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Acomparative study on the adsorption of buthanedithiol (BDT), hexanedithiol (HDT), and nonanedithiol (NDT) on
Au(111) from ethanolic and n-hexane solutions and two different preparation procedures is presented. SAM
characterization is based on reflection-absorption infrared spectroscopy, electrochemistry, X-ray photoelectron
spectroscopy, and time of flight direct recoil spectroscopy. Results indicate that one can obtain a standing-up phase
of dithiols and that the amount of the precursor lying-down phase decreases from BDT to NDT, irrespective of the
solvent and self-assembly conditions. A good ordering of the hydrocarbon chains in the standing-up configuration is
observed for HDT and NDT when the system is prepared in degassed n-hexane with all operations carried out in the
dark. Disulfide bridges at the free SH terminal groups are formed for HDT and to a lesser extent for NDT prepared in
ethanol in the presence of oxygen, but we found no evidence of ordered multilayer formation in our experiments. No
disulfides were observed for BDT that only forms the lying-down phase. Our results demonstrate the key role of the
chain length and the procedure (solvent nature and oxygen presence) in controlling the surface structure and chemistry
of SAMs dithiols on Au(111).

1. Introduction

Dithiols and self-assembled monolayers (SAMs) of these
molecules have attractedmuchattention because of the possibility
of using them as linkers between two metallic entities: nano-
particles or metallic surfaces or thin films.1-5 This is possible
because of the availability of two functional SH groups. Numer-
ous reports on the preparation and application of dithiol SAMs
are available in the literature. However, in spite of the relatively
large amount of work done, the conditions for the reproducible
formation of well-ordered SAMs with free SH end-groups have
been the object ofmuch debate.6-12Oneof the problems is related
to the formation of an initial lying-down phase with the two
mercapto groups of the molecule bound to the surface that
renders the development of a standing-up phase more complex,6

than that observed for alkanethiols self-assembly, where only one
mercapto group per molecule exists.13-27 Thus, one could obtain
mixed lying-down and standing-up phases.28,29 The other aspect
is related to the possibility of the degradation of the SAMs by
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formation of sulfonates or disulfide bridges and in some cases
multilayers, depending upon the type of solvent used30-34 and
preparation procedures. In a recent paper,35 it was shown using
sum frequency generation (SFG), reflection-absorption infrared
spectroscopy (RAIRS), and spectroscopic ellipsometry that well-
ordered SAMs of standing-up nonanedithiol (NDT) could be
produced in n-hexane provided that N2-degassed solutions are
used and all preparation steps are performed in the absence of
ambient light. Itwas, in particular, observed that exposure to light
in ambient conditions led to an attenuation of the SH signal.

In case of alkanethiol self-assembly, it is generally considered16

that the degree of order in the SAM improves with increasing
chain length. In this respect, one can ask oneself whether the
quality of a dithiol SAM would worsen with short chain lengths.
Many applications in nanotechnology and nanoscience, which
requires charge transfer using dithiols as bridges, would be
optimized using shortmolecules in the standing-up configuration.
However, in a recent paper it was reported that the shorter
hexanedithiol (HDT) only forms an ordered array of lying-down
molecules in both gas-phase and liquid environments.36 On the
other hand, standing-up multilayer formation by spontaneous
organizationofHDTonAuhas been reportedbyother authors.30

The linking chemistry between layers was proposed to be the
oxidative formation of a sulfur-sulfur bond that competes
successfully with intralayer S-S bond formation. Therefore, the
behavior of HDT molecules on the Au(111) phase deserves
particular attention concerning not only the surface structure,
but also the SAM chemistry and quality.

In this work, we investigate the HDT adsorption on Au(111)
from the liquid phase using two different solvents (n-hexane and
ethanol) following different procedures described previously in
the literature.35 The results are compared to those obtained for
butanedithiol (BDT) and NDT SAMs prepared under the
same experimental conditions. A multitechnique approach invol-
ving electrochemistry, X-ray photoelectron spectroscopy (XPS),
reflection-absorption infrared spectroscopy (RAIRS), and time-
of-flight direct recoil spectroscopy (TOF-DRS) is used to analyze
the SAMs. The latter combines the ability to detect all elements,
including H, which are not detected in most electron spectro-
scopies, with a very high surface sensitivity (topmost layers) and
very low irradiation dose (picoampere currents), thus preventing
significant damage of the film. We have used this technique
successfully to investigate the adsorption/desorption kinetics of
some alkanethiol SAMs.37-39

It is found in both solvents that the amount of the lying-down
phase decreases sharply from BDT to NDT. In contrast to

previous results,36 which only reported the existence of the
lying-down phase, we observe dominant formation of the stand-
ing phase inHDT SAMs in both solvents. A good ordering of the
hydrocarbon chains in the standing-up configuration is observed
for NDT when the system is prepared in degassed n-hexane with
all operations carried out in the dark. Disulfide bridges at the free
SH terminal groups are formed forHDTand to a lesser extend for
NDT prepared in ethanol, but we found no evidence of ordered
multilayer formation30 in our experiments. No disulfides were
observed for BDT that only forms the lying-down phase. Our
results demonstrate the key role of the chain length and the self-
assembly procedure (solvent nature and oxygen presence) in
controlling the surface structure and chemistry of SAMs dithiols
on Au(111). We also found that n-hexane is a promising solvent
for the formation of densely packed, well-ordered SAMs when
they are prepared in absence of oxygen and light.

2. Experimental Section

2.1. Gold Substrates. In order to get well-organized SAMs,
the quality of the gold surface is a key parameter. Here, we used
gold on glass substrates and a gold monocrystal.

The Au(111) sample was obtained fromMaTecK GmbH as a
single crystal hat-shaped disk (10 mm diameter, 3 mm thick, hat
shape with the usable sample face of 8 mm diameter) of 99.999%
purity, oriented to within <0.4�. The surface geometry was
checked by both LEED and TOF-DRS. In order to reduce the
strong effect that surface roughness or contamination may have
on the adsorption kinetics, particular care was taken to clean in
situ in the high-vacuum chamber the initial crystalline Au surface
by cycles of Ar sputtering and annealing to 500 �C.

The gold on glass substrates were made of 0.7-mm-thick
borosilicate glass, covered by a 2.5-nm-thick chromium adhesion
layer, and by a 250-nm-thick final gold layer. For this work, the
substrates were annealed with a H2 flame during 3 min or in a
furnace to 600 �C in order to produce flat terraces with (111)
preferred orientation.

It should be noted here that, while in a given laboratory
systematically similar preparation conditions are used, morpho-
logical differences in samples may exist regarding size of flat
domains and small terraces especially on gold onmica substrates.
Since RAIRS and TOF-DRS involve grazing scattering condi-
tions, they “see” the top flat terraces as opposed to electrochem-
istry and XPS, where a fuller picture of the sample is obtained.
Since the assembly characteristics on terraces and elsewhere may
not be the same, this could affect conclusions from the different
techniques.However, the datawe present draws a complementary
consistent picture.

2.2. Chemicals. 1,4-Butanedithiol (BDT), 1,9-nonanedithiol
(NDT) 97%, and 1,6-hexanedithiol (HDT) 97% were purchased
from Alfa Aesar and Sigma and n-hexane 99% from Riedel-de
Ha€en. Some comparativemeasurementswere performed on some
alkanethiols. 1-Propanethiol (PT) 99%, 1-butanethiol (BT) 99%,
1-hexanethiol (HT) 95%, 1-nonanethiol (NT) 95%, and 1-decan-
ethiol (DT) 96% were purchased from Sigma and Fluka. All
chemicals were used without further purification. All other
chemicals were of best analytical grade available.

2.3. SAMs Preparation. Alkanethiol SAMs were prepared
by immersing the gold support into a freshly prepared 50 μM or
1 mM solution of CnSH in ethanol for times ranging from 30min
to 24 h at room temperature in the absence of light. Final rinsing
was done with absolute ethanol before drying under N2. These
measurements were done as a reference for the dithiol SAMs.

In the case of alkanedithiols, SAMs were prepared by two
methods. In the first one (procedure I), the Au substrates were
immersed in 50 μM dithiol solution in ethanol for 24 h, i.e.,
following the usual protocol for alkanethiol SAM formation but
in the absence of light. In the secondone (procedure II), the SAMs
were prepared by immersing the Au substrates into a 1 mM

(30) Kohli, P.; Taylor, K. K.; Harris, J. J.; Blanchard, G. J. J. Am. Chem. Soc.
1998, 120, 11962–11968.
(31) Carot, M. L.; Esplandiu, M. J.; Cometto, F. P.; Patrito, E. M.; Macagno,

V. A. J. Electroanal. Chem. 2005, 579, 13–23.
(32) K€ashammer, J.; Wohlfart, P.; Weiss, J.; Winter, C.; Fischer, R.; Mittler-

Neher, S. Opt. Mater. 1998, 9, 406–410.
(33) Esplandiu, M. J.; Carot, M. L.; Cometto, F. P.; Macagno, V. A.; Patrito,

E. M. Surf. Sci. 2006, 600, 155–172.
(34) Rieley, H.; Kendall, G. K.; Zemicael, F. W.; Smith, T. L.; Yang, S.

Langmuir 1998, 14, 5147–5153.
(35) Hamoudi, H.; Guo, Z.; Prato, M.; Dablemont, C.; Zheng, W. Q.;
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6836–6841.
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O.; Blum, B.; Salvarezza, R. C.; Xi, L.; Lau, W. M. Nucl. Instrum. Methods Phys.
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(38) Rodrı́guez, L. M.; Gayone, J. E.; S�anchez, E. A.; Grizzi, O.; Blum, B.;
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solution in n-hexane for about 1 h with N2 bubbling. In this case,
we used solutions freshly degassed by N2 bubbling, and all
procedures were carried out in the absence of light. In the case
of the volatile hexane, in order to avoid solvent evaporation and
consequently a concentration increase in Orsay, hexane was first
bubbled with N2, then the dithiol was added, and after introduc-
tionof the sample, the solutionwaskept sealedoff. InLaPlata,N2

bubbling was maintained during substrate modification, which
was performedunder a hood in a glass devicewith a reflux system.
It should be noted that n-hexane vapors can be explosive and they
have toxic effects when inhaled. It is therefore recommended to
use appropriate precautions and perform all operations under a
hood.

2.4. Electrochemical Measurements. Standard three-
electrode electrochemical cells were employedwith anoperational
amplifier potentiostat (TEQ-Argentina) with data acquisition
capabilities. A saturated calomel electrode (SCE) and a large area
platinum foil were used as reference and counter electrode,
respectively. All potentials in the text are referred to the SCE
scale. The base electrolyte, 0.1 M NaOH aqueous solution, was
prepared with Milli-Q water and solid NaOH (analytical grade
from Baker) and was degassed with purified nitrogen prior to the
experiments. Reductive electrodesorption of thiols from the Au
substrates was performed at 0.05 V s-1 in deaerated aqueous
0.1 M NaOH at room temperature.

2.5. XPS Measurements. The samples were characterized
by XPS using a Mg KR source (XR50, Specs GmbH) and a
hemispherical electron energy analyzer (PHOIBOS 100, Specs
GmbH). A two-point calibration of the energy scale was per-
formed using sputtered cleaned gold (Au 4f7/2, binding energy
(BE)=84.00 eV) and copper (Cu 2p3/2, BE=933.67 eV) samples.
For spectra deconvolution of the S 2p region, a Shirley-type
background was subtracted and a combination of Lorenzian
and Gaussian (Voigt) functions was used. The full width at half-
maximum (fwhm) was fixed at 1.1 eV and the spin-orbit doublet
separationofS 2p signalwas set to 1.2 eV.TheBEs andpeakareas
were optimized to achieve the best adjustment.

Sulfur coveragewas estimated by themeasurement of the areas
ofAu4f andS 2p signals corrected by the relative sensitivity factor
(RSF) of the elements. Au 4f signal was corrected by the
attenuation length for electrons in Au to consider only the signal
of the topAu atomic monolayer. Therefore, sulfur coverage is the
ratio of sulfur atoms to Au atoms on the surface, taking into
account every chemical form of sulfur.

2.6. Infrared Spectroscopy. As in our previous work in
Orsay theFT-IR spectrometer used for analysis is aBrukerVertex
70, equipped with a homemade reflection attachment for RAIRS
measurements. In this case, the incident angle was 80� to the
surface normal. A deuterated triglycine sulfate (DTGS) detector
was used to detect either the transmitted or reflected light. For the
SAM measurements, the spectral resolution was set to 4 cm-1.
The spectrometer and sample are flushed first with dry air and
during measurements by a N2 flow.

2.7. Time of Flight Spectroscopy. The measurements were
carried out on a UHV apparatus equipped for the atomic and
electronic spectroscopies (TOF-DRS, AES, andUPS). TheUHV
chamber is connected to a 1-100 keV ion accelerator through
three stages of differential pumping. Details of the experimental
setup and the TOF-DRS technique have been described pre-
viously.40

Briefly, the method consists of bombarding the sample at
grazing incidence with a pulsed Ar ion beam. The time-of-flight
spectrum of directly recoiled (“sputtered”) fast atoms ismeasured
and allows determination of their mass spectrum. This method
combines the ability to detect all elements, including H, which is
not detected in most electron spectroscopies, with a very high

surface sensitivity (topmost layers) and very low irradiation dose
(picoampere currents), thus preventing significant damage of the
film. We have used this technique successfully to investigate the
adsorption/desorption kinetics of some alkanethiol SAMs.37-39

The ions (Ar+), used for sample cleaning and for the TOF-
DRS measurements, were produced in a radiofrequency source,
mass analyzed with a switching magnet, and finally collimated to
better than 0.1�. For TOF-DRS, the Ar beam was pulsed at
30 kHz,with 50 nswidth. The systemallowedTOFmeasurements
as a continuous function of the scattering angle (within the range
of 0� to 70�) by using a rotatable drift tube of 75 cm and also at
some fixed scattering angles with a longer flight path for the
scattered particles (176 cm for a 30� TOF tube).

3. Results

3.1. ElectrochemicalMeasurements. 3.1.1. BDT,HDT,
and NDTPrepared by Procedure I. Figure 1a,c,e shows typical
cathodic current density (j)/potential (E) curves (first and second
scans) recorded in a 0.1 M NaOH aqueous solution for the
different dithiol SAMs prepared by procedure I. The cathodic
current peaks preceding the current related to the hydrogen
evolution reaction (HER) are assigned to the reductive desorption
of dithiols from the Au substrates.41

In Figure 1a, a typical desorption curve recorded for a HDT
SAMprepared by this procedure is depicted. The first scan shows

Figure 1. j vsE profiles for the reductive desorption ofHDT (a,b),
NDT (c,d), and BDT (e,f) SAMs from Au (111). Self-assembly
conditionswere 24h, 50μMethanolic solution inair (a,c,e), and 1h
1mMn-hexanedeoxygenated solution (b,d,f). First scans are in full
line and second scans in dashed lines. Integration areas for charge
calculation are represented in dashed red, blue, and orange.
Measurements were made in 0.1 M NaOH at a sweep rate of 0.05
V s-1 g)Ep vs n (n: number ofC atoms) plot derived from reductive
polarization curves for alkanethiolates (black squares), BDT
(orange squares), HDT (red squares), and NDT (blue squares).

(40) Rodrı́guez, L. M.; Gayone, J. E.; S�anchez, E. A.; Ascolani, H.; Grizzi, O.;
S�anchez, M.; Blum, B.; Benitez, G.; Salvarezza, R. C. Surf. Sci. 2006, 600, 2305–
2316.
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Salvarezza, R. C. J. Phys. Chem. B 2000, 104, 11878–11882.
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a well-defined peak located at -1.14 V followed by a broad and
poorly defined peak preceding HER. The overall charge density
(q), measured by integration of these current peaks referred to the
real surface area, yields 130( 3 μC cm-2, a result that exceeds by
∼60% the expected amount for a complete HDT monolayer
in standing-up configuration (surface coverage 1/3, q=75 μC
cm-2 41).

For alkanethiols, we have found that the peak potential Ep

varies linearly with the length of the alkane chain as shown in
Figure 1g. Here, we observed a marked shift in the peak potential
(Ep) of the HDT SAM to more negative values (about 0.150 V)
with respect to that measured for a hexanethiol (HT) SAM
prepared by using the same procedure and substrate
(Figure 1g). Significant readsorption of the organic products
takes place during repetitive potential scans. The reductive
desorption of the readsorbed species (dashed curve in
Figure 1a) takes place at-0.97 V, i.e., 0.15 V more positive than
that recorded for the first scan and close to the potential
corresponding to the HT. These results for the HDT SAMs
prepared in ethanol are in good agreement with previous reports
for this system.42

Similar results to those described for HDT were obtained for
NDT prepared by the same procedure (Figure 1c). In fact, for the
NDT sample prepared in ethanol we also observed an important
Ep shift in the negative direction (0.07 V) with respect to
nonanethiol (NT) (Figure 1g) and also significant readsorption
in the second scan. However, in this case the q value, 81 ( 6 μC
cm-2, is smaller than that observed for HDT and close to the
expected value for a dense monolayer of dithiols in standing-up
configuration.

On the other hand, for BDTweobserve a negative shift inEp of
0.06 V with respect to butanethiol SAMonAu (111). In this case,
the q value is also found to be 79 ( 10 μC cm-2. However, for
the short BDT the same amount of thiolates is expected for the
lying-down and standing-up configurations. In fact, in both
cases it is possible to arrange the thiolates in

√
3 �√

3 R30�
lattice. Therefore, from the electrochemical data we cannot
conclude the possible configuration of the BDT molecules. Also,
no significant readsorption was observed during repetitive scans
(Figure 1e).

In summary, electrochemical data suggest that for HDT and
NDT prepared by procedure I the molecules are mostly in
standing-up configurationbut the free SHgroups has beenaltered
by chemical reactions at the outer plane of the SAMs, in
agreement with previous works.33,42 In the case of BDT, we
cannot conclude from the electrochemical experiments whether
themolecules are in lying-downor standing-up configuration; this
will be clarified by XPS data as discussed below.

3.1.2. BDT, HDT, and NDT Prepared by Procedure II. In
Figure 1b, we show the j/E profiles recorded for HDT SAMs on
Au(111) prepared by procedure II, i.e., in a degassed n-hexane
solution in the absence of light. In this case, a well-defined peak
related to reductive desorption is observed at-0.97V followedby
a small shoulder precedingHER. The q value is 81( 4 μCcm-2, a
figure very close to that expected for an HDT monolayer
in a standing-up configuration.43 The Ep value is shifted only
0.02 V in the negative direction when compared with the HT
SAM on Au (Figure 1g). As we observed for electrodesorbed

alkanethiolates,44 no significant readsorptionwas detected during
repetitive electrode cycling.

On the other hand, for NDT SAMs (Figure 1b) we found a
smaller q value (q=60( 5μCcm-2) than thatmeasured forHDT,
and also a negligible Ep shift with respect to the corresponding
alkanethiolate (Figure 1g).

Finally, for BDT SAMs (Figure 1f) the same results described
for the self-assembly of this dithiol by procedure I were observed
(Figure 1e). In fact, we found a negative shift in Ep=0.05 V with
respect to butanethiolate on Au(111) and no significant read-
sorption, although q is slightly smaller (q=70( 10μC cm-2) than
that observed for BDT prepared by procedure I.

The main conclusion for dithiol self-assembly by procedure II
is that no clear evidence about chemical transformation of the
terminal SH groups can be found in the electrochemical experi-
ments.

3.1.3. Immersion Time Dependence of the HDT Reductive
Desorption Curves. In Figure 2a, we have plotted electrodesorp-
tion curves for Au surfaces immersed for different times (ti) in
50 μM HDT ethanolic solutions following procedure I. It is
evident that as ti is increased Ep shifts from-0.97 V to-1.105 V
while q increases from 55 μC cm-2 to 130 μC cm-2. On the other
hand, in similar experiments made in n-hexane solutions by
procedure II (Figure 2b), no shift in Ep is observed and the
increase in q is from 53 μC cm-2 to 80 μC cm-2.

The smaller values in both solvents observed at shorter times,
are consistent with what is expected in the model presented in
ref 36 for HDT in lying-down configuration. The second value,
mentioned above, in the case of n-hexane agrees with that
expected for a close-packed

√
3�√3 R30� HDT lattice (surface

coverage θDS=1/3) with the molecules in the vertical configura-
tion,43 while for HDT adsorption from the ethanolic solution
q largely exceeds this value.

These results for HDT suggest that irrespective of the self-
assembly procedure the molecules first arrange in lying-down
configuration and then rearrange into a dense dithiol layer
consisting mainly of molecules in standing-up configuration. In
the ethanol solution, the standing-up HDT phase is formed more
rapidly (less than 10 min; the time needed to attain 80 μC cm-2)
than in n-hexane (40 min) despite the higher HDT concentration
in this solvent. However, for t>10 min the SAM formed in
ethanol is transformed into a structure containing an excess of

Figure 2. j vs E profiles for the reductive desorption of HDT
SAMs from Au (111) for different immersion time. Self-assembly
conditions were (a) HDT 50 μM ethanolic solution in air and (b)
HDT 1 mM n-hexane deoxygenated solution. Insets show q vs t
plots for each case.Measurements were made inNaOH 0.1M at a
sweep rate of 0.05 V s-1.

(42) Esplandiu, M. J.; Hagenstrom, H.; Kolb, D. M. Langmuir 2001, 17, 828–
838.
(43) Vericat, C.; Vela, M. E.; Salvarezza, R. C. PhysChemChemPhys 2005, 7,

3258–3268.
(44) Ter�an Arce, F.; Vela, M. E.; Salvarezza, R. C.; Arvia, A. J. Langmuir 1998,

14, 7203–7212.
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S-containing organic products. Therefore, in order to analyze the
nature of the S-containingmolecules on the Au (111) surfaceXPS
measurements were made.
3.2. XPS Data. 3.2.1. HDT SAMs from Procedure I.

The XPS S 2p spectra for the HDT SAMs on Au (111) prepared
by procedure I are shown in Figure 3a. The broad S 2p signal,
typical ofmetals covered by SAMs, can be fitted with two doublet
components located at 162.0 and 163.5 eV. The first component
(162 eV) corresponds to thiolates adsorbed on metals, while the
component at 163.5 eV can be assigned to free thiol (SH) groups
or disulfides.45

The coverages of the standing-up and lying-down phases
were evaluated in two different ways depending upon the S 2p
(163.5 eV)/S 2p (162 eV) ratio.

(i) If the ratio of the S 2p signal at 163.5 eV with respect
to 162 eV was higher than that expected for all the
molecules in the standing-up position, we calculate
the coverage of standing-up molecules from the ratio
S 2p (162 eV)/Au 4f (84 eV) and assign the excess of S
2p (163 eV) to free dithiols or disulfides.

(ii) If the S 2p (163.5 eV)/S 2p (162 eV) ratio was lower
than that expected for the all standing-up config-
uration, then we calculate the standing-up phase
coverage from the signal of S 2p at 163.5 eV and
the excess of S 2p (162 eV) was assigned to lying-
down dithiol molecules.

By using these rules, the total coverage by dithiol molecules for
the HDT SAM formed in ethanol by procedure I is found to be
θDS=0.41( 0.03, exceeding by24%that expected for a complete
monolayer of HDT in the standing-up configuration (θDS=0.33)
formed on Au (111).43 The amount of thiolates calculated from
the signal at 162 eV coincides with that expected for a monolayer
of thiolates in vertical configuration forming a

√
3�√

3 R30�
surface structure prepared by the same self-assembly proced-
ure.46,47 Therefore, the excess of molecules is related to the 163.5
eV component. In principle, this signal should be assigned to free
HDT molecules or disulfide species. However, repetitive rinsing
with pure solvent does not reduce the intensity of the 163.5 eV
signal, so we conclude that we do not have any physisorbed
dithiols in the SAM. Therefore, the 163.5 eV signal contains the
contribution of extra HDT molecules bonded to the terminal
group of the thiolate SAM by S-S bonds. The presence of

disulfide bonds is also supported by the extra charge needed in
the reductive desorption experiments (section 3.1, Figures 1a and
2a). In fact, it is well-known that electrolytic cleavage of disulfide
bonds at a mercury pool cathode can be used tomeasure the total
amount of disulfide bonds in proteins.48

Therefore, these results suggest that HDT SAMs prepared by
procedure I form a complex adlayer consisting of a monolayer of
HDT molecules bonded to the gold substrate by thiolates (θDS=
0.33), and alsoHDTmolecules bonded by disulfide S-S bonds at
the SAMsurface and/or extraHDTmolecules strongly bonded to
the terminal group of the layer by S-S bonds (θDS=0.08( 0.03).
The latter explain the larger 163.5 eV signal in XPS.

It should be mentioned that in our series of measurements the
HDT samples in ethanol only occasionally exhibit the presence of
sulfonates (167 eV) due to the oxidation of the ourtermost S
moiety, at least for 24 h of incubation in this solvent.49

3.2.2. HDT SAMs from Procedure II. XPS data obtained
forHDTSAMs prepared by procedure II are shown inFigure 3b.
Also, in these samples we observe the 162.0 eV (thiolates) and
163.5 eV components. The coverage by dithiol molecules esti-
mated by the S/Au ratio isθDS≈ 0.23( 0.03, a figure smaller than
that expected for close-packed HDT SAM with molecules in a
vertical configuration. The analysis of the two components (162/
163.5 eV ratio) indicates that there is an excess of the 162 eV signal
(thiolates) with respect to that expected for a standing-up mono-
layer ofHDT.The excess of thiolates and the smaller value of θDS

suggests that the HDT SAM contains some mixed domains of
standing-up and lying-down molecules. Considering the excess of
thiolates (from the 162/163.5 signal ratio), we estimate a surface
coverage θDS=0.15 ( 0.04 for the standing-up phase and θDS=
0.08 ( 0.04 for the lying-down phase. The 163.5 eV component
can be assigned to the free SH terminal group of the molecules in
standing-up configuration based on the electrochemical data that
shownoevidenceof extra-charge andEp shift during the reductive
desorption.

3.2.3. BDT and NDT SAMs. XPS spectra for NDT and
BDT are shown in Figure 4. In the case of NDT, both procedures
lead to θDS values slightly smaller than that expected for a full

Figure 3. S 2p XPS spectra of HDT SAMs (a) SAMs obtained
after 24 h incubation in 50 μM ethanolic solution (procedure I),
(b) SAMs obtained after 1 h incubation in 1mM n-hexane solution
(procedure II). Red: 162 eV component. Green: 163.5 eV compo-
nent.

Figure 4. S 2p XPS spectra of NDT SAMs. (a) SAMs obtained
after 24 h incubation in 50 μM ethanolic solution (procedure I),
(b) SAMs obtained after 1 h immersion in 1mM n-hexane solution
(procedure II). S 2pXPS spectra ofBDTSAMs (c) SAMsobtained
by procedure I, (d) SAMs obtained by procedure II. Red: 162 eV
component. Green: 163.5 eV component.

(45) Lindberg, B. J.; Hamrin, K.; Johansson, G.; Gelius, U.; Fahlman, A.;
Nordling, C.; Siegbahn, K. Phys. Scr. 1970, 1, 286–298.
(46) Vericat, C.; Benitez, G. A.; Grumelli, D. E.; Vela, M. E.; Salvarezza, R. C.

J. Phys.: Condens. Matter 2008, 20, 184004–184004.
(47) Cort�es, E.; Rubert, A. A.; Benitez, G.; Carro, P.; Vela, M. E.; Salvarezza,

R. C. Langmuir 2009, 25, 5661-5666.

(48) Weitzman, P. D. Anal. Biochem. 1976, 76, 170–6.
(49) Aqua, T.; Cohen, H.; Vilan, A.; Naaman, R. J. Phys. Chem. C 2007, 111,

16313–16318.
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standing-up phase. The XPS data also show that the NDT SAM
prepared by procedure II exhibits a higher fraction of standing-up
molecules than that found for HDT SAM prepared under the
same experimental conditions.

Finally, for BDT SAMs (Figure 4c,d) only the S 2p 162 eV
signal is significant irrespective of the self-assembly procedure.
This result clearly indicates that BDT remains mainly chemi-
sorbed in the lying-down configuration with two thiolate-Au
bonds per molecule. This behavior differs from that reported for
butanethiol on Au (111) for which the dense standing phase is
easily obtained.44 Note that although we observe someEp shift in
the electrochemical data for these samples it is evident that it is not
related to disulfide formation, as the contribution of the 163 eV
component is negligible.

We can conclude from the electrochemical and XPS data that
SAMs prepared by procedure II are of a better quality, as we
cannot detect excess in the 163.5 eV component related to
disulfide formation, and furthermore the important role of chain
length to determine the configuration of the dithiol molecules on
the Au (111) surface.

In the following, we investigate the order in the SAMs by
RAIRS and the presence of sulfur at the outmost part of the
SAMs by TOF-DRS.
3.3. RAIRS Measurements. RAIRS spectra on NDT

SAMs grown by procedure II (degassed n-hexane and with all
processing done in the dark) have been reported previously.35

Here, we performed similar measurements for HDT and com-
pared with the result of growth by procedure I. The RAIRS
spectra for HDT, NDT,35 and also HT and decanethiol (DT)
SAMs are shown in Figure 5. The DT and HT spectra are in
agreement with existing literature,14 with only a weak signal
observable for the υas(CH2) peak for HT.

The dithiol spectra display a peak corresponding to symmetric
υas(CH2) at 2918 cm

-1. We also observe a peak at 2850 cm-1 for
the symmetric stretch υs(CH2). As discussed in our previous
work,35 these values correspond to a well-organized SAM.
Indeed, in disordered SAMs these values tend to 2926 cm-1

and 2855 cm-1, respectively, as in the gas phase.35

In RAIRS, we do not observe the SH peak located at
2565 cm-1. As noted previously, this is probably due to the fact
that this signal remains weak by comparison to the CH vibration

signals, as seen in the gas phase. SH vibrations were observed for
the NDT SAM by SFG as reported previously.

The results for the samples prepared by procedure II are
reproducible though the quality of assembly judged by RAIRS
peak position could vary, with the peak found between 2918 and
2921 cm-1 (a variability that can also be observed for
alkanethiols). In some cases, we observe rather broad spectra
indicating disorder at the SAM, which might be due to some
variations in preparation conditions regarding, e.g., degassing.As
shownbyus previously,without degassing and inpresence of light
well-ordered SAMs are not obtained.35

On the other hand, for HDT SAMs prepared by procedure I
(with and without degassing the solution), we could not obtain
spectra consistentwithwell-orderedhydrocarbon chains as shown in
Figure 5. In fact, in this case we observe the υas(CH2) at 2926 cm

-1.
Similar results were obtained for NDT SAM prepared by this
procedure. The disorganizing effect of ethanol on the order of NT
SAMs has also been observed by in situ X-ray diffraction experi-
ments.50 One can also note that the intensity of the υas(CH2) at
2926 cm-1 for the HDT SAM is larger than that observed for the
HDT SAMprepared by procedure II. This result suggests an excess
of molecules, a result consistent with the electrochemical data.

The presence HDT molecules bonded by disulfide S-S bonds
at the SAM surface and also extra HDT molecules strongly
bonded to the SH terminal group of the layer by S-S bonds (SH-
R-S-S-R-S-Au) contribute to the disorder observed by RAIRS.
3.4. TOF-DRS Analysis. TOF-DRS measurements were

performed in order to ascertain the presence of sulfur atoms on
top of the SAMs. In previous studies,40 on alkanethiol SAMs we
have not detected S atoms both for the lying-down phase and the
standing-up phase. In the lying-down phase, chemisorbed
S atoms are shadowed by both hydrocarbon chains, and in the
standing-up phase, the S atoms lie below the hydrocarbon chain
and are not accessible to the Ar ion beam.

The dithiol SAMs prepared from n-hexane and ethanol solutions
were transferred rapidly into the UHV setup, and time-of-flight
measurements of recoiled and scattered particles were performed.
Figure 6a shows TOF-DRS spectra for HDT and NDT SAMs
acquired at an incidence angle of 5�measured from the surface. This
low incidence angle increases the sensitivity of the technique to the
outermost top layer of atoms, which is desirable to identify if there
are dithiol molecules with the SH group on the top atomic layer, as
expected in the case of the standing-up phase. For comparison
purposes, a TOF-DRS spectrum of a decanethiol SAM grown in
vacuum is also included in Figure 6a.

The spectra of Figure 6a present two intense peaks at low times
of flight. These correspond to H and C recoils. At higher times of
flight, a very small Armultiple scattering (MS) peak, correspond-
ing to collisions of the projectile with the adsorbedmolecules, can
be discerned in the case of the decanethiol (DT) spectrum.40 For
the dithiol SAMs, it is possible to distinguish an additional small
broad hump and, in the case of NDT SAM, two more clearly
pronounced structures identified in the figure. These structures
correspond to Ar scattering on S atoms and to recoiled S atoms,
and is clear proof that there are S atoms located at the top of the
dithiol monolayer. These results are in agreement with the
RAIRS, XPS, and electrochemistry data presented above, and
also suggest the formation of standing-up dithiol layers.Note that
for the thiol SAM spectrum no hump is observed, since the
S atoms are lying below the hydrocarbon chain and are not
accessible to the Ar ion beam.

Figure 5. RAIRS spectra for HDT and NDT SAMs prepared by
procedure II (in a degassed n-hexane solution and in the dark) and
for HDT prepared by procedure I. Also shown are spectra for HT
and DT SAMs prepared by procedure I.

(50) Capit�an, M. J.; �Alvarez, J.; Calvente, J. J.; Andreu, R. Angew. Chem., Int.
Ed. 2006, 45, 6166–6169.
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It should be pointed out that the S features are weak and rather
broad, and their intensity varied for different SAMs samples. In
comparison, we have found much better defined peaks when the
dithiol molecule adsorption was conducted in vacuum conditions
(this study will be discussed in greater detail in a forthcoming
paper).51 The weakness of the structures may be related to the
partial degradation of the layers when transported from the
solution into the vacuum setup. In some cases, no structures
could be observed. In our previous paper,35 we had pointed out
that SH vibrational signals could disappear in ambient condi-
tions, because of photooxydation. This could lead to shadowing
of sulfur atoms by oxygen.

We also studied alteration in spectra as a function of tempera-
ture. For alkanethiol SAMs, it has been noted that a change in the
layer structure occurs at about 100 �C. This has been attributed to
an initial desorption and disordering of the layer, which may lead
to formation of a lying-down phase.36 In order to investigate the
temperature effect, we have heated the dithiol SAM inside the
UHV chamber and have observed that the structure associated
with S atoms disappeared between 100 and 120 �C. In Figure 6b,
we compare the spectrum for the HDT SAM measured at room
temperaure (blue line) to the corresponding one measured at
130 �C (red line), where the S hump is not observed. Since with
TOF-DRS we cannot detect S from molecules that are in the
lying-down phase,40 this change in the dithiol spectra with
temperature could be associated to a partial desorption of
alkanedithiol molecules and formation of a lying-down phase
similar to that for alkanethiol SAMs.

4. Discussion

Our results obtained by a number of complementary techni-
ques indicate that chemisorbed dithiols prepared by procedure II
move from lying-down configuration (BDT) to standing-up
configuration (HDT and NDT) as the hydrocarbon chain length

is increased. For HDT, we found mixed domains of both phases.
These results contrast previous ones forHDT including gas-phase
and liquid-phase deposition where it is proposed that the striped
phases may act as effective kinetic traps preventing the transition
to other denser phases,36 and also other results suggesting the
formation of ordered multilayers.30 On the other hand, for HDT
and NDT prepared by procedure I we also found predominant
contributions of the standing-up phases. However, in this case the
situation is more complex, as disulfide bridges seem to be formed
between the terminal SH groups of the dithiol molecules, and for
HDT, we observe the presence of extra dithiol molecules on the
layer. In the following, we discuss briefly our results for both
methods of preparation we investigated.
4.1. Dithiol SAMs fromProcedure II. ForNDT andHDT

SAMs prepared by procedure II (degassed n-hexane solution/
dark), the experimental data indicate that the standing-up phase
dominates, explaining the TOF-DRSmeasurements that detect S
atoms at the outer part of the SAM. These results for NDT
confirm our earlier report based on SFHG, RAIRS, and spectro-
scopic ellipsometry.35 The latter indicated formation of a layer
whose thickness was compatible with a monolayer. RAIRS
results for this procedure indicate formation of well-ordered
phases with CH2 vibrational frequencies lying in the 2918-
2921 cm-1 range. No evidence of oxidized S species was observed
by XPS for SAMs prepared by this procedure, in the absence of
oxygen and light. Electrochemical and XPS data suggest the
presence of small amounts of lying-down molecule domains,
which are smaller for the longer NDT molecules. On the other
hand, only the lying-down phase is present in BDT SAMs. These
results reveal the crucial role of van derWaals interaction not only
in assisting the lying-down to standing-up transition (see below),
but also to organize the hydrocarbon chains into well-defined
crystalline structures.

The fact that a standing-up phase of dithiols can in fact be
produced both from solution and, in particular, in adsorption in
vacuum from the vapor phase mentioned above,51 where other
types of molecules present in solutions are absent, might appear

Figure 6. (a) TOF-DRS spectra for Ar scattering on decanethiol (DT), nonanedithiol (NDT), and hexanedithiol (HDT) SAMs taken at
room temperature prepared by procedures I and II as indicated. (b) TOF-DRS spectra for Ar scattering on a hexanedithiol (HDT) SAM at
room temperature and after increasing the sample temperature to 130 �C.

(51) Rodrı́guez, L. M.; Gayone, J. E.; S�anchez, E. A.; Grizzi, O.; Hamoudi, H.;
Esaulov, V. A. to be published.
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surprising, since we start with the lying-down phase with both S
atoms chemisorbed as thiolates. A possible explanation for the
existence of the transition to the standing-up phase could be a
hydrogen exchange reaction between an incident free (gas
phase, or in solution) dithiol molecule with a chemisorbed lying-
down dithiolate on Au. This would result in the liberation of one
of the ends of the chemisorbed molecule and chemisorption of
the free dithiol leading thus to two standing-up chemisorbed
dithiols, i.e.

Au-SRS-Au þ HSRSH f 2Au-SRSH ð1Þ
Thereafter, the stability of the standing-up phase would rely on

the strength of van der Waals forces. This reaction is now being
investigated theoretically.
4.2. Dithiol SAMs from Procedure I. In the case of BDT,

we observe the same behavior irrespective of the self-assembly
procedure. It means that there is no significant solvent effect and
oxygen content in the formation of the lying-down phases, where
the molecules are strongly bonded by two thiolates to the
substrate. On the other hand, results fromHDT andNDT,where
the molecules adopt the standing-up configuration, demonstrate
that the self-assembly procedure becomes crucial to controlling
the structure and chemistry of the SAM, as it affects directly the
stability of the free SH groups.

Results for HDT and NDT indicate the existence of disulfide
bridges between SAM molecules and some extra molecules
bonded to the SAM. It is not surprising that disulfide bridges
can be formed in ethanol due to the polar nature of the solvent
and the presence of oxygen and traces of water. In this solvent, we
observe faster self-assembly kinetics than found in n-hexane
leading to a charge density consistent with the formation of a
monolayer of dithiols in standing-up configuration in fewminutes
(Figure 2a). After the formation of the standing-up phase, a
chemical transformation of the SH end group of some molecules
into other chemical species takes place. This leads to formation of
dithiol bridges and allows attachment of some extra dithiol
molecules, although measurements as a function of immersion
time described here did not yield results that would be compatible
with formation of progressively thicker multilayers as reported
elsewhere by some authors.30 The extra charge in the reductive
desorption measurements, the marked shift in the electrodesorp-
tion potential, and the presence of an excess of strongly bonded
molecules with S 2p signal at 163.5 eV support disulfide formation
at the SAM as already reported.31,42 It should be noted that
similar S 2pXPS spectrawith large 163 eV contribution have been
reported for octanedithiol SAMs on Au (111) prepared from
ethanolic solutions, although the possible presence of disulfide
was not discussed.52

Now, we discuss the formation of disulfide bridges at the free
SH groups of the molecules in the standing-up phase when they
are prepared by procedure I. It has been reported that the
formation of disulfide bonds between adjacent adsorbed dithio-
latemolecules at a compact monolayer requires a rotation of 180�
of one of the alkyl chains with respect to the other, a process that
becomes more difficult as the number of C atoms in the hydro-
carbon chain increases.31 Therefore, one could envisage catalyzed
reactions leading to dithiol bridges directly between the adsorbed
molecules in disordered regions or at domain boundaries through
the reaction

Au-SRSH þAu-SRSH f Au-SRS-SRS-Au þH2 ð2aÞ

Therefore, the amount of disulfide bridges should depend on
the SAM quality and on the length of the hydrocarbon chains,
although obviously both SAM quality and chain length are
closely related.42

Disulfide bridges could also be formed by reaction of the
terminal SH of the chemisorbed molecules with other dithiol
molecules present in the solution as suggested in ref 30, activated
by molecules in the solvent (O2, H2O) and light

Au-SRSH þ HSRSH f Au-SRS-SRSH þ H2 ð2bÞ
In fact, it is well-known that disulfides species are produced by

the reaction of aliphatic and aromatic thiol with oxygen in the
presence of metal catalysts.53 The free SH groups of the added
disulfide molecules can undergo a new reaction with other dithiol
molecules in solution or form looped structures with adjacent
chemisorbed molecules of the SAM leading to a complex and
disorganized layer.

Therefore, in electrochemistry the reductive desorption in
alkaline media not only involves

Au-SRS- þ e f -SRS
- þ Au ð3Þ

but also the contribution of the reactions54

Au-SRS-SRS-Au þ 4e f 2Au þ 2-SRS
- ð4aÞ

Au-SRS-SRS- þ 3e f Au þ 2-SRS
- ð4bÞ

although another possible pathway is possible

Au-SRS-SRS- þ e f Au þ -SRS-SRS
- ð5Þ

The electrochemical cleavage of S-S bonds by reactions 3
and 4 could explain the increase (from∼80 to∼130 μCcm2) in the
electrochemical charge related to reductive desorption and the
marked shifting of the reductive desorption peak in the negative
direction. In fact, it has been shown that disulfide species are
reduced onmercury electrodes at∼0.25 Vmore negative than the
corresponding thiol. Also, reactions 3 and 4 can explain the
significant readsorption observed after reductive desorption of
this surface structure due to the greater insolubility of longer
disulfide species. Note that a bilayer of lying-down molecules can
be discarded, because in this case, no S should be detected in the
TOF-DRS spectra.39

Taking into account this scenario, we discuss our results for
NDT in ethanol.We observed that the total amount of molecules
is slightly smaller (θDS ≈ 0.29) than that corresponding to a
complete standing-up phase (θDS ≈ 0.33). The fact that the
amount of charge q is greater than that expected for θDS ≈
0.29, the Ep shift in the negative direction, and the significant
readsorption alsopoint out that certain amount of disulfide is also
present in the SAMs. The presence of a certain amount of
disulfides bonded to the outer plane of the SAM could explain
RAIRS data that show no ordering of the hydrocarbon chains.

5. Conclusions

The results obtained from our multitechnique study about
dithiol SAMs on Au (111) indicate that the amount of the lying-
down phase decreases sharply from BDT (most lying down) to

(52) Fujita, D.; Ohnishi, K.; Ohgi, T. Sci. Technol. Adv.Mater. 2002, 3, 283–287.

(53) Arisawa, M.; Sugata, C.; Yamaguchi, M. Tetrahedron Lett. 2005, 46, 6097–
6099.

(54) Kizek, R.; Vacek, J.; Trnkova, L.; Jelen, F. Bioelectrochemistry 2004, 63,
19–24.
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NDT (most standing up) irrespective of the self-assembly proce-
dure. A good ordering of the hydrocarbon chains in the standing-
up configuration is observed for NDT when the system is
prepared in degassed n-hexane with all operations carried out in
the dark. These results agree with a previous study by some of us
for NDT using RAIRS, SFG, and spectroscopic ellipsometry.35

A chemical reaction involving hydrogen exchange between an
incident free dithiol molecule with a chemisorbed lying-down
dithiolate onAu that could explain the transition process from the
lying-down phase to standing-up phase is proposed.

In contrast to previous results, we find that HDT SAMs also
exhibit a significant contribution of molecules in the standing-up
phase. Our data for self-assembly by procedure I also point to the
formation of disulfide bridges at the free SH terminal groups at

both HDT and NDT SAMs. However, we found no evidence of
ordered multilayer formation in our experiments. No disulfides
were observed for BDT, which only form the lying-down phase,
prepared by procedure I. Our results demonstrate the key role of
chain length and procedure (solvent nature and oxygen presence)
in controlling the surface structure and chemistry of dithiols
SAMs on Au (111), and explain contradictory results found in
the literature for these systems.
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Tânia B. Creczynski-Pasa,a M. Antonieta Daza Millone,b

Maximiliano L. Munford,
c
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Self-assembly of dithiothreitol (DTT) on Au(111) from solution deposition has been studied by

X-ray photoelectron spectroscopy and electrochemical data. DTT molecules self-assemble on

Au(111) in a lying-down configuration irrespective of the concentration and temperature. XPS

and electrochemical data indicate a DTT surface coverage of y E 0.16 with two S-head–Au

covalent bonds per DTT molecule. The DTT monolayer turns the Au surface hydrophilic enough

to allow the formation of fluid dimyristoylphosphatidylcholine (DMPC) bilayer domains by

vesicle fusion as revealed by in situ atomic force imaging. Methylene blue (MB) and flavin

adenine dinucleotide (FAD) have been used as probes to study molecule transport across the

bilayer.

1. Introduction

Lipid membranes of living cells are the most important barriers

to control the majority of cellular processes. They play a

fundamental role in cell-to-cell communication involving the

exchange of ions and biomolecules, including calcium, neuro-

transmitters, proteins, reactive species, and drugs among others.

Phospholipid bilayers can be taken as a model system of cell

membranes because they preserve 2-D fluidity and can be

modified with membrane proteins, ion channels, receptors and

transporters, and can be used for various biotechnological

applications.1–3 Liposomes, in which phospholipid composi-

tion, structure and dynamics can be fully controlled, are

generally accepted as a suitable model for in vitro studies of

cell membrane structures and properties.4–6 Liposomes are

vesicles formed by a lipidic bilayer, structurally similar to the

lipidic matrix of a cell membrane. However, to perform studies

with atomic force microscopy (AFM), a technique that allows

the determination of morphological and mechanical properties

of structures, the immobilization of the lipidic bilayer on a

solid surface7–10 is required. There exist several methods to

spread phospholipids on a solid substrate in order to achieve a

supported bilayer.11 Among the most widely used methods are

sequential transfer of two monolayers from the air–water

interface via Langmuir–Blodgett (LB) and Langmuir–Schaefer

(LS) techniques,12,13 single bilayer spreading14 and vesicle

fusion.15

Lipidic membranes supported on inorganic material surfaces,

e.g. gold and mica, yield important results related to phase

transition, stability and morphology of the layers and are

promising structures for the development of biosensors.16–18

On these surfaces, however, the physical–chemical properties of

the lipidic layers are significantly different from membranes in

fluid environments.19 A promising approach is to use self-

assembled monolayers (SAMs) of thiol molecules on gold, since

they can act as a bridge or a spacer between the inorganic

surface and the assembled macromolecules. Modification of

solid surfaces with a spacer to link phospholipids bilayers

provides a selective anchoring layer to accommodate hydro-

philic domains of proteins and enables the charge transport

from one side of the membrane to the other side.4–6,20

Concerning the inorganic surface there is a particular interest

in metallic substrates because they can be used as electrodes

in electrochemical-based biosensors. Gold substrates are

particularly attractive because they are biocompatible and

inert materials that can be modified by simple solution

chemistry without significant contamination.

Several approaches have been developed to support phospho-

lipid bilayers on gold. Hybrid bilayers of phospholipids on

alkanethiol21 or thiophospholipid22 SAMs on gold lead to well

ordered and blocking artificial membranes but they lack a proper

fluidity to resemble a biomimetic system. Adding a long thiolated

linker to the phospholipid tethered bilayers5,6 or performing

vesicle fusion over long (Cn 4 11) hydroxyl-terminated thiols20,23

(as a hydrophilic surface is required for this strategy) improve fluid

properties. However an increase in the length of the linker chain

should hinder electron transfer.24 Therefore the use of a very short

spacer that turns the gold surface hydrophilic enough for vesicle

fusion and allows an easy electron transfer should be a suitable

choice to build an electrochemical biosensor. Unfortunately, short

hydroxyalkanethiol SAMs, e.g. 2-mercaptoethanol, have a lower

stability against reductive desorption25 which greatly decrease the

range of electrochemical sensing ability.
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According to the previously mentioned requirements,

dithiothreitol (DTT) appears to be a good candidate for these

purposes. In fact, it is a short a,o-alkanedithiol with two

hydroxyl groups that, if the molecule adopts a lying-down

configuration, should be exposed to the environment (Fig. 1).

DTT SAMs have been used to bind Ag+ cations,26 to im-

mobilize gold nanoparticles,27 to study heterogeneous binding

of divalent metals,28 and also to provide an hydroxylated

substrate for sol–gel synthesis.29 It has been reported that

DTT self-assembly on Au(111) changes the contact angles of a

water droplet on gold from 501 to 381.30,31 Also, a related

molecule, cyclo-DTT enabled the formation of an hierarchical

self-assembly of proteins to a gold surface via the disulfide

moiety and opening the S–S bond.32

In this work, we have used DTT as a sulfur bridge to

separate the lipidic membranes from the gold surface. DTT

self-assembled monolayers on Au(111) were characterized by

its electrodesorption curves. Results from scanning tunneling

microscopy (STM) show that DTT molecules induce the

formation of the typical monoatomic deep pits.33 From

X-ray photoelectron spectroscopy (XPS) data we can conclude

that DTT molecules self-assemble in a lying down configura-

tion. The OH-rich surface facilitates the formation of fluid

dimyristoylphosphatidylcholine (DMPC) bilayer domains

obtained by vesicle fusion as observed by in situ atomic force

measurements (AFM). Electrochemical results using two

molecular probes, methylene blue (MB) and flavin adenine

dinucleotide (FAD), confirm that a continuous and fluid

bilayer is formed on the DTT–Au surface.

2. Experimental

2.1 Substrates

Two different types of Au substrates were used. The first

one was 250 nm thick gold films prepared by physical vapor

deposition on a 4 nm chromium layer on glass (Gold Arrandeet).

A three minute flame annealing was performed to generate a

substrate consisting of atomically flat Au(111) terraces

(Fig. 2a), separated by monoatomic steps. In these flat terraces

atomic resolution of the Au(111) surface can be reached

(Fig. 2b and inset). However, the root mean square roughness

(rms) measured over 10 mm � 10 mm images is E12 nm due to

the presence of deep grain boundaries between the atomically

smooth large crystals. These substrates were used to study the

self-assembly of DTT and to compare these results with those

obtained for butanethiol monolayers. After DTT adsorption

the typical monoatomic and diatomic deep pits formed during

thiol self-assembly are observed (Fig. 2c, arrows).

The second type of substrates were thin films of vapor-depos-

ited Au on silicon. The film consists of small grains of 20 nm in

average size (Fig. 2d). Typical root mean square roughness values

measured on 10 mm � 10 mm images are E3 nm. This substrate

was used to prepare the phospholipid bilayers due to its low

surface roughness and the absence of deep grain boundaries.

2.2 Chemicals

DL-Dithiothreitol (DTT), 1-butanethiol, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) and flavin adenine

Fig. 1 (a) Representation of the DTT molecule according to a

calculation using a PM3 semiempirical method. Each atom is labeled

except hydrogens (white spheres). Standing up (left) and lying down

(right) conformations. (b) O3 � O3 R301 structure for S heads (top

circles) in the standing up configuration on the Au(111) substrate

(white circles). (c) Lying down configuration of the bidentate

molecules with S heads in a O3 � O3 R301 lattice.

Fig. 2 (a) Ex situ 1 mm � 1 mm STM image of Au Arrandeet

substrate after H2 flame annealing. (b) 75 nm � 75 nm STM image of

smooth Au (111) terraces where atomic resolution is observed (inset

1.7 nm � 1.7 nm). (c) Ex situ 75 nm � 75 nm STM image of Au

Arrandeet substrate after incubation in 50 mM DTT ethanolic solu-

tion during 30 min at 60 1C. Note the formation of the typical pits

produced by DTT adsorption (arrows show a couple of them).

(d) Ex situ 1 mm � 1 mm AFM image of gold evaporated on Si(100).

The image shows that the sample consists of grains B20 nm in size.
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dinucleotide (FAD, Fig. 3a) were purchased from Sigma,

dimyristoylphosphatidylcholine (DMPC) was purchased from

Avanti and methylene blue (MB, Fig. 3b) from Merck. All

other supplies used were of the best analytical grade commer-

cially available.

2.3 Self-assembly and characterization of DTT SAMs

DTT SAMs were prepared by immersion of the gold substrates

in 5 mM or 50 mM DTT ethanolic solution either at 25 1C or

60 1C for different times (t). Blank experiments using 50 mM
butanethiol ethanolic solutions were also performed.

DTT SAMs were then analyzed by XPS, electrochemical

measurements and ex situ STM. XPS measurements were

performed using an Mg-Ka source (XR50, Specs GmbH) and

a hemispherical electron energy analyzer (PHOIBOS 100, Specs

GmbH). Spectra were acquired with 10 eV pass energy and a

Shirley-type background was subtracted to each region. A two

point calibration of the energy scale was performed using

sputtered cleaned gold (Au 4f 7/2, binding energy = 84.00 eV)

and copper (Cu 2p 3/2, binding energy = 933.67 eV) samples.

C 1s at 285 eV was used as charging reference.

STM measurements were carried out with a Nanoscope IIIa

(Veeco, Santa Barbara, USA). The presence of etched pits

characteristic for chemisorption of thiols on gold are clearly

visible (Fig. 2c). No molecular resolution was achieved under

the experimental conditions used in this work.

Electrochemical measurements were performed in a conven-

tional glass-made cell using the DTT-covered Au substrate as

working electrode and a large Pt plate and a saturated calomel

electrode as counter and reference electrodes, respectively,

using a TEQ-2 potentiostat with data acquisition capability.

Solutions were prepared with analytical-grade chemicals and

Milli-Q water.

Reductive desorption measurements of DTT and butane-

thiol self-assembled monolayers were made following the

procedure described elsewhere.34,35 Briefly, a potential sweep

was applied to the SAM-covered Au substrate immersed in a

three-electrode electrochemical cell containing 0.1 M NaOH at

0.05 V s�1 from �0.4 V to �1.4 V.

Each solution was freshly prepared just before each series of

measurements and deaerated with purified nitrogen.

2.4 Self-assembly of phospholipidic bilayers on DTT-covered

Au substrates

DTT-covered Au prepared from 50 mM ethanolic solution at

60 1C for t = 30 min were used as substrates for supported

bilayer formation by vesicle fusion.30

DMPC vesicles were obtained by evaporating, under a

stream of nitrogen, the solvent of a phospholipidic solution

(10 mg mL�1) prepared in chloroform. The samples were dried

under vacuum to eliminate solvent traces. Subsequently, multi-

lamellar vesicles were obtained by the addition of a buffer

containing 10 mM HEPES + 0.9% NaCl and vortexing. The

multilamellar suspension was then extruded through a poly-

carbonate filter with 400 nm pore from Nuclepore to form

unilamellar vesicles.36,37

DTT-covered Au substrates were immersed in 10 mg mL�1

DMPC unilamellar vesicle suspension for 90 min at B30 1C

(above DMPC phase transition temperature Tm = 23.9 1C) to

allow vesicle fusion. The samples were then fast rinsed with

10 mM HEPES + 0.9% NaCl solution to remove the

unbounded lipids, and immediately transferred to the AFM

liquid cell. All AFM measurements were performed at pH 7.4

with a Molecular Imaging PicoScan microscope inside the

fluid cell with temperature control, i.e. in situ, containing

10 mM HEPES + 0.9% NaCl, under contact mode with

silicon nitride probes (triangular cantilevers with nominal

spring constant of 0.12 N m�1, Veeco Probes). The images

were analyzed using the program VS � M 2.1 (Nanotec

Electronica).

2.5 Electrochemical measurements with redox biomolecules

The experiments with the redox couples were performed in

phosphate buffer 0.1 M pH = 7.0. The DTT–Au electrodes

with or without the phosphilipidic bilayer were dipped in 0.1 mM

methylene blue (MB) or 0.1 mM flavin adenine dinucleotide

(FAD) aqueous solutions for 30 min at T = 37 1C. Potentials in

the text are referred to the saturated calomel electrode (SCE).

3. Results and discussion

The self-assembly of DTT (DL-dithiothreitol) can be compared

with the well-known self-assembly of short alkanethiolates. In

principle, the DTT molecule can adopt two different configura-

tions (standing up or lying down) on the Au(111) surface as

schematically shown in Fig. 1a. Possible surface structures for

those configurations considering the well-known surface struc-

ture reported for thiols,33,38 dithiols39–41 and DTT on Au(111)30

are depicted in Fig. 1b and c.

Typical XPS data obtained for DTT-covered Au(111)

surfaces prepared by immersion in 50 mM ethanolic solutions

for t = 30 min at T = 60 1C are shown in Fig. 4a. After self-

assembly, the sample was removed from the solution, carefully

Fig. 3 (a) Flavin adenine dinucleotide and (b) methylene blue, both

in their oxidized forms.
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rinsed with ethanol and dried under a nitrogen flux before

transferring to the UHV chamber. A broad XPS S 2p signal at

162–163 eV can be observed, a clear indication that thiols are

present on the gold surface.42 The S 2p signal was fitted by two

doublets at 162 eV and 163.4 eV. The main component at

162 eV (Fig. 4a) corresponds to the S-head–Au covalent bonds

as already reported43 for different thiols on metal surfaces.42

The smaller doublet at 163.4 eV corresponds to free SH groups

which can be assigned either to physisorbed molecules that

remain on the sample after the cleaning procedure or a small

amount of molecules in standing up configuration (Fig. 1a).

Therefore, it can be concluded that the DTT molecules are

chemisorbed mainly in a lying down configuration with two

S-head–Au bonds per molecule (Fig. 1a, right). In fact, for

DTT in the standing up configuration (Fig. 1a, left) we expect

a significant contribution of the SH signal at 163.4 eV, which

in this case is a minor contribution.

The S 2p (162 eV)/Au 4f signal ratio is a measure of the

chemisorbed thiol coverage. We have used a self-assembled

monolayer (SAM) formed on Au(111) by immersion in

50 mM butanethiol (C4) ethanolic solutions for t = 24 h

(Fig. 4b) as reference system because, in this case, the SAM

reaches its maximum surface coverage value y E 0.33, which

corresponds to a O3 � O3 R301 surface structure of alkane-

thiol molecules in standing up configuration. Note that even in

this case a small contribution of physisorbed thiol molecules at

163.4 eV is observed. In the C4 SAM (Fig. 4b) the S 2p

(162 eV)/Au 4f signal ratio is E0.07. The spectrum shown in

Fig. 4a for the DTT SAM also shows a S 2p/Au 4f signal

ratio E0.07, which for a dithiol in the lying down configura-

tion (Fig. 1, right) implies y = 0.16. Similar results were

obtained using a higher concentration (5 mM) either at the

same temperature (T = 60 1C) or lower (T = 25 1C) although

for this concentration a greater contribution of the 163.4 eV

component was observed. On the other hand, attempts to

prepare the DTT SAM from 50 mM ethanolic solution at 25 1C

for a self-assembly time of 30 min failed because we found a

smaller S/Au ratio, i.e. the SAM does not completely cover the

Au substrate. Based on the previous results we select 50 mM
and 60 1C as the best experimental conditions to form a dense

layer of lying down DTT molecules able to turn the Au highly

hydrophilic.

In all cases the XPS spectra (Fig. 4) show no traces of

oxidized S, such as sulfonates, since no signal was observed at

167–168 eV. Ageing of the sample in ambient condition leads

to degradation of the DTT layer characterized by a strong S 2p

signal at binding energies 4167 eV. It is interesting to note

that all DTT samples exhibit a clear O 1s signal contribution

arising from the OH groups of the DTT molecules (data not

shown).

Fig. 4 XPS spectra (S 2p) taken from different thiol adlayers: (a) 30 min DTT 50 mM at 60 1C on Au(111), (b) 24 h butanethiol 50 mM at 25 1C on

Au(111), (c) DTT on polycrystalline gold, incubated with the same conditions as for (a). Experimental points are represented by dots and the best

fits by a continuous line. Main contributions are marked with dashed lines.
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We have obtained the same XPS results for DTT self-

assembled on a vapor-deposited polycrystalline Au substrate

(lying down configuration, y = 0.16) as can be seen in Fig. 4c.

The self-assembly of a DTT monolayer on this surface is

important for the preparation of continuous lipidic bilayers.

As was mentioned in the Experimental section, polycrystalline

Au (see Fig. 2d) exhibits a smooth surface consisting of

nanometer-sized grains. On the other hand, preferred oriented

Au(111) substrates have atomically smooth surface but they

have deep grain boundaries that may produce discontinuities

in the DMPC bilayer.

We have performed reductive electrodesorption curves to

confirm the presence of the DTT covalently attached to the

gold substrate. The electrolyte used in this case was NaOH

0.1 M because at neutral pH the current peak related to the

thiol electrodesorption overlaps partially with the hydrogen

evolution reaction (HER). The cathodic polarization curve

shown in Fig. 5a corresponds to a clean (thiol SAM-free)

preferentially oriented Au (111) substrate recorded from

�0.4 to�1.4 V. Typical double layer response of gold, without
any Faradaic current contributions, is observed preceding the

large cathodic current related to HER. Fig. 5b shows

typical curves recorded for DTT-SAM on the Au(111)

prepared from the 50 mM ethanolic solutions for t = 30 min

at T = 60 1C.

These polarization curves are compared with those obtained

for butanethiol SAMs prepared by immersing the Au(111)

substrate in 50 mM butanethiol ethanolic solution at 25 1C for

24 h (Fig. 5c). We have also included the polarization curve

corresponding to a DTT SAM on polycrystalline Au prepared

from 50 mM ethanolic solutions for t = 30 min at T = 60 1C

(Fig. 5d).

In all cases, the current/potential profiles recorded for the

thiol SAM-covered Au substrates show well defined cathodic

current peaks followed by one or two humps preceding HER.

As already reported the main cathodic current peak C corres-

ponds to the reductive thiol desorption from the Au surface

according to the reaction:33

1ē + Au(111)–S–R - R–S� + Au(111) (1)

Note that the current peak recorded for DTT electro-

desorption from the polycrystalline Au is broader than those

recorded in the preferred (111) oriented substrate due to the

presence of different crystallographic faces, grain boundaries

and large amount of defects.

First, we analyze the information related to the main peak

C in Fig. 5. The peak potential (Ep) for DTT desorption from

the Au(111) surface (Fig. 5b) is slightly negative in relation to

that measured for a butanethiol (C4) SAM on the same

substrate (Fig. 5c). Integration of the current involved in the

electrodesorption peaks gives the charge density (q) corres-

ponding to the amount of chemisorbed species. We have

obtained a charge density of 73 � 10 mC cm�2 which is

consistent with S-head–Au bonds coverage E0.33 taking into

account reaction (1) (one electron per chemisorbed sulfur

atom) and a O3 � O3 R301 surface structure on the

Au(111) surface. Note that this q value can be expected either

for the DTT molecules chemisorbed in standing up (y = 0.33)

or lying down (y = 0.16) configurations. Nevertheless, the

standing up configuration is incompatible with XPS results

(Fig. 4a).

Besides the main peak C, two humps H1 and H2 are

observed at more negative potentials for DTT-SAM on

Au(111). H1 is located on the negative side of the main

desorption peak while H2 appears at �1.2 V. In contrast,

only a small peak rather than a hump at �1.1 V is observed

for butanethiol electrodesorption. This peak has been assigned

to thiol molecules strongly chemisorbed at defects of the

Au(111) surface such as steps.44 Therefore, hump H2 can be

assigned to DTT molecules adsorbed on Au defects. However,

at present we have no clear interpretation on the origin of

hump H1.

We have imaged the DTT SAM-covered Au samples by

STM. Unlike butanethiol SAMs that exhibit the well-known

O3 � O3 R301 and c(4 � 2) surface structures,45 no molecular

resolution could be achieved with DTT SAMs. As reported

previously, this could be attributed to a more disordered

layer.30 However, DTT SAM formation can be inferred from

the presence of the typical nanometer sized monoatomic and

diatomic deep pits (Fig. 2c).

In principle, the lying down phase of DTT molecules

(Fig. 1a, right) could provide a hydrophilic environment for

anchoring different types of biomolecules. In the next

paragraph we show that the DTT-SAMs can be used to form

ordered phospholipidic bilayer domains on the polycrystalline

Au surfaces. As mentioned above these substrates are

particularly suitable for the formation of high quality bilayers

due to its low roughness (Fig. 2d).

Fig. 5 j vs. E profiles for the reductive desorption of DTT and

butanethiol SAMs. (a) Bare Au(111), (b) Au(111) incubated 30 min in

DTT 50 mM at 60 1C, (c) Au (111) 24 h in butanethiol 50 mM at 25 1C

and (d) polycrystalline gold 30 min in DTT 50 mM60 1C.Measurements

were made in NaOH 0.1 M at a sweep rate of 0.05 V s�1.
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Fig. 6a–c shows in situ AFM images in buffer HEPES

pH = 7.4 NaCl 0.9% of a vapor deposited polycrystalline

Au covered by a DTT-SAM after immersion in a suspension

of DMPC vesicles.

The surface morphology of the lipidic bilayer on DTT-SAM

has the same characteristics (rms, grain size, etc.) as those

exhibited by the clean polycrystalline Au substrate (Fig. 2d in

Experimental section). As shown in Fig. 6a, large size areas

(more than 10 mm � 10 mm) were in situ scanned with the

AFM tip remaining stable during the time period of the

experiments (E4 h). In order to determine the presence of

the lipidic layer we have used a lithographic step by applying

an additional force to the cantilever probe. This procedure

removes the material present in the scanned region opening a

clear squared window, as displayed in Fig. 6b. This evidences

that a soft material deposit covers the DTT–Au surface. In

fact, complementary XPS data (not shown) of these samples

reveal P, N and C, supporting the presence of a DMPC layer.

A line scan through the opened window region (Fig. 6b)

provided a thickness of about 5 nm (Fig. 6d). Note that this

value is slightly higher than the expected value for a DMPC

bilayer (Fig. 7) due to the hydration of the DTT–DMPC

interface.8 It is interesting to note that on clean Au we were

unable to form a lipidic layer since vesicles remained sphere-

shaped on the surface. In consequence, a highly hydroxylated

surface is needed for vesicle fusion necessary to form a

bilayer film.

We have also been able to image the self-healing of this layer

by lateral motion of phospholipids indicating that it is not

rigid at 22 1C (Fig. 6c). The sequential AFM images allow a

rough estimation of the lateral diffusion coefficient (D) of the

phospholipids of the window (Fig. 6b and c). Taking a front

displacement L for the time interval Dt and using L2 = 2DDt
we obtained DD 10�11 cm2 s�1. This value is somewhat lower

than that reported for DMPC bilayers supported on glass at

this temperature (2� 10�10 cm2 s�1).46 The discrepancy can be

explained either by a self-limiting spreading as discussed by

Boxer47 or by an increased interaction of DMPC with the

underlying DTT/Au with respect to the glass substrate used by

Smith et al.46

The DMPC lateral motion points toward the maintenance

of membrane dynamics, which is a signal that this system

could be adequate for fundamental studies in general pheno-

mena of natural membranes, such as the incorporation of

biomolecules (enzyme cofactors, proteins, drugs, etc.).

Concerning this point, we have tested the behavior of our

DMPC bilayer–DTT–Au arrangement when it was exposed to

two electrochemically active molecules: methylene blue (MB), a

lipophilic molecule able to penetrate biological membranes, and

flavin adenine dinucleotide (FAD), an electron carrier, that is

known to be unable to diffuse across the membrane.48,49 The

DMPC bilayer–DTT–Au substrates were immersed for 30 min

in an aqueous solution containing MB or FAD at 37 1C in

order to immobilize these molecules in the fluid bilayer. After-

wards, the substrates were removed from the solution, carefully

rinsed with water to eliminate the MB and FAD molecules

weakly bonded to the bilayer, and finally immersed in an

electrochemical cell containing phosphate buffer at pH = 7.0

to detect the presence of the redox couples corresponding to

immobilized molecules. The electrochemical response of the

DMPC bilayer–DTT–Au substrates exposed to MB or FAD

molecules was also compared to that exhibited for the bilayer-

free DTT–Au substrates exposed to the same molecules under

the same experimental conditions.

The voltammetric profiles (Fig. 8, dotted lines) show that

the DTT–Au substrates have been able to immobilize certain

amount of MB and FAD molecules since their redox couples

are clearly observed.

On the other hand, for the DMPC bilayer–DTT–Au system

only the redox couple of MB is electrochemically detected

(Fig. 8, solid line) indicating that these molecules have been

incorporated into the phospholipidic bilayer. The more

irreversible electrochemical response of trapped MB into the

bilayer demonstrates that they are placed at a larger distance

from the DTT–Au substrate than in the absence of the bilayer.

When FAD molecules are used as electrochemical probes, no

electrochemical response is observed, i.e. they are not incor-

porated in the DMPC bilayer.

The electrochemical behavior of these molecular probes

demonstrates the continuity and fluidity of our supported

bilayers.

Bilayer continuity can be tested using the FAD probe. It is

well established that FAD can not diffuse across membranes

due to the presence of the pyrophosphate group48 (Fig. 3a).

Fig. 6 AFM images of DMPC bilayer formed on a lying down DTT

SAM formed on polycrystalline gold. (a) Large covered area with a

lipid layer. (b) Square window defined by the removal of the lipid layer

using the AFM tip. (c) DMPC layer recovering the surface of the

square window, taken 120 s after image (b). (d) Cross section profile

corresponding to the black line of image (b).

Fig. 7 Scheme showing two DMPC molecules linked by their lipidic

tails.
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FAD could only reach the DTT–Au interface and be

electrochemically detected if significant defects like pores or

discontinuities were present in the bilayer.

In addition to in situ AFM measurements, the MB probe

permits fluidity testing. Diffusion of liposoluble molecules

through rigid crystalline bilayers would be largely impeded.

4. Conclusions

* DTT molecules self-assemble on Au(111) mainly in a lying

down configuration irrespective of the concentration and

temperature. XPS and electrochemical data indicate a DTT

surface coverage y=0.16 with two S-head–Au covalent bonds

per DTT molecule.

* The charge density involved in the electrodesorption

curves for the DTT SAMs is the same that found for alkane-

thiols SAMs because the number of S-head–Au bonds remains

constant.

* The peak potential for electrodesorption indicates that the

stability of the DTT SAM is similar to that observed for

butanethiolate SAM.

* DTT-SAMs on Au (111) are not highly ordered as no

molecular resolution by STM was found during our STM

imaging.

* DMPC bilayer membranes can be formed on DTT–Au

because the surface is highly hydroxylated. The membranes

exhibit self-healing behavior.

* The DMPC–DTT–Au system was used to test electro-

chemically the transport behavior of methylene blue and

FAD across the bilayer, verifying that it is both fluid and

continuous.
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1. Introduction

Controlled design of functional biomimetic systems by self-or-
ganization has attracted considerable interest because of their
wide range of potential applications that go from sensing, de-
tection and identification devices to the development of effi-
cient biocatalysts.[1] Also biomimetic systems are important in
the field of drug carrying and drug targeting. In this context,
reconstituting artificial phospholipid layers supported on solid
substrates have been extensively investigated because they
can be used to study, in a controlled way, basic aspects of ion,
molecule and biomolecule interactions with biological materi-
als as well as their transport across the membranes.[2, 3] Phos-
pholipid layers can also be used for exploring the interaction
and transport of nanoparticles, carbon nanotubes, and other
novel nanomaterials with membranes,[4] an important issue in
relation to nanoscience and nanotechnological uses and con-
cerns.

High-area solid substrates have been employed as platforms
for supporting phospholipid bilayers because they provide am-
plification of the different signals used to detect the presence
and follow the transport of species in these nanoscale environ-
ments.[5] In particular, porous nanostructured substrates are
emerging as good candidates for supporting phospholipid bi-
layers because the membranes can retain their fluidity and
they offer more interstitial free space in the pores for mem-
brane protein incorporation or for membrane function studies.
Concerning this point of view, mesoporous silicon, nanoporous
ceramics and metals have been explored as promising materi-
als. Incorporation of optically active molecular probes in mem-
brane-covered high-area systems provides a simple way to
follow structural changes under different perturbations that
can be transduced into changes in optical signals.[6]

Nanostructured metals such as gold and silver are particular-
ly interesting as platforms for supporting phospholipid bilayers

because they enable the use of electrochemical[7] and optical[8]

techniques. These techniques provide in situ complementary
information about interaction and transport of different mole-
cules, biomolecules or nanomaterials in self-assembled molecu-
lar layers in contact with electrolytes.[9] The study of molecule/
membrane/metal interfaces immersed in aqueous environ-
ments requires the use of these substrates to take advantage
of an extremely sensitive technique like surface enhanced
Raman spectroscopy (SERS).[8] SERS is a very sensitive techni-
que that employs different types of nanostructured substrates
to enhance the Raman signal produced by adsorbed and im-
mobilized species, which is otherwise too weak to be detected
with conventional Raman spectroscopy.[10] Electrochemical
nanostructured gold is one example of these active sub-
strates.[11] In SERS spectroscopy, the effective Raman cross-sec-
tion can be increased by many orders of magnitude. Therefore,
this technique combines the ultra-sensitive detection limit with
the detailed structural information content of Raman spectro-
scopy.[8]

Thiol-covered nanostructured gold has been tested as a plat-
form for the preparation of high-area phospholipid bilayer sys-
tems suitable for optical and electrochemical sensing. In situ
and ex situ Raman spectroscopy and electrochemical measure-
ments are made to study methylene blue (MB) and flavin-ade-
nine dinucleotide (FAD) incorporation into dimyristoylphospha-
tidylcholine (DMPC) bilayers prepared by vesicle fusion on di-
thiothreitol (DTT)-covered nanostructured gold. Results show

that lipophilic positively charged MB molecules are incorporat-
ed in the bilayer reaching the DTT-gold interface. On the other
hand, the negatively charged FAD molecules are immobilized
at the outer part of the phospholipid bilayer and cannot be
electrochemically detected. Our results demonstrate that DTT-
covered nanostructured gold provides a suitable high-area
platform for phospholipid membranes that are able to sepa-
rate and sense different kinds of molecules and biomolecules.
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Vesicles of phospholipids can adsorb on thiol-covered poly-
crystalline gold.[12] Thiol monolayers terminated with hydrophil-
ic functional groups such as alcohols promote the adsorption
and rupture of vesicles to generate patches of bilayers sup-
ported by the underlying thiol layer. On the other hand, hydro-
phobic methyl-terminated thiols promote the formation of
hybrid bilayers formed by the thiol monolayer and a single
layer of phospholipids.[12]

Recently, we have prepared fluid dimyristoylphosphatidyl-
choline (DMPC) bilayers on dithiothreitol (DTT) covered Au ACHTUNGTRENNUNG(111)
by vesicle fusion.[13] The OH-rich DTT monolayer turns the Au
surface hydrophilic enough to allow vesicle fusion[14] as re-
vealed by in situ atomic force imaging. Methylene blue (MB)
and flavin adenine dinucleotide (FAD) have been used as
probes to study molecule transport across the bilayer. The pos-
sibility of DMPC bilayer formation on DTT-covered nanostruc-
tured Au is very attractive because it opens the possibility of
increasing the electrical signal for amperometric detection and
also allows the use of optical detection by SERS. However,
some questions should be answered: Is it possible to form
continuous membranes on these disordered structures that
have high density of nanocolumns and nanopores? Is the high
area, which practically fills the volume of the nanostructured
layer, accessible to analytes? Is it possible to study the electro-
chemical and optical response of molecules confined in the bi-
layer?

Herein we have used dithiothreitol (DTT)-covered nanostruc-
tured gold as a solid platform for phospholipid bilayer forma-
tion. We have used in situ Raman and electrochemical data to
follow in real time the behavior of MB and FAD immobilized in
the bilayer. In situ SERS data show that MB incorporates in the
DMPC bilayer and diffuses to reach the DTT-gold surface. On
the other hand, FAD remains in the outer part of the bilayer
far from the DTT-gold surface being, then, electrochemically in-
active. In addition, we observe FAD expelling from the bilayer
to the electrolyte when the gold surface becomes negative.
This seems to be related to subtle changes in the gold-phos-
pholipid bilayer-FAD interactions induced by the applied po-
tential. Therefore, phospholipids bilayers supported in high
area nanostructured gold appear as promising systems to
sense and to separate lipophilic and lipophobic species in a
simple way. This can be also used as a biomimetic system to
study the physical chemistry of methylene blue, or other drugs
investigated as candidates for photodynamic therapy, confined
in phospholipid membranes.[2]

2. Results and Discussion

2.1. DMPC-DTT-Au: Selective Electrochemical Detection

First, we have studied the ability of the DMPC-DTT-Au system
for selective electrochemical detection/separation of mixtures
of redox molecules in solution according to their lipophilic
properties. This experiment enables to test the bilayer continu-
ity because we expect that for a continuous system a negative-
ly charged molecule as FAD should not reach the Au surface.
Meanwhile MB should be able to diffuse across the bilayer due

to its lipophilic nature. Note that in this experiment, as FAD
and MB molecules form part of the electrolytic solution, a con-
centration gradient could induce permeation of molecules
across non-covered patches or defects reaching the Au surface
where they could be electrochemically detected. For this pur-
pose DMPC-DTT-Au either on smooth or nanostructured elec-
trodes were immersed in mixed solutions containing 5 � 10�6

m

MB + 10�5
m FAD in 0.1 m phosphate buffer pH 7.4 solution,

and cyclic voltammograms were recorded (Figures 1 a,b). We

have also included bare Au, DTT -Au and DMPC -Au substrates
as blank experiments. For the bare Au, DTT-Au and DMPC-Au
electrodes (smooth and nanostructured) both redox couples
are clearly observed (Figures 1 a,b i–iii). In contrast for DMPC-
DTT-Au surfaces (Figures 1 a,b iv) only the MB redox couple is
electrochemically detected indicating that the FAD molecules
have no access to the DTT-Au interface in order to participate
in the charge-transfer process due to the presence of the
DMPC bilayer. Also, the fact that the FAD redox couple is not
inhibited on the DMPC-Au substrate (Figures 1 a,b iii) demon-
strates the key role of the DTT monolayer to form a continuous
bilayer by providing a hydrophilic surface for the vesicle
fusion. In fact, in situ AFM images of the DMPC-Au (smooth
substrate) show intact vesicles on the substrate (Figure 1 c) in-
dicating that the continuous bilayer is not formed on the bare
Au under our experimental conditions. Note that the vesicles

Figure 1. Cyclic voltammograms performed in 5 � 10�6 MB + 10�5
m FAD in

0.1 m phosphate buffer pH 7.4 at 25 8C for: a) smooth gold: (i) bare Au,
(ii) DTT-Au, (iii) DMPC-Au and (iv) DMPC-DTT-Au at a scan rate of 0.20 V s�1

and for b) nanostructured (rough) gold: (i) bare Au, (ii) DTT-Au, (iii) DMPC-Au
and (iv) DMPC-DTT-Au at a scan rate of 0.10 V s�1.Current density is referred
to the geometric area of each gold electrode. c) 5 mm � 5 mm in situ contact
AFM image of the DMPC-Au surface (Z height = 100 nm). Intact DMPC vesi-
cles and clean gold areas are clearly observed. Inset: 1.5 mm � 1.5 mm AFM
image of vesicles (Z height = 40 nm).
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are constituted by a soft material and the tip causes a typical
concave deformation (Figure 1 c, inset) as already reported.[15]

Therefore, we can conclude that in both substrates the
phospholipid bilayer is continuously hindering FAD penetration
and allowing only the permeation of the lipophilic MB mole-
cules. However, it is important to note that there is a large in-
crease (about 25 times) in the current related to the MB redox
couple in the DMPC-DTT-nanostructured Au compared to that
measured for DMPC-DTT-Au ACHTUNGTRENNUNG(111) surface, that is, the high-area
nanostructured substrate can detect smaller amount of mole-
cules in the solution.

2.2. In Situ Raman Electrochemistry

In this section we will show results for combined optical and
electrochemical detection of very small amounts of molecules
trapped/confined in the phospholipid bilayer. As has been pre-
viously studied by Tognalli et al. ,[16] submonolayer amounts of
MB can be immobilized in alkanethiolate self-assembled mono-
layers on nanostructured Au and detected by combined elec-
trochemistry and SERS. However, hydrophobic and hydrophilic
thiols trap MB with different efficiency and at different loca-
tions of the SAM.[16] DMPC bilayers supported on DTT SAM
have both hydrophilic and hydrophobic moieties, therefore MB
interaction with this phospholipid bilayer system must be first
analyzed.

Supported DMPC bilayers exhibit no well defined signals in
their spectra (Figure 2, bottom). Meanwhile, we observe the
characteristic vibrational modes coming from FAD and MB

when they are immobilized in DMPC supported on DTT modi-
fied gold electrodes.[17-19] The MB and FAD immobilization were
performed through a 30 min incubation at 37 8C in their re-
spective solutions. The difference in the intensity of the Raman
signals between the MB and FAD spectra reflects the much
larger electronic resonant enhancement of MB, as compared to
FAD, for laser excitation at 647.1 nm.

In Figure 3 we present SERS spectra taken with the 568.1 nm
laser line recorded for MB in DMPC supported on DTT-covered

nanostructured gold taken in air (dried) and in phosphate
buffer at open circuit potential (ocp) (wet), that is, without po-
larization of the gold electrode. In both cases we observe the
typical Raman spectra already reported for MB bonded to S
and alkanethiolate self-assembled monolayers on gold surfa-
ces.[16] The spontaneous potential reached by the system (the
ocp) is �0.2 V so that the MB molecule is in the oxidized state
as MB+ . We note from these spectra that simple immersion of
the DMPC containing MB molecules in the electrolyte solution
results in a 25 % decrease in the signal intensity suggesting
that MB+ species can partially diffuse from the phospholipid
bilayer to the electrolyte. Therefore, we conclude that this
signal loss is related with “free” MB species in the DMPC bilay-
er.

SERS spectra in Figure 4 were acquired as a function of the
applied potential during the first cyclic voltammogram in a
0.1 m phosphate buffer pH 7.4 at 20 8C for the “trapped” MB
molecules, that is, those MB molecules that remain in the
DMPC membrane after immersion. The potential was scanned
from 0 to �0.5 V, and back to �0.1 V, so that MB evolves from
its natural oxidized state, to being fully reduced, and finally
back again to its oxidized form.

The scan rate employed was 0.01 V s�1, the Raman acquisi-
tion was 1 s and spectra were taken every 2 s. So each Raman

Figure 2. SERS spectra recorded for MB (top) and FAD (middle) immobilized
in DMPC supported on DTT-covered nanostructured gold. Samples were
taken in air (dried samples) with the 647.1 nm laser line. The MB intensity
was divided 20 times to fit in the figure. The SERS spectra of the DMPC-DTT
substrate (bottom) was also collected as a blank experiment.

Figure 3. SERS spectra recorded for MB in DMPC supported on DTT-covered
nanostructured gold taken in air (dried, lower) and in phosphate buffer at
open circuit potential (ocp) (wet, upper). The spectra were taken with
568.1 nm laser excitation. Each spectrum was taken at a different place of
the sample to show the homogenous behavior of the system.

Figure 4. SERS spectra recorded for MB immobilized in DMPC supported on
DTT-covered nanostructured gold in phosphate buffer 0,1 m pH 7.4 at 20 8C
as function of the applied potential during the first cyclic voltammogram.
The spectra were taken with 568.1 nm laser excitation and potentials are re-
ferred to Ag/AgCl electrode.
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spectrum is the MB response at each specified potential. The
scan rate and Raman acquisition time chosen were the best
condition found as a compromise to avoid both MB diffusion
to the solution and photobleaching, and registering Raman
spectra with a good signal to noise ratio.

It is observed that the intensity of the peaks undergoes im-
portant changes as a function of the applied potential while
the overall shape of the Raman spectra is conserved along the
electrochemical run. The most important feature in the spectra
is the marked decrease in the intensity that becomes null
when the potential reaches �0.5 V. At this potential all MB+

molecules are transformed in MBH (reduced) species that are
not electronic resonant for yellow (568.1 nm) excitation.

However, when the potential returns to �0.1 V the intensity
of the SERS signals does not recover its initial value. In fact,
only about 20 % of the original signal arising from the MB+

species is observed after the first complete scan. Note that we
have not observed substantial photobleaching either at ocp or
in Raman measurements performed in situ during cyclic vol-
tammograms performed on MB immobilized on different thiol
SAMs and with similar integration times.[9] This indicates that a
large number of molecules immobilized in the DMPC mem-
brane diffuse to the solution during the first potential cycle. In
contrast to the spontaneous diffusion of free MB+ species ob-
served at ocp this diffusion process is induced by the applied
potential. In fact, it is well known that the leuco MBH species
exhibit a weak interaction with the hydrocarbon chains, thus
being free to diffuse to the electrolyte. After the rapid decay
observed in the first voltammetric run the signal intensity
decays only to 75 % in the following potential cycles. Another
interesting fact is that practically all the remaining MB mole-
cules are electrochemically active since no background signal
(as would be expected for MB molecules that remain in the
oxidized state) is observed when the potential reaches �0.5 V.

Now we discuss the behaviour of FAD molecules. SERS spec-
tra in Figure 5 were taken in air for bare and DMPC-DTT nano-
structured gold substrates after incubation with FAD solution
(see Experimental Section). All peaks (except the one indicated
with an asterisk which originates from a plasma line) shown in
the spectra at ocp can be identified with FAD vibrations.[17] It
becomes evident from the upper curve of Figure 5 that oxi-

dized FAD molecules are present in the bilayer after the incu-
bation when the supported bilayer-gold surface is at its open
circuit potential. It follows from Figure 5 that we observe simi-
lar SERS intensities for FAD-Au as compared to FAD immobi-
lized in the bilayer. However, we know that SERS amplification
depends on the distance to the substrate,[16] and no FAD redox
couple have been observed in the DMPC supported system
(Figure 1). These results could imply either the presence of a
larger amount of FAD in the phospholipid bilayer modified
substrate, or in addition some penetration of the molecules in
the outer part of the bilayers that are far enough to participate
in charge-transfer processes. In any case, from the SERS data in
Figure 5 we can conclude that FAD is immobilized on the
DMPC-DTT-gold system at least as efficiently as on the nano-
structured gold without the bilayer.

We have taken in situ SERS spectra in phosphate buffer at
ocp and at different applied potentials after immobilization of
FAD molecules in the DMPC bilayer. The spectra recorded at
ocp (Figure 6) clearly demonstrate that oxidized FAD molecules

are present in the bilayer after immersion in buffer solution as
all peaks measured in the dry sample (Figure 5) are present.
Again for the FAD molecules we observe that SERS intensity di-
minishes when the bilayer is immersed in the electrolyte but in
this case is about 1/3 of the initial value, which is more pro-
nounced than for the MB molecule. This decrease is related to
a release of FAD molecules weakly bound to the external inter-
face of the DMPC bilayer which are highly exposed to the elec-
trolyte and diffuse due to the concentration gradient.

Results also indicate that when the applied potential be-
comes more negative than �0.25 V the SERS signals decrease,
and finally they completely disappear at �0.45 V. It is interest-
ing to note that, in contrast to MB, reduced FAD species
should exhibit a resonant Raman amplification at 647.1 nm,[17]

which in this case was not observed. Furthermore, reversing
the potential in the anodic direction to �0.10 V does not
result in the recovery of the signals intensity. Therefore, all
these data indicate that FAD molecules have been eliminated
from the bilayer. A possible explanation for this behaviour is

Figure 5. SERS spectra recorded for FAD immobilized in DMPC supported on
DTT-covered nanostructured gold and bare nanostructured gold. The spec-
tra were taken in air (dried samples) with 647.1 nm laser excitation. The
peaks indicated with asterisks originate from a plasma line.

Figure 6. SERS spectra recorded for FAD immobilized in DMPC supported on
DTT-covered nanostructured gold in phosphate buffer 0,1 m pH 7.4 at 20 8C
as function of the applied potential during the first cyclic voltammogram.
The spectra were taken with 647.1 nm laser excitation and potentials are re-
ferred to Ag/AgCl electrode.
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that these spectra were recorded at a very slow scan rate
(0.05 V steps waiting 10 min at each potential value) so that
there is enough time for the weakly bound FAD molecules to
diffuse to the bulk solution. Another reason is related to the
applied potential that induces subtle changes in the bilayer[20–23]

resulting in FAD desorption. However, we observe a similar be-
haviour for FAD directly immobilized either on DTT SAM or
bare gold, that is, without DMPC bilayer. In this case desorp-
tion of the negatively charged FAD takes place because the
applied potential of the Au surface becomes more negative
than the zero charge potential.[24] Indeed, it is well known that
anion desorption from the Au surfaces takes place when the
potentials are more negative than the zero charge potential of
gold.

From the above results we can infer that the isoalloxazine
moiety of the FAD molecule could be partially incorporated in
the outer phospholipids layer since it is structurally similar to
the MB molecule. Meanwhile, the hydrophilic negatively charg-
ed moiety of FAD remains in contact with the electrolyte
(Figure 7). On the other hand, MB molecules are incorporated

in the overall DMPC bilayer volume but only those located
closer to the gold surface are electrochemically active
(Figure 7). The rest of the molecules are more easily released
to the electrolyte, first upon immersion and afterwards by elec-
trochemical cycling as reduced MBH molecules are formed. If
one considers that the permeability of MB through a phospho-
lipid bilayer is about 10�9 cm s�1–10�10 cm s�1[25] and the scan
rate in the SERS measurements is 0.010 V s�1, we can identify
the confined MB with those molecules closer to the DTT-gold
surface. These molecules have no time to diffuse as MBH from
this interface across the membrane to the electrolyte before
they are reoxidized to MB+ .[16]

Therefore, we can assume that the bilayer structure is similar
on both the smooth and nanostructured substrates because
the transport properties of the molecules are quite similar.

Advantages of nanostructured gold as a platform for sensing
devices are evident: the electrical signal is more than one
order of magnitude larger on these substrates, they exhibit
SERS activity for optical detection and they act as a spongy-
like material where lipophilic molecules can be preconcentrat-
ed thus improving the detection limit. Finally, recent XPS data
show that the rate of thiol oxidation on nanostructured Au is
smaller than in planar Au,[26] entailing that the stability of the

overall system can also be improved by the use of rough sub-
strates.

3. Conclusions

* DTT-covered nanostructured gold can be used to prepare
phospholipid bilayers. The DTT SAM allows charge transfer
turning the system suitable for electrochemical sensing.

* We test the quality of the DMPC bilayer for optical and elec-
trochemical sensing using the positively charged lipophilic
MB and the negatively charged lipophobic FAD.

* Our results demonstrate that MB molecules easily penetrate
the phospholipids bilayer diffusing to the DTT-gold interface
where they are detected by voltammetry. In contrast, FAD
molecules remain immobilized at the outer part of the bilay-
er. They are expelled to the electrolyte as the gold surface
becomes negative.

* Three different behaviours can be observed for MB: 1) free
MB species, that diffuse to the electrolyte in the absence of
MB in solution, 2) MB molecules that are removed from the
phospholipid bilayer only when they are reduced to the
leuco MBH species, 3) MB molecules that remain confined in
the bilayer.

* DTT-covered nanostructured gold provides a suitable high
area platform for phospholipid bilayers. The DMPC-DTT-
nanostructured gold separate lipophilic from lipophobic
molecules allowing their detection by electrochemical and
optical method.

Experimental Section

We have performed experiments with dimyristoylphosphatidylcho-
line (DMPC) bilayers supported on dithiothreitol (DTT)-covered
gold substrates and we test them against a mixed solution of MB
and FAD. In addition, both molecules were separately immobilized
in order to understand its interaction with the DMPC bilayer.

Substrate Preparation: Two different types of Au substrates were
used. 1) Smooth gold: Polycrystalline gold films (250 nm in thick-
ness) were prepared by physical vapor deposition on a 4 nm chro-
mium layer on glass (Gold Arrandee�). A three minute flame an-
nealing was performed to generate micrometer sized crystals sepa-
rated by deep grain boundaries. Software analysis of 5 mm � 5 mm
images gives a root mean square (RMS) roughness of ~12 nm. The
micrometer sized crystals exhibit atomically smooth AuACHTUNGTRENNUNG(111) terra-
ces, separated by monoatomic steps[27] (Figure 8 a). 2) Nanostruc-
tured gold (Figure 8 b): SERS active nanostructured gold was pre-
pared by the electrochemical roughening procedure described in
ref. [11]. Briefly, a thick hydrous Au oxide film is formed by anodiza-
tion of Au at a relatively high applied potential followed by vol-
tammetric electroreduction. Au foils 99.99 % purity were used, that
were immersed in a 0.5 m H2SO4 solution and held for 15 min at
2.4 V (vs SCE as reference electrode). Finally, the potential was
scanned down to �0.6 V at a rate of 0.025 V s�1. The surface of the
resulting electrodes consists of 10 to 20 nm Au nanosized grains
while the thickness reaches 650–1000 nm.[28] The RMS measured by
STM is relatively low (~85 nm in 5 mm � 5 mm images) because the
tip cannot penetrate the nanometer sized pores between the small
crystals. The real surface area of these high area electrodes was cal-
culated by measuring the AuO monolayer electroreduction charge

Figure 7. Proposed scheme for the location of MB (left) and FAD (right) mol-
ecules in the DMPC-DTT-Au system. The molecules in the outer plane of the
bilayer are lost after immersion.
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(q),[11] considering that one monolayer involves 0.42 mC cm�2.
Values of real surface area used in this work were in the 25–35 cm2

range.

STM measurements of these substrates were carried out with a
Nanoscope IIIa (Veeco, Santa Barbara, USA) using Pt/Ir tips. Typical
measurements conditions were 0.2 V of bias potential and 1 nA of
current setpoint.

Chemicals : DL-Dithiothreitol (DTT), 4-(2-hydroxyethyl)-1-piperazi-
neethanesulphonic acid (HEPES) and flavin adenine dinucleotide
(FAD) were purchased from Sigma, dimyristoylphosphatidylcholine
(DMPC) was purchased from Avanti and methylene blue (MB) from
Merck. All other supplies used were of the best analytical grade
commercially available.

DTT-Self Assembly on Gold Substrates: The DTT SAMs were pre-
pared by immersion of the gold substrates in 50 mm DTT ethanolic
solution at 60 8C for 30 min. XPS and electrochemical data have
shown that the DTT SAM consists of a close packed array of lying
down molecules exposing the OH groups to the solution.[13] The
lying down DTT molecules on the gold substrates provides the hy-
drophilic environment able to promote the vesicle fusion to form
the phospholipid bilayer.

Self-assembly of Phospholipidic Bilayers on DTT-Covered Gold Sub-
strates: DMPC vesicles were obtained by evaporating, under a
stream of nitrogen, the solvent of a phospholipidic solution
(10 mg mL�1) prepared in chloroform.[13] To eliminate possible
traces of the solvent, the samples were dried under vacuum. Sub-
sequently, multilamellar vesicles were obtained by the addition of
a buffer containing 10 mm HEPES + 0.9 % NaCl and vortexing. The
multilamellar suspension was then extruded through a polycarbon-
ate filter with 400 nm pore from Nuclepore to form unilamellar
vesicles.[29, 30] The DMPC bilayers were prepared by vesicle fusion
on the DTT-covered gold by immersing the substrates in
10 mg mL�1 DMPC vesicle suspension for 90 min at ~30 8C (above
DMPC phase transition temperature).

Blank experiments using Au without DTT were also made. AFM
measurements were performed at pH 7.4 with a Molecular Imaging
PicoScan microscope inside a fluid cell with temperature control,
that is, in situ, containing 10 mm HEPES + 0.9 % NaCl, under con-

tact mode with silicon nitride probes (triangular cantilevers with
nominal spring constant of 0.12 N m�1, Veeco Probes). The images
were analyzed using the program WSxM 5.0 (Nanotec Electroni-
ca).[31]

Immobilization of Redox Biomolecules: DMPC supported bilayers
on the DTT-covered Au substrates were dipped in 0.1 mm methyl-
ene blue (MB) or 0.1 mm flavin adenine dinucleotide (FAD) aque-
ous solutions for 30 min at 37 8C, a temperature where the phos-
pholipidic bilayer is in a fluid phase. The samples were then care-
fully rinsed with water, dried under nitrogen flux and used for
Raman and electrochemical measurements. Blank experiments
using DTT-covered Au substrates were also made.

Raman Measurements: The Raman experiments were made in situ
using a Jobin–Yvon T64000 triple spectrometer operating in sub-
tractive mode and equipped with a liquid-N2 cooled charge cou-
pled device. The excitation was done with an Ar-Kr ion laser using
energies between 1.834 eV (676 nm) and 2.707 eV (458 nm). Typical
powers were around 10 mW, concentrated on a 7 mm long and
~100 mm wide line focus. This was chosen to reduce the photon
induced degradation of the samples. The photobleaching was de-
termined to be less than 5 % after 100 s of data acquisition. To
avoid accumulating this effect, a fresh spot in the sample was used
after taking each spectrum. Prior to this a Raman map of the sam-
ples was performed with very low powers and acquisition time to
exclude spots displaying Raman intensities very different from the
average value. To check for repeatability, five complete series of
measurements were performed.

Electrochemical Measurements: Experiments with the redox cou-
ples were performed in a conventional electrochemical cell using a
large platinum plate as counter electrode and saturated calomel as
reference electrode (SCE), using a TEQ-2 potentiostat with data ac-
quisition capability. Phosphate buffer 0.1 m pH 7.4 was used as
electrolyte and it was bubbled during 2 h with purified nitrogen to
remove oxygen.
For the experiments with redox couples in a mixed solution, 5 �
10�6 MB + 10�5

m FAD in phosphate buffer 0.1 m pH 7.4 were em-
ployed. Measurements made with nanostructured gold required
15 min of preconcentration in the mixed solution before perform-
ing the electrochemical experiments due to different diffusion
paths in nano/microcavities with respect to smooth gold.
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