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The formation of highly ordered self-assembled monolayers �SAMs� on gold from an unusually
long and linear compound HS�CH2�15CONH�CH2CH2O�6CH2CONH�CH2�15CH3 is investigated
by contact angle goniometry, ex situ null ellipsometry, cyclic voltammetry and infrared
reflection-absorption spectroscopy. The molecules are found to assemble in an upright position as a
complete monolayer within 60 min. The overall structure of the SAM reaches equilibrium within
24 h as evidenced by infrared spectroscopy, although a slight improvement in water contact angles
is observed over a period of a few weeks. The resulting SAM is 60 Å thick and it displays an
advancing water contact angle of 112° and excellent electrochemical blocking characteristics with
typical current densities about 20 times lower as compared to those observed for HS�CH2�15CH3

SAMs. The dominating crystalline phases of the supporting HS�CH2�15 and terminal �CH2�15CH3

alkyl portions, as well as the sealed oligo�ethylene glycol� �OEG� “core,” appear as unusually sharp
features in the infrared spectra at room temperature. For example, the splitting seen for the CH3

stretching and CH2 scissoring peaks is normally only observed for conformationally trapped
alkylthiolate SAMs at low temperatures and for highly crystalline polymethylenes.
Temperature-programmed infrared spectroscopy in ultrahigh vacuum reveals a significantly
improved thermal stability of the SAM under investigation, as compared to two analogous OEG
derivatives without the extended alkyl chain. Our study points out the advantages of adopting a
“modular approach” in designing novel SAM-forming compounds with precisely positioned in
plane stabilizing groups. We demonstrate also the potential of using the above set of compounds in
the fabrication of “hydrogel-like” arrays with controlled wetting properties for application in the
ever-growing fields of protein and cell analysis, as well as for bioanalytical applications. © 2006
American Vacuum Society. �DOI: 10.1116/1.2188521�

I. INTRODUCTION

Self-assembled monolayers �SAMs� on gold and other
metallic surfaces are widely recognized as a convenient plat-
form for the development of novel molecular architectures.
The self-assembly process and properties of relatively simple
linear bifunctional compounds, e.g., alkylthiols on gold,1–3

are fairly well understood, and these materials have become
of tremendous importance within a broad range of applica-
tions, from materials science4 and nanotechnology5 to
biotechnology6 and biosensing.7,8 Naturally, the interest in
constructing even more complex supported molecular assem-
blies using, e.g., oligomeric chains other than polymethyl-
enes, and especially those containing unique structural mo-
tifs and hetero groups, has increased significantly over the
last few years.

We have undertaken a systematic investigation of struc-
tural and kinetic properties of structurally complex monolay-

ers formed by solution self-assembly of oligo�ethylene gly-
col� �OEG�—containing alkylthiol derivatives. In the
biomaterials research community this class of compounds
has been used mainly as efficient blockers of the unspecific
protein binding to surfaces.9–11 Further on, poly�ethylene
glycol� �PEG� displays interesting physical and structural
properties. For example, it exists in a well defined helical
crystalline phase in the solid state,12 and it can be used to
form solid, crystalline electrolytes13 upon coordination with
ions such as Li+. Soft PEG, in the form of a grafted
hydrogel,6 is mainly known for its high exclusion volume.
Moreover, it can undergo interesting modifications. In a re-
cent study, Gattas-Asfura et al. utilized PEG hydrogels for
the immobilization of quantum dots14 for the development of
new sensor materials.

Oligo�ethylene glycol� compounds modified with a thiol
anchoring tail are an attractive alternative to PEGs for the
generation hydrogel-like coatings on metallic supports. A va-
riety of OEG-containing alkylthiol compounds have been
synthesized, assembled and characterized with a broad range
of surface sensitive techniques.9–11,15–24 The vivid discus-
sions in the literature regarding the role of the terminal OEG
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conformation on the protein rejecting properties also encour-
aged us and others to study protein, plasma and serum ad-
sorption on SAMs with varying alkyl and OEG chain lengths
as well as with tail groups.11,25–27 Furthermore, the choice of
linkage groups between the molecular segments offers a
strategy to generate OEG SAMs with fine-tuned conforma-
tional properties, controlled thermal stability and a unique
phase behavior.23,24

In the present work we further explore how the choice of
structural motifs and tail groups influence the assembly ki-
netics, equilibrium structure, phase behavior and stability of
a novel SAM formed by solution assembly of an extended
chain compound HS�CH2�15CONH�CH2CH2O�6CH2CONH
�CH2�15CH3 on polycrystalline gold. The results are com-
pared with recent observations obtained for a related system
of OEGs,16,17 where the OEG portion pins directly to gold
via the thiol group and forms a crystalline support for a
highly ordered outermost layer of the alkyl chains. Our ex-
perimental findings are also compared with data obtained for
simple alkylthiols and an analogous set of OEG derivatives
without the extended alkyl chain, as well as with results from
recent theoretical studies28,29 in order to reveal the influence
of the competing intra- and intermolecular interactions on
the phase behavior and overall stability of the SAM.

Finally, we demonstrate a potential application of such
highly ordered alkyl-terminated OEG SAMs for the fabrica-
tion of microarrays based on confined hydrophilic and disor-
dered “hydrogel-like” domains. This type of spatially con-
trolled biointerphase offers a convenient platform for the
dissection of individual cells and multi-protein complexes.

II. MATERIALS AND METHODS

A. Synthesis

The synthesis of HS�CH2�15CONH�CH2CH2O�nH, where
n=1,4 ,6 ,12 �EGn� and HS�CH2�15CONH�CH2CH2O�6

CH2CONH�CH2�15CH3 �EG6C16� was performed as de-
scribed in detail by Svedhem et al.30 However, by following
their reaction protocol, traces of protected compound 2 �in
the form of disulphides� were found together with compound
1. Such disulphides could become a source of defects during
the self-assembly process and should therefore be kept at a
minimum level. It was therefore decided to slightly modify
the reaction conditions during transfer of 2 to 1, Scheme 1.
Acid deprotection was used by dissolving a small amount of
2 �35 mg� in MeOH. The mixture was purged with Ar for
30 minutes. Then, 142 �l of acetyl chloride �AcCl� was
carefully dropped into the solution �AcCl reacted with
MeOH and formed HCl�. The reaction mixture was refluxed
under Ar for 60 min to completely deprotect 2. Finally, the
reaction was stopped and repeatedly evaporated with dry
toluene followed by additional purification by HPLC.

The structures of deprotected compound 1 and protected
compound 2 were obtained by using nuclear magnetic reso-
nance �NMR� �300 MHz� and MALDI-time of flight �TOF�
mass Spectrometry. Compound 1: HS�CH2�15CONH
�CH2CH2O�6CH2CONH�CH2�15CH3, 1H NMR �CDCl3� �
1.25 �br, 50H�, 1.52–1.61 �m, 6H�, 2.17 �tr, 2H�, 2.53 �tr,
2H�, 3.43 �tr, 2H�, 3.53 �tr, 2H�, 3.52–3.66 �m, 20H�, 3.98 �s,
2H�, 6.29 �s, 1H�, 6.99 �s, 1H�; 13C NMR �CDCl3� � 14.2,
22.7, 25.7, 26.9–31.9, 34.0, 36.7, 38.9, 70.0–70.7, 169.7,
173.3. Calcd for C46H92N2O8S: ��M+Na�+� 855.65 Found:
��M+Na�+� 855.65. Compound 2: Ac–S– �CH2�15CONH

SCHEME 1.
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�CH2CH2O�6CH2CONH�CH2�15CH3, 1H NMR �CDCl3� �
0.85–0.90 �s, 3H�, 1.25 �br, 50H�, 1.52–1.61 �m, 6H�, 2.17
�tr, 2H�, 2.32 �s, 3H�, 2.85 �tr, 2H�, 3.43 �tr, 2H�, 3.53 �tr,
2H�, 3.52–3.66 �m, 20H�, 3.98�s, 2H�, 6.29 �s, 1H�, 6.99 �s,
1H�; 13C NMR �CDCl3� � 14.1, 22.7, 25.7, 26.9–31.9, 30.6,
36.7, 38.9, 70.0–70.7, 169.7,1 73.3, 196.2. Calcd for
C48H94N2O9S: ��M+Na�+� 897.66 Found: ��M+Na�+�
897.66.

B. Sample preparation

Fresh ethanolic 20�M solutions of the thiol compounds
were prepared in plastic beakers from 1 mM stock solutions
stored in glass vials at 4 °C. About 2000 Å-thick gold films
were electron beam deposited on standard �100�-silicon wa-
fers primed with a 25 Å titanium adhesion layer and used as
substrates for the SAMs. The electron beam evaporation of
the metals was done in a Balzers UMS 500 P system oper-
ating at a base pressure on the low 10−9 mbar scale and at an
evaporation pressure of about 10−7 mbar. A constant evapo-
ration rate of 10 Å/s was used for gold. The resulting poly-
crystalline gold film was shown to be heavily dominated by
a �111� texture.31 Prior to SAM adsorption, the gold surfaces
were cleaned in a 5:1:1 mixture of de-ionized �MilliQ� water,
30% hydrogen peroxide, and 25% ammonia for 5 min at
80 °C, followed by extensive rinsing in de-ionized water.
The efficiency of cleaning was always tested before the ad-
sorption of the SAMs. For this purpose, the optical charac-
teristics of a cleaned gold sample were measured using an
automatic Rudolph Research AutoEL ellipsometer with a
He–Ne laser light source of �=632.8 nm, at an angle of in-
cidence of 70°. The rest of the cleaned samples were precon-
ditioned in ethanol and then transferred into the thiol solu-
tions. Before characterization, the samples were rinsed in
ethanol, ultrasonicated for 3 minutes, and rinsed again. Fi-
nally, they were blown dry in nitrogen gas and immediately
analyzed.

Microcontact printing process was carried out as de-
scribed in detail by Zhou, Valiokas, and Liedberg,32 except
that the PDMS stamp was used without oxygen plasma treat-
ment. The PDMS stamps were inked with the thiols �equimo-
lar amount of EG1 and EG4� at a total concentration of
100 �M in ethanol �99.5%, Kemetyl, Haninge, Sweden� for
5 min followed by drying in N2. The inked stamp was
brought in contact with the gold substrate for 3 min. The
stamped samples were backfilled in 40 �M EG6C16 solution
in ethanol for several hours followed by extensive rinsing
and ultrasonication in ethanol to remove low molecular
weight PDMS residues and physisorbed thiols.32

C. Ellipsometry

For single-wavelength ex situ ellipsometry, average values
of the refractive index of the clean gold sample were deter-
mined prior to incubation. The ellipsometric readings � and
� of the SAMs were evaluated using a three-layer model
“ambient/SAM/gold,” assuming an isotropic, transparent �k
=0� SAM with a refractive index of n=1.5. The film thick-

ness was calculated as an average of measurements at three
different spots of the sample. For each adsorption time, 4–8
samples were inspected.

D. Contact angle goniometry

Contact angles were measured with a Ramé-Hart NRL
100 goniometer under room conditions, probing the surfaces
with fresh de-ionized water from a MilliQ unit. Only one
measurement of the advancing and receding contact angle
was done per sample, and 4–10 samples were inspected for
each adsorption time.

E. Infrared reflection-absorption spectroscopy „IRAS…
The room temperature reflection-absorption �RA� spectra

were recorded on a Bruker IFS 66 system, equipped with a
grazing angle �85°� infrared reflection accessory and a
liquid-nitrogen-cooled mercury cadmium teleuride �MCT�
detector. The measurement chamber was continuously
purged with nitrogen gas during the measurements. The reso-
lution was 2 cm−1 and a three-term Blackmann–Harris
apodization function was applied to the interferograms be-
fore Fourier transformation. The total acquisition time was
around 10 min. A spectrum of a deuterated hexadecanethi-
olate �HS�CD2�15CD3� on gold was used as reference.

F. Temperature programmed infrared
reflection-absorption spectroscopy

The temperature-programmed measurements were per-
formed in an ultrahigh vacuum �UHV� system which has
been described in detail elsewhere.33 Briefly, a modified
Bruker IFS PID 22 spectrometer aligned at a grazing angle
of 82° equipped with f/16 transfer optics and a liquid-
nitrogen-cooled MCT detector was used to record the
temperature-programmed spectra. The spectral resolution
was 2 cm−1 and 500 interferograms were collected and aver-
aged. The same apodization function was applied to the in-
terferograms as in the case of the room temperature spectra.
All spectroscopic data were further analyzed using Bruker
OPUS software.

The measurements were performed in a UHV chamber
operating at a base pressure of 10−10 mbar. The procedure
was identical to the one used in our previous work.23 After
setting the temperature of a solid copper sample holder to the
desired value �with 5 °C steps�, the system was allowed to
stabilize for 5 min before collecting the sample spectrum.
After the temperature programmed experiment the sample
was transferred into a separate preparation chamber for neon
ion sputtering. Finally, the background spectrum of a clean
gold substrate was recorded.

G. Electrochemistry

An Autolab PGSTAT20 �EcoChemie, Utrecht, the Nether-
lands� was used for the voltammetric experiments. All ex-
periments were performed in the three-electrode mode using
an Ag/AgCl reference electrode and a platinum wire as
counter electrode. The SAM coated gold surfaces �working
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electrodes� were brought into contact with the test solution
via pressfitting to an O-ring in the side of a Kel-F-based
electrochemical cell. The exposed area of the electrode was
0.2 cm2. Cyclic voltammograms were recorded by scanning
the potential from +0.60 V �vs Ag/AgCl� to −0.30 V and
back, with a scan rate of 10 mV/s. Prior to the scan the
electrode was kept at +0.60 V for 10 s. To provide redox
species, a 1.0 mM K3Fe�III��CN�6 �Merck� solution �also
containing 100 mM KNO3 �Merck� as supporting electro-
lyte� was used. Voltammograms were also recorded in only
the supporting electrolyte solution, i.e., without the redox
species.

H. Optical microscopy of microwetting patterns

The condensation pattern of water from the laboratory air
to reveal the surface microstructures generated during the
printing process was obtained by cooling the micropatterned
samples on a Peltier element. The resulting micropattern was
visualized using an Olympus BX60 microscope equipped
with MPlan and UMPlanFl objectives. An Exwave HAD
color video camera was employed to capture the images.

III. RESULTS

A. Equilibrium structural properties

The formation of SAMs of EG6C16 on gold was analyzed
by contact angle goniometry, null ellipsometry, cyclic volta-
mmetry and infrared reflection-absorption spectroscopy. It
was observed that the measured wettability, ellipsometric
thickness and the infrared spectra of the SAM displayed a
temporal dependence on the time scale from minutes to
weeks. Therefore, we will first comment on the properties of
an equilibrated system, i.e., for SAMs prepared by adsorp-
tion times not shorter than two weeks. Then we will address
the kinetics of the SAM formation process.

The advancing and receding water contact angles mea-
sured for EG6C16 SAMs, prepared with an adsorption time of
two weeks, displayed high values, 
a=112° and 
r=108°,

respectively. This is a typical value for a densely packed
linear chain alkylthiolate SAM with terminal methyl groups
exposed to the ambient.2 Moreover, the low hysteresis con-
firms that the SAM is highly oriented, densely packed,
chemically and structurally uniform.

The measured ellipsometric thickness was found to be
60.2±0.4 Å, a value comparable to the length of an EG6C16

molecule in an upright position on the surface. Note, that we
used a three-layer optical model treating the SAM as a trans-
parent isotropic material with the refractive index n=1.5,
which certainly is an oversimplification. Nevertheless, the
chosen model gives a thickness that is in excellent agreement
with values obtained by superimposing the thickness for an
oriented SAM of EG6, 39.8±1.7 Å,28 and that of a
HS�CH2�15CH3�hereafter SC16� SAM, 19±1 Å33

The upper curve in Fig. 1 displays a reflection-absorption
�RA� spectrum of an equilibrated EG6C16 SAM. The spectral
features in this SAM are compared with those observed in a
simulated one �the lower curve�, achieved by superimposing
separate spectra of SAMs formed by EG6 and SC16, respec-
tively. In the C–H stretching region �Fig. 1�a�� appears the
antisymmetric �d−� and symmetric �d+� stretches of the alkyl
methylenes at 2918 and 2850 cm−1, respectively.34 These po-
sitions are characteristic for densely packed and highly or-
dered all trans alkyl chains. Note that the relative intensities
of the two alkyl peaks for the EG6C16 SAM are comparable
with those of the simulated spectrum. It has to be born in
mind, however, that for an exact comparison one needs to
account for the intensity contribution from other underlying
spectral OEG components in this region. This observation
suggests that the order and orientation of the two alkyl layers
in the EG6C16 SAM, in fact, resemble those in the analogous
SAMs of the EG6 and SC16 compounds, respectively.

The high frequency region also contains strong peaks due
to the C–H stretches of the methylenes in the OEG portion of
the SAM. Malysheva et al. revised recently the infrared
spectra of OEGs and we assigned the strongest peak at
�2891 cm−1 to the asymmetric C–H stretches of helical

FIG. 1. Room temperature RA spectra of an EG6C16 SAM �adsorption time ten days� �upper curves� and a simulated spectrum obtained by adding spectra of
EG6 and HS�CH2�15CH3 SAMs, respectively �lower curves�. The CH stretching region is depicted in �a� and the fingerprint region in �b�.
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OEG.35 A drastic increase in the intensity of this peak is
observed as compared to the simulated spectrum. This is in
line with a better defined helical structure of the OEG motifs
and/or a more pronounced orientation of the helical axis par-
allel to the surface normal.23,28 The symmetric OEG methyl-
ene stretching peak is not as pronounced because of a strong
overlap with other bands. Still it can be identified at around
2865 cm−1, as well as a high frequency shoulder on the poly-
methylene d− peak near 2937 cm−1. Another characteristic
feature of the helical OEG chain is a peak at 2740 cm−1. It is
assigned to a combination of CH2 twisting and bending
modes.12,36

A remarkable observation in Fig. 1�a� is the appearance of
the peaks due to the antisymmetric �r−� and symmetric �r+�
stretching modes of the terminal methyl group. The latter
peak is found in both the simulated and measured EG6C16

SAM spectra at 2877 cm−1. However, the r− modes of the
methyls in the simulated and measured spectra display re-
markably different signatures. For long chain alkythiolate
SAMs on gold �including SC16� they normally appear as a
single feature at around 2963 cm−1.37 In fact, this peak is a
superposition of two antisymmetric modes, a high frequency
in-plane component �ra

−� that dominates this peak, and an
out-of-plane component �rb

−�, which appears as a weak shoul-
der at room temperature. Interestingly, for EG6C16 appears a
well-resolved doublet, containing comparable contributions
of the ra

− and rb
− modes. A similar split of the methyl anti-

symmetric C–H peak along with a slight increase in the in-
tensity of the symmetric one has been reported for long-
chain alkylthiolate SAMs below 200 K.38,39 The observed
splitting of the methyl r− stretch at room temperature is,
however, unusual. This behavior, in general, has been attrib-
uted to a reduction of the rotational freedom of the terminal
methyl groups, and it is often regarded as an indication of a
highly crystalline phase in the SAM. We will discuss this
observation in more detail in subsequent section.

The general trend in the low frequency region �Fig. 1�b��
is that the spectrum of EG6C16 SAM exhibits much stronger
and sharper features as compared to the simulated one. The
region is dominated by sharp peaks at 1347, 1244, 1116 and
964 cm−1, corresponding to CH2 wagging, twisting, rocking
and skeletal stretching modes that are all characteristic for
helical OEGs. Recent RA spectra and calculations of EG6

SAMs28 suggest that the helical axis of the OEG is portion
aligned with a small tilt with respect to the surface normal.
For the EG6C16 SAM, all of these peaks are stronger than for
EG6 SAM �which mainly contributes to the simulated spec-
trum in this region, Fig. 1�b��, and the increase in intensity of
the strongest C–O stretching peak at 1116 cm−1 is particu-
larly prominent. To reveal the nature of the structural differ-
ences between the OEG portions of the EG6C16 and EG6

SAMs, let us first discuss the various contributions to the
appearance of this peak in more detail. The spectrum of the
EG6 SAM contains shoulders at around 1127 and 1150 cm−1.
Our previous studies indicate two possible origins of these
shoulders. The first one is that they originate from the skel-
etal modes with a transition dipole moment aligned perpen-

dicular to the helical axis of the OEG chain and that they
appear because of a nonzero tilt angle of the helical axis with
respect to the surface normal.12,28,36 The second possibility is
that other OEG phases coexist with the helical in the
SAM.20,22 Interestingly, these spectral components, in par-
ticular the one at 1127 cm−1, are remarkably reduced for the
EG6C16 SAM, and the main feature peaking at 1116 cm−1

appears symmetrical, except for a weak high frequency
shoulder at 1150 cm−1. Also, the relative intensity and the
shape of the 1116 cm−1 peak is comparable to that of analo-
gous isostructural SAMs of HS�EG6��CH2�mCH3 reported by
Vanderah and co-workers.16,20 They attributed the 1116 cm−1

peak to an assembly consisting of a single phase of highly
ordered helical OEGs. It is therefore reasonable to conclude
that these changes in the skeletal modes peak of the EG6C16

SAM, as compared to the EG6 SAM, are associated with,
first of all, an improved crystalline phase of the OEG in
terms of the improved helicity, and secondly to better align-
ment of OEG portion of the SAM along the surface normal.

Another distinctive fingerprint that can be found in the
low frequency region is that of the amide groups. The two
amide moieties along the chain of EG6C16 are expected to
stabilize the overall structure of the SAM by forming two
layers of lateral hydrogen bonds.23,24 The appearance of ori-
ented lateral hydrogen bonds between the amides can be de-
tected as frequency shifts and relative intensity changes of
the so-called amide I and amide II modes. Indeed, in the
spectrum of the EG6C16 SAM, the amide I peak �CvO
stretch� is nearly absent �likewise in the case of EG6�, and
only a broad, ill-defined, feature is seen at around
1656 cm−1. This observation strongly supports a preferential
orientation of the CvO groups parallel to the surface. At the
same time, the amide II peak of EG6C16 at 1552 cm−1 �a
combined C–N stretching and C–N–H bending mode� ap-
pears stronger by �70% as compared to the EG6 SAM. This
is consistent with two parallel layers of hydrogen bonded
amide moieties in the EG6C16 SAM. Ideally one would ex-
pect a 100% increase in the amide II peak intensity if exactly
the same structure of the hydrogen-bonded amides appears in
the upper and lower layers. Apparently, there is a slight dif-
ference in their orientation with respect to the surface nor-
mal. Nevertheless, the strong anisotropy of the two amide
peaks confirms the high degree of ordering in the EG6C16

assembly.
The last observation that is worth noting in the low fre-

quency region is the structure of the CH2 scissoring modes
peak. For the EG6 SAM, this peak appears as a broad feature
centered around 1466 cm−1 �Fig. 1�b��, and it contains con-
tributions both from the alkyl and OEG portions of the
SAM.40,24 However, the upper spectrum shown in Fig. 1�b�
reveals a sharp split of the scissoring peak into two major
components 1472 and 1464 cm−1. This is again similar to the
behavior of long chain alkylthiolate SAMs at low
temperatures,38 and correlates well to a highly ordered
structure.
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B. Blocking characteristics

Based on the suppression of faradic reactions, cyclic vol-
tammetry �CV� gives information on the blocking character-
istics of molecular films. This technique is also useful for
qualitative evaluation of the molecular ordering of a SAM.41

Thus, for the present EG6C16 monolayers, CV was used to
study the ordering and blocking properties, and for compari-
son with the analogous EG6 SAMs without the extra C15CH3

layer. The very low current density and the shape of voltam-
mogram b in Fig. 2 confirm that the EG6C16 thiols form well
ordered SAMs, and that they almost completely block fa-
radic reactions. At, for example, −0.3 V, the current density
is �−60 nA/cm2, which is about 20 times lower compared
to what we normally obtain for a SC16 SAM under the same
experimental conditions. The latter SAM is usually consid-
ered sufficiently thick and well organized to demonstrate
good blocking characteristics. The voltammogram for
EG6C16 recorded in only the supporting electrolyte is shown
in Fig. 2�a�. Except for the length of the molecules, the en-
hanced intermolecular interactions in combination with the
hydrophobic property of the external alkyl layer are two of
the main explanations for the excellent blocking properties
obtained with the EG6C16 SAMs.

Voltammogram �b� in Fig. 2 also demonstrates that the
low current still present for reduction of Fe�III��CN�6

3− starts
to increase close to the formal potential for the redox couple
�E���0.2 V vs Ag/AgCl�, which likely means that small
amounts of naked gold are exposed on the sample. The over-
all current density is, however, too low to originate from a
substantial number of ordering defects and/or pinholes in the
monolayer, or from accidentally formed defects at the O-ring
seal. The majority of the faradic reactions most likely take
place at gold exposed due to packing disorders at imperfec-
tions in the gold substrate.42 However, considering the length
of the molecules, i.e., �60 Å, even gold at grain boundaries
and step sites can be covered to a high extent. Although the
shape of the voltammograms obtained for the EG6 SAMs

�Fig. 2�c�� were basically the same as those from EG6C16, the
current density was found to be about four times larger.
Given the fact that the EG6 molecules are �20 Å shorter and
lack a second stabilizing amide layer, they do not cover gold
at grain boundaries and step sites to the same extent. The
outer layer of the EG6 SAMs is also more hydrophilic, which
facilitates penetration of redox species.

C. Self-assembly kinetics

Figure 3 represents the results from ex situ measurements
of the EG6C16 SAM adsorption kinetics using contact angle
goniometry and null ellipsometry. The advancing and reced-
ing contact angles �Fig. 3�a�� observed during the first
60 min display high hysteresis ��20–30° � suggesting that
the layers formed are inhomogeneous. A continuous increase
of the thickness �Fig. 3�b�� occurs in parallel with a constant
increase in the hydrophobicity of the SAM, and on going
from the 40th to the 60th minute, the hysteresis drops re-
markably. After this point, the SAM thickness changes mar-
ginally. However, some minor rearrangements of the outer-
most layers of the SAM are revealed by the contact angle
measurements obtained for this second phase. The advancing
contact angle increases by a few degrees and levels off at
112° during the next several days of adsorption, and the hys-
teresis continues to decrease to about 4°.

In order to relate the above observations to the structural
events in the EG6C16 SAM, we employed in parallel ex situ
IRAS measurements. Unfortunately, this approach was found
to be problematic because of significant batch-to-batch varia-
tions of the absolute peak intensities during the initial phase
of the adsorption process. For example, the peak intensity of
the 1116 cm−1 band measured after 5 min adsorption in one

FIG. 2. Cyclic voltammograms for the EG6C16 SAM �after 24 h adsorption�
in �a� only the supporting electrolyte �100 mM KNO3�, and �b� 1.0 mM
K3Fe�III��CN�6 �100 mM KNO3 as supporting electrolyte�. In �c� is the
voltammogram for a EG6 SAM in 1.0 mM K3Fe�III��CN�6 �100 mM KNO3

as supporting electrolyte�. The scan rate was 10 mV/s.

FIG. 3. Adsorption kinetics of the EG6C16 SAM from an ethanolic solution:
�a� advancing �filled symbols� and receding �open symbols� water contact
angles; �b� SAM thickness determined by ex situ null ellipsometry. The error
bars represent the standard deviation.
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batch could be higher than that after 20 minutes in the other.
This observation is perhaps not that surprising considering
the inherent conformational flexibility of the EG6C16 mol-
ecule. Thus, quantitative analysis of the adsorption kinetics
by IRAS would need a large number of experiments, which
is not absolutely necessary in this case, keeping in mind a
good reliability of the ellipsometric results. On the other
hand, the main time-dependent conformational and/or orien-
tation changes were always observed to occur in the same
sequence. Therefore, in Figs. 4�a� and 4�b�, we show the
evolution of the infrared RA spectra, which are obtained by
combining results from several measurement series, and they
can be used for a qualitative description of the critical events
occurring during the self-assembly of the EG6C16 molecules.

The C–H stretching region, Fig. 4�a�, confirms that a sig-
nificant amount of the molecules appear on the gold surface
already after 1 min, Fig. 4�a�. The two methylene stretches
d− and d+ appear at 2925 and 2855 cm−1, respectively, and
indicate the presence of disordered “liquid-like” alkyl
chains.43 Interestingly, a strong peak that normally does not
appear in spectra of alkanethiolate SAMs is found at
2907 cm−1. In previous studies by Yamamoto et al., this peak
was assigned to “softening” of methylene CH vibrations
upon direct interaction with a metal surface32,44,45 A compari-
son of the relative peak intensities in the CH region, Fig.
4�a�, with the above cited spectroscopic investigations of
long chain alkane films on gold suggests that the amount of
the material adsorbed during the first minutes corresponds to
a fraction of a monolayer of EG6C16 molecules with disor-
dered alkyl chains in a flat-on arrangement. The increasing
thickness of the adsorbed layer manifests itself by the in-
creasing d− and d+ peak intensities on going from
1 to 10 min. On going from 10 to 20 min, a pronounced
shift of the d− peak from 2925 to 2918 cm−1 is observed, a
consequence of an alkyl phase transition from a gauche rich
to all trans conformation. Moreover, the alkyl phase transi-
tion occurs in parallel with the formation of a helical OEG
�Fig. 4�b��. Subsequent spectral changes, i.e., the growth of
the helical C–O peak at 1116 cm−1 as well as the related

ones at 2891 cm−1 �Fig. 4�a��, 1464, 1347, 1244, 964 cm−1

�Fig. 4�b��, are associated with an increase in the amount of
the helical phase and alignment of the helical axes along the
surface normal. Note that a relatively high order is confirmed
already between 20 and 35 min of the adsorption. The d−

peak at 2918 cm−1 sharpens and the broad feature due to the
methyl r− vibrations splits into the two components during
this step. A clear saturation of the intensity growth at
1116 cm−1 is observed within the first 2 h, indicating that
most of the structural rearrangements of the OEG portion of
the SAM are completed �Fig. 4�c��. This is also seen as a
stabilization of the other helical peaks in the CH and finger-
print regions �Figs. 4�a� and 4�b��. For example, the inte-
grated intensity of the isolated helical peak at 1347 cm−1 is

FIG. 5. �a� Changes in integrated intensities of the peaks assigned to the EG6

wagging mode �open circles�, amide I �filled circles� and amide II �dia-
monds� modes. �b� Changes of alkyl d− frequency �filled triangles�.

FIG. 4. Ex situ infrared RA spectra showing the adsorption kinetics. Representative spectra in the CH stretching �a�, fingerprint �b� regions. Panel �c� shows
the skeletal COC region.
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plotted in Fig. 5 �open circles� to demonstrate this behavior.
The amide I and II bands also vary in relative intensity dur-
ing the assembly phase. As the helical structure and the ori-
entation of the OEG portion improves �Fig. 5, open circles�,
a simultaneous drop in the amide I intensity is noted �Fig. 5,
filled circles�. In parallel, the amide II peak �diamonds� gains
intensity. Also, the alkyl segments of the constituent mol-
ecules undergo a pronounced disorder to order transition
seen in the IR spectrum as a downward shift of the d− peak
from 2925 to 2918 cm−1. The alkyl phase ordering seems to
occur somewhat faster than the corresponding rearrange-
ments of the OEG and the amide portions. Taking together,
the above IRAS observations suggest that the main structural
rearrangements of the SAM are accomplished within 24 h of
the adsorption process, since the RA spectra recorded after
one day are virtually identical in terms of the finest spectral
details.

D. Thermal behavior

Temperature-programmed IRAS �TP-IRAS� is a powerful
method to explore the influence of various inter- and intra-
molecular interactions on the thermal stability and phase be-
havior of SAMs. We have employed this technique to verify
that the additional layers of amide bonds and alkyl chains
delay the temperature driven phase transitions of the “sealed”
OEG phase and, in a broader sense, how they contribute to
the overall stability of the EG6C16 SAM. Therefore, we com-
pare this system with two analogous SAMs, EG6 and EG12,
that have no extended alkyl chain. The EG6 SAM has been
extensively examined in our earlier studies.23,46 Moreover,
the assembly of the EG12 compound has been described in
previous work by Svedhem et al.30 Figure 6 shows the evo-
lution of the OEG peaks in the region of the skeletal COC
stretching modes with substrate temperature, between
�To ,Tf� °C. These peaks are most informative in terms of the
structural changes occurring during the phase transitions.
The results for the EG6 SAM, Fig. 6�c�, are taken from ear-
lier studies by Valiokas et al.23,46 For this SAM, a unique
phase transition was found to occur in the OEG portion of
the SAM at around 60 °C, which we interpreted as the tran-
sition from the dominating helix to all trans conformations.
In the COC region, this process can be observed as a gradual
decrease of the main peak component due to the helical crys-
talline phase at 1114 cm−1 upon stepwise heating, followed
by a relatively fast increase in intensity at 1144 cm−1 when
the temperature approaches the phase transition temperature
at �60 °C. This new peak reaches maximum intensity at
�75 °C and is related to the formation of all trans OEG
conformers in the SAM.23,46

A similar phase behavior is also found for the EG12 SAM,
Fig. 6�d�. The main COC stretching peak appears initially at
1120 cm−1. It is sharp and strong, a consequence of the for-
mation of a crystalline-like phase of helical EG12 tails. More-
over, peak integration in the COC region reveals that the
ratio IEG12/ IEG6 is about 1.8, an observation in satisfactory
agreement with a value of 2 which is the expected ratio be-
cause of the twofold increase in chain length. For this SAM,

the phase transition is shifted to higher temperatures and oc-
curs at 95 °C, and the intensity gain of a new peak formed at
1145 cm−1 levels off at �105 °C. The shape and position the
COC peak is similar to that observed in the RA spectrum for
the EG6 SAM at 75 °C and our previous experimental and

FIG. 6. Temperature-induced phase transitions of the OEG portions of the
SAMs under investigation, seen in the spectral region of the skeletal COC
modes �measured by TP-IRAS in ultrahigh vacuum�: �a� EG6C16 �To ,Tf�
= �20,140� °C; �b� EG6C16 �ToM ,TfM�= �145,180� °C; �c� EG6 �To ,Tf�
= �20,75� °C; and �d� EG12 �To ,Tf�= �20,105� °C. The temperature ramp-
ing was performed in steps of 5 °C. Panel �a� shows a transition from
helical to amorphous OEG on going from 20 to 140 °C, and panel �b� illus-
trates the subsequent melting and decomposition of the same SAM occur-
ring between 145 and 180 °C. Panel �c� �taken from the previous study by
Valiokas et al. �see Ref. 23�, and panel �d� show the helical to all trans phase
transitions on going from 20 to 75 °C and 20 to 105 °C, respectively.
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theoretical studies23,28 suggest that the all trans phase domi-
nates in the EG12 SAM at high temperatures.

Contrary to the OEG-terminated analogs, the helical crys-
talline OEG phase in the EG6C16 SAM turns, most likely,
into an amorphous-like state on going from 20 to 140 °C,
Fig. 6�a�. This is evidenced by an appearance of a broad peak
centered at 1138 cm−1, a feature that is known to indicate the
presence of the conformational disorder along the OEG
chain.23,24 On the other hand, even at 140 °C a shoulder is
observed at close to 1116 cm−1, and it suggests that some
helical conformers are still present in the SAM. The second
major difference in phase properties of EG6C16 and the other
two SAMs under investigation is that the helix to
amorphous-like phase transition occurs at a surprisingly high
temperature: it is completed at �140 °C. Above this tem-
perature, the intensity of the skeletal COC peak broadens and
decreases in intensity, Fig. 6�b�, indicating a gradual loss of
the orientation, an overall disordering of the SAM �a sort of
melting transition�, and ultimately decomposition and con-
comitant reduction of coverage.

To learn more about the correlation of the phase transi-
tions in the OEG and alkyl portions of the EG6C16 SAM, one
can follow the thermal evolution of the alkyl d− frequency
�Fig. 7�a��, the integrated intensities of the amide I �Fig.
7�b�� and wagging mode peak �Fig. 7�c��. The latter follows
the behavior of the helical peaks at 1244, 1116, and
964 cm−1, but it is taken here for convenience to compare the
stability of the OEG phase in the three different SAM
systems.23

Figure. 7�a� shows a plot of the alkyl d− frequency versus
substrate temperature for the EG6C16 SAM. A frequency
shift from 2918 to 2920 cm−1 is seen upon increasing the
substrate temperature to 125 °C and it corresponds to a
slight increase in the amount of gauche defects along the
alkyl chain. This moderate disordering can also be seen as a
gradual lowering of the d− and d+ peak intensities �data not
shown�, most probably, due to a gradual untilting of the alkyl
chains, as has been observed for linear long-chain
alkylthiolates.43 We always found a similar d− and d+ inten-
sity loss upon heating for the OEG-terminated alkylthiolate
SAMs, including EG6 and EG12. The second process that
occurs in parallel with the upward shift of the d− frequency is
the rapid transformation of the sharp r− doublet near
2960 cm−1 into a single broad peak dominated by the ra

−

mode �see Ref. 61�. The overall disordering effect is also
observed as the disappearance of the 1473 cm−1 component
of the methyl scissoring modes.

The number of defects in OEG portion is also expected to
increase upon raising the temperature to �125°. For ex-
ample, a lowering of the helical peak intensity �Fig. 7�c�� is
always seen in the RA spectra. We would like to stress, how-
ever, that the observed changes in the structure of the alkyl
and OEG portions do not seem to affect the network of the
lateral hydrogen bonds. The amide II peak, which is sensitive
to variations in the hydrogen bonding pattern, does not

change �see Ref. 61�, and the intensity of the amide I remains
close to zero �Fig. 7�b�� within the temperature range
20–125°.

An abrupt shift of the d− frequency starts at around 125°
�Fig. 7�a��. In parallel, we observe the onset of the intensity
gain of the alkyl C–H peaks �see Ref. 61�. This behavior of
the alkyl peaks can be interpreted as a loss of the orientation
of the polymethylene chains and an overall increase in dis-
order of the SAM.23,24,43 The loss of the OEG wagging peak
intensity also accelerates, and it is reduced to 50% of its
initial intensity at �130° �Fig. 7�c��. This point, i.e., at 50%
intensity loss, was in our previous study identified as the
helical-to-amorphous/all trans phase transition temperature.23

Note that the phase transitions for the EG6 and EG12 SAMs
occur at around 60 and 95°, respectively �Fig. 7�c��. Close to
the OEG phase transition temperature the structural rear-
rangements take place in the whole EG6C16 SAM. This is
evidenced, for example, by the amide I intensity increase

FIG. 7. Frequency shift of the alkyl d− mode �a� and changes of the normal-
ized integrated intensity of the amide I peak �b� from the same series of
TP-IRAS measurement on EG6C16 as shown in Fig. 5�a�. Panel �c� shows
temperature dependence of normalized integrated intensities of the peak
assigned to the wagging mode at 1349 cm−1 for EG6 �open diamonds�, EG12

�triangles� and EG6C16 �filled diamonds� SAMs. Based on this analysis, the
phase transition temperatures can be identified at 60, 95 and 135 °C,
respectively.
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�Fig. 7�b��, suggesting the loss of the orientation of the
CvO groups. Moreover, the rupture of the lateral hydrogen
bonding network is also confirmed by the frequency shift of
the amide II band �see Ref. 61�.

The increase in disordering of the EG6C16 SAM is pro-
gressing until the intensities of the amide I band �Fig. 7�b��
and those of the alkyl C–H peaks �not shown� reach their
maximal values at around 170 °C. Heating of the sample
beyond this point causes decomposition of the SAM as all
the spectral peaks start to loose intensities �see, for example,
the CvO peak, Fig. 7�b�, and the region of the OEG skel-
etal modes, Fig. 6�b��.

We have previously tested the reversibility of these
temperature-driven processes for different OEG-terminated
alkylthiolate SAMs.23 Cooling down of the sample from a
temperature just above the phase transition temperature back
to 20 °C revealed a nearly full recovery of the helical OEG
phase. Therefore, in the present study we also tested the re-
versibility for the EG6C16 SAM, by gradually heating the
sample to 140 °C and then cooling it down to 20 °C �see
Ref. 61�. After such a heating cycle no structural changes
were found in the alkyl portions of the SAM, as evidenced
by the infrared RA spectra. However, the OEG peaks re-
vealed irreversible changes, i.e., the OEG portion of the an-
nealed SAM consisted of a mixture of helical, all trans and
amorphous phases.

E. Microwetting of hydrogel-like SAM patterns

The structural order and dense packing of the terminal
alkyl chains of the EG6C16 compound and the conforma-
tional flexibility of the EGn tails23,47 turn them into attractive
candidates for microfabrication of surface patterns consisting
of alternating hydrophobic, hydrophilic and/or order-disorder
domains. Such micropatterns are interesting, for example, in
the field of supported lipid membranes48 and for the confine-
ment and subsequent analysis of complex protein architec-
tures or individual cells.7 For this purpose, EG6C16 was used
as a backfilling molecule to confine hydrogel-like domains

consisting of mixed SAMs of compounds EG1 and EG4 �mo-
lar ratio 1:1� microcontact printed on gold. We have previ-
ously shown that ordered hydrophilic micropatterns can be
obtained via microcontact printing OEG-terminated thiols
with hydrophilic �treated with oxygen plasma� PDMS
stamps.32 In this proof of principle experiment, however, hy-
drophobic �nontreated� stamps were used. Backfilling with
EG6C16 for several hours, after EGn printing, revealed a
sharp water condensation pattern on the gold surface, Fig. 8,
even when the feature �square� size was as small as 4
�4 �m2. The microscopic water droplets condensed exclu-
sively within the OEG-terminated domains, whereas the
EG6C16 SAM provided an efficient nonwetting background.
This observation is in agreement with the large difference in
advancing water contact angles measured for the EG6C16 and
mixed EG1 and EG4 SAMs assembled from solution, 112°
and 38°, respectively. Note that the created array elements
consist of hydrogel-like �disordered� OEG tails for the EG1

and EG4 compounds.

IV. DISCUSSION

The employed set of surface analytical techniques shows
that the investigated EG6C16 compound forms a highly or-
dered and stable SAM on gold. The unusually sharp features
in the CH and fingerprint regions of the RA spectra and the
improved thermal stability of this SAM are governed by fa-
vorable intra- and intermolecular interactions. However, an
exact account of their relative contributions to the ultimate
equilibrium structure of the EG6C16 SAM is beyond the
scope of the present study. Although IRAS provides crucial
information about the orientation and conformation of the
molecular constituents, we are still lacking information about
the positional order and island/domain formation. Such in-
formation requires extensive analyses with diffraction and
scanning probe techniques.

The multi-step kinetics involved in the EG6C16 SAM for-
mation is known from previous studies of long-chain alkyl-
thiolates on gold �reviewed by Schwartz49�, and our contact

FIG. 8. Schematic illustration of a hydrogel array composed of 4�4 �m2 spots generated via positive microcontact printing of a mixture of OEG-terminated
alkylthiols �EG1 and EG4� followed by backfilling with the EG6C16 molecule. The microwetting image is obtained with an Olympus BX60 microscope by
placing the sample on a Peltier element held at a temperature below the dew point �about 16 °C�. Note that the lateral dimensions of the space filling models
are not to scale.
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angle, ellipsometric and IRAS results clearly allow us to dis-
criminate between two major phases of the SAM formation
process. Our data also reveal certain differences in the self-
assembly mechanism as compared to that reported for
“simple” alkylthiolates �compounds without complex tail
groups�. The coverage and conformational order changes
continuously during the initial, relatively fast, phase. This
phase is virtually accomplished within �60 min a process
which is slower by one order of magnitude than that seen for
simple alkylthiolate SAMs prepared under similar
conditions.2 Further on, we observe a second, much slower
phase, which involves conformational and tail group rear-
rangements, while the overall SAM thickness and surface
coverage remain constant. Thus, in terms of the monolayer
growth the self-assembly kinetics of the EG6C16 SAM can be
regarded as one-step process that is followed by a much
slower rearrangement process leading to a highly oriented
and densely packed assembly. The equilibrium SAM struc-
ture, as revealed by IRAS, is reached within 24 h �Figs. 4
and 5�. Also cyclic voltammetry shows that the EG6C16 SAM
efficiently blocks the electrode reactions after 24 h, Fig. 2.
Only small changes in orientation are taking place upon in-
creasing the adsorption time, most likely, in the terminal por-
tion of the molecules as evidenced by slightly increasing
contact angles �hydrophobicity� and decreasing contact angle
hysteresis �Fig. 3�a��.

Despite of the structural complexity of the EG6C16 mol-
ecule, it does not follow the behavior reported for SAMs
generated from polymeric “PEG-like” thiol compounds.50,51

The adsorption kinetics for these PEG-like thiol compounds
deviated remarkably from a Langmuir model, and displayed
an extended period ��10 min� within which hardly no ad-
sorption appears to take place. Contrary, the formation of the
EG6C16 SAM is reminiscent of Langmuir kinetics, which
also was found to satisfactory describe the formation of
“simple” alkylthiolate SAM studied under similar experi-
mental conditions.52 Moreover, the correlation between the
onset of the increase in the advancing contact angle �Fig.
3�a�� and the appearance of helical OEG peaks in the RA
spectra �Fig. 4� cannot rule out the possibility that the layer
growth occurs via formation of islands containing EG6C16

molecules adopting the helical OEG conformation. There-
fore, a more detailed topographic analysis, similar to the
SPM study carried out by Rundqvist, Hoh, and Haviland,51

would be necessary to improve the understanding of the
mechanism�s� behind the EG6C16 SAM formation.

Based on our IRAS results, we also propose that the RA
spectra of the equilibrated EG6C16 SAMs, surprisingly
though, contain a number of features that, so far, have only
been observed for highly crystalline SAM of long chain
alkylthiolates on gold at low temperatures,38,39 or in highly
crystalline polymethylenes.53 In particular, we would like to
draw the attention to the splitting of the methyl C–H anti-
symmetric stretching and methylene scissoring peaks, a be-
havior, which in earlier studies has been attributed to the
formation of a bimolecular monoclinic phase, where the all
trans C–C backbone in neighboring alkyls is rotated 90° with

respect to one another.37,38,53 At higher temperatures is the
splitting masked by the rapidly increasing population of
gauche defects in the methylenes near the terminal methyl
group leading to a coalescence of the r− and r+ modes. Ap-
plying the same method of reasoning for our EG6C16 SAM
would mean that we are dealing with a virtually defect-free
crystalline phase of the terminal alkyl chains reminiscent of a
bimolecular monoclinic phase. Thus, the template of sup-
porting alkyls �SC15�, highly crystalline OEG helices and
aligned amide dipoles seems to facilitate the terminal alkyl
chains to accommodate a structure that is close to that found
in polymethylene crystals.53 On the other hand, a certain de-
gree of conformational flexibility in the OEG portion could
also help optimizing the interaction between the neighboring
alkyl tails. Such flexibility might in our case occur because
the terminal alkyls do not have to follow exactly the ��3
��3�R30° template defined by the sulfur atoms pinned to
the Au�111� substrate. The lateral hydrogen bonds could be
another important factor contributing to the formation of the
bimolecular monoclinic phase in the upper layer of the
alkyls. This way of reasoning is supported by the fact that
analogous SAMs16,20 composed of long-chain alkyls attached
to a thiol modified OEG tail �HS-OEG-alkyl�, displayed no
splitting of the methyl C–H antisymmetric stretching and
methylene scissoring peaks. It should be stressed, however,
that Vanderah et al.16,20 employed a slightly different strategy
to synthesize the compounds, where an ether group was used
instead of an amide group to link the OEG and alkyl portions
of the molecule.

The improvement of the thermal stability of the EG6C16

SAM compared to SAM of simple alkylthiolates and EGn :s,
is most likely due to favorable intermolecular interactions
occurring between preferentially aligned amides and densely
packed terminal alkyl chains. The importance of laterally
interacting amides on the thermal stability of SAMs was ad-
dressed in a recent study where TPD data from SAMs pre-
pared from a HS�CH2�18OH-thiol was compared with data
obtained for an equally long EG1 SAM �a compound where a
CH2 group is replaced by an amide group�.24 The present
study undoubtedly suggests that the EG6C16 SAM is far
more stable than long-chain alkylthiolate SAMs. For ex-
ample, the disordering process, seen as the onset of an abrupt
upward shift of the d− frequency, starts at 125 °C for the
EG6C16 SAM as compared to 77 °C in the case of the latter
system.43 Interestingly, in the above-cited study the critical
temperature was found to be independent of the alkyl chain
length and the type of the terminal group. In the case of the
EG6C16 SAM, the total van der Waals contribution of the
terminal C15CH3 chain can be estimated to fall in the range
96–108 kJ/mol.54,55 This interaction together with the lateral
hydrogen bonds formed by the second layer of amide groups
�20–25 kJ/mol,56,57 creates a substantial energy barrier that
has to be overcome during the phase transition. As a result,
the intermolecular interactions increase the phase transition
temperature for the OEG portion of the SAM roughly by a
factor of 2 as compared to the EG6 SAM, Fig. 7�c�.
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Finally, we demonstrate also herein a possible future ap-
plication of the EG6C16 SAM, where the terminal alkyls act
as barriers separating hydrogel-like domains generated by
microcontact printing using EGn compounds as ink. Previous
studies have shown that densely packed alkyl monolayers
can provide a support for self-assembled hybrid bilayers, a
model system that constitutes a platform for cell membrane
mimetics.48,58,59 Furthermore, the OEG-terminated hydrogel-
like domains, when functionalized with specific anchoring
groups, can be used to properly immobilize functionally ac-
tive proteins7,8,60 Also, the hydrophobic barriers are of high
importance in the fabrication of protein arrays via
piezodispensing.32 Our study suggests that the EG6C16

SAMs could be utilized as such hydrophobic barriers in the
fabrication of protein and lipid membrane arrays. The supe-
rior thermal stability of the SAM could be advantageous in
various micro- and nanofabrication processes of biochips,
e.g., UV photolithography, laser ablation, etc. Also, the ex-
cellent blocking characteristics measured under electrolyte
conditions indicated that the EG6C16 SAM is stable in aque-
ous environments. Moreover, interesting hydrophilic-
hydrophobic, ordered-disordered phases could be generated
and patterned by mixing EG6C16 with shorter compounds
such as EG6. Likely, such mixed SAMs would display more
complex behavior in terms of their interaction with water and
with biological molecules such as lipids.

Modern nanolithographic methods can be used to gener-
ate hydrophilic-hydrophobic arrays similar to the one shown
in Fig. 8 with element sizes at a scale of tens of nanometers.
Possibly, biomimetic cell membranes like liposomes and bi-
layers could be supported in these arrays by the nanoscopic
domains of the hydrophobic EG6C16 SAMs. Thus, the ability
of EG6C16 to form well-defined, robust and relatively thick
SAMs provides an attractive strategy for the surface micro-
and nanopatterning and for bioanalytical applications.
Specific applications of the EG6C16 SAMs will reported on
elsewhere.

V. CONCLUSIONS

We have investigated the self-assembly kinetics and con-
formation of highly ordered EG6C16SAMs on gold, an
extended-chain derivative of previously investigated OEG-
terminated alkylthiol compounds. Although the rate of ad-
sorption for EG6C16 compound is much slower than for long-
chain alkylthiolates, the kinetics is still best described by a
simple Langmuir model. Infrared RA spectra in the alkyl
stretching and bending regions of nearly equilibrated SAMs
display features that are reminiscent of a bimolecular mono-
clinic phase found for long-chain alkylthiolates at low tem-
peratures and for crystalline polymethylenes, and the OEG
portion of the SAMs is crystalline with the helical axis
aligned preferentially along surface normal. Also, cyclic vol-
tammetry of nearly equilibrated SAMs displays excellent
blocking characteristics. However, a fully equilibrated SAM
structure is achieved only after two weeks of adsorption. The

resulting SAM is 60 Å thick, it is highly hydrophobic �an
advancing water contact angle of 112°� and it displays low
contact angle hysteresis.

Further on, we also investigated the thermal stability of
the EG6C16 SAM by TP-IRAS in ultrahigh vacuum. The
EG6C16 SAM displays a significant delay of both the alkyl
chain disordering and OEG phase transitions as compared to
other alkylthiolate and OEG SAM systems. The irreversible
helical to amorphous transition of the OEG portion occurs at
a very high temperature, �135 °C. Note that the correspond-
ing helical to all trans transition in the EG6 SAM occurs at
�60 °C. Further heat treatment of the EG6C16 SAM above
135 °C leads to melting, decomposition and desorption of
the SAM building blocks.

Moreover, our study shows that microcontact printed hy-
drogels separated by protruding alkyl domains of EG6C16

provides new means to fine tune the physico-chemical prop-
erties of solid surfaces, e.g., for microarray applications.
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