4′-bypyridine formed dense packing on Au(111) with
the stacking distance as short as 0.31 nm.7 The stacking distance
in 4-mercapropyridine SAMs on Au(111) decreased from a (5
× x3) to a (x3 × 1) structure as substrate potential changed
from 0.4 to 0.15 V.24,25 In the (x3 × 1) structure, the S-S
distance of 0.32( 0.05 nm was reported for 4-mercaptopyridine
(4-MPY) SAMs on Au(111).24,25This structure corresponds to
a coverage of 0.5 ML, and provides a precedent for our
assignment of a 0.5 ML coverage for theγ-phase. While an
anion network might drive charged 4-MPY molecules to order
with the (x3 × 1) structure in H2SO4, there is no reason for
anions to play the same role with uncharged 4-MBT molecules.
However, 4-MBT does apparently form a (x3 × 1) structure.
This suggests that intermolecular interactions need to be
considered as explanations for the high coverage structures of
4-MPY.24,25

Another possible suggestion for the small intermolecular
distances is the sulfur-sulfur dimerization at thiolate head-
groups.27,55 The dimerization at the sulfur headgroups for the
decanethiol55 and 4-mercaptopyridine27 SAMs on Au(111) led
to a sulfur-sulfur spacing of 0.21-0.22 nm. We suggest that
at potentials negative of 0.3 V, a decrease of the interaction

between 4-MBT and the substrate could drive the thiolate
headgroups to form weak dimers. This process could lead to
the S-S distance being smaller than the van der Waals diameter
of sulfur.

When the substrate potential is stepped back from 0.2 to 0.4
V, the γ-phase network turns into a disordered intermediate
phase, showing the reversibility of theR-phaseT γ-phase
transformation, as the potential is driven positive and negative
of 0.3 V (Figure 6D). Subsequently, the disordered molecules
start to form ordered molecular rows (R-phase) (Figure 6E).
The new striped structures are oriented in directions different
from the structures in Figure 6A. While the stripe direction in
Figure 6E reflects the crystallographic threefold symmetry of
Au(111), the particular direction (120°, 240°, or 360°) is random
and can change as the system is driven through aR-phase to
γ-phase toR-phase transformation.

In addition to substrate potential-induced ordering of the
4-MBT SAM, at potentials positive of 0.3 V, a shape change
of monatomic depth vacancies reveals surface diffusion of
4-MBT-Au complexes rather than bare thiolates (Figure S3,

Figure 5. Sequence of STM images (A-D) showing the surface
transformation of the ordered and disordered domain 4-MBT on
Au(111) in 0.1 M HClO4 at 0.4 V. The dotted circles indicate ordered
molecular rows growing with the surface diffusion of 4-MBT-Au
complexes. The tip potential and tunneling current were 0.1 V and 0.6
nA, respectively. Each image took 3 min. The 4-MBT SAM was
prepared by immersion of Au(111) in 0.05 mM ethanol solution for 5
min.

Figure 6. Time-lapse images of the 4-MBT SAM on Au(111) in 0.1
M HClO4 showing phase transformation with different substrate
potentials: (A) substrate potential (Vsub) ) 0.4 V, tunneling current
(I t) ) 0.4 nA; (B, C)Vsub ) 0.2 V, I t ) 0.1 nA; and (D, E)Vsub ) 0.4
V, I t ) 0.4 nA. The STM tip potential was 0.1 V. The 4-MBT SAM
was prepared by immersion of Au(111) in 0.2 mM ethanol solution
for 5 min. Imaging conditions: (A) after holding at 0.4 V for∼2 h,
(B, C) after imaging at 0.2 V for 7 and 21 min, respectively; and (D,
E) after stepping a potential from 0.2 to 0.4 V and imaging at 0.4 V
for 10 and 50 min, respectively. (D) An intermediate surface structure
as the system undergoes reverse phase transformation fromγ-phase to
R-phase; the brighter areas indicate theγ-phase. White arrows indicate
a different direction of molecular rows.

Potential-Induced Structural Change in an Aromatic SAM J. Phys. Chem. C, Vol. 111, No. 17, 20076339
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Supporting information). Bare thiolate diffusion alone should
not cause changes in the underlying substrate (i.e., the hole).
Therefore, we suggest that, at potentials positive of 0.3 V,
ordering of 4-MBT SAM, e.g., phase transformation from the
â-phase toâ′-phase including Ostwald ripening ofR-phase
domains, is mediated by diffusion of 4-MBT-Au complexes.
The (2x3 × x3) and (4× x3) structures observed in the
R-phase correspond to local coverages of 0.33 and 0.25 ML,
respectively. Theâ′-phase, a (3× 3) structure, corresponds to
a local coverage of 0.19 ML. These values are low compared
to the surface concentration determined by CV. We suggest that
the aggregated molecules of theâ-phase are a source of thiols
that order into theR- andâ′-phase.

Effect of Concentration. While our investigation focused
on the effect of potential on molecular ordering or disordering,
we did investigate the effect of concentration briefly. To probe
the initial state of SAMs, the Au(111) substrate was immersed
for short time (5 min) in 0.05-0.2 mM 4-MBT in ethanol.
However, because a relatively long scanning time was necessary
for stable STM images to be observed, it was hard to judge the
degree of order of samples prepared for 5 min at different
concentrations which form ordered structures under potential
control. Nevertheless, there was no noticeable effect of con-
centration on the phase transformation between disordered and
ordered structures.

Phase Transformation 3: A Function of Tip Potential.
The observation of a (x3 × 1) structure (γ-phase) and a (4×
x3) structure (R-phase) for 4-MBT is similar to previous reports
for 4-MPY.25,39In our STM experiments, however, a significant
effect of the tip-induced electric field on the phase transforma-
tion was observed in 4-MBT SAMs at potentials negative of
0.3 V. Theγ-phase of 4-MBT SAMs is observed only in the
vicinity of a scanned area but not over the entire surface. The
zoomed-out image (Figure S4, Supporting Information) shows

a phase-transformed surface that is larger and different in shape
(circle) compared to the scanned square area (square). This
image provides clear evidence that the tip can trigger the surface
phase transformations. A phase transformed area that is larger
than the scanned area suggests that the phase transformation is
a consequence of the interaction between the electric field of
the tip and the 4-MBT-substrate complexes rather than physical
deformation of the SAM by the STM tip.

In the course of this local phase transformation from the
R-phase to theγ-phase, many holes about 2 Å deep are observed
in theγ-phase. For the phase transformation from theR-phase
to the γ-phase, adsorption or desorption of 4-MBT does not
occur in the potential window explored in the STM measure-
ments. Therefore, we suggest that packing density in theγ-phase
of 4-MBT molecules is larger than theR-phase, so that, in the
absence of a total coverage change, the locally increased
molecular packing density leads to the formation of holes.

At a substrate potential of 0.2 V, theγ-phase suddenly appears
after stepping the tip potential from 0.05 to-0.05 V (Figure
8A). Stepping the tip bias to such negative potentials accelerates
the transformation from theR-phase to theγ-phase. We
speculate that the tip electric field perturbs the molecular charge
distribution and is more effective on the weaker sulfur-Au bond
that prevails at potentials negative of the PZC. The transforma-
tion from theR-phase to theγ-phase is probably triggered by
tip-surface electrostatic interactions, affecting the stability of
the 4-MBT SAM structure. The negatively polarized tip clearly
influences the kinetics of the process, (Figure 8) presumably
by assisting the mobility of the 4-MBT. The driving force for
self-assembly, the intermolecularπ-π interaction between
benzene rings, is, to first order, potential independent. Theπ-π

Figure 7. STM images of theγ-phase in 0.1 M HClO4: (A) substrate
potential (Vsub) ) 0.2 V, tip potential (Vtip) ) 0.1 V, and tunneling
current (I t) ) 0.1 nA; (B) Vsub ) 0.2 V, Vtip ) -0.05 V, andI t ) 0.1
nA. The dotted line in part A indicates stripes. Dark regions in (B) are
holes about 2 Å deep. The 4-MBT SAM was prepared by immersion
of Au(111) in 0.2 mM ethanol solution for 5 min.

Figure 8. Images of the 4-MBT SAM on Au(111) in 0.1 M HClO4
showing the effect of tip potential on phase transformation; at the dotted
white line, the tip potential is stepped (A) from 0.05 to-0.05 V and
(B) from -0.05 to -0.1 V. The 4-MBT SAM was prepared by
immersion of Au(111) in 0.2 mM ethanol solution for 5 min. The
substrate potential and tunneling current were 0.2 V and 0.2 nA,
respectively.
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stacking distance of two aromatic rings is reported to be 3.3
Å,8 consistent with the distance observed between molecular
rows in theγ-phase. A change in the relative magnitude of
headgroup-substrate interactions and molecule-molecule in-
teractions, i.e., decrease in the former relative to the latter, drives
the thiolates to form a new lattice whose structure is determined
by the intermolecularπ-π interaction.

This speculation is based on the observation that the phase
transformations of 4-MBT SAM are different from those of
4-MPY SAM. The 4-MPY SAM in 0.1 M HClO4 does not show
a potential-induced structural transformation, whereas in 0.1 M
H2SO4 the phase transition is observed.25

In light of theR-phase to theγ-phase transition for 4-MBT,
we performed similar experiments, in 0.1 M HClO4, on the
charged 4-MPY. The initial motivation was to explore mechan-
ical tip perturbations of the SAM. Under the conditions we
employed, 4-MPY does not undergo the phase transformation
(Figure S5, Supporting Information), while the uncharged
4-MBT can. Our hypothesis, related to the ability of the sulfate
anion, and inability of perchlorate, to “specifically adsorb”,56

is that the protonated terminal nitrogen moiety of 4-MPY is
associated with anions in H2SO4 but not in HClO4 solution,24,25

suggesting that effective neutralization of the charged terminal
of the molecules, rather than the negative charge of the surface,
drives the transformation. The “neutral” 4-MPY can undergo
the phase transition, whereas the “charged” 4-MPY cannot,
presumably because repulsive interactions prevent formation of
a more tightly packed phase. It appears, therefore, that the tip
effect is greater for uncharged aromatic thiols such as 4-MBT.

Conclusion

The strong interaction between aromatic rings drives adsorbed
4-MBT molecules to form ordered structures (R-phase) with
aggregated molecular patches (â-phase) at the boundaries of
ordered domains.

At potentials positive of 0.3 V, an orderedâ′-phase appears
at stripedR-phase domain boundaries. At potentials negative
of 0.3 V, a tip-enhanced phase transformation leads to the
appearance of a new phase (γ-phase) in the scanned area. The
γ-phase reversibly reorders to form striped structures via
intermediate disordering after stepping to a potential positive
of the pzc. Our results suggest that, at potentials positive of 0.3
V, an increase in the binding strength of thiolate to Au leads to
potential-induced structural transformations from theâ-phase
to the â′-phase and from theγ-phase to theR-phase. These
effects are mediated by diffusion of 4-MBT-Au complexes.
However, at potentials negative of 0.3 V, a potential-induced
structural transformation from theR-phase to theγ-phase of
4-MBT SAMs is explained by a decrease of adsorbate-substrate
binding.
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