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A detailed polarization modulation infrared reflection absorption spectroscopy, scanning tunneling microscopy, and
electrochemical study onmethylene blue (MB) incorporation into alkanethiolate self-assembledmonolayers (SAMs) on
Au(111) is reported. Results show that the amount of MB incorporated in the SAMs reaches a maximum for inter-
mediate hydrocarbon chain lengths (C10-C12).Well-ordered SAMs of long alkanethiols (C>C12) hinder the incorpo-
ration of theMBmolecules into the SAM. On the other hand, less ordered SAMs of short alkanethiols (CeC6) are not
efficient to retain the MB incorporated through the defects. For C12 the amount of incorporated MB increases as the
SAM disorder is increased. This information is essential to the design of efficient thiol-based Au vectors for transport
and delivery of molecules as well as thiol-based Au devices for molecular sensing.

Introduction

There is a great interest in the development of sensitive and
specific chemical and biological systems onmetallic platforms due
to their potential applications in sensor, biosensor, biocatalytic
devices, and drug delivery systems.1-3 Their development needs a
precise control of the metal-organic interface in different envi-
ronments.

Self-assembled organicmonolayers such as thiols (SAMs) have
been shown to be the most promising systems to modify the sur-
faces of well-defined, rough, nanoparticle, nanorod, nanoshell, or
nanocage gold substrates because they provide an organic plat-
form of controllable molecular thickness able to anchor different
species by nonspecific interactions or covalent bonding.2,4-9 In
particular, the use of nonspecific interactions to trap ions, mole-
cules or biomolecules in SAM-covered gold substrates is a viable
strategy for building different types of devices by the bottom-up
approach.10-12 Also nonspecific binding has been used to load
hydrophobic drugs onto goldnanoparticles, allowing conjugation

without structural modification of the drug payload. In this case
hydrophobic pockets are created inside the monolayer of the gold
nanoparticles into which hydrophobic materials can be parti-
tioned.13-16 However, a clear correlation between SAM ordering
and nonspecific binding and delivering ofmolecules is still lacking
understanding.

In previous papers,17,18 we have used methylene blue (MB),
a lipophilic redox molecule, as a probe to understand the non-
specific incorporation (delivery) into (from) SAMs of different
thickness and terminal groups.Methylene blue (MB) on gold and
thiolate-covered gold have been studied for different applications.
In fact, MB incorporated to thiolate DNA covered Au has been
proposed for developing MB-based sequence-specific electro-
chemicalDNAsensors.19 It has also been reported thatmethylene
blue in dodecanethiol-capped gold nanoparticles exhibit electro-
catalytic activity for ferricyanide reduction.20 Methylene blue
molecules adsorbed as a single layer on gold nanospheres have
been proposed as one of the most promising imaging technique
for gold nanoparticle-based contrast agents in tumor detection.21

Modification of gold nanocages surfaceswith dyes such asmethy-
lene blue is also important for tracers in lymph node mapping.22

Inourprevious studies-COOHand-CH3 terminatedalkanethiols
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SAMs were self-assembled on high-area nanostructured Au, a
fractal substrate that exhibits surface enhanced raman spectros-
copy (SERS) activity.17,18 SERSallows a precise determination of
the amount ofMB incorporated and delivered to/from the SAMs.
It has been found that-CH3 terminated SAMs incorporatedMB
mainly through defects in the monolayer without a clear correla-
tion between incorporation and the hydrocarbon chain length.
Delivery of the incorporated molecules under concentration
gradients or electrochemically induced molecular changes was
also observed.18 However, in our previous papers, the highly
disordered surface of the SERS-active nanostructured Au should
induce strong disorder in the hydrocarbon chains. Therefore, no
clear correlation between hydrocarbon chain order andMB incor-
poration in the SAMs could be derived from our previous work.

In the present work, we studiedMB incorporation intomethyl-
terminated alkanethiolate SAMs on smooth Au surfaces that
allow us to correlate the amount of incorporated MB and SAM
ordering. In fact, in this work we have used polycrystalline Au
substrates with preferred (111) orientation that exhibit atomically
smooth (111) terraces wheremolecular resolution can be achieved
by STM. The degree of order in the SAMs has been varied by
changing the hydrocarbon chain length, and it has been tested by
using PMIRRAS.On the other hand, the amount of incorporated
MB has been measured by electrochemical techniques and by
PMIRRAS.Results show that the amount ofMB incorporated in
the SAMs reaches a maximum for intermediate hydrocarbon
chain lengths (C10-C12). Well-ordered SAMs of long alkane-
thiols (C>C12) hinder the incorporation of the MB molecules
into the SAM. On the other hand, less ordered SAMs of short
alkanethiols (Ce C6) are not efficient to retain the MB incorpo-
rated through the defects. This information is essential to design
of efficient thiol-based Au vectors for transport and delivery of
molecules as well as thiol-based Au devices for molecular sensing.

Experimental Section

Gold Substrates and Chemicals. Gold evaporated on glass
substrates were purchased from Arrandees, consisting of vapor
deposited gold films (250 ( 50 nm in thickness) on a thin layer of
chromium supported on glass slides. These polycrystalline sub-
strates exhibit large grains after flame annealing with atomically
smooth terraces separated by steps of monatomic height. The
alkanethiols 1-butanethiol 99% (C4), 1-hexanethiol g95% (C6),
1-decanethiol 96% (C10), 1-dodecanethiolg98% (C12), 1-hexade-
canethiol 98%(C16) and1-octadecanethiol 98%(C18)wereusedas
received (AldrichChemicalCo.Milwaukee,WI).Absolute ethanol,
carbon tetrachloride, and Milli-Q water were used as solvents.

Self-Assembly of Alkanethiols on Gold. The self-assembled
alkanethiol monolayers (SAMs) were prepared by immersing the
gold substrate into a freshly prepared 100 μM alkanethiol in
absolute ethanol for 24 h at room temperature in the absence of
light. Final rinsingwas donewith ethanol before drying underN2.

Methylene Blue Incorporation. Methylene blue (MB) in-
corporation into the alkanethiolate SAMs on Au (111) was done
by immersing the SAM-covered substrate into 0.03 M aqueous
solutionofMB for 24hat room temperature in the absenceof light.
Note that we have used a longer immersion time and a largerMB
concentration than those used in our previous works17,18 in order
to improve the IR signals. Afterward, the samples were rinsed
with water and dried under N2.

Characterization of Alkanethiol SAMs.The alkanethiolate
SAMs, with and without MB molecules, were characterized by
PMIRRAS, STM, and electrochemical techniques.

IR Experiments. Polarization modulation infrared reflection
absorption spectroscopy (PMIRRAS) experimentswere performed
at the University of Buenos Aires, on a Thermo Nicolet 8700
(Nicolet,Madison,WI) spectrometer equippedwithacustom-made

external tabletop optical mount, a MCT-A detector (Nicolet), a
photoelastic modulator, PEM (PM-90 with II/Zs50 ZnSe 50 kHz
optical head, Hinds Instrument, Hillsboro, OR), and syncronous
sampling demodulator, SSD, (GWC Instruments,Madison,WI).

The IR spectra were acquired with the PEM set for a half wave
retardation at 2900 cm-1 for the CH stretching region and at
1500 cm-1 for the CH bending and aromatic region. The angle of
incidencewas set at 80�, which gives themaximumofmean square
electric field strength for the air/gold interface. The demodulation
technique developed byCorn23,24 was used in this work. The signal
was corrected by the PEM response using a method described by
Frey et al.25 Typically 8000 and 1500 scans were performed and
the resolution was set for 2 and 4 cm-1, respectively.

Transmission spectra for crystalline alkanethiols were mea-
sured using KBr pellets. On the other hand, transmission spectra
for the liquid alkanethiols were performed in CCl4 using a thin
optical pass liquid cell with CaF2 windows. In both cases the
resolution was set to 2 cm-1 and 200 scans were performed.

Determination of Molecular Orientation of the SAMs.
The orientation of the chains was determined using the “relative”
method approach.26,27 It relies on the availability of at least two
absorption modes that correspond to differently oriented transi-
tion dipoles. In this case the CH2 and CH3 absorption bands were
used. Briefly, in the alkanethiol SAMs the CH3 has a relatively
free rotation and is quite mobile, so it can be assumed to have no
preferential orientation, i.e., cos2ΘCH3

=1/3,while the average tilt
angle ofCH2dipoles depends on the chain orientation.During the
transmittance experiments of alkanethiolate dispersions either
using KBr pellet or liquid CCl4 solution, both CH2 and CH3 are
randomly oriented. Relative differences in the IR peak intensities
for CH2 with respect to CH3 stretching modes between the
alkanethiol SAMadsorbed at themetal surface and the randomly
distributeddispersions canbeattributed toapreferredorientation
for the alkane chain in the SAMs on metal surface. The relation-
ship between the areas of these peaks can be written as

AR
CH2

AR
CH3

¼ AT
CH2

AT
CH3

cos2 ΘR
CH2

1=3
ð1Þ

where AR is the integrated intensity of a mode in the SAM mea-
sured using reflection absorption spectroscopy (RAS), AT is the
area determined using transmittance experiments on a randomly
distributed sample, andΘ is the angle between the CH2 transition
dipoles and the surface normal.

The main source of errors in this method is associated with the
area determination. In our estimation how such errors affect the
final result (i.e., tilt angle) we assumed that the relative standard
deviations (RSDRAS) for areas determined in RAS experiments
were 5% and the RSD for the Transmittance experiments were
assumed to bemuch smaller and thus could be neglected. Follow-
ing the propagation of error eq 2 (see Supporting Information)we
found that the relative method is expected to yield reasonable
errors of (10� or less within variations of the tilt angle between
10 and 80 degrees.

σΘ ¼ 1

2

RSDRAS

cos2 Θ

� �2

þ ðRSDRASÞ2
" #1=2

cot Θ ð2Þ

STMMeasurements. Scanning tunnelingmicroscopy (STM)
images were obtained using a Nanoscope IIIa microscope from
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Veeco Instruments (Santa Barbara, CA). Commercial Pt-Ir tips
were used. Typical tunneling currents and bias voltages for
imaging dodecanethiol (C12) and methylene blue (MB) in C12
on Au(111) were 300 pA and 800-1000 mV, respectively.

Electrochemical Experiments. Cyclic voltammetry was per-
formed with a potentiostat under computer control for data
acquisition. The gold substrates were mounted in a conventional
three-electrode cell. Solutions were purged with nitrogen. All
potentials were measured and reportedwith respect to a Ag/AgCl
(saturated KCl) reference electrode. Solutions of 0.1 M NaOH
were prepared using deionized H2O from a Milli-Q purification
system (Millipore Products, Bedford).

The Au sample withMB incorporated in the SAMswas cycled
indeaerated aqueous 0.1MNaOHsolutionbetween-0.1 to-0.8
at 0.5 V s-1, and the redox couple related to oxidized (MBþ), and
reduced (MBH) was recorded. The charge measured from the
integrationof the anodicpeakof the first cyclewas takenasamea-
sure of the amount of the electrochemically active MB incorpo-
rated in the SAMs.

Reductive electrodesorption of thiols from the Au substrates,
with and without incorporatedMB, were performed by scanning
the potential from-0.2 to-1.7 at 0.05 V s-1 in deaerated 0.1 M
NaOH aqueous solution, at room temperature. The charge
density and the peak potential involved in the reductive desorp-
tion process were taken as an indication of the surface coverage
by the SAM (a thiol SAM in

√
3�√

3 R30� or c(4� 2) involves
75 μC cm-2) and of the SAM stability, respectively.

Average data shown in the paper correspond to four or more
samples. The error bars were calculated from the standard devia-
tion of these data.

Results and Discussion

In Figure 1a typical STM image of a C12 SAM on the prefer-
entially oriented (111) substrate is shown. The image shows
well-defined terraces separated by mono- and diatomic steps in
height with dark regions corresponding to vacancy islands pro-
duced during thiol adsorption.28 The inset in Figure 1a shows a
region of the terrace imaged at a high resolutionwere the

√
3�√

3
R30� lattice can be clearly observed as an ordered array of small
bright spots (Inset, yellow arrow). Each bright spot corresponds
to the position of a C12 molecule separated from the nearest
neighbors by 0.5 nm. Note that around the vacancy island (Inset,
white arrow) molecular disorder is clearly observed as the bright
spots do not follow the ordered array. The disorder is more impor-
tant for short alkanethiol SAMs.27 In fact, C3 andC4 SAMs exhi-
bit a large number of defects such asmissing rows28 or completely
disordered regions coexisting with ordered domains.29 For n>12
the alkanethiol SAMs are difficult to observe by STM due to the
hindered tunneling through the long hydrocarbon chains.

PMIRRAS spectroscopywas used to characterize order, orien-
tation and packing of the SAMs of the different chain length.
Figure 2 shows typical PMIRRAS spectra forC6 (Figure 2a), C12
(Figure 2b), and C18 (Figure 2c) in the CH stretching region
(3000-2700 cm-1). Similar spectra and band assignment have
been reported30-34 and are used here to comparewith our spectra.
The band at 2965 cm-1 is assigned to the CH3 asymmetric stret-
ching mode (νa CH3), while the band at 2879 cm-1 is assigned

to the CH3 symmetric modes (νs CH3). The band at 2920 and
2850 cm-1 are assigned to νa and νs CH2modes, respectively. The
band at 2935 cm-1 is assigned to a Fermi resonance (FR) which is
the combinational band of the CH2 symmetric stretching vibra-
tion at 2850 cm-1 and the secondharmonic ofCH2 bending vibra-
tion at 1467 cm-1.35,36 Previous IR studies37-39 have shown that

Figure 1. (a) 100� 100 nmSTM images ofC12 onAu(111). Inset:
10 nm zoomed region showing the

√
3�

√
3R30� surface structure

(yellow arrow) and dark regions corresponding to vacancy islands
produced during thiol adsorption (white arrow). b) 100� 100 nm
STM images ofMB inC12 onAu(111). Bright spots correspond to
theMBmolecule located in the large terraces and in the steps edges
Inset: 10 nm zoomed region showing isolated domains of the C12
molecules close to theMB bright spots. The scan direction in parts
a and b is top to bottom with the fast scan in the x direction.
Tunneling current: 300 pA. Bias voltage: 900 mV.
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the peakposition corresponding to νaCH2 stretchingmode can be
used to assess the degree of order of alkanethiol SAMs onAu and
Ag.Also, the νs CH2 peak, less affected byFermi resonance band,
gives a good correlation between bandpositions and hydrocarbon
chain order. Furthermore, it has been found that there is 8 cm-1

shift between the positions of infrared bands of crystalline
polymethylene chains and the polymer chains in the liquid state.
Porter et al.37 have shown that SAMsof short alkanethiols (n<9)
have a similar behavior to that of the bulk disordered liquid
phase due to the large number of defects, while SAMs of long
alkanethiols (15e n e 21) approach the behavior of crystalline
systems.

Transmission IR spectra for a crystalline alkanethiol (C18 in a
pellet KBr) and a liquid alkanethiol (C6 in a CCl4 using a liquid
cell) are shown inFigure 2 (dashed lines inFigure 2, parts a and c).
In our case the peak position for νa CH2 mode for crystalline
C18, and a liquid C6 are observed at 2919 cm-1 and 2927 cm-1

respectively, in agreement with the 8 cm-1 shift already repor-
ted.37 Therefore, the shift of the νa CH2 and νs CH2 bands as
the hydrocarbon chain in the SAM is increased from C18 to C6
(Figure 2d) indicates a change from a crystalline ordered SAM to
a less ordered SAM.
MBCharacterization. Figure 1b shows a typical STM image

obtained after theC12SAMonAu(111) has been immersed in the
MB containing solution. Isolated bright spots 1.4-2 nm in size
can be clearly resolved in the large terraces containing the vacancy
island regions (dark zones in Figure 1b). Domains of the C12
molecules can also be observed close to the bright spots (inset in
Figure 1b). Following ref 40, we assign the bright spots to theMB
molecules immobilized in the C12 SAM. The density of the bright
spots in these images is≈2�1012 cm-2. A detailed analysis of the
bright spots locations reveals that they decorate borders of the
vacancy islands and also step edges (Figure 1b). It should benoted
that in both places chain disorder is expected. In fact, preferential
nucleation of Ag electrodeposits has been observed by in situ
STM at step edges of alkanethiolate SAMs indicating that these
regions are defective sites of the monolayer41 (see also STM
images in the Supporting Information). Besides high mobility of
alkanethiol molecules has been observed at step edges,42 a fact
that would favor MB incorporation at these sites. On the other
hand, as mentioned above, disorder at borders of vacancy islands
is evident in Figure 1a (inset). It is also evident that the isolated
aromatic molecules show an enhancement in the molecular
conductivity compared to neighboring alkanethiols, thus explain-
ing the high-contrast in the STM images.43 The smallest size of the
bright spots (1.4 nm) is compatible with the size of the isolated
MB molecules where the larger ones can be related to regions
where several molecules of MB are incorporated into the C12
SAM.

Figure 3 shows the complete transmission (3500-1100 cm-1)
FTIR spectrum for MB. In addition, parts b and c of Figure 3
show zoomed regions (1700-1100, 3600-2600 cm-1) where the
band assignment is presented, based on previously reported
data.44 In the next part, we have indicated the bond responsible
of the IR absorption by the symbol (-) between atoms. As
already reported the most intense band corresponds to the vibra-
tion of the heterocyclic skeleton (νhc C-C) at 1600 cm-1, which
also has other minor bands at 1250-1222 cm-1 (Figure 3b). The
C-H asymmetric and symmetric bending vibrations (δa C-H3,
δs C-H3) appear at 1445 and 1397 cm-1respectively, while the
vibrations of the C-N terminal saturated dimethylamino groups
are located at 1356-1340 cm-1. In the 3100-2600 cm-1 region
(Figure 3c), the bands are weaker but vibrations of the C-H
groups (νhc C-H), typical of the heterocyclic compound, can be
identified at 3045 cm-1, as well as asymmetric and symmetric
stretching vibrations (νa C-H3,νs C-H3) of the C-H3 bonds in
the dimethylamino groups at 2929 and 2891 cm-1, respectively,
and an absorption band at 2708 cm-1 probably related to
vibrations of the N(CH3)2 terminal saturated dimethylamino
groups ((ν Ν-(CH3)2).

Figure 2. (-)PMIRRAS spectra of self-assembled monolayers of
(a) C6, (b) C12, and (c) C18 on Au(111). Resolution was set to
2 cm-1 and 8000 scans were performed. (---) Transmission FTIR
spectra of C6 in CCl4 and C18 in KBr pellet. Resolution was set to
2 cm-1 and 200 scans were performed. (d) (9) νa CH2 and (O)
νsCH2positionvschain length forC6,C10,C12,C16,andC18SAMs.
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The two absorption bands at 2810 cm-1 (Figure 3c) and
3435 cm-1 (Figure 3a) can be related to vibrations of the OH
groups forming hydrogen bonds: O-H 3 3 3N and O-H 3 3 3O
respectively. In fact, previous IR studies44 have shown that MB
is a hydrated compound that can form hydrogen bridges of the
O-H 3 3 3O type with the nitrogen and atoms.

Now, we focus on the immobilizedMB onto the SAM-covered
Au(111) samples. Considering that submonolayer amounts of
MB are expected in the alkanethiol monolayers, the most intense
band at 1600 cm-1 region was used to test the presence of MB in
the SAMs. Figure 4a shows PMIRRAS spectra recorded for C6
and C18 SAMs after immersion in the MB containing solutions
followed by careful rinsing. All samples exhibit the characteristic
band at 1600 cm-1. Since this band corresponds to the vibration
of the heterocyclic skeleton (vide infra) it can be concluded that
the MB aromatic ring is far from being flat on the surface.

This result contrasts to that reported forMBonAu(111) where
the molecules adsorb in the double layer region forming a c(5�
5
√
3) rect structure in a flat lying configuration.45 Therefore, we

conclude that the IR signal at 1600 cm-1 arises from molecules
incorporated inside themonolayer without a free contact with the
Au surface because in that case transition dipoles should be
parallel to the surface and IR inactive.

In order to estimate the amount of MB wired to Au, surface
electrochemical techniques were used. Figure 4b shows the cyclic
voltamperometry of C6 and C18 SAM-covered Au(111) sub-
strates after immersion in the MB containing solution. In both

cases the typical redox couples corresponding to MBþ/MBH
species are clearly visible. These results confirm that the MB
molecules are incorporated in the alkanethiolate SAMs and that
they, or at least some of them, are electrochemically active; i.e.,
they are within close proximity to the Au electrode, allowing the
tunneling effect to occur. Another interesting feature is that the
MBmolecules in the C6 SAM exhibit a more reversible behavior
than those incorporated into C18 SAM (Figure 4b). In this last
case, the oxidation of the MBH species to MBþ could be more
difficult because it involves the migration of anions from the elec-
trolyte through a ordered crystalline SAM to compensate the
positive charges created close to the SAM/Au interface.

After repetitive cycling the samples in the 0.1 M NaOH solu-
tion (12 cycles) a decrease in the amount of electrochemically
active MB is evident for C6 while no significant changes are ob-
served forMB incorporated into the C18 SAM (Figure 4b dashed
lines). This result agrees with those reported forMB incorporated
in nanostructured Au obtained from “in situ” SERS measure-
ments at open circuit conditions.18 In this case incorporated MB
molecules were slowly released from the SAM when the Au
substrate is placed in contact with a clean electrolyte. Alkanethiol
SAMs on nanostructured gold with typically 8-20 nm grains
in size are expected to exhibit a strong chain disorder. Therefore,
one can conclude that MB incorporation is a reversible process
in disordered SAMs (C6) while it is an irreversible process in
highly crystalline SAMs (C18). It is interesting to note that sim-
ple adsorption of MB at the terminal methyl group can not
explain the chain length dependent behavior observed for theMB
release.

Using the anodic charge obtained from the first cycle of the
cyclic voltammetry of the MB redox couple immobilized into the
SAMs it is possible to calculate the amount of MB electrically
connected to the electrode for different SAMs. Figure 5 shows the
amount of wired MB (estimated from the anodic charge in the
voltammograms) as a function of the number of carbon atoms (n)
in the alkanethiol SAM (n=4, 6, 10, 12, 16, 18). The plot exhibits
a maximum for C12. We interpret this behavior as a result of
two opposite effects. The longer hydrocarbon chain length fur-
nishes efficient trapping of the lipophilic cation MB. However, it
hinders molecule incorporation to the SAMs by making the
SAMmore crystalline, i.e., reducing the number of incorporation
pathways.

Figure 3. Transmission FTIR MB spectra (in a KBr pellet) mea-
suredwith 2 cm-1 resolution and 200 scans. (a) FTIRspectra in the
3500- 1100 cm-1 region. The solid and dash line square shows the
range at the zoom in parts b and c, respectively. Inset:MBchemical
structure. (b) Zoom of 1700-1000 cm-1 MB region (solid line
square in part a) with the respective assignment. (c) Zoom of
3100-2600 cm-1 MB region (dashed line square in part a) with
the band assignment.

Figure 4. (a) PMIRRAS spectra (1700-1500 cm-1) of MB in
C6 and C18 SAMs on Au(111). Resolution: 4 cm-1, 1500 scans.
(b) Cyclic voltammetry of MB in SAMs of C6 and C18 (-) first
cycle and (---) 12th cycle). Scan from -0.1 to-0.8 at 0.5 V 3 s

-1 in
0.1 M NaOH aqueous solution.

(45) Song, Y.; Wang, L. Microsc. Res. Tech. 2008, 72, 79–84.
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This trend is also confirmed by estimating the relative amount
of MB incorporated in the different SAMs using the intensity of
the 1600 cm-1 band as is shown in Figure 5.

Note that the results shown in Figure 5 are not consistent with
simpleMBadsorptionon the terminalmethyl groupof the SAMs.
In fact, longer alkanethiols have more ordered SAMs so that
a higher density of methyl groups should be exposed for MB
adsorption. However, in this case we expect an increase in the
amount of MB with n, a fact not consistent with the PMIRRAS
data showing a maximum at C10-C12. Also the maximum
amount of MB at C10-C12 allows us to discard a simple model
where MB molecules are adsorbed at SAM defects in direct
contact with the Au surface. In fact, it is well-known that the
amount of defects at SAMs decreases as the hydrocarbon chain
length is increased, as revealed by capacitance measurements.46

Therefore, if MBmolecules were placed at defective sites in direct
contact with the Au surface we expect a decrease in the qA

MBwith
n rather than a plot with a maximum at C12. Therefore, results in
Figure 5 indicate a more complex behavior where the degree of
SAM disorder is important to incorporate the molecule, but the
hydrocarbon chain-MB interactions play also an important role
to retain themolecules embedded in the SAM.Note, however that
we can not completely discard the presence of someMBmolecules
in close contact to the Au surface, in particular for SAMs of short
alkanethiols where molecular defects such as missing rows have
been reported.27

Concerning the possible paths for MB incorporation, we
propose that this process takes places at disordered SAM regions
such as domain boundaries, molecular vacancies, adsorbed impur-
ities, missing rows, and step edges and around vacancy islands,
where an increased chain disorder is expected. In fact, for a given
alkanethiol (n constant), the quantity of MB wired to the Au
substrate depends strongly on the order/disorder of the SAM.
Figure 6 shows the amount of MB in different C12 SAMs as a
function of the of νa CH2 peak position, which indicates the
degree of order of themonolayer (see also Figure 2). The different

order in the SAMs was a consequence of the different substrate
quality used to self-assemble the alkanethiols. Figure 6 clearly
shows that as νa CH2 shifts from 2920 to 2924 cm-1; i.e., from
SAM order to SAM disorder, the amount of electrically con-
nected MB markedly increases. This result is in accordance with
the conclusion drawn from the MB content vs n plot (Figure 5),
indicating that highly ordered SAMs can not incorporate large
quantities of MB because in this case there is a very limited
number of defective regions allowing MB incorporation.

Incorporation is drivenby concentration gradients and favored
by the fact that MB is a highly lipophilic cation. For SAMs of
short thiols (Ce C6) the process is reversible by simple changing
the sign of the diffusion field (see Figure 4). On the other hand, for
SAMs of longer thiols (C>C12) the small number of MB mole-
cules that are incorporated into the SAM remain there, immobi-
lized by van der Waals interactions and hydrophobic forces.

Interesting conclusions can be obtained by comparing the
reductive desorption curves recorded for alkanethiol SAMs
containing MB to those recorded for plain alkanethiol SAMs
(Figure 7a). First, we obtain for all the SAMs, without and with
MB, the sameamount of charge (q=75( 10μCcm-2) consistent
with a dense standing up arrays of thiolates in

√
3�√

3 R30� or
c(4� 2) surface structure. This result suggests that no significant
displacement of alkanethiol molecules by the MB species takes
place. On the other hand, Figure 7b shows the desorption peak
potential (EpD) as a function of n for freshly prepared alkanethio-
late SAMs and alkanethiolate SAMs after MB incorporation. As
already reported,47,48 there is a linear relationship between the
EpD and n up toC12. In this range as n is increased the EpD values
shift to more negative potentials due to the increase in the attrac-
tive interaction between the chains, remaining almost constant for
n>12.47Weobserve a similar behavior forMB containing SAMs.
However, while the slope is not changed (≈ 4 kJ mol-1 per C
atom) there is a shift of EpD values tomore negative potentials for
short alkanethiols (Figure 7a,b). These data suggest that even
small amounts of MB incorporated in short alkanethiols could
stabilize the SAM structure against reductive desorption. Thus,
more energy is needed to desorb the alkanethiol species from the
Au surface (Figure 7a). On the other hand, no significant effect on
EpD induced by MB incorporation was observed for the longer,
more ordered alkanethiol SAMs (Figure 7b).The angle of the
alkyl chains was determined for three representative SAMs (C6,
C12, and C18) and MB-modified SAMs, as well.

Figure 5. Black circle: anodic charge for MB (qA
MB) vs the num-

ber of carbon atoms in the alkanethiol (n). Anodic charge was
determinedby integrationof the anodic peakof the first cycle in the
cyclic voltammperometryofMBin0.1MNaOHrecordedbetween
-0.1 and-0.8Vat 0.5V 3 s

-1.Average and the standarddeviations
were taken over six ormore different electrodes. Red circle: area of
PMIRRAS peak at 1600 cm-1 for SAMs containing MB vs the
number of the carbon atoms in the alkanethiol (n). The area was
determinedafter correctionof the experimentalPMIRRASspectra
with the spline baseline. The symbol represented the average of
fourormoremeasurementswhile error bars are standarddeviation
.The relative standard deviations (RSDRAS) for areas determined
in RAS experiments were 5%.

Figure 6. Anodic charge forMBvsνaCH2 fordifferentorderedC12
SAMs. The anodic charge was calculated from the CV ofMB in 0.1
NaOH aqueous solution as described in the Experimental Section.

(46) Flinkea, O. H. In Electroanalytical Chemistry; Bard, A. J., Rubinstein, I.,
Eds.; Marcel Dekker: New York, 1996; Vol. 19.

(47) Kakiuchi, T.; Usui, H.; Hobara, D.; Yamamoto, M. Langmuir 2002, 18,
5231–5238.

(48) Vela, M. E.; Martin, H.; Vericat, C.; Andreasen, G.; Creus, A. H.;
Salvarezza, R. C. J. Phys. Chem. B 2000, 104, 11878–11882.
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The spectrameasured at 2900 cm-1 were fitted by gaussians. νa
CH3 and νs CH2, being the more isolated peaks, were chosen to
calculate the angles (see Figure 2). Themaximumabsorbance and
peak areas were determined by using the ‘relative’ method (vide
infra) in order to calculate the tilt angle. As expected,37 an angle
between 20� and 30� to the surface normalwas found (C6, 31�( 8;
C12, 29� ( 4; C18, 30� ( 6). For SAMs of long alkanethiols the
incorporation of MB brought no significant changes in these
angles (C12/MB, 23� ( 13; C18/MB, 28� ( 8).

In contrast for C6 systems, a change in relative intensities
for C6 and C6/MB is clearly seen (Figure 8). Two effects are
noticeable. First, the increase in the intensity of CH2 stretching
vibrations that could be assigned to a change in the tilt angle of the
hydrocarbon chains to less vertical with respect to metal surface.
In fact, the dipole moment of the CH2 stretching vibrations is
perpendicular to the chain direction, and an increase in the signal
should indicate an increase in the dipole moment interacting with
the p-polarized light, i.e., a lead to the tilt angle increase. By using
eq 1, we estimate an angle of 73�( 5 for the C6 with incorporated
MB (in contrast C6 31� ( 8). Second, there is a shift in the CH2

asymmetric peak from 2929.0 to 2926.5 cm-1. However, at
present we do not have an explanation for these results, whose
interpretation deserves more experimental work.

Conclusions

We have performed a detailed PMIRRAS, STM, and electro-
chemical study on the nonspecific interaction of MB molecules
with alkanethiol self-assembled monolayers on Au(111). Results
show that the amount of MB incorporated in the SAMs reaches
a maximum for intermediate hydrocarbon chain lengths (C10-
C12). We explain this behavior considering that SAMs of short
alkanethiols (Ce C6), which are disordered, are able to incorpo-
rate large amounts ofMBmolecules but the interactions between
the short chains and the MB molecules are not strong enough to
efficiently retain the MB embedded in the SAM. On the other
hand, SAMsof long alkanethiols (C>12),which are ordered, have
a small number of defective region so that incorporation of MB
into the SAM is difficult. However, in this case the small number
of incorporated molecules remains embedded in the SAM,
immobilized by the hydrocarbon chain-MB interactions and
hydrophobic forces. The role of chain disorder is demonstrated by
preparing C12 SAMs of different quality: increasing SAM
disorder results in more MB incorporation. This information is
essential for design of efficient thiol-based Au vectors for trans-
port and delivery of molecules as well as thiol-based Au devices
for molecular sensing.
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Figure 7. (a) Reductive desorption voltammperometry of C6 (—)
and C6-MB (---) in 0.1 M NaOH. (b) Peak potential position
(EpD) vs n from the reductive desorption voltammperometry (part
a) for (9) alkanethiol self-assembled monolayers and (O) alka-
nethiol self-assembled monolayers containing MB.

Figure 8. PMIRRAS spectra (3050-2750 cm-1 region) of a C6
SAM before (-) and after (---) immersion in 0.03 M aqueous MB
solution for 24 h.Resolutionwas set to 4 cm-1 and 1500 scanswere
performed.


