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The self-assembled formation of octadecanethiol3(CH,)17SH) on a gold substrate was studied using a
quartz crystal microbalance (QCM) and a scanning tunneling microscope (STM). From the QCM measure-
ments at various concentrations of octadecanethiol solutions in hexane and alcohol, the adsorption process of
octadecanethiol onto Au was confirmed to consist of two steps as follows: (i) fast but disordered adsorption and
(ii) a thermodynamically controlled rearrangement for uniform packing of octadecanethiol. Also, it was re-
vealed that the adsorption rate became faster in ethanol than in hexane since less solubility of octadecanethiol
in ethanol could help the formation of the monolayers. AtlB~ M solution, the monolayer formation was
monitored by STM. The morphology of monolayer region was initially circular (diameter size: 7.26 + 2.1 nm)
and gradually changed to a stripe type after several minutes. At higher concentration, the self-assembled mono-
layer was formed immediately after the solution was introduced to a substrate.

Keywords : Self-assembly, Alkanethiol, STM, QCM.

Introduction vide an alternating electric field which induces shear vibra-
tion of the quartz crystal at its resonance frequency. A QCM
The molecular self-assembly of long chain alkanethiols oris a well-established tool in mass-sensitive detection based
Au has drawn considerable attention during the past decaden an oscillating quartz crystal. Even though the QCM is not
since self-assembled monolayers (SAMs), unlike Langmuirvery selective, it responds quantitatively to any interfacial
Blodgett (LB) films, have strong adhesion to a substratemass change and provides information that would be diffi-
high degree of thermal and chemical stabilities, and mechaneult to obtain with other methods. When a monolayer or thin
cal strength. These properties, along with the relative easfilm on a QCM electrode exhibits a rigid-layer behavior, the
ness in the preparation, result in many potential applicationQCM provides the absolute information on the mass change
to nanotechnology. Also, a wide range of synthetic possibili-at the solid-liquid interface. The recent advances in QCM
ties to enhance these properties allows us to use SAMs asrstrumentation make it easy to apply this technique to liquid
basic component in a molecular engineering approach. Mangystems. In addition to its advanced strength, the applica-
recent works on the alkanethiol monolayer adsorbed on thiions of QCM have been widened due to a low cost of the
gold surface have been focused on the structure and propetevice and its submonolayer sensitivity. For example, it is
ties of these organic films adsorbed on gold. X-ray diffrac-widely employed as a sensor such as for gas sensing, immuno-
tion and STM measurements revealed that this system fornassay, surface analysis, electrochemical analysis, and detec-
a specific monolayer structure on Au(111) surfdcesjth tion of trace ions.
an IR measurement showing that all-trans aliphatic chains of In this study we report the trends revealed in the adsorp-
the alkanethiolate are oriented at %3@th respect to the tion process of octadecanethiol monolayers with different
normal of the gold surfadeThese monolayers are densely solvents and concentrations usingimsitu QCM method.
packed, with ~3 of an interchain spacing confirmed by He The frequency shifts during adsorption follow a simple
diffraction and STM measurementSHowever, there have exponential relaxation. A QCM with a resonance frequency
been relatively a few studies about the formation mechanisraf ~10 MHz is sensitive to mass changes as small as several
of the monolayers. nanograms. Even though the frequency change of coupled
Bain and coworkers observed two stages in the adsorptiomechanical and electrical oscillation depends on several fac-
process of alkanethiols onto metal surfaces using ellipsomeers, interfacial mass changes are mainly related to the fre-
try and contact angle measureménts. this study, other quency change. This relation is formulated in Sauerbrey
methodsj.e. QCM and scanning tunneling microscopy (STM), equation as follows
are going to be employed to verify the adsorption process of Af=KAM (1)
octadecanethiol. A QCM comprises a thin piezoelectric quartz
crystal sandwiched between two gold electrodes. When thehereAf is a measured frequency shiftis a constant, and
electric field is applied to the crystal through the two elec-Am is the mass change. In our experiment, 1 Hz frequency
trodes, the shear vibration of the crystal is induced that prachange from the fundamental frequency of the QCM is equal
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to 1 ng mass loading on Au plate. In this work we will iden- 20
tify the two-step formation of octadecanethiol onto Au and
investigate the consistency of the previous studies on we 0
ting thickness with our results. =

Early STM studies revealed that alkanethiol monolayers=
on Au(111) exhibit a distribution of pitlike defects, which do
not exist on the bare Au surfac@s? This observation caused
some interests in physical and electrochemical blocking
abilities of alkanethiol monolayers which may be applied to
biosensing or corrosion control. We carried out a STM
investigation on the self-assembly process of octadecan: ‘ . ‘ ‘ ]
thiol onto Au(111) in air condition by controlling the surface 0 200 400 500 80 Tir;oso(segoo 140018001800 2000
coverage as changing dipping times. STM allowed to visual _.

: - o Figure 1. Frequency changes of QCM with adsorptiofh o
ize the monolayer formation and to characterize its StruCturoctadecanethiol on the gold surface in various concentrations o

and orientation. octadecanethiol: (a) 0.1, (b) 1, (c) 10 mM.
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Experimental Section
process of octadecanethiol monolayers. Hexane and ethanol

A QCM measurement Commercially available 10 MHz were selected as a solvent for octadecanethiol in order to
AT-cut quartz crystals were used for all experiments. Bothnvestigate the rate of solubility in the adsorption process.
sides of a quartz crystal were coated with aAQDr layer Figure 1 shows the frequency change during the adsorp-
beneath a 1008 layer of Au. The quartz crystals were tion process at various concentrations of octadecanethiol in
installed in a teflon holder so that only one electrode with ahexane. The frequency shifts measured by the QCM method
area of 0.2 chkwas exposed to a deposition solution. Thewere 32 Hz in 0.1 mM, 51 Hz in 1 mM, and 91 Hz in 10 mM
oscillating frequency was measured with HP 53131A Uni-of the solution. As shown in Figure 1, the adsorption rate of
versal Counter (Hewlett Packard, Santa Clara, CA, USApctadecanethiol on gold surface increases as the concentra-
and the data was accumulated to an IBM compatible pettion of octadecanethiol solution increases. In 0.1 mM octa-
sonal computer for the data treatment. 6 seconds of a gatliecanethiol solution, it took approximately 800 seconds for
time and 5V of output voltage were used in the frequencyhe monolayer to be completely formed over the surface,
measurements. The crystals were cleaned in a piranha solhile 560 seconds in 1 mM solution and 120 seconds in 10
tion (30% HO, : 98% HSOy, 1 : 3 by volume) at room tem- mM solution in hexane. These observations indicate the cor-
perature for 10-15 seconds and rinsed thoroughly byelation of the formation rate with the concentration of the
deionized water. After cleaning, the crystal was mounted irsolution. In higher concentrated solution, the two-step mech-
a cell and a small amount of pure solvent was introducednism was preferred and the formation rate became faster.
into the cell. The output frequency for the crystal in a pureThe adsorption rate of alkanethiol onto clean gold depended
solvent was recorded for 1-2 hrs in order to establish a stablen the thiol concentration, temperature, and solvent. Ini-
baseline. tially, most of the monolayer was formed within a few min-

STM measurements All experiments were performed in utes and the frequency shifts are close to their limiting
air with a Nanoscope Il (Digital Instruments, Santa Barbarayalues as shown in Figures 1 and 2. Because of the fast dif-
CA, USA) and a mechanically cut tips (Pt/Ir (80 : 20)) (Digi- fusion rate of thiol molecules, octadecanethiol molecules
tal Instruments). All the images were acquired using a conean reach at the electrode surface immediately after an injec-
stant current mode or a constant height mode. Au substratéisn of octadecanethiol solution and can react with the gold
were prepared by the vacuum evaporation of gold ont@toms on the surface. It leads thiols to monolayer formation
freshly cleaved mica plates prebaked to 300 °C for 2 hrgasily even though the orientation is not well-ordered and
under 10~10°? torr. After deposition, a substrate was an-the thiol molecules can not be formed over the whole sur-
nealed at 460 °C in a furnace for 4 hrs to obtain a large fldiace. During the second stage, the disordered and defected
single crystal surface. SAMs were prepared by dipping théayer is oriented gradually and uniformly and consolidated
gold substrates into 08Vl octadecanethiol solution in etha- due to the van der Waals attraction between the two neigh-

nol dring an appropriate time period. boring alkyl chains in the thiol molecules. These findings are
supported by the second harmonic generation spectro-
Results and Discussion scopy.l® X-ray photoelectron spectroscofy? near-edge

X-ray absorption fine structure spectroscdiscanning tun-
In this study, we determine the amounts and the rate afeling microscopy (STM)?°and QCM.
mass change of the alkanethiol adsorbed on gold from the The adsorption trends at 0.1 and 1 mM octadecanethiol in
octadecanethiol solution. This kinetic response, arising fronethanol were presented as Curves a and b in Figure 2,
a system that is initially far from equilibrium, provides fun- respectively. The frequency shift obtained from Curve a is
damental information at the initial stage in the self-assemblyl9 Hz at 170 seconds after the injection which is equivalent
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20 Table 1 The frequency shift of self-assembled octadecanethiol
o «— Injection of octadecanethiol solution deposited on gold
Solvent Concentration (mM)  Af (Hz) At (sec)

_. 20
N hexane 0.01 32 800
Z 40 0.1 51 560
S . 1 91 120
g ethanol 0.01 49 170

-80 0.1 99 65

=)
[=]

hexadecanethiol in ethanol is greater than in hexadecane. In
200 400 600 800 1000 1200 1400 the monolayer formation using 0.1 mM octadecanethiol, a
Time (sec) QCM frequency change in the monolayer formation using
Figure 2. The adsorption trends of octadecanethiol in ethanolhexane as a solvent was only 65%Abfmeasured in the
fnoll/lljtlon. The concentrations of octadecanethiol are (a) 0.1, (b) ?‘nonolayer formation using ethanol. In case of 1 mM octa-
' decanethiol solution, the frequency change of octadecane-
thiol in ethanol after full adsorption is about two times
to 49 ng mass loading on Au plate. The Curve b shows thkigher than in hexane. In our experiments, octadecanethiol
QCM frequency shift for the adsorption of 1 mM which solution in ethanol shows a faster adsorption rate than in
indicates the more than one monolayer formation. The maxihexane as shown in Table 1. This solvent effect can be
mum frequency shift is 99 Hz, which is 34% higher valueexplained in terms of the different solvation energies of the
than the calculated value of monolayer formation using surtwo solvents, which can moderate the dispersive forces in
face coverage of 3.3 mgfnfor octadecanethiol on /).  the monolayer. Hexane is a better solvent than ethanol for
Since the formation of the second layer result from the vamlkanethiols. The high solubility of octadecanethiol in hexane
der Waals interaction with the first layer on the substrate, theelays the monolayer formation. The poorer solvents for the
second layer can neither be formed uniformly nor be stabialkanethiol produce better SAMs. This effect was also
lized. Accordingly, the shear wave propagates differentlyobserved in the other system. Schneider and Battigl.
and gives rise to variations in the Df for each layer. Thiscould alter the adsorption kinetics of an alkanethiol using
deviation in the QCM measurements can be explained by theelection of a specific electrolyte solvéhtThis work
formation of multilayef>?® A positive deviation in fre- showed the adsorption kinetics strongly depended on the
guency shift from the calculated value could be understoogroperty of solvent.
as follows. Since it is not understood how the roughness of STM images in Figures 3-5 show the surface morpholo-
the first layer affect the formation of the second layer on theyies of octadecanethiol SAMs on Au(111) depending on a
first, the roughness of a gold electrode can be overestimatatiposition time®32 At very low surface coverage, the thiols
in the calculation. Due to the increase of surface roughness,
we expected a little higher frequency change than that of ther
retical value. There may be also excess physisorbed moli
cules on the top of the monolayer because of the difficulty ir
removing physisorbed molecules. Simple washing or soni
cating the electrode is impossible during thesitu fre-
quency measurement. In addition, one possible model ¢
formation of partial octadecanethiol multilayers on gold sur-
face proposed by Y. T. Kirat al is via the formation of di-
sulfides®* Thiols are oxidized to disulfides in the presence of
oxygen and the solubility of disulfides in ethanol is much
less than that of thiof8:2° If a solution of octadecanethiol in
ethanol is exposed to oxygen and oxidized to disulfide, thi
oxidized disulfide can be precipitated onto the monolayer
Hence, the deposition of disulfide may be enhanced by th
interaction between a terminal methyl group of octa-
decanethiol. There is also a report about the multilaye
formation of alkanethiols on gold by gas phase adsorption.
Roweet al?’ reported the incremental change per methy|_Figure_ .3. C_onstant current STM irr_lage obtained after 1 _n1in o
ene unit in the characteristic free energy and it was founded€Position in 0.5uM ethanol solutions of octadecanethiol on
. Au(111). The STM image shows an ordered nucleation of these
to be -19 kJ/mol for adsorption from ethanol and -0.8 k‘]lmomolecules on Au during the initial SAM growth stage. The scan
from 1-hexanol. From another report on solvent effeats,  sjze was 200 nm 200 nm, and imaging conditions were 500 mV
could find out that a self-assembly adsorption process cand 0.42 nA in the constant current mode.
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Figure 4. Constant current STM image obtained after 5 nfin 0 a1ong lines C and D in Figure 5a shows a 0.25 nm depth of vacancy
deposition in 0.5uM ethanol solutions of octadecanethiol on jsjand features.

Au(111). (a) The STM image shows the striped-phase and th
distance between two bright lines is 5.6 nm. The scan size was 20u
nm x 200 nm, and imaging conditions were 500 mV and 0.3 nA inshown in Figure 4(b). The narrow stripe structure (pointing
the constant current mode. (b) “Height” profile along the line tracefingers) has a 32 + 1A corrugation period perpendicular to
AB. The dotted lines mark a pot of each peak. the stripe. This value is little larger than&gthe theoretical
molecular length. The paired structure was reproducibly
can be regarded as a lattice-gas phase that is characterizeddibgerved in different experiments, so it is not the artifact due
a low area density of rapidly diffused surface-confined thi-to a tip. This observation showed that octadecanethiol is
ols. When this lattice-gas reaches a critical surface coveragpreferentially head-to-head configuratiom,, thiol-to-thiol,
stable alkanethiol islands starts to be nucleated. After dipbut occasionally is oriented as head-to-tail. Accordingly, the
ping a gold substrate in Ot octadecanethiol solution for striped phases of octadecanethiol consists of the thiol mole-
1 min, the monolayer formation process is revealed as foleules lying horizontally to the gold surface. The hydrocar-
lows: individual molecules on the surface can be bound inibon backbones are fully extended and in all-trans confor-
tially at periodic herringbone dislocations, which are inducedmation. This structure cannot be expected if the chemisorp-
to relieve the surface strain, and grown up as an island tygon was formed since chemisorbed thiol molecules was
via further aggregation. The STM image in Figure 4(a) showsissembled vertically to a gold substit&@hus, the mole-
the reconstruction of octadecanethiol SAMs on Au(111) surcules in this striped phase should be physisorbed. This
face after 5 min. This image contains two kinds of stripestriped phase is the first condensed phase that nucleates on
structures whose interfacing distances are different from eachu(111) during deposition of octadecanethiol and has been
other. In Figure 4(a), the wide stripe was dominantly observedbserved in prior diffraction studiés® After surface reaches
and the narrower stripe was rarely observed. Bright rowsaturation coverage of the striped phase of octadecanethiol,
correspond to the sulfur atoms. The wide stripe are alignethe striped phase is shifted to a standing-up phase until the
with an inter-row spacing of 56 + 04, which show good surface reaches saturation. The holes shown in Figure 5(a)
agreement with twice of the molecular length of :H have been seen in many other STM studies on SERFS.
(CH)17SH. The cross-sectional profile along the rows isWhile some studies proposed that the pit-like defects resulted
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from the missing or loosely-packed alkanethitfé,other

groups suggested that they were an electronic artifact of theS.

STM contrast mechanisff** However, the Au vacancy

model was later confirmed by a number of STM studies. 9. ) ) ]
d0. Haussling, L.; Michel, B.; Ringsdorf, H.; Rohrer, H.

Formation of these Au vacancy islands is explained by th
fact that the Au atoms are ejected from the surface by th

herringbone structure compression. The depth of the depres-"

sion is found to be about 0.25 nm (Figure 5b) and is indepe
dent of the chain length of the adsorbed molecules. This

depth equals the height of step edges in the thiol-modified 3.
gold surface and consistent with the Au(111) single-atoni4.
step height on the bare gold samples. It suggests that the piS.

were originated from defects in the Au layer than defects in

the alkanethiol layer. Therefore, not only Au but also thiol16.

molecules are removed simultaneously. Our STM data shows
a good agreement with the QCM measurements which pro1
pose the two steps in the adsorption process.

Conclusions

21.

The two-step mechanism proposed for the adsorption pro-

cess of octadecanethiol monolayer on Au has been clearlzp.

confirmed by QCM measurements in this work. Also the

effect of solvent was revealed using hexane and ethanol. THS.

low solubility of octadecanethiol in ethanol was preferred to
form the SAMs. The self-assembled process of octa
decanethiol monolayer is iniated by a low-density striped

phase through a complex, intermediate stage and finall§5'

reached to the standing-up phase. The STM images of octgg

decanethiol self-assembled monolayers in Figure 4(a) show
rows of bright regions and suggest that the molecules lig7.
horizontally to the surface and are arranged to stripes. Als@g.

we showed the formation of vacancy island defects in octa-

decanethiol monolayers assembled on gold surface. Th29.
vacancy islands were formed by adsorbate-induced shrink30.

age of the surface lattice. This excess density should create

in-plane compressive stress that could result in ejection otl:

2.

the excess Au atoms.
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