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ABSTRACT: Lateral Force Microscopy (LFM) was used to
probe the quality of binary mixed monolayers formed on
planar polycrystalline gold through an electrochemical method.
In the approach, portions of a self-assembled monolayer
(SAM) composed of 2-aminoethanethiol (AET) were
removed from the Au(111) surface facets by selective
reductive desorption which maintained undisrupted regions
of AET elsewhere on the polycrystalline surface. Monolayer
voids created by this method were backfilled with 11-
mercaptoundecanoic acid (MUA) and the interface charac-
terized with ex situ LFM. This produced images with domains
of high and low friction corresponding to isolated zones of
MUA and AET respectively. Reverse sequence mixed
monolayers were also prepared with MUA as the starting layer and rendered LFM images that mirrored the AET based
layers. This demonstrates flexibility of the electrochemical method to produce heterogeneous binary SAMs, and to further probe
the quality of mixed monolayers, a number of experimental conditions including desorption time, electrode configuration, and
initial incubation period were studied. AET/MUA layers that produced the most enhanced LFM images were formed on a planar
electrode that was vertically submerged into the electrolyte while maintaining a selective desorption potential for 5 min before
backfilling with MUA. This condition allowed for the effective diffusion of AET away from the interface and created well-defined
monolayer voids for backfilling. At desorption times lower than 1 min, some of the AET molecules that remained near the
interface would readsorb onto the surface and interfere with the backfilling process thereby creating lower contrast LFM images.
Structural features of these layers were independent of initial incubation time (10 min and 16 h); however, the contrast between
domains was improved when using AET layers formed over a longer incubation period. Interestingly, the contrast was
significantly reduced when mixed layers were created on electrodes set in a hanging meniscus with the electrolyte. Here,
electrochemical evidence pointed to prolonged readsorption of thiolates creating less well-defined voids for backfilling, and the
event was most pronounced for MUA based layers.

■ INTRODUCTION

The characterization of alkylthiol self-assembled monolayers
(SAMs) on gold has been the subject of intense research1−4

since the early 1980s.5 These thin films have many desirable
surface properties but are particularly attractive because of their
ease of preparation. Densely packed SAMs can be formed on
gold when the clean metal is maintained in a thiol/ethanol
solution over several hours/days while lower density SAMs are
produced over shorter incubation times.3,6 As such, thiol SAMs
of varying quality are relatively simple to create and the
functional group(s) on the end of the monolayer may allow for
a range of surface reactions.7 This may be even more flexible
with multicomponent SAMs, and mixed monolayers are
becoming desirable for applications on bulk8 and nanoscale9,10

surfaces.
Mixed thiol SAMs can be formed through numerous

methods8 which can include coincubation11−14 or place
exchange reactions15,16 where different thiols compete for the
same surface. However, the extent of thiol mixing on the

surface is difficult to control with these methods and does not
necessarily correlate with the mole fraction of thiols in solution.
Greater control can be obtained by directed growth methods17

or microcontact chemistry18 or other methods that allow for
the arrangement of a thiol into a pattern onto the surface and
later filling the uncoated zones with a different thiol. These
patterns can be achieved with photo or particle beam
lithography,3 microcontact printing,19 or dip-pen nanolithog-
raphy20,21 to name a few. Electrochemical methods are also
suitable to create monolayer patterns on a surface but have
been relatively understudied. Here, portions of a monolayer
may be removed from a surface through reductive/oxidative
desorption events if significantly negative/positive potentials
are applied to the metal.22,23 Reductive desorption is commonly
described as a one-electron process that creates a thiolate
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species which may or may not readsorb on the surface when the
potential is scanned back to the initial limit. This has been
characterized through electrochemical24−26 and spectroscopic
studies including IR,27,28 Sum Frequency Generation,29

Fluorescence Microscopy,30,31 and Scanning Tunneling Mi-
croscopy,32 and the conditions that influence readsorption are
clear. Short-chain and water-soluble thiolates can diffuse away
from the interface and become unavailable for readsorption
when the potential is made more positive while long-chain and
more water insoluble thiolates remain near the electrode and
readsorb to a greater extent.25,29,32 These desorption and
incomplete readsorption characteristics have been used to
create mixed monolayer gradients on a single surface by
withdrawing the substrate from solution during potential
cycling and backfilling the monolayer defects with a different
thiol.33 However, monolayer voids can also be created on
stationary electrodes through reductive desorption under the
appropriate conditions.
Reductive desorption potentials depend on both thiol chain

length and electrode surface character. Long-chain thiols desorb
at more negative potentials compared to short-chain thiols,34,35

and Au(111), (100) and (110) single crystals show increasingly
negative potentials for reductive desorption.36−38 Both
attributes have been used to tailor well-defined voids in a
surface coating. For example, short-chain thiols in a preformed
binary SAM can be selectively desorbed while the longer chain
thiols remained adsorbed39,40 and the voids created can be
backfilled with a different thiol to create a new mixed
monolayer.41 A modified form of selective desorption may be
applied to SAMs on polycrystalline gold electrodes which
contain a host of Au(111), (100), and (110) surface facets.
Here the metal contains a single component SAM and is
exposed to a selective potential that desorbs thiols from only
the Au(111) facets and are replaced with a different
material.42−44 These mixed monolayers have shown application
in the development of new DNA sensors,45 but ultimately the
mixing distribution is set by the arrangement of crystal facets on
the surface. Although this will vary across different electrodes,
the procedure may find application with gold nanoparticles that
can be synthesized with well-defined facets.46 In any event, the
quality of mixed layers formed through selective reductive
desorption depends on the diffusion of desorbed thiolates away
from the interface. This requires further characterization to
better understand conditions by which reproducible layers are
formed.
Our group has contributed to the creation/characterization

of electrochemically generated mixed monolayers using both
electrochemistry and surface probes. In our initial study,43 a
monolayer of AET was formed on a polycrystalline gold bead
electrode and the desorption characteristics were studied using
differential capacitance. The application of −0.8 V vs SCE for
15 min would irreversibly desorb AET from the Au(111) facets
and into the electrolyte (KOH), and when the voids were
backfilled with MUA, an electrochemical signature for the
mixed monolayer was obtained. This was further characterized
with Electron Back Scattered Diffraction (EBSD) and Lateral
Force Microscopy (LFM) and gave a direct correlation between
the placement of AET/MUA with the metals surface
crystallography.44 The EBSD/LFM study was performed on
the face of a planar polycrystalline electrode that was set in a
hanging meniscus with the electrolyte rather than submerged.
This configuration has been used elsewhere,25,27,47−51 but we
noted that it gave rise to a different capacitance response

compared to the submerged bead. This occurred at the
readsorption potential, and we speculated that it was due to
slow thiolate readsorption which could interfere with the
backfilling process. In the current report, we confirm that slow
readsorption of thiolates does occur at the planar electrode
when set in a hanging meniscus configuration, and this result
has prompted a set of investigations to study the general
influence that thiolate readsorption has on the quality of mixed
monolayers. In the first investigation we vary the extent of
thiolate readsorption onto submerged electrodes as a function
of desorption time; the submerged geometry allows for thiolate
diffusion in all directions away from the interface resulting in
relatively large decreases in the degree of readsorption with
increasing desorption time. In a second study the electrodes are
set into the hanging meniscus arrangement where thiolate
diffusion is more restricted and prolonged readsorption is
noted. LFM images obtained during both of these studies show
reduced contrast when thiolate readsorption is extensive. These
results demonstrate the importance of thiolate diffusion away
from the interface before the backfilling procedure when
fabricating high-quality mixed monolayers.

■ EXPERIMENTAL SECTION
Electrochemical. Electrochemistry was performed with a VoltaLab

(PGP201) potentiostat/galvanostat and a Stanford Research Systems
(SR530) dual phase lock-in-amplifier. Cyclic voltammetry (CV) and
differential capacitance measurements were obtained at a sweep rate of
25 mV s−1, and the potential limits are given in the manuscript.
Differential capacitance was measured by imposing a sinusoidal voltage
(25 Hz and 5 mV rms) onto a linear potential ramp and monitoring
the in-phase and out-of-phase components of current. These were
used to calculate capacitance assuming a series RC circuit model for
the interface. Electrochemical data were collected with National
Instruments data acquisition cards using LabVIEW programs written
in-house.

Working electrodes were made from a 0.5 mm diameter gold wire
(Alfa Aesar, 99.998%) after the tip was melted using a propane torch
and immediately quenched in ultrapure water (Millipore Synergy UV
18.2 MΩ cm). This produced a polycrystalline bead at the end of the
wire. Three working electrodes were made including a bead electrode
(pure electrochemical studies) and two planar electrodes (one for
electrochemical studies and the other for LFM). Both planar
electrodes were made by mounting the bead in epoxy (LECO
Quick-Cure) and exposing a planar surface using sandpaper. The
surface was further treated with finer grades of sandpaper (180, 280,
320, and 400 grit) followed with sonication in water. A mirror finish
was obtained by polishing with diamond suspensions of 6, 3, 1 μm
(Buehler) and finally 0.5 μm (LECO) using water as a dispersion
medium. The epoxy was removed with chloroform, and the metals
were electropolished in perchloric acid. One planar electrode was
polished so the face was perpendicular to the gold wire and was used
for pure electrochemical investigations. The other electrode had a face
polished parallel to the gold wire and was also planed at the back using
sandpaper for ease of mounting when conducting ex situ LFM. This
electrode was annealed at 400 °C in a tube furnace (Barnstead-
Thermolyne 21100) for 2 h to expose surface facets.52

Electrochemical cells were constructed entirely of glass components
and cleaned in a heated mixture of concentrated sulfuric and nitric acid
(50:50 by volume). After the cells were rinsed with excess ultrapure
water, the electrolyte was introduced and purged of dissolved oxygen
by bubbling with Ar (Praxiar, ultrahigh purity). The counter electrode
was a platinum coil (Alfa Aesar, 0.5 mm diam. 99.997%), and a
saturated calomel reference electrode (SCE) was connected to the
working solution through a salt-bridge. The working electrode was
added to the cell, and a blanket of Ar was maintained above the
electrolyte after it had been passed through purified water at a constant
flow rate of 10 mL min−1. One cell contained 0.250 M KOH (Sigma-

Langmuir Article

DOI: 10.1021/la5046767
Langmuir 2015, 31, 2157−2166

2158

http://dx.doi.org/10.1021/la5046767


Aldrich, 99.99%) as the electrolyte and was used for reductive
desorption studies for monolayers composed of 2-aminoethanethiol
(AET, Sigma-Aldrich, 98%), 11-mercaptoundecanoic acid (MUA,
Sigma-Aldrich, 95%), or 6-(ferrocenyl)hexanethiol (FHT, Sigma-
Aldrich). Another cell contained 1 M HClO4 and was used to
measure CVs of FHT layers.
All thiol solutions were prepared to 1 mM using ethanol as the

solvent, and SAMs were formed by incubating the clean electrode into
the thiol solution for either 10 min or 16 h depending on the study. All
SAMs were formed externally from the electrochemical cell, and no
thiols were added to the electrolyte solution in this study. Prior to
incubation, the electrode was normally cleaned by annealing in a
propane flame followed by quenching in water. However, the LFM
electrode was cleaned in a piranha solution (3:1 mixture of
concentrated sulfuric acid and 30% hydrogen peroxide). Although
this solution is highly reactive and should be handled with care, it was
chosen over flame annealing so that the exposed facets would not
change size.
Lateral Force Microscopy (LFM). LFM images were acquired

with a Bruker Multimode IIID AFM using a 150 μm × 150 μm
scanner. In this imaging mode, the AFM tip (Bruker: CONT10, k =
0.1 N m−1) is brought into contact with the surface and scanned
laterally (90° angle) across the sample. During the scan, the cantilever
will deflect vertically and also torque as the tip encounters regions of
different friction. This provides a map of the relative changes in
friction across the surface. The AFM/LFM images were acquired on
the electrode that was polished flat on both sides with the mirror finish
facing up. This was done in air after the surface (containing some form
of a mixed monolayer) had been rinsed with water and ethanol.
Residual solvent was wicked away by touching the side of the electrode
to a Kimwipe, and the surface was dried by Ar across the interface for
approximately 1 min. All images were obtained over a scan size of
either 50 or 100 μm at 1 Hz while acquiring a height channel and two
friction channels (trace and retrace) simultaneously. To enhance
contrast, the second friction image (retrace) was subtracted from the
first friction image (trace) using NanoScope software (Bruker
v1.40r1), and the images were treated with first-order flattening to
offset image tilt. A final enhancement was removing streaks/scars in
the image using open source Gwyddion software (http://gwyddion.
net), and histograms were also generated.

■ RESULTS AND DISCUSSION
Desorption and Readsorption of AET, MUA, and FHT.

The electrochemical characteristics of AET and MUA
monolayers on polycrystalline gold are presented in Figure 1.
The data in Figure 1a was obtained from a planar electrode set
in a hanging meniscus with the 0.250 M KOH electrolyte. The
dashed line corresponds to the bare electrode, and the solid/
dotted lines were obtained after the metal was modified with a
layer of AET produced from a 10 min incubation period. At 0 V
vs SCE the capacitance of the AET coated electrode (solid line)
is lower than that of the bare electrode (dashed line)
confirming the presence of a low dielectric material on the
surface. Capacitance remains low during the negative potential
scan until two peaks occur at −0.750 V and −1.1 V and a
shoulder at −1.3 V vs SCE. These peaks also appear in CVs44

and have been attributed to reductive desorption of AET from
Au(111), (100), and (110) facets, respectively. In fact it is more
appropriate to state that the peaks arise from the desorption of
AET from facets with near-Au(111), (100), and (110)
character because EBSD characterization shows a range of
facets across a single polycrystalline surface.44 However, for
simplicity we do not emphasize this distinction in the
remainder of the manuscript and refer only to the Au(111),
Au(110), and Au(100) facets in general. Because the peaks
arise from an electron transfer process, the interface cannot be
modeled as a series RC circuit over this section of the graph.

The peaks do not reflect a true measure of capacitance and are
only used to indicate the potentials at which AET desorbs from
various surface facets. A more significant use of capacitance is
noted while holding the potential at −1.4 V vs SCE for 30 s
during which time the capacitance decreases and merges with
the value for the uncoated electrode signifying that the surface
is now devoid of AET. On the return scan (dotted line) some
peaks occur near −1.3 V and −0.8 V vs SCE indicating some
readsorption of the thiolates; however, at the positive limit of 0
V vs SCE the capacitance is higher than the initial layer because
AET is not fully readsorbed. When maintaining the adsorption
potential for 5 min, the capacitance decreases and attains a
value similar to that of the initially adsorbed AET layer. This is
an interesting observation and points to some slow or
prolonged change at the interface. These observations have
been described for AET layers that are the product of both 10
min and 16 h incubation times,44 yet the capacitance decay
remains poorly understood. To further investigate, the
desorption/readsorption characteristics of MUA were also
studied. This molecule is a longer-chain thiol with a carboxylic
acid functional group in contrast to the amine group of AET.
As seen in Figure 1b, the general trends for the MUA coated
electrode are similar to those for AET. Some differences include
a lower capacitance for the initial MUA layer at 0 V vs SCE and

Figure 1. Differential capacitance for 10 min layers of (a) AET and (b)
MUA formed on planar polycrystalline gold electrodes and set in a
hanging meniscus. The dashed line is capacitance for a bare electrode
(0.25 M KOH), and the solid/dotted lines are for the negative/
positive scans (25 mV s−1) of the thiol modified surfaces, respectively.
(c) Fractional coverages estimated from the parallel plate capacitor
model were acquired at 0 V vs SCE after the 10 min layers had been
exposed to a desorption/readsorption cycle on the indicated electrode
geometry.
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a more negative potential associated with desorption from the
Au(111) facets indicated by the shoulder at −1 V vs SCE. Both
observations can be explained by the fact that MUA is a longer
thiol which forms a more compact layer on the surface even
over the short incubation time. However, full desorption of
MUA still occurs while holding the negative potential limit for
30 s and incomplete readsorption is also evident by the
intermediate capacitance when the adsorption potential is re-
established. Clearly, the capacitance decays while maintaining
this potential showing that the event is not unique to AET. The
origin of the slow capacitance change deserves further
investigation particularly if it is related to readsorption of
thiolates onto the metal surface, as this would affect the quality
of mixed layers formed through the electrochemical method.
A slow readsorption process could occur if some of the

initially desorbed thiolates remain near the interface but are not
immediately readsorbed during the positive potential scan. The
thiolates must come from the originally desorbed monolayer
since no additional thiols are present in the bulk of the
electrolyte. Capacitance can be used to estimate the fractional
coverage of thiols by modeling the interface as the parallel plate
capacitor in the manner described by Damaskin and Frumkin.53

The interface is viewed as two capacitors in parallel: one for
portions of the surface that are coated with thiols that do not
change their orientation and the other representing portions of
the surface that are void of thiols. For capacitors in parallel, the
total capacitance is

θ θ= + −θ θ= =C C C( ) (1 )1 0

where the θ is the fractional coverage and can range between 1
for a fully coated electrode and 0 in the absence of thiol, C is
the measured capacitance, Cθ=1 is the capacitance of the initially
formed monolayer, and Cθ=0 is the capacitance of the bare
electrode. This equation was applied to the decay in
capacitance at 0 V vs SCE after the thiols were exposed for
30 s at the full desorption potential of −1.4 V vs SCE. The
fractional coverage is plotted as a function of readsorption time
in Figure 1c, which shows the estimated fractional coverage of
AET on the planar electrode (○) increases from approximately
0.65 to a value of 1 after the adsorption potential was re-
established and maintained for 4 min. The standard deviation
from three independent experiments show that the event is
reproducible, and the values are distinct when compared to
MUA (□). The general trends between AET and MUA are
similar and show an increasing fractional coverage with time
although there is an overall decrease in the coverage of MUA
compared to AET. This may stem from differences in solubility
between the thiols but may also originate from the fact that the
value for Cθ=1 is larger for AET than for MUA which offsets the
fractional coverage of AET to larger values. Therefore, it is
difficult to directly compare the numbers between AET and
MUA with this method. However, when comparing the
response of MUA on two different electrode configurations,
an important distinction is made. The desorption/readsorption
procedure results in a far lower final fractional coverage of
MUA on the submerged bead electrode (◊) compared to the
planar electrode set in a hanging meniscus (□) even though
the fractional coverages at time zero are the same for both.
Then, if the fractional coverage estimated by the parallel plate
capacitor model accurately reflects a slow readsorption process,
it would appear to be more prevalent at the planar electrode
when set in the hanging meniscus configuration compared to
the submerged bead. This may result from differences in the

diffusion of thiolates away from each electrode configuration.
For instance, water insoluble surfactants have been shown to
desorb from electrodes that are set in the hanging meniscus but
they remain in the vicinity of the interface to such an extent
that their readsorption is complete at more positive
potentials.47,48 In this regard, the hanging meniscus config-
uration may restrict diffusion of desorbed thiolates away from
the interface which results in the enhanced readsorption.
However, the parallel plate capacitor model does not account
for changes in the orientation of the thiols on the surface or
other surface rearrangements such as diffusion of thiolates−Au
moieties.54 A more accurate measure of surface coverage could
be determined using monolayers of FHT that contain a
ferrocene redox probe, and the results are presented next.
The data in Figure 2 confirm that the slow change in

capacitance at the readsorption potential is at least partially due
to the accumulation of thiolates on the surface. CVs measured
in HClO4 are shown in Figure 2a for the planar electrode set in
a hanging meniscus after it was modified with a 10 min layer of
FHT. The initial layer (solid line) has characteristics that are in
agreement with other reports,55 and the peaks in the CV
correspond to the oxidation/reduction of the ferrocene groups
rather than the displacement of the thiols from the surface. In-
line with other studies,13,14,56 the surface coverage was
calculated through ΓFc = QFc

+/nFA where QFc
+ (C) is the

charge due to ferrocene oxidation (area under a sigmoidal
baseline corrected anodic scan in this report), F is the Faraday
constant, A is the area of the electrode (cm2), and n is taken as
1 representing the number of electrons passed. The surface
coverage was determined to be ΓFc = 4.0 ×10−10 mol cm−2 (±
0.1 × 10−10 mol cm−2) and is lower than the value of 4.5
×10−10 mol cm−2 that has been previously reported for this
molecule.55 This difference is due to the fact that our FHT layer
was formed over 10 min and is therefore less densely packed
compared to SAMs formed over a longer incubation time.
However, we use this value as a measure of the initial surface
coverage of FHT (Γo) and calculate fractional coverage through
θ = Γ/Γo where Γ is the surface coverage after the layer was
treated with a desorption/readsorption procedure in KOH
which included either a 5 or 0 min duration at the readsorption
potential of 0 V vs SCE. As shown in Figure 2a, CVs with larger
peaks are obtained when the readsorption potential is
maintained for 5 min (dashed line) compared to 0 min (dotted
line). We emphasize that these measurements were not
consecutive and were performed on independent monolayers,
each with a desorption holding time of 30 s. This confirms that
more FHT accumulates on the surface given the extended
holding time at the readsorption potential. Furthermore, the
event is dependent on the desorption conditions as shown in
the bar graph of Figure 2b. The blue bars represent the fraction
of readsorbed FHT molecules after freshly prepared layers were
exposed to 10, 30, or 60 s of desorption before the readsorption
limit was established for 5 min. The red bars represent a set of
independent FHT layers that were exposed to the same
desorption conditions, but the readsorption potential was not
maintained for the extended time. Increasing the desorption
time allows for a greater proportion of desorbed thiolates to
diffuse away from the interface and into the bulk electrolyte
thereby becoming unavailable for readsorption. This is shown
in Figure 2b by the decreasing fractional coverage as desorption
time increases. However, for a given desorption time, the
fraction of readsorbed thiolates is higher if 0 V vs SCE is
maintained for 5 min. This is also true for higher quality layers
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of FHT that were formed on the electrode over 16 h of
incubation (Figure 2b for 60 s desorption), although, these
SAMs have higher fractional coverages compared to the more
crude layers. The desorption/readsorption features are also
evident in the capacitance response during FHT desorption/
readsorption. The capacitance decay at the positive potential
limit was used to estimate the fractional coverage of FHT in the
same manner as AET and MUA, and the data are presented in
Figure 2c. In all cases, the estimated fractional coverages
increase while maintaining the positive readsorption potential
again supporting slow readsorption; however, the values are
lower as desorption time increases. With these combined
observations, a desorption/readsorption procedure appears to
produce a population of thiolates in the bulk of the electrolyte
that are unavailable for readsorption. On the return scan, a

portion of thiolates that exist in the immediate vicinity of the
electrode are readsorbed while another population is
intermediate between the two states and could readsorb
through following a simple first-order kinetic reaction:

θ θ→
k

I R
R

Here, θR represents the fraction of thiols that are readsorbed on
the metal (estimated by capacitance) and θI is the fraction of
thiols that are available for slow readsorption. The solid lines in
Figure 2c represent the global of fit of θR to this first-order
reaction with the constraint that θR(t), θI(t), and θBulk(t) must
always sum to unity. The value of kR was 1.4 min−1, and while
the kinetic model does fit the data nicely, it must be stated that
the fractional coverage estimated by the parallel plate capacitor
model is always larger than those determined from the
ferrocene oxidation currents (compare the 30 s data in Figure
2b and c). As such, there may be additional interfacial factors
that influence the change in capacitance, and the kinetic model
should only be viewed as a simple approximation to the slow
readsorption process. In any event, the results in Figure 2a, b
do confirm that the capacitance decay is at least partially related
to the prolonged accumulation of thiolates on the surface. The
impact that thiolate readsorption has on the quality of the
electrochemically formed mixed monolayers is tested in the
next sections using LFM.

LFM Characterization of Mixed Monolayers. LFM
images produced from mixed layers of AET and MUA are
presented in Figure 3. The height image (Figure 3a) was
acquired in contact mode and shows a fairly uniform surface
except for a polishing line in the upper half of the image and
two defects at the left and right. These defects were
intentionally included to align all images to the same region.
The LFM image in Figure 3b corresponds to an AET/MUA
mixed layer. For this, a SAM of AET was formed on the planar
surface over 10 min and the electrode was then submerged into
the electrolyte with the planar face held vertically. The potential
was swept from 0 to −0.75 V vs SCE where AET desorbs from
the Au(111) facets as discussed in Figure 1a. This potential was
maintained for 15 min which was previously found to be
sufficient to create voids at the Au(111) facets on submerged
electrodes.43 When the potential was swept back to the positive
limit, the electrode was immediately removed from the
electrolyte and rinsed with water and ethanol, and the
Au(111) sites were backfilled with MUA for 10 min. The
LFM image was then acquired according to the procedure
outlined in the Experimental Section and is shown in Figure 3b.
Clearly, the surface has a structure that is not evident from the
height image alone. The contrast in the LFM image arises from
variations in torque on the cantilever as it passes over the
different thiol domains, and the results are consistent with other
LFM studies that have explored mixed thiol monolayers created
by different methods.57−60 Although the surface crystallography
is not mapped in the current study, we attribute zones of high
friction to domains of MUA on surface facets with Au(111)
character while the zones of low friction correspond to AET
elsewhere on the surface in accordance with our previous
study.44 The distinction between the two thiol domains is
visually apparent in the LFM image, even though the numerical
variation in friction is subtle as revealed in the scale bar. This
indicates that the AFM tip does not have a strong interaction
with the interface and it may be difficult to note subtle
differences when probing the quality of the mixed monolayer

Figure 2. (a) CVs (25 mV s−1) for FHT modified planar
polycrystalline gold electrodes set in a hanging meniscus with 1 M
HClO4. The solid line corresponds to a 10 min layer of FHT. CVs
were also measured after the FHT layers were desorbed in a KOH
electrolyte for 30 s and allowed to readsorb for either 5 min (dashed
line) or 0 min (dotted line). (b) Fractional coverages calculated from
ferrocene oxidation currents after the FHT layers were exposed to
different desorption holding times. The blue and red bars represent
the fractional coverage when the readsorption potential was
maintained for 5 or 0 min, respectively. (c) Fractional coverages
estimated from the parallel plate capacitor model acquired at 0 V vs
SCE after the layer had been exposed to a desorption/readsorption
cycle in 0.250 M KOH. The lines indicate a global fit to a simple first-
order reaction described in the text.
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by visual inspection alone. For this reason, the image histogram
is provided in Figure 3c and shows two distinct peaks. These
were extracted by fitting the total histogram to a consecutive
Gaussian−Gaussian distribution, and the first peak (green
dash) represents the population of AET and the second peak
(red dots) represents the population of MUA. Any changes in
the separation, width, or area of the Gaussian peaks could be
linked to changes in image contrast and hence quality of the
mixed layer. The applicability of this treatment is demonstrated
in the LFM image and histogram shown in Figure 3d and e.
These data were obtained from a reverse sequence mixed
monolayer composed of MUA/AET. The formation procedure
was identical to the AET based layer except a 10 min
monolayer of MUA was initially prepared and the desorption
potential was −0.95 V vs SCE for 15 min where the MUA
molecules will desorb from the Au(111) facets (described in
Figure 1b). When the voids were backfilled with AET for 10
min, the MUA/AET layer produced an LFM image (Figure 3d)
with a near-perfect inversion of the one obtained for AET/
MUA. The histogram (Figure 3e) also shows this inversion in
that the population of AET is now larger than the population of
MUA. These results emphasize the flexibility of the electro-
chemical method in generating domain segregated mixed

monolayers, and the combined approach of LFM and
histogram analysis may provide a route to study the quality
of mixed monolayers.

Influence of Desorption Time on Thiolate Read-
sorption. The influence that desorption time has on the
quality of AET/MUA mixed monolayers is illustrated in Figures
4 and 5. A series of mixed monolayers were independently
prepared on the submerged planar electrode in a manner
identical to that described in Figure 3b except the desorption
times were varied between 0 and 10 min in order to influence
thiolate diffusion. The size of each LFM image was 50 μm but
were cropped to three distinct regions of the surface each with a
size of 12 μm. The data presented in Figure 4 represent the
analysis on only one of the cropped regions, and statistical
variations are discussed in Figure 5.
Figure 4a is the LFM image and histogram of a single

component AET layer that was not exposed to desorption.
Since AET did not leave the surface, the friction across the
surface is relatively uniform. Although the facet in the center of
the image has slightly higher friction, the Gaussian peaks are
convoluted and are consistent with uniform friction for this
single component AET layer. In Figure 4b and c, the mixed
layers were created by desorbing new AET SAMs for 20 s and 1
min, respectively, before backfilling with MUA. By visual
inspection, there is a slight difference in friction between the
central facet and the regions outside of this zone, and the
histograms begin to resolve into separate Gaussian peaks. The
image contrast is not yet sharp, and the zones of high friction in
Figure 4c that correspond to MUA on Au(111) are not
uniform. This suggests that desorption times below 1 min are
not sufficient to allow for complete diffusion of desorbed AET
molecules away from the Au(111) facets even for the
submerged electrode, and this creates less well-defined voids
for backfilling. As the desorption time increases to 5 and 10 min
(Figure 4d and e) the peaks in the histogram become sharply
resolved and the image contrast is clearly evident by visual
inspection. These conditions are then more effective at creating
monolayer voids of AET at the Au(111) zones through thiolate
diffusion and produce a higher quality mixed monolayer when
backfilled with MUA. Desorption times higher than 10 min
were not studied since the contrast in Figure 4e does not
appear to exceed that when using 15 min of desorption that was
previously used in Figure 3b. Rather, a 16 h layer of AET was
exposed to 5 min of desorption and the voids were backfilled
with MUA for comparison. The results are shown in Figure 4f
and have the clearest contrast both visually and from the
histogram when compared to any of the 10 min layers of AET.
This can be explained by more compact zones of AET on the
facets that are not attributed to Au(111) character which give
rise to a more uniform friction within these zones. Because a
high contrast image is still produced, it indicates that the initial
incubation time does not influence the desorption of the AET
thiolates away from the Au(111) zones, at least under the
conditions of this experiment.
The statistical variation of these result are demonstrated in

Figure 5 where all three image zones are compared. The LFM
images for the three zones are shown at the top of Figure 5 for
the same AET/MUA layer in Figure 4e. The images are equal
in size so that the total number of pixels are consistent in the
comparison. However, because the size and shape of the surface
facets are different over each zone, we analyze only the changes
in the histogram peak separation rather than their widths or
areas. The separation between the Gaussian peak centers was

Figure 3. (a) AFM height image of the planar gold surface measured
in contact mode. (b) LFM image and (c) image histogram for an
AET/MUA mixed monolayer produced on a submerged electrode by
desorbing a 10 min AET layer from only the Au(111) facets and
backfilling with MUA. Desorption was achieved by the application of
−0.75 V vs SCE for 15 min and backfilling with MUA occurred for 10
min. (d) LFM image and (e) image histogram for a reverse sequence
mixed monolayer of MUA/AET. This was produced in a similar
manner, but the desorption potential for MUA from Au(111) was
−0.95 V vs SCE for 15 min. The peaks in the histograms shown in (c)
an (e) were deconvoluted by fitting the data (open symbols) to a
consecutive Gaussian−Gaussian distribution. The green dash line
corresponds to zones of AET, and the red dots correspond to zones of
MUA.
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averaged over the three image zones, and the results were
plotted in a bar graph as a function of desorption time in Figure
5. Here, the average peak separation is minimal when the layer
is composed only of AET, and after 20 s of desorption, a slight
increase in the average peak separation occurs. This separation
continues to increase after 1 min of desorption and the trend
plateaus after this point showing no significant variation within
error at higher desorption times. Therefore, we conclude that a
desorption time of 5 min is sufficient to allow for the diffusion
of the desorbed AET thiolates and produces good quality
mixed monolayers in a reasonable amount of time when the
gold electrode is submerged in a vertical orientation. This
desorption time is less than the 15 min previously described in
our electrochemical study.44

Influence of Electrode Configuration on MUA Read-
sorption. Reverse sequence MUA/AET layers were created in
a manner similar to that for AET/MUA layers; however, the
desorption potential was −0.925 rather than −0.75 V vs SCE
and the desorption time was limited to 5 min. The starting
MUA layers were prepared on a submerged electrode using
both 16 h (Figure 6a) and 10 min (Figure 6b) incubations.
Again, the LFM images show inverted contrast compared to the
corresponding AET based layers described in Figure 4. For the
reverse layers, the high-friction MUA zones are present within
the facet and the regions of low friction correspond to AET on
Au(111). Furthermore, the histograms in Figure 6a and b show
two peaks that are well-resolved and their position does not
change significantly as a function of the initial incubation time.

Figure 4. LFM and image histograms for a series of AET/MUA mixed monolayers produced on submerged electrodes by desorbing AET from only
the Au(111) facets and backfilling with MUA for 10 min. In (a−e) the AET layers were formed over 10 min of incubation and were selectively
desorbed from Au(111) by the application of −0.75 V vs SCE for a total of (a) 0, (b) 0.33, (c) 1, (d) 5, and (e) 10 min. In (f) the initial AET layer
was formed over 16 h of incubation and the desorption potential was maintained for 5 min. These layers were prepared independently, and after each
desorption/readsorption cycle, the electrode was immediately removed from the electrolyte and rinsed before exposure to the MUA backfilling
solution for 10 min. The peaks in the histograms were deconvoluted by fitting the data (open symbols) to a consecutive Gaussian−Gaussian
distribution. The green dash line corresponds to zones of AET, and the red dots correspond to zones of MUA.

Figure 5. Variation in LFM image contrast as a function of the conditions used to prepare AET/MUA mixed monolayers on the submerged planar
electrode. LFM images at the top show three different regions of interest for one AET/MUA mixed monolayer from which the average Gaussian
peak separation was calculated. These images correspond to a 10 min AET layer that was exposed to −0.75 V vs SCE for 10 min and backfilled with
MUA for 10 min after the electrode had been immediately rinsed. LFM images for the layers produced from other desorption conditions are not
shown, but the average separation between the Gaussian peaks from these layers is presented in the graph.
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It appears that the electrochemical method is flexible and high-
quality layers of MUA/AET can be produced with reproduci-
bility provided that the electrode is submerged. We emphasize
this because a significant decrease in the image quality is
observed if the mixed monolayer is formed under conditions
where the slow readsorption of desorbed thiolates can occur.
This is evident in Figure 6c where the 10 min MUA coated
electrode was set in the hanging meniscus configuration and a
potential of −0.925 V vs SCE was applied for 5 min. After the
return scan, the readsorption potential was maintained for an
additional 5 min before the electrode was removed and rinsed,
and the voids were backfilled with AET. Clearly the LFM image
for this mixed layer (Figure 6c) has nonuniform friction for the
regions outside the central facet. This can be explained by the
slow readsorption of MUA on the Au(111) sites which impedes
the backfilling by the shorter chain AET molecules. The
reduced image contrast is also present in the histogram and is
marked as the peaks begin to overlap. This is a significant
reduction in image quality, and the process is reproducible as
demonstrated by the set of data shown in Figure 6d, e, and f.
These bar graphs represent the average peak separation over all
three image zones for MUA/AET layers produced at the
electrode set in a hanging meniscus. The first bar shown in
Figure 6d has a large peak separation on average and
corresponds to an MUA layer that was not exposed to the
extended time at the readsorption potential. However, if a fresh
layer of MUA is treated to the same desorption/readsorption
cycle but given the additional 5 min at 0 V vs SCE before
backfilling with AET, the average peak separation is significantly
reduced (second bar in Figure 6d). The same results were
obtained from a duplicate study shown in Figure 6e, and as a
final study, the experiment was conducted a third time with one
important modification to the rinsing procedure. Here, the
electrode was immediately removed from the electrolyte and

the surface was rinsed with water when the readsorption
potential was established. However, before the electrode was
exposed to the backfilling solution, it was placed back into the
electrochemical cell in the hanging meniscus configuration for
an additional 5 min. As shown in Figure 6f, this procedure again
produced an LFM image with high contrast compared to the
result with the extended holding time. The reduced contrast is
not a result of the electrolyte itself but rather the presence of
MUA thiolates that may be trapped at the interface and slowly
readsorb onto the surface. This is in-line with the electro-
chemical results obtained with FHT.

■ CONCLUSION

The results of this study have helped refine the conditions
under which high-quality mixed monolayers of AET and MUA
can be electrochemically fabricated on planar polycrystalline
gold. The approach used selective reductive desorption to
remove portions of a single component SAM from the Au(111)
facets of the metal surface followed by diffusion away from the
interface. This created clustered voids which were backfilled
with a different thiol. LFM images of the mixed monolayers
produced by this method showed varying degrees of contrast
between the AET and MUA portions of the surface and were
used to mark the quality of the mixed layers as a function of
desorption conditions. Images with high contrast were obtained
when the selective desorption potential was applied for a
minimum of 5 min to planar gold electrodes that were
submerged in a vertical orientation before the backfilling
procedure. Desorption times lower than this produced mixed
monolayers characterized by poor contrast in the LFM images.
Furthermore, the highest contrast images were obtained when
using initial SAMs formed over an incubation period of 16 h;
crude SAMs also showed good quality images that were

Figure 6. (a−c) LFM and image histograms for a series of reverse sequence MUA/AET mixed monolayers produced on electrodes that were either
(a, b) submerged or (c) set in a hanging meniscus. MUA layers were initially prepared over (a) 16 h or (b,c) 10 min of incubation and desorbed
from the Au(111) facets by the application of −0.925 V vs SCE for a total of 10 min. The readsorption potential was maintained for either (a,b) 0 or
(c) 5 min before backfilling with AET. In (d−f) the average Gaussian peak separation is presented with the indicated rinsing step before backfilling.
The data in (d−f) was obtained from electrodes set in the hanging mensicus.
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reproducibly obtained over numerous experiments. Lastly, the
quality of mixed monolayers was found to be dependent on the
electrode configuration. When the electrodes were set in a
hanging meniscus arrangement with the electrolyte, rather than
submerged, a slow accumulation of the originally desorbed
thiolates would occur on the surface. This was confirmed with
both LFM studies and electrochemical measurements using
FHT as a redox probe. If the accumulation of additional thiols
was allowed to occur for 5 min at the readsorption potential, a
marked reduction in the contrast of the LFM image was
observed. This, along with the FHT data, was used to suggest
the presence of an intermediate thiolate species at the interface
of the planar electrode when set in the hanging meniscus
configuration. The results emphasize the importance of creating
well-defined voids that are free of thiols before the backfilling
procedure.
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