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Abstract

The structure and growth of two classes of self-assembled monolayers (SAMs) on Au(111) derived from the adsorption of the functio-
nalized thiol hexyl-azobenzenethiol (12-(4-(4-hexylphenylazo)phenoxy)dodecane-1-thiol) and the partially fluorinated alkanethiols
(CF3(CF2)9(CH2)11SH and CF3(CF2)7(CH2)6SH were examined. The structural properties of the SAMs were strongly influenced by the
interactions between the functional groups comprising the tails of the molecules. Molecular resolution atomic force microscopy (AFM)
images of the hexyl-azobenzenethiol SAMs revealed an expanded lattice (nearest neighbor spacing,a = 0. 53 nm,b = 0. 56 nm, and angle
between the two axes,J = 85°) relative to those of simple azobenzene-terminated SAMs. The expanded lattice probably results from the
presence of the hexyl tail groups. The structure of the SAMs formed from the fluorinated alkanethiols was also probed by AFM, Fourier
transform infrared spectroscopy (FTIR-RAS) and dynamic contact angle measurements. The degree of molecular tilt of the fluorocarbon
helix appears to be influenced by the length of the methylene spacer moieties, which might result from the introduction of flexibility into the
molecular chains. 1998 Elsevier Science S.A. All rights reserved
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1. Introduction

Self-assembled monolayers (SAMs) derived from alka-
nethiols adsorbed on Au(111) have been widely studied
during the past 10 years with various surface characteriza-
tion techniques [1,2]. As an outcome, the fundamental char-
acteristics of these SAMs are becoming more completely
understood. Although the molecule ordering in SAMs is
largely governed by molecular-substrate interactions, lateral
chain–chain interactions are also quite important. In some
cases, SAMs with short alkyl chains exhibit quite different
film characteristics than those with long alkyl chains [3–5].
However, not only are the van der Waals interactions
between alkyl chains small compared with the strength of
the Au–S bond [6,7], they are also smaller than the binding
energy differences afforded by the spatial modulation of the
gold lattice [8]. The fact that the structure of chemisorbed

films can be influenced by these small chain-chain interac-
tions can be interpreted by regarding the SAMs as being far
from equilibrium during the growth process. It is no doubt
that the lateral interactions play a key role in the molecular
rearrangement at the ‘physisorption’ stage [9], and they may
be responsible for the formation of metastable structures as
well. These kinetically trapped structures can be relaxed or
rearranged at the ‘chemisorption’ stage. However, in prac-
tice, because of kinetic barriers and slow diffusion on the
solid surface, these metastable structures can be readily
observed.

In this article, we report the structure and growth of two
new types of SAMs on Au(111), which are derived from
newly synthesized compounds in our groups, ‘hexyl-
azobenzenethiol’ (12-(4-(4-hexylphenylazo)phenoxy)dode-
cane-1-thiol) and partially fluorinated alkanethiols
((CF3 (CF2)9(CH2)11SH: ‘F10H11SH’, CF3(CF2)7(CH2)6SH:
‘F8H6SH’) (Scheme 1). Due to the nature of the tail groups,
these SAMs are expected to have different molecular pack-
ings from those derived from simple alkanethiols. For
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example, azobenzene-containing amphiphiles are known to
exhibit J or H type aggregation due to the specific intermo-
lecular interactions between dye moieties [10]. The film
structure of azobenzene-terminated thiols on Au(111) has
been reported [11–13]. These films exhibit incommensurate
lattices with the underlying Au(111), having much smaller
unit cells (hexagonal lattice with 4.50± 0.06 Å nearest
neighbor spacing [12,13]) than that of alkanethiol SAMs
(Î3 × Î3R30 lattice with 5.00± 0.02 Å nearest neighbor
spacing [14]). A ‘bundle model’ that rationalizes the experi-
mental results has been proposed [12,13]. Following these
results, the introduction of a terminal hexyl group to the
azobenzene unit might lead to significant changes in the
film characteristics. This hexyl-azobenzenethiol SAM
holds additional interest in the study and development of
aligned liquid crystal (LC) films [15]. These studies show
that the hexyl-terminal groups in thepara-position effec-
tively induce the LC alignment changes between homeotro-
pic and planar modes as a result oftrans and cis
photoisomerization of the azobenzene unit. In other studies,
SAMs derived from fluorinated alkanethiols are expected to
exhibit unique molecular packing due to the steric influence
of the bulky head groups composed of helical perfluorocar-
bon chains (van der Waals diameter of 5.6 A˚ [16]). These
fluorinated SAMs are also of particular interest as model
surfaces of poly(tetrafluoroethylene) (PTFE), i.e. as extre-
mely low energy and highly hydrophobic (low wetting)
surfaces [17]. The influence of the alkyl chain length (spacer
group) on the molecular tilt is reported herein.

2. Experimental

Au(111)/mica substrates were prepared by the epitaxial
growth of 100–150 nm gold films onto freshly cleaved mica
sheets in a vacuum chamber (BIEMTRON). Gold was ther-

mally deposited on the mica surface prebaked at 550°C for 3
h. Deposition was carried out at a rate of 1 A/s and a sub-
strate temperature of 350°C under a vacuum pressure of
10−7–10−8 Torr. After deposition, the substrates were
annealed at 550°C for ~3 h. This procedure produced an
atomically flat Au(111) surface with crystal grains measur-
ing 500–1000 nm in diameter [9]. Au(111) substrates were
removed from the vacuum chamber immediately before use,
and immersed into freshly prepared thiol solutions within
10 min after exposure to air. The synthesis of ‘hexyl-
azobenzenethiol’ (12-(4-(4-hexylphenylazo)phenoxy)dode-
cane-1-thiol) and partially fluorinated alkanethiols
((CF3(CF2)9(CH2)11SH: F11011SH, CF3(CF2)7(CH2)6SH:
F8H6SH) is described elsewhere [18]. For the kinetics stu-
dies, Au(111)/mica substrates (1× 1 cm) were immersed
into 10−2 mM thiol solutions for different immersion
times (30 s, 1 min, 3 min, 1 h) at room temperature.
These immersion times were chosen following previous
kinetics studies of alkanethiol adsorption on Au(111)
[9,19,20]. At the designated times, the substrates were
quickly removed from the solutions and immediately rinsed
with absolute CH2Cl2 (10 s~1 h), and dried in a stream of N2

gas. We prepared the ‘equilibrium’ surface by exposing the
gold substrate to a 1 mM solution for over 24 h at room
temperature. This condition is believed to generate fully
adsorbed SAMs on Au(111) from alkanethiols [19].

The atomic force microscopy (AFM) system used in this
study was a commercially available NanoScope III (Digital
Instruments, Santa Barbara, CA). The measurements were
performed in contact mode (30mm scanner) in air at room
temperature. The Si3N4 cantilever with a spring constant of
0.12 N/m was used for large-sized scans (scanning
rate= 3–10 Hz), while a cantilever with a spring constant
of 0.38 N/m was used for molecular resolution imaging
(scanning rate= 10–30 Hz). All images (400× 400 pixels)
were collected in the ‘height mode’, which kept the force
constant. The applied force was minimized during the AFM
imaging by adjusting the ‘set point voltage’ to the lower
limit [9]; the images were not significantly affected unless
the applied force was more than 50 nN.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out using an ESCALAB 220iXL system (VG
Scientific) with a monochlomatic Al Ka X-ray source (1487
eV). The binding energies were corrected using a Au(4f7/2)
peak energy (84.0 eV) as an energy standard. The pass
energy of the analyzer was set at 20 eV. Fitting of the
XPS peaks was performed using the spectra processing pro-
gram in the XPS software.

Infrared spectra of the SAMs were taken in the reflection
mode (the incident angle= 80° to the surface normal) using
a p-polarized beam and the Perkin–Elmer System
2000FTIR. The spectrometer was purged with dry nitrogen,
and a liquid-nitrogen-cooled mercury–cadmiumtelluride
(MCT) detector was utilized for the reflection measure-
ments. The spectra were recorded at 4 cm−1 resolution
with 100–1000 scans in the 4000–800 cm−1 region. Bare

Scheme 1. The molecular conformations of hexyl-azobenzenethiol and
fluorinated alkanethiol (F10H11SH) estimated from energy optimizations
from force-field calculations (MM2).
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Au(111), which was deposited at the same time as the gold
used for the SAM substrates, was used as a reference to
minimize the experimental error arising from roughness
and contamination of the gold surface.

Dynamic contact angle measurements were performed
using the Wilhelmy plate method with a Cahn balance
(DCA322 model). We used a modified technique to measure
the asymmetric Au–thiol SAM plates (surface: Au–thiol
SAMs, back: cleaved mica, substrate size: 1 cm× 2 cm ×
50mm) [21,22]. The Wilhelmy plate method is recognized as
the most favorable technique to measure dynamic contact
angles because it allows the measurement of wide surfaces
(~cm across) without operator error, and both the advancing
and receding speeds can be controlled with a DC motor
drive. All measurements utilized pure water at room tem-
perature, and an advancing and receding speed of 20mm/s.

3. Results and Discussion

3.1. Adsorption kinetics of hexyl-azobenzenethiol

The kinetics of adsorption of hexyl-azobenzenethiol was
followed by XPS [23]. Fig. 1 plots the surface coverage
calculated from the peak area of C(1s) signal, versus the
immersion time, where the data have been normalized by
setting the peak area of fully adsorbed SAMs (1 mM, 24 h
immersion) to unity. The kinetics of the adsorption of hexyl-
azobenzenethiols on Au(111) was quite similar to the
kinetics of SAM formation from simple alkanethiols,
where sub-monolayers (partially covered surfaces) were
obtained in less than 10 min of immersion at concentrations
of 10−2 mM [9]. Fig. 2 shows the surface morphologies of
the sub-monolayers formed by immersion for 30 s, 1 min
and 3 min in the 10−2 mM solution. Similar to SAMs from
octadecanethiol, island formation could be observed, and
the area fraction of the domain phases increased as the
immersion time increased [9].

3.2. Molecular ordering of hexyl-azobenzenethiol SAMs

To confirm the film density and homogeneity of fully
adsorbed SAMs (1 mM, 24 h immersion), we analyzed

Fig. 1. Adsorption kinetics of hexyl-azobenzenethiol on Au(111) at a
solution concentration of 10−2 mM, estimated from the C(1s) signal inten-
sities.

Fig. 2. AFM images of hexyl-azobenzenethiol SAMs on Au(111) at dif-
ferent immersion times in 10−2 mM CH2Cl2 solutions: (a) 30s, (b) 1 min,
(c) 3 min. In the images, the brighter regions correspond to the condensed
thiol islands (liquid or solid phase), and the darker regions correspond to
the dilute phase (gas phase or bare Au(111) surface).
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the system using dynamic contact angle measurements.
From the hysteresis loop of the dynamic contact angles
for hexyl-azobenzenethiol SAMs on Au(111), an advancing
angle (va) of 107.5± 1.0° and a receding angle (vr) of
97.0 ± 1.0° were obtained. The low wettability and the
small hysteresis (v = va − vr ≅ 10°) are typical for well-
ordered alkanethiol SAMs on Au (e.g. C18S/Au:
va = 112 ± 1.5°, vr = 100.5 ± 1.5°; C12S/Au:va = 108°,
vr = 99° [24,25]). The contact angles of the azobenzene-
terminated SAMs exhibited much lower values
(va = 89 ± 1°, v ≅ 10° [11]), which can be rationalized by
the fact that these monolayers expose aromatic groups rather
than alkyl groups to the interface.

Fig. 3 shows the high resolution AFM image of the
hexyl-azobenzenethiol SAMs (1 mM, 24 h immersion).
The molecular domains exhibiting regular lattice structure
were extended over several tens of nanometers on the sur-
face. An oblique lattice with nearest neighbor spacings,a =
5.3 ± 0.1 Å, b = 5.6 ± 0.1 Å, and angle between the two
axesJ = 85 ± 1° was confirmed by the Fourier transform
of the SAM images. The unit cell can be described as
a = 7.4 Å, b = 8.0 Å, J = 87° by crystallographic descrip-
tion (the basic unit cell contains two molecules). A differ-
ent type of lattice (distorted hexagonal,a = 5.5 Å) could
also be observed in some cases. The nearest neighbor dis-
tance, however, was similar for both types of lattices.
These lattice constants are distinctly larger than those of
azobenzene-terminated SAMs (4.50± 0.06 Å (hexagonal)
and 4.36± 0.05 Å, 85° (oblique) [12,13]). As described
before, the azobenzene-terminated SAMs formed incom-
mensurate lattices due to strong aromatic interactions
between azobenzene units (‘bundle model’, see Fig. 4
[12,13]). For our hexyl-azobenzenethiol SAMs, the drive
to maximize van der Waals contact between terminal

hexyl groups attached to the para-position of the azo-
benzene units probably causes the expansion of lattice.
Langmuir–Blodgett (LB) films composed of azobenzene
derivatives with terminal alkyl groups (6-(4-(4-octyl-
pheny-lazo)phenoxy)hexanoic acid) exhibit a similar lat-
tice structure (distorted monoclinic,a = 6.08 ± 0.03 Å,
b = 5.67 ± 0.03 Å, J = 55 ± 1° [26]. These results support
the above hypothesis that the terminal hexyl groups parti-
cipate in the molecular ordering process. Molecular pack-
ing models of the hexylazobenzenethiol SAMs are depicted
in Fig. 4c, and a more definitive model is described else-
where with data from Fourier transform infrared spectro-
scopy (FTIR-RAS) (C–H stretching frequency analysis)
and reflection UV-Vis absorption spectroscopy [27].

3.3. Molecular ordering of fluorinated alkanethiol SAMs

The dynamic contact angles of fluorinated alkanethiol
SAMs on Au(111), prepared by immersion for 24 h at a
concentration of 1 mM, were investigated (F10H11SH:
va = 122 ± 2°, vr = 117 ± 1°; F8H6SH:va = 121 ± 2°, vr =
113 ± 1°). The low wettabilities of the SAMs derived from
both F1OH11SH and F8H6SH are quite reasonable for
highly fluorinated surfaces in which CF3 groups are exposed
at the interface [28]. The small hysteresis suggest that these
fluorinated alkanethiols formed stable chemisorbed films on
Au(111). Analysis by high resolution AFM reveals a dis-
torted hexagonal or oblique lattice with a nearest neighbor
distancev = 5.9 ± 0.1 Å for both fluorinated SAMs (Fig. 5).

Fig. 3. AFM image and the corresponding 2D Fourier transform of hexyl-
azobenzenethiol SAMs on Au(111) covering 10× 10 nm2 (unfiltered),
showing a surface lattice with nearest neighbor spacings,a = 0.53 nm,
b = 0.56 nm and angleJ = 85°.

Fig. 4. Molecular packing models of the azobenzene-terminated SAMs on
Au (111) proposed by (a) R. Wang, et al. [13]. and (b) W.B. Caldwell, et
al. [12]. In both models, the azobenzene terminal groups are spaced ~4.5 A˚

apart, while the S atoms are assumed to bond in the three-fold hollow sites
of Au(111). (c) Illustrates a model for hexyl-azobenzenethiol SAMs in
which the molecular lattice is expanded to ~5.5 A˚ due to the interaction
between the hexyl terminal groups.
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The lattice constant of these SAMs is slightly larger than
those derived from fluorinated alkanethiols with fewer
methylene spacer groups (CF3(CF2)n(CH2)2SH) [29,30]. In
any case, the bulky perfluorocarbon chain is likely to be
responsible for the expansion of these lattices relative to
those generated by simple alkanethiols. We observed a dif-
ference in the size of the domains of the two new films: the
F8H6SH SAMs exhibited slightly larger domains with more
regular molecular ordering. For both films. the size of
domains was in the range of 10–50 nm2.

We qualitatively explored the molecular orientation of
the films with FTIR-RAS by examining the band intensities
of the perfluorocarbon chains in the range of 1100–1400
cm−1. Although the origin of a few resonances remain
ambiguous [31], most of the bands originating from the
perfluorocarbon chains can be assigned based on previous
IR studies of PTFE [32,33]. In the present study, we com-
pared the band intensities of asymmetric CF2 stretching with
those of ‘axial CF2’ stretching to determine the orientation
of the perfluorocarbon chains [31]. The bands at 1210, 1230

and 1150 cm−1 result from asymmetric CF2 stretching [31].
While other bands such as C–C stretching and CCC bending
(~1226 cm−1) partially overlap with these bands, the asym-
metric CF2 stretching bands exhibit a change in dipole
moment that is perpendicular to the fluorocarbon chain
axis. The bands at ~1340 and ~1375 cm−1 have been iden-
tified as ‘axial CF2’ stretching vibrations, which originate
from the activation of bands from the interior of the Bril-
louin zone of the infinite fluorocarbon helix due to the finite
length of the CF2 sequence [31,34]. Perfluorocarbon oligo-
mers, but not PTFE polymers, exhibit these bands in which
the change in dipole moment falls along the helical axis.
Following these arguments, when the perfluorocarbon
chains are oriented parallel to the surface, the relative inten-
sities of the asymmetric CF2 stretching bands (1210, 1230
and 1150 cm−1) are enhanced relative to the ‘axial CF2’
stretching bands (1340 and 1375 cm−1). On the other
hand, when the perfluorocarbon chains are oriented perpen-
dicular to the surface, the intensities of the asymmetric CF2

stretching bands are diminished relative to the ‘axial CF2’
stretching bands.

Fig. 6 shows the FTIR-RAS spectra of F1OH11SH and
F8H6SH SAMs on Au(111) prepared by immersion for 24 h
at a concentration of 1 mM. The F1OH11SH SAMs exhibit
more intense asymmetric CF2 stretching bands than the
F8H6SH SAMs. In addition, a previous FTIR-RAS study
of a SAM derived from a fluorinated alkanethiol with an
even shorter methylene spacer, CF3(CF2)7(CH2)2SH
(F8H2SH), reveals a spectrum in which the asymmetric
CF2 stretching bands are noticeably weaker than the ‘axial
CF2’ stretching bands [16]. In the absence of any effects due
to the different length of the perfluorocarbon segments (e.g.
F10 vs. F8), these data suggest that the perfluorocarbon
SAMs generated from F10H11SH are oriented more paral-Fig. 5. AFM Image and the corresponding 2D Fourier transform of fluori-

nated alkanethiol SAMs, (a) F10H11SH and (b) F8H6SH, on Au(111)
covering 10× 10 nm2 (unfiltered).

Fig. 6. FTIR-RAS spectra of fluorinated alkanethiol SAMs, (a) F10H11SH
and (b) F8H6SH, on Au(111), and the proposed molecular tilt of the
fluorocarbon helix predicted by the relative intensities of the axial CF2

stretching bands (1340 and 1375 cm−1) and the asymmetric CF2 stretching
bands (1210, 1230 and 1150 cm−1).
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lel to the surface(i.e. more tilted) than those generated from
F8H6SH; both of the SAMs in the present study appear to be
more tilted than those generated from F8H2SH [16]. Thus,
for partially fluorinated alkanethiol SAMs, it seems that the
degree of molecular tilt is influenced by the length of the
methylene spacer moieties. This effect might originate from
the degree of disorder in the films: in the AFM images
described above, the F10H11SH SAMs appear to be more
disordered than the F8H6SH SAMs. It is possible that the
disorder arises from the introduction of flexibility into the
molecular chains as the number of methylene groups is
increased. A similar hypothesis was offered in a study of
LB films composed of fluorinated fatty acids, where an
increase in temperature caused the disordering of perfluor-
ocarbon chains through the ‘melting’ of long alkyl chains
[35].

4. Summary

The structure and growth of two different types of SAMs
on gold, hexylazobenzenethiol SAMs and fluorinated alka-
nethiol SAMs, were examined as a function of the nature of
the tail groups. The tail groups were found to have a pro-
found influence on the structure of the SAMs. This knowl-
edge will undoubtedly prove useful in controlling the
surface densities and/or lattice structures of SAMs in tech-
nological applications that employ these species.
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