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The spontaneous formation of highly ordered amphiphilic
monolayers on solid surfaces by adsorption from organic solu-
tions at the liquid—solid interface was first reported in the
seminal work of W. A. Zisman and co-workers in the mid-20t
century [1]. In that work, attention was focused on the remark-
able wetting properties of such monolayers, which were not
only hydrophobic, but also oleophobic, i.e., they are not wetted
by many organic oils, including the solutions from which they
were obtained. Several directions of basic study and applica-
tions were then pursued employing these oleophobic mono-
layers: Confinement of molecules of interest for surface exami-
nation, prevention of spreading of liquids, friction and wear
reduction, and surface passivation and protection.

Whereas the early study of such monolayers indeed attracted
considerable attention over the years, perhaps their greatest
impact was yet to come, in new directions of research that could
not have been foreseen at the time. These avenues exploit the
ability to finely tune a wide variety of surface properties, for
many diverse potential applications, through the combination of
molecular self-assembly, chemical design, and postassembly
surface manipulation by various chemical and physical tech-

niques. The term self-assembling monolayer was thus coined
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with reference to the planned layer-by-layer assembly of orga-
nized films thicker than a single monolayer [2]. These direc-
tions, which gained momentum in the 1980s and continue
strongly today, are forging new avenues of development. With
the advent of relatively recent technologies for small-scale
patterning, interest in self-assembled films has seen a surge of
activity throughout a wide range of areas ranging from biointer-
faces to data storage and devices.

This Thematic Series presents a small, but significant sampling
of these exciting areas of research. Thus, the functionality of
self-assembled films or of structures derived from them is
demonstrated, including mechanical, electrical, and catalytic
properties. Unique nanoscale structures are prepared employing
lithographic processes and the templating capabilities of the
films. Finally, the different characterization techniques
employed in these studies point to the unique challenges
involved in surface analysis at the nanoscale, and reveal the
fascinating properties of the various films and structures.

We hope that this Thematic Series will serve as an inspiration

for those wanting to learn about and become involved in the

field, and will help expand the horizons of those already
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engaged in its active research. We would like to thank the
Beilstein-Institut for the opportunity to present this Thematic
Series, and of course the contributors for their efforts and inge-
nuity in furthering the research and development of self-
assembly at solid surfaces into ever-expanding new areas of
scientific activity.

Sidney R. Cohen and Jacob Sagiv
Rehovot, December 2011
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This paper reports on the mechanical characterization of carbon nanomembranes (CNMs) with a thickness of 1 nm that are fabri-

cated by electron-induced crosslinking of aromatic self-assembled monolayers (SAMs). A novel type of in situ bulge test

employing an atomic force microscope (AFM) is utilized to investigate their mechanical properties. A series of biphenyl-based

molecules with different types of terminal and/or anchor groups were used to prepare the CNMs, such as 4'-[(3-
trimethoxysilyl)propoxy]-[1,1'-biphenyl]-4-carbonitrile (CBPS), 1,1'-biphenyl-4-thiol (BPT) and 4-nitro-1,1'-biphenyl-4-thiol
(NBPT). The elastic properties, viscoelastic behaviors and ultimate tensile strength of these biphenyl-based CNMs are investigated

and discussed.

Introduction

Ultrathin freestanding nanomembranes have recently attracted
much attention as promising materials in nanotechnology [1,2].
They can be made with molecular or atomic thickness and
macroscopic size, constituting two-dimensional (2-D) objects of
fundamental interest as well as being suitable for applications.
To this end, the mechanical stability is crucial for the fabrica-
tion of miniature yet highly sensitive nanodevices from free-
standing nanomembranes. A variety of approaches to fabricate
nanomembranes has been tested: Spin-assisted layer-by-layer

(LBL) assembly [3,4]; spin-coating of organic—inorganic hybrid

films with an interpenetrating network (IPN) structure [5,6];
cross-linking of ligand-stabilized nanoparticle assemblies at the
fluid interfaces [7,8]. Freestanding nanomembranes with thick-

nesses from 20 to 70 nm were achieved by these approaches.

Eck et al. reported the fabrication of carbon nanomembranes
(CNMs) with a thickness of 1 nm by electron-induced cross-
linking of aromatic self-assembled monolayers (SAMs) [9].
Freestanding CNMs were fabricated after the dissolution of the
substrate on which the SAMs were formed. A subsequent

826

O


http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:zhang@physik.uni-bielefeld.de
http://dx.doi.org/10.3762%2Fbjnano.2.92

transfer with the aid of a polymeric transfer medium allowed
the placement of CNMs onto arbitrary materials [10,11]. CNMs
have been utilized as supporting material in transmission elec-
tron microscopy (TEM), which thus allows higher-contrast
imaging of nanosized objects [11].

The mechanical properties of ultrathin nanomembranes are of
particular interest as they will determine their applicability as
filters, sensors or actuators. For some of the above-mentioned
nanomembranes, elastic properties and tensile strength have
been investigated by bulge tests [3-5]. Bulge testing is widely
used to characterize the mechanical properties of freestanding
films. The technique involves the clamping of a freestanding
membrane over an orifice and the application of an overpres-
sure to one side. The Young’s modulus and the prestress are
then calculated from the obtained pressure—deflection relation-
ship. The deflection is usually monitored with an optical micro-
scope, either by viewing the membrane from the side [12] or by
using a laser interferometer [13]. Both methods have a resolu-
tion in the range of hundreds of nanometers. Atomic force
microscopy (AFM) has also been used for indentation studies
on soft [14] as well as stiff [15] membranes. In addition, it was
recently reported that the curvature of a bulged membrane was
determined by AFM, while its deflection was measured with a

(a)
laser beam
AFM tip
nanomembrane Si wafer
PDMS
J nitrogen to sensor rL
(c)
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laser sensor [16]. An optical detection of CNMs is not feasible
due to their thickness of only 1 nm. However, it is straightfor-
ward to perform a complete bulge test with an AFM deflection
measurement and thus to improve the resolution such that bulge
testing becomes practicable for the investigation of ultrathin
CNMs [10].

Here we report the mechanical characterization of one-
nanometer-thick freestanding CNMs by means of bulge testing
in an AFM. The AFM is used to measure the deflection of the
membrane center, either by scanning a bulged membrane (the
line-scanning method), or by approaching the center of the
membrane and measuring the corresponding deflection (the
central-point method). These techniques can be used to deter-
mine Young’s modulus and the prestress. They also allow us to
investigate the viscoelastic behavior and thus generate insights
into the mechanics of CNMs.

Results and Discussion

Figure 1a shows a schematic diagram of bulge test in an atomic
force microscope. Loading of the membrane is achieved by
applying a nitrogen gas pressure to the membrane. The pres-
sure difference between the top and the bottom of the
membrane is read by a pressure sensor, and the resulting deflec-

(b)

P=1750Pa

Figure 1: (a) Schematic diagram of a bulge test in AFM; (b) Schematic of a biphenylthiol CNM on a window-structured Si substrate, which is
suspended over an orifice; (¢) AFM image of a nonpressurized CNM in contact mode and the line profile with a downward deformation of 200 nm;
(d) AFM image of the same membrane with an applied pressure of 750 Pa and a line profile with an upward deflection of 1.7 um.
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tion at the center of the membrane is recorded by an AFM tip.
Figure 1b shows the scheme of a CNM that is suspended over
an orifice. The high mechanical stability of CNMs allows both
tapping and contact-mode scanning. Figure 1c shows a topo-
graphic contact-mode AFM image of a nonpressurized CNM,
which was prepared on a rectangular opening in a silicon sub-
strate by using the procedure described previously [9]. The
CNM was formed from a self-assembled monolayer of 4'-[(3-
trimethoxysilyl)propoxy]-[1,1'-biphenyl]-4-carbonitrile (CBPS)
on silicon nitride membranes, which was cross-linked with a
dose of 60 mC-cm™2 electrons. A downward step height of
~200 nm was observed due to the point load of the tip. This step
height increases with the force applied by the tip. Figure 1d
shows the same membrane with an applied pressure of ~750 Pa.
An upward deflection of 1.7 pm was measured at the center of
the membrane. Comparable images were retrieved from
biphenylthiol CNMs, which were prepared by transferring the
cross-linked SAMs onto window-structured silicon samples
[10]. Note that the interfacial adhesion between the CNM and
the substrate is mainly due to van-der-Waals contributions.
Especially in the case of biphenylthiol CNMs, chemical bonds
between the CNM and silicon are unlikely, as intermolecular
disulfide bonds form immediately after the cleavage of the
thiol-CNM from its original gold substrate. Because flexible
CNMs may even conform to surfaces with a nanoscale rough-
ness, the adhesion energy is enhanced due to an increased
contact area. Apparently, this adhesion enhancement is suffi-
ciently high to avoid delamination of CNMs from the silicon
during gas-pressure loading, as shown by AFM images, e.g.,
Figure 1c,d.

The deflection of a membrane at the center is accessible from
topographic AFM images such as in Figure 1c,d. However, this
method of data retrieval is very time-consuming. In an earlier
report [10] we restricted ourselves to recording line scans at the
center of a membrane instead of recording full images for each
applied pressure. A further development is presented in this
work: The central-point method. In this method the AFM tip is
brought into contact with the membrane at a preset force, only
at the central point of the membrane. The main advantage of
this method in comparison to scanning full lines is not in the
saving of time but in the substantially reduced probability of
membrane rupture events during data acquisition.

The measured deflection at the central point of a bulged
membrane hy, is determined from the change of the AFM height
signal due to pressurization of the membrane, as schematically
shown in Figure 2a. Note that the position of the silicon frame
changes when the applied pressure is varied. Therefore the
AFM height signal is always measured with respect to the
silicon frame. For this purpose, the AFM tip was used to probe

Beilstein J. Nanotechnol. 2011, 2, 826—-833.

the silicon frame near the membrane for each applied pressure.
To demonstrate the feasibility of this “central-point method”,
Figure 2b shows a comparison of the line-scanning method and
the central-point method. It can clearly be seen that both deflec-

tion measurements are in very good agreement.
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Figure 2: (a) Schematic of the central-point method in the bulge test;
(b) Comparison of the line-scanning and the central-point method in
the bulge test.

In the central-point method, the measurements are performed
with a certain tip force, which is kept constant during the
recording of a pressure—deflection curve. This force corre-
sponds to an indentation depth Jy, which appears as a step
height in topographic AFM images of nonpressurized
membranes. The indentation depth & of pressurized membranes
was evaluated in order to correct the measured deflection, as
described previously [10]. In this system, the tension of the
CNM is assumed to be the main contribution balancing the
AFM tip force. The force contributed by the bending stiffness
and the adhesion between the tip and the membrane was
neglected. For a pressurized membrane, the indentation depth 6
decreases with increasing pressure. The change of the indenta-
tion depth Ad is given by [10]

AS=5-8) =8, —2 -5,
60+G
_ ) M
5y —— 0 5
Toil E AT
073 (1-v) 42
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where 9 is the step height in topographic AFM images of the
nonpressurized membrane, E is the Young’s modulus, o is the
residual stress, v is the Poisson’s ratio and 2a is the length of the
short edge of the membrane. The corrected deflection # is then
given by

h=hy, +Ad )

Note that Ad is negative, i.e., the corrected deflection is always
smaller than the measured value 4,,. This correction scheme
typically results in an increase in the Young’s modulus and a
decrease in the residual stress by approximately 5%.

Elasticity

In a bulge test, the elastic response is derived from the relation-
ship between the loading pressure p and the resulting deflection
at the center of the membrane 4. Three successive loading and
unloading test cycles were applied to a CNM with a maximum
strain of ~0.66%, as shown in Figure 3a. For such deformations
the membrane displays elastic behavior with a very small
hysteresis of less than 5%. The relationship between pressure
and deflection was derived by Vlassak and Nix [17], and an
analytical formula for square and rectangular membranes is

given by

3
——h 3)

where the applied pressure p is a function of the corrected
deflection at the center of the membrane 4. The membrane sizes
were measured in a scanning electron microscope (SEM). The
constants c¢i and ¢, were taken from the literature [17]. The
Young’s modulus £ and the residual stress 6 are accessible by
fitting the above equation to the measured data.

Three different biphenyl molecules were used to fabricate
CNMs. SAMs of 4'-[(3-trimethoxysilyl)propoxy]-[1,1'-
biphenyl]-4-carbonitrile (CBPS) were formed on silicon nitride,
SAMs of 4'-nitro-1,1'-biphenyl-4-thiol (NBPT) and 1,1'-
biphenyl-4-thiol (BPT) on gold surfaces. The thickness of the
respective SAMs was determined by X-ray photoelectron spec-
troscopy (XPS) to be ~1.6 nm for CBPS SAMs, which was
larger than that of NBPT SAMs (~1.2 nm) and BPT SAMs
(~0.9 nm) [9,18,19]. As cross-linking occurs between the phe-
nyl rings, a comparable thickness is expected for the corres-
ponding CNMs. The CNM can be modeled as a composite layer
with ~1 nm thick part containing cross-linked biphenyl rings
and other parts containing merely hydrocarbon chains with no
contribution to the elasticity. Therefore the mechanical prop-
erties of all CNMs were evaluated by taking the same thickness

Beilstein J. Nanotechnol. 2011, 2, 826—-833.
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Figure 3: (a) Pressure—deflection relationship of an NBPT CNM with
three successive loading and unloading cycles, and the corresponding
elasticity fitting curve; (b) Young’s modulus for CBPS, NBPT and BPT
CNMs as a function of electron irradiation doses.

of 1 nm. Figure 3b shows the evolution of the CNM elasticity
during the cross-linking process, i.e., a plot of Young’s modulus
of CNMs as a function of electron doses. Below 20 mC-cm™2,
only a few intact membranes are built, indicating that the
number of cross-links in aromatic SAMs is too small to allow a
reliable formation of freely suspended CNMs. For electron

doses between 30 mC-em 2 and 50 mC-cm 2

, more cross-links
are formed and the mechanical stiffness is consequently
enhanced, which facilitates the formation of freestanding
CNMs. With further exposure, the Young’s moduli remained
constant, even when the membrane was exposed to much higher
doses, up to 80 mC-cm 2 (cf. Figure 3b). This behavior is in
accordance with an earlier study on the thermal stability of
CNMs, which indicated almost complete cross-linking at an
electron dose of ~45 mC-cm™2 [20]. Fully cross-linked BPT and

NBPT CNMs that were made on a gold substrate had a Young’s
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Table 1: Residual stress and strain of CNMs with different electron doses.

electron dose

BPT CNMs
NBPT CNMs
CBPS CNMs

30 mC-cm™2

71 MPa (1.2%)

40 mC-cm™2

75 MPa (1.6%)
59 MPa (0.91%)
57 MPa (1.1%)

50 mC-cm~2

75 MPa (1.2%)
87 MPa (0.87%)
53 MPa (0.5%)

60 mC-cm~2

95 MPa (1.2%)
124 MPa (1.35%)
44 MPa (0.4%)

Beilstein J. Nanotechnol. 2011, 2, 826—-833.

70 mC-cm~2

46 MPa (0.64%)
72 MPa (0.73%)
57 MPa (0.5%)

80 mC-cm™2

51 MPa (0.67%)
108 MPa (1.1%)

modulus of 6—8 GPa and 8-10 GPa, respectively. CBPS CNMs
that were formed from a SAM on silicon nitride showed a
similar elastic behavior with a Young’s modulus of 10-12 GPa.
Note that CBPS SAMs are distinct from BPT and NBPT SAMs
not only in the substrate, but also in the head group. Further-
more, CBPS CNMs were fabricated by direct dissolution of a
30 nm thick silicon nitride membrane without a transfer
process. Conversely, for the fabrication of BPT and NBPT
CNMs, it is necessary to transfer the CNM from a flat gold
surface onto a silicon window. It was reported earlier that the
degradation of alkanethiolate SAMs due to electrons is strongly
dependent on the electrical conductivity of the substrate [21];
however, we observed the same dose dependence for both types
of biphenyl-based CNMs, indicating that the conductivity of the
substrate is less important. From the above, we can conclude
that the elastic properties of the CNMs are mainly determined
by the cross-linked aromatic units, and are independent of the

type of substrate, head group or the transfer process.

Residual stresses of the CNMs were tensile in nature and varied
from 40 to 120 MPa, and the residual strains varied from 0.4 to
1.6%. There was no obvious dependence on the electron dose,
cf. Table 1. For CNMs, the stress is likely to be introduced
during the cross-linking, as new covalent bonds are created.
Obviously, the strain release is precluded due to the adhesion of
the CNMs to the substrate or the polymeric transfer medium.

Viscoelasticity

Macroscopic viscoelasticity and local viscoelastic properties of
soft materials have been intensively studied, for example in
polymer networks or in nuclei of biological cells [22,23].
Gaining new insights into the viscoelastic behavior of one-
nanometer-thick membranes requires a method with sufficient
sensitivity as to determine the time-dependent deformation
under a constant load. With the bulge-test setup we can perform
quantitative measurements at room temperature. Figure 4a
shows stress—strain curves from loading—unloading measure-
ment cycles, with successively increasing maximum strain
values of ~0.65%, ~1.2% and ~1.7%. The hysteresis loop
becomes more and more pronounced with the increase in the
maximum tensile strain of each cycle. Hysteresis is one major

characteristic of viscoelasticity and is associated with the

energy that is dissipated as heat in the loading cycles. The
specific damping capacity is thus calculated based on the ratio
of energy dissipated to energy stored, and the corresponding
values are ~3.1%, ~9.8% and ~17.6%, respectively.
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Figure 4: (a) Stress—strain relationship of three loading—unloading
measurements on a NBPT CNM with different maximum strains at
~0.65%, ~1.2% and ~1.7%; (b) Strain exhibits a nonlinear increase at
a stress of 304 + 15 MPa, indicating a tensile-creep behavior.

When a CNM was loaded at a lower stress (~163 MPa), the
deflection remained constant over time. However, when it was
loaded at a higher stress (304 = 15 MPa) the deformation exhib-
ited a nonlinear increase, and thus this indicates tensile creep, as
shown in Figure 4b. Note that delamination of CNMs would
lead to a steplike increased deflection, but here we observed a
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continuous increase, indicating a strong adhesion between the
CNM and the silicon. The applied strain at which creep defor-
mation starts for CNMs is in the range of 0.8—1.2%. Strain rates
as low as 1078 s7! can be measured with the employed AFM
setup. At the beginning of loading, a linear relationship between
strain and time was observed, as shown in the inset of
Figure 5a. Initial creep rates were thus derived from the slopes
of linear curve fits, and they increased with increasing tensile
strain. As plotted in Figure 5a, initial creep rates are in the range
of 1070 s™L. This is in contrast to some polymers whose creep
rate can span several orders of magnitude under different stress
levels [24]. CNMs possess rather stable initial creep rates, indi-
cating higher resistance against the creep deformation.

(a)
6 T T T i
-54.75 *
—~ 5r¢ T 1
‘v L8470
o 4l 335 MPa
o S L] .
= [84%50 36 912 .
o 3f time (min) -
=)
s -
o 2f 220£MPa -
[}
[}
s 1+ + % * 4
ot n / i
0 1 2 3 4
tensile strain (%)
(b)
2.6 T T N T T T T T
B 1st creep test 1800
@ 2nd creep test
A 3rd creep test
=251 y -
g- - 4 . H 600
8 =]
524 400 @
(7]
g £
ko] (2]
23 200
2.2 T T T T T T T T 0
0 5 10 15 20 25 30 35
time (min)

Figure 5: (a) Creep rate as a function of tensile strain; creep deforma-
tion can be only observed above a certain strain, e.g., ~1%. Inset: The
deformation at the beginning of creep has a linear characteristic. (b)
Three creep deformations were recorded at room temperature, the
second test was performed 200 min after the first unloading, and the
third test was performed 160 min after the second unloading.

In order to understand its reversibility, we also employed
several creep tests on a CNM and examined its recovery from

previous creep deformations. Three creep tests with the same

Beilstein J. Nanotechnol. 2011, 2, 826—-833.

initial stress of 260 MPa were presented in Figure 5b, with the
second and third creep tests carried out 200 and 160 min after
the previous test, respectively. The measurements show an
almost complete recovery after each test cycle. The creep
behavior is a manifestation of molecular rearrangements in
CNMs around defects and molecular domains, caused by stress-
dependent thermal activation, and which partially recover in the

absence of an external load.

Ultimate tensile strength

Finally, we determined the ultimate tensile strength of CNMs
by means of bulge tests. Rupture occurs usually at very high
pressures and the corresponding deflection cannot be directly
measured. The deflection is thus calculated from Equation 3.
The ultimate tensile stress o, of rectangular membranes is

presented as follows [13,17]:

22
3_ Epya” o

o =
2A-v) ¢

“)

where p, is the ultimate pressure at which the membrane
ruptures. All other quantities are the same as in Equation 3. To
minimize the deviation caused by different geometries of
CNMs, we only selected circular membranes for the rupture
tests. Equation 4 is valid for circular membranes as well [25]
but with a constant value for the ratio cy/c; = 1/24. Figure 6
shows the statistical histogram of tensile strength of nine NBPT
CNMs and 12 BPT CNMs. The tensile strength of NBPT
CNMs ranges from 440-720 MPa with a peak located at
~567 MPa. The tensile strength of BPT CNMs has a wider
distribution, with a dominating peak at ~475 MPa. These results
show that NBPT CNMs possess a higher mechanical stability
than BPT CNMs do, which may be caused by a higher
molecular packing density in NBPT CNMs. Compared to
other nanomembranes, such as IPN nanocomposite with
organic—inorganic networks, which exhibit a tensile strength of
105 MPa [5], the ultimate tensile strength of CNMs is 5-6 times
higher.

Conclusion

Freestanding CNMs with 1 nm thickness were prepared from
cross-linked biphenyl-based self-assembled monolayers. We
employed bulge testing in order to obtain the mechanical prop-
erties of these CNMs. The preparation of fully cross-linked
CNMs requires an electron dose of at least 50 mC-cm™2.
Viscoelastic behavior in CNMs was investigated quantitatively
and the results show that CNMs exhibit a high resistance
against creep deformation. It was demonstrated that CNMs
display a remarkable ultimate tensile strength. The molecular

thickness as well as the outstanding performance in the mechan-
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Figure 6: (a) Histogram of ultimate tensile strength of circular NBPT
CNMs, with a peak at ~567 MPa (Gaussian peak fitting); (b) Histogram
of ultimate tensile strength of circular BPT CNMs, with a peak at

~475 MPa.

ical stability enables CNMs to work in a variety of applications,
e.g., as ultrathin support films in electron microscopy, as filter
membranes or as highly sensitive and mechanically stable
miniature transducers.

Experimental

To prepare 4'-[(3-trimethoxysilyl)propoxy]-[1,1'-biphenyl]-4-
carbonitrile (CBPS) SAMs, we used 30 nm thick silicon nitride
membranes on window-structured silicon substrates (Silson
Ltd., UK). The membranes were cleaned with Piranha solution
(H»S04/H,70; in volume ratio of 3:1) for 20 min to remove
organic residues. Afterwards the membranes were immersed
into a ~10 mL solution of dry and degassed toluene with
10 mmol CBPS molecules for 120 h in a sealed flask under
nitrogen atmosphere. For the preparation of 1,1'-biphenyl-4-
thiol (BPT) self-assembled monolayers (SAMs) and 4'-nitro-
1,1'-biphenyl-4-thiol (NBPT) SAMs, we use a 300 nm poly-
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crystalline Au layer with (111) crystal planes epitaxially grown
on a mica substrate (Georg Albert Physical Vapor Deposition).
The substrate was cleaned with a UV/ozone cleaner (UVOH
150 LAB FHR), rinsed with ethanol and then blown dry under a
nitrogen stream. Afterwards the substrates were immersed into
a ~10 mmol solution of dry and degassed dimethylformamide
(DMF) with 10 mmol BPT or NBPT molecules for 72 h in a

sealed flask under nitrogen atmosphere.

Cross-linking was achieved in high vacuum (<5 x 10~% mbar)
with an electron flood gun at an electron energy of 100 ¢V and
a current of 3 mA. Freestanding CBPS CNMs were obtained by
dissolving the Si;N4 membranes on a window-structured silicon
substrate (Silson Ltd., UK) in hydrofluoric acid (HF, ~48%).
For BPT and NBPT CNMs, the samples were spin-coated with
a layer of poly(methyl methacrylate) (PMMA) for stabilization
and baked on a hotplate. The sample was immersed into HF
(~48%) for 20 min to weaken the adhesion between the gold
and the mica. The separation of the PMMA/CNM/Au layer
from the mica was achieved by careful dipping of the sample
into water. Subsequently, the Au layer was completely etched
by a gold etchant (5 wt % I, and 10 wt % KI in water). After-
wards, the CNM/PMMA layer was transferred to a silicon sub-
strate with window-structured openings (Silson Ltd., UK),
which was followed by dissolution of the PMMA in acetone
and drying with a critical-point dryer (Autosamdri-815B,
Tousimis, USA) to yield clean and suspended CNMs.

The mechanical characterization was carried out by means of
bulge testing in an AFM (NTEGRA, NT-MDT, Russia). The
pressure cell was made from a hollow steel cylinder with two
side openings for applying and measuring the gas pressure, and
one circular opening at the topside, which was sealed by the
membrane. In order to establish a gas-tight connection between
the membrane and the pressure cell, a layer of polydimethyl-
siloxane (PDMS) with a thickness of 2 mm was prepared on top
of the pressure cell. The deflection at the center of the
membrane was recorded by scanning the membrane with AFM

in the contact mode.

In the central-point method, the AFM tip was positioned on the
membrane’s center to detect the deflection of the membrane.
The center was determined by measuring the position of the
four edges by AFM. To this end, the tip was approached several
times near an edge. The difference in the AFM height signal
upon contacting the silicon frame or the freestanding CNM is
casily distinguished. For each applied pressure, the AFM height
signal at the center of the membrane as well as at three points
on the silicon frame was measured. The measurements on the
silicon were taken in order to correct any movement of the

silicon frame, i.e., any change in the height position or tilt.
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Abstract

The potential for manipulation and control inherent in molecule-based motors holds great scientific and technological promise.
Molecules containing the azobenzene group have been heavily studied in this context. While the effects of the cis—trans isomeriza-
tion of the azo group in such molecules have been examined macroscopically by a number of techniques, modulations of the elastic
modulus upon isomerization in self-assembled films were not yet measured directly. Here, we examine the mechanical response
upon optical switching of bis[(1,1'-biphenyl)-4-yl]diazene organized in a self-assembled film on Au islands, using atomic force
microscopy. Analysis of higher harmonics by means of a torsional harmonic cantilever allowed real-time extraction of mechanical
data. Quantitative analysis of elastic modulus maps obtained simultaneously with topographic images show that the modulus of the
cis-form is approximately twice that of the trans-isomer. Quantum mechanical and molecular dynamics studies show good agree-
ment with this experimental result, and indicate that the stiffer response in the cis-form comprises contributions both from the indi-

vidual molecular bonds and from intermolecular interactions in the film. These results demonstrate the power and insights gained
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from cutting-edge AFM technologies, and advanced computational methods.
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Introduction

Molecule-based motors have great appeal due to their address-
ability, small size, and the possibility to incorporate them into
unique structures. Molecules containing the azobenzene func-
tionality are good candidates for converting light into mechan-
ical work through a facile cis<>trans isomerization that is
controlled by UV and visible light. The forces involved in this
transition have been characterized by a number of techniques.
For instance, changes in the stiffness of azobenzene-containing
films were monitored by nanoindentation [1], by quartz-crystal
resonator [2], and by electromechanical spectroscopy [3]. The
force exerted per molecule during extension from cis to trans
was extracted from cargo-lifting experiments on a macroscopic
Hg droplet [4]. The mechanical response monitored in these
works and others like them essentially measures a bulk
response, which is governed by several effects including the
stiffness of the molecular bond itself, as well as steric effects,
electronic coupling, and film structure. Single-molecule force
microscopy was used to monitor the mechanical and structural
changes in the cis«>trans transition of individual azo-containing
polymer molecules [5,6]. These elegant measurements were
simulated by molecular dynamics [7]. It was shown that the
mechanical response arises only partly from the azo moiety, and
includes contributions from other constituents of the polymer
chain.

The ability of azo-containing molecules to self-assemble into
monomolecular layers (self-assembled monolayers, SAMs)
provides an additional nanometer-scale mechanical system,
combining the advantages of single-molecule properties with
the coherence and template capabilities of macroscopic struc-
tures. These films enable such applications as sensors, and
molecular-level mechanical manipulators. As an example,
macroscopic transport at the solid—liquid interface was driven
by modifying the solid-liquid surface tension at a droplet front
by using a molecular switch based on a SAM of rotaxane [8].
Central to the function of such systems are changes in the inter-
and intramolecular forces accompanying the transitions. In par-
ticular, by virtue of packing into a self-assembled film, steric
constraints on the cis<>trans conversion, which do not exist in
the isolated molecule or bulk disordered films, could dominate
the switching [9,10]. Strictly, this steric hindrance requires
close packing, thus some slight disorder in the film could be an
enabling condition for the isomerization [11]. Molecular
packing also governs the excitonic coupling between chro-
mophores, which can strongly influence the conversion effi-
ciency [12]. A variety of methods to monitor the cis<>trans
switching have been demonstrated for SAMs. These include
mechanical testing, as mentioned above, as well as changes in
the local surface potential [13,14], UV—vis spectroscopy [10],
wettability [15], and direct molecular-resolution imaging by
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scanning tunneling microscopy [10]. These methods vary in
their ability to resolve the pattern of switching. For instance
molecularly resolved images identified concerted switching in a
small monolayer domain. And whereas concerted switching in
such small domains may provide a path to overcome steric
constraints, the fine mechanics of the cis<>trans conversion in
SAMs of azobenzene-containing molecules is still not well

understood.

The elastic modulus is a fundamental property based on micro-
scopic properties of the system. As such, it provides a good
metric for the isomerization, and is amenable to theoretical
computation. Here, we report results of an atomic force
microscopy (AFM) and atomistic computational study of
the change in local stiffness, as induced by the optical
cis<>trans conversion in a SAM of 4'-{[(1,1'-biphenyl)-4-
yl]diazenyl}-(1,1'-biphenyl)-4-thiol (thio-2-DA). The experi-
mental variation in stiffness shows quantitative agreement with
the calculated values.

Results and Discussion

Experimental measurements

Measurement of the mechanical properties of monolayer films
represents a technological challenge. Nanoindentation is appro-
priate for direct determination of local stiffness since the
measurement is direct and, to first order, model-independent: A
local deformation is induced and detected while a calibrated
force is applied. Converting the stiffness thus measured to
elastic modulus does, however, require a suitable model for the
interaction. In this work the Derjaguin—Miiller—Toporov (DMT)
model was applied, which is appropriate for organic monolayer
systems [16]. Another consideration for nanoindentation
measurements is the substrate effect. "Buckle's rule" maintains
that in order to gain information on the film only, and not the
substrate, the depth of penetration into the film must not exceed
10% of the total film thickness. However, this range can be
significantly extended in the case of sharp AFM tips [17], and,
for soft films on hard substrates, as much as half of the film
thickness can be penetrated without experiencing appreciable
substrate effects [18]. In any case, film deformation must be
kept to a minimum and reliable referencing to the substrate
must be made.

The method applied here is time-resolved tapping force
imaging, in which force—deformation curves are reconstructed
from the amplitudes of the higher harmonics of oscillation of
the flexural mode of the cantilever, spring-coupled to the
torsional mode [19]. The latter mode is excited by using a
special probe with the tip positioned off of the long axis. Since

the force curves are generated simultaneously with the topo-
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Figure 1: (a) Topography (color bar: 0-70 nm), (b) phase (color bar:
0-15 degrees), (c) error signal (scale indicated in profile), and (d)
modulus (scale indicated in profile) of bare Au islands on glass. Cross
sections are taken at the same scan line for the error and modulus
signals and the triangles demark regions of zero error signal where the
modulus measurement is valid (see text). Here, the modulus of the Au
islands is the same as that of the glass substrate.

graphic scan, each pixel contains both topographic and mechan-
ical information. Although in principle this method can give
absolute modulus values, switching between samples can
change probe alignment and hence calibration factors. For this
reason, our samples contained an internal standard: The films
were formed on Au islands with diameters of several tens of
nanometers and a height of 50 nm on a glass substrate. The
thio-2-DA molecules bind only to the gold, such that each scan
line contains regions of hard surface (glass) and soft surface
(SAM/Au). Figures 1-3 show how this concept is used to
generate data. For each horizontal scan line, both the glass sub-
strate and the gold island are sampled. For purposes of this
measurement, Au and glass are considered equally stiff since
the modulus signal saturates at about 5 GPa due to the limits of
the cantilever spring constant and the signal sensitivities. The
glass surface then serves as an in situ reference to which the
film modulus can be compared. Scanning these samples before
depositing the SAM gave no modulus contrast between glass
and the Au islands, as seen in Figure 1.

Figure 2 shows a measurement in which the Au islands are
coated with the SAMs. Images and cross sections show that the
film has a significantly lower modulus than the substrate. The
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100 200 100 200 300m

Figure 2: (a) Topography (color bar: 0-70 nm), (b) phase (color bar:
0-15 degrees), (c) error signal (scale indicated in profile), and (d)
modulus signal (scale indicated in profile) of SAM-coated Au islands
on glass. Data taken from as prepared samples (no irradiation), corres-
ponding to the trans configuration.

-2:)

100 200

Figure 3: (a) Topography (color bar: 0—15 nm), (b) phase (color bar:
0-20 degrees), (c) error signal (scale indicated in profile), and (d)
modulus signal (scale indicated in profile) of SAM-coated Au islands
on glass after 120 min of irradiation at 365 nm (see text).
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modulus is calculated simultaneously with the topography, from
the experimentally derived force curves as fit to the DMT equa-

tion

3F

\/@ (D

E*~

where E* is the reduced modulus, F the overall tip—surface
force including adhesion, R the tip radius and d the deformation
[20]. In principle, individual force curves at specific pixel loca-
tions can be stored and analyzed to deduce the local stiffness,
but by selecting and averaging entire areas corresponding to the
regions of zero error signal as described above, much better
statistics were obtained. The main constraint in this case is in
the choice of areas of the image where the data can be taken to
accurately represent stiffness. This requires monitoring of the
corresponding error signal, shown in Figures 1-3. The error
signal represents deviation of the modulated tip amplitude from
that which is chosen as the feedback setpoint. When this is
nonzero, the sample deformation can deviate strongly from the
required controlled value. Furthermore, the error signal devi-
ates from zero at the edges of the islands, where the contact area
is ill-defined such that R in Equation 1 does not provide a good
measure of the contact area (the model used here applies to a
sphere indenting on a smooth half-plane). For this reason, the
topography, error signal, and modulus images were compared to
find the proper areas for signal acquisition on the plateau of the
islands, with the additional check that the error signal should be
less than 0.1% of the total oscillation amplitude. In Figures 1-3
this error value was less than 1 mV out of a 300-500 mV signal.
Based on these considerations, the difference in the normalized
stiffness of the thio-2-DA SAMs as function of light exposure
was measured. Measurements were made on four different
samples, with several different tips. Several tens of gold islands
were included in the analysis, representing thousands of
force—distance curves. The results are displayed in the
histogram shown in Figure 4, and in Table 1. The results indi-
cate that the modulus of the cis-isomer is approximately twice
that of the energetically favored trans-isomer.

The illumination conditions were chosen by calibration based
on UV-vis spectra of the samples both as solutions and in
SAMs. The light sources as described in the methods section
were used to illuminate the samples. The thermal back reaction
(cis—trans) was previously verified as being slow in the SAM,
with a half-life of 41 min [10]. As prepared, the sample is
predominantly in the trans-state. By alternately irradiating first
at 365 nm and then at 450 nm, the system could be switched
between the two states, observed as a reversible transition in the

measured stiffness as seen in Figure 4.
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0.8
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after 365 nm
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after 450 nm
irradiation

as prepared

Figure 4: Histogram of the normalized modulus for different illumina-
tion conditions: As prepared, at 365 nm for trans—cis conversion and
450 nm for cis—trans conversion. The histograms represent collec-
tively analyzed areas of over 80,000 nm?2, which is the equivalent of
over 45,000 pixels of data. The Eg;js/Etrans modulus ratio is 1.8 with a
relative uncertainty of 20%.

Table 1: Mean values p, standard deviation o, relative error, and popu-
lations in the statistics for modulus values measured on the different
samples.

sample y (o} relative  total total
error area pixels
100-0/y  (nm?)

Au island 1.02 0.08 8 12760 6830

as prepared 042 0.14 33 32070 17160

365 nm 0.86 0.07 8 17830 9540

450 nm 0.048 0.07 15 24490 13100

Computational modeling

The investigation of the relative stiffness of the azobenzene
SAM at the molecular level was also approached by computa-
tional modeling. The problem was modeled within two different
schemes, one based on a quantum mechanical (QM) descrip-
tion of the single molecule, and the other on classical molecular
dynamics (MD) simulations of the SAM. In the QM approach,
the stiffness of the SAM is first related to a molecular quantity,
the weighted molecular force constant <k>, through a simple
model. Then, <k> is obtained by rigorous ab initio calculations
(details in Experimental section). The molecular deformations
(normal modes) that comprise the major contribution to <k> for
[(1,1'-biphenyl)-4-yl] [4'-sulfanyl-(1,1'-biphenyl)-4-yl]diazene
(2-DA) are shown in Figure 5 for both isomers. For the mole-
cule in the trans-configuration, it corresponds to a stretching of
the whole molecule along the principle axis. For the molecule in
the cis-conformation, the dominant normal mode comprises the
out-of-plane deformation of the phenyls. The QM model also
predicts that the relative cis/trans stiffness decreases in the
series of diphenyldiazene (1-DA) to bis[(1,1'-biphenyl)-4-
yl]diazene (2-DA) to bis[(1,1":4',1"-terphenyl)-4-yl]diazene
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Figure 5: Displacement vectors for the normal mode that dominates
the averaged force constant of (a) trans- and (b) cis-2-DA. The
wavenumber (¥), the force constant (k, in atomic units, 1 au =
1.56:10° dyn/cm), and the weight (w) of each mode within <k> are also
reported.

(3-DA), such that the calculated E;/E}, 4, ratios are 2.33, 1.79
and 1.64, respectively. Clearly, the cis-configuration is stiffer
than the trans for all the compounds studied.

The MD model chosen to mimic the SAM is shown in Figure 6
and is fully described in the Methods section. It uses an atom-
istic (although empirical) description of the molecules and of
their interactions in the SAM, and allows simulation of the
compression of the SAM by a nanoindenter. It includes an
annealed SAM surface fixed at the base by sulfur atoms, with
no explicit inclusion of the gold substrate characteristics. The
indenter is an incompressible Lennard—Jones sphere. Whereas
the QM model is focused on the single-molecule properties, the
MD simulation allows for steric interactions between neigh-
boring molecules.

Comparison of experiment with computation

As shown in Table 2, the results of the two theoretical
approaches are consistent with each other and agree reasonably
well with the experimental data. We have also performed test
simulations with a MD model that includes the Au surface
(described in the Experimental section); the results confirm
that the cis-isomer is stiffer than the frans-isomer also when the
surface is included, with a relative stiffness larger than 1 and
smaller than 2 for these preliminary calculations. In previous

MD simulations of SAMs on gold, it was also found
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Figure 6: (a) Arrangement of the fixed sulfur atoms in the MD model of
the SAM. The unit cell that has been periodically replicated to generate
the starting conformation of the SAM is also shown as a black
rectangle. It reproduces the periodicity of bright spots in the STM
images of [3]. Only the Au atoms of the first surface layer are shown.
(b) Snapshot from the MD simulation with the spherical probe (in
green) upon the thio-1-DA SAM.

Table 2: Comparison of experimental and two different calculated
values for the relative stiffness of the cis- and trans- configurations,

Ecis/Etrans-

quantum molecular experimental
mechanical® dynamics?
1.8 23+0.2 1.8+0.2

@Calculated for the 2-DA SAM corresponding to the experiments. The
value for 1-DA is 2.33. PCalculated for the thio-1-DA SAM. The uncer-
tainty is the standard deviation from the calculations.

that neglecting the substrate did not qualitatively affect the
results [21].

Previous work has generated some questions about the role of
steric hindrance in the cis<>¢rans conversion within a mono-
layer film [9,10]. If the film is close-packed, there is some evi-
dence that the conversion is restricted. The specific samples
here restrict the domain size to a maximum corresponding to the
area on top of the small gold islands, and probably to a much
smaller area due to the lack of order induced by the relatively
large number of molecules at boundary positions. The calcu-
lated values are confined to small systems due to considera-

tions of computational power, but nevertheless may well serve
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as a good model for the small domains present in the experi-
ment. We have no way to measure directly the efficiency of
conversion for the island films. As a comparison, UV—vis spec-
troscopy performed on smooth, flat, semitransparent Au films,
with RMS roughness of 0.7 nm showed only 30% conversion
efficiency under similar illumination conditions. We propose
that a lower degree of order in SAMs on Au island films allow

higher conversion efficiency.

In addition to steric factors, electronic effects such as excitonic
and plasmonic coupling have been cited as factors that hinder
the switching process. The plasmon spectrum for the Au islands
used here peaks at 730 nm, such that any quenching due to the

365 nm irradiation should be a minor effect [22].

The similarity of results from the MD (where intermolecular
interactions play the dominant role) and QM (where only
single-molecule stiffness is considered) models indicates that
the individual molecular bonds and the intermolecular interac-
tions contribute in the same sense to the relative cis—trans film
stiffness. Therefore, it is likely that the higher stiffness of the
cis-configuration revealed here for partially disordered mole-
cules would hold also for a close-packed SAM of the same
molecule, a situation where intra- and intermolecular effects are
balanced differently. The QM model seems to be in better
agreement with the experiments than the MD one is. This is
almost certainly a coincidence, since both models include a
number of simplifying approximations. However, based on this
observation, one might deduce that for this case accurate
modeling of the atomistic properties is more appropriate than
inclusion of the overall complexity of the system concomitant
with simplifying approximations, contrary to the situation in

many cases.

Conclusion

Relative elastic moduli of the cis- and trans-isomers of an
azobenzene monolayer have been measured and calculated. The
modulus ratio of the cis- to trans-isomer is approximately 2.
Results from both the QM-based model (which relates the SAM
modulus to the resistance to deformation by individual mole-
cules only) and the MD-based model (which includes intermol-
ecular interactions) agree with this result. Therefore, the cis-
isomer is stiffer than the trans, both as a single molecule and
when part of a SAM. Analysis of the individual mode of defor-
mation of the molecule showed that for trans there is a predom-
inant normal mode to the stiffness, which corresponds to the
molecular stretching/compression along the long axis, which
distributes the stress over the entire molecule. For the cis-form,
the dominant mode represents a deformation sensitive to the
stiff steric interactions between the two arms of the azobenzene,

and is mainly confined to this local functionality of the mole-
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cule (the inner phenyl rings) rather than being delocalized as for
trans. This provides a microscopic rationale for the observation
that the cis dominant mode has a force constant larger than the
trans dominant mode, yielding an overall stiffer molecule.

Experimental

Experimental methods

Preparation of 4'-{[(1,1'-biphenyl)-4-yl]di-
azenyl}-(1,1'-biphenyl)-4-thiol (2, thio-2-DA)

Initial attempts to prepare monolayers directly from compound
1 as reported previously [23,24] were unsuccessful. Therefore, a
reduction was carried out as indicated in Figure 7, and outlined
below:

AcCl / MeOH

CH,Cl,

s~ SH

Figure 7: Compound 1 and compound 2 (2-DA-thiol), showing the
deprotection reaction yielding the molecule used to form the SAM.

Compound 1 (10.1 mg, 0.025 mmol) was suspended in a mix-
ture of deaerated dry CH,Cl, (3 mL) and deaerated dry MeOH
(2 mL) under nitrogen. The mixture was cooled in an ice—water
bath and acetyl chloride (1.4 mL) was added dropwise by a
syringe. After the addition was complete, the cooling bath was
removed and the mixture was sealed and stirred at room
temperature for 4 h. The solvents were then evaporated under
reduced pressure affording the thiol 2, thio-2-DA, which was
used without further purification; 'H NMR (CDCls3) & 3.5 (s,
-SH), 7.4 (d, 3H), 7.5 (t, 2H), 7.6 (d, 2H), 7.7-7.8 (m, 6H), 8.0
(m, 4H); ESI-MS (m/z): [M — 1]* 365.09.

Monolayer preparation

Gold substrate preparation: AFM images of the different
substrates are shown in Figure 8. Three types of gold substrates
were used. For basic characterization of the monolayers (ellip-
sometry, AFM topography, XPS), a 150 nm gold film was
prepared on Si by thermal evaporation. For UV—vis measure-
ments, a 20 nm thick Au film was evaporated onto a quartz

slide to allow sufficient transmission in the spectral region
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studied. For the nanomechanical measurements, Au islands on

glass substrates were prepared.

C

Figure 8: AFM images of (a) clean evaporated Au surface (500 x
500 nm? color bar 12 nm) and (b) surface coated with SAM (500 x
500 nm?2 color bar 12 nm); (c) Au islands on glass (1300 x 1300 nm?
typical island height 50 nm).

Au island preparation: 15 nm of Au was evaporated at a depo-
sition rate of 0.01 nm/s onto a clean glass slide. Au islands were
developed upon annealing in air at 550 °C for 10 h [22]. The
gold island sizes were in the range of 20—-150 nm in diameter.

Au film preparation: Electron beam deposition from a Au
target (99.99%) was performed with a deposition rate of 0.05
nm/s on top of 2 nm of Cr. The Cr serves as an adhesion layer
between the gold and the substrate (Si/quartz). Prior to evapor-
ation, the substrates were cleaned by piranha solution for 30
min, followed by copious rinsing with double distilled water
(DDW) followed by sonication in ethanol and drying with
nitrogen. Substrates for UV—vis analysis were prepared on
quartz, with a Au thickness of 20 nm; substrates for other

analyses were prepared on Si, with a Au thickness of 150 nm.

Preparation of monolayer films: All film preparation, as well
as characterization and irradiation experiments were performed
at room temperature, 23 + 1 °C. Before adsorption, substrates
were cleaned by a 20 min UV/ozone treatment followed by a 20
min immersion in ethanol. These cleaned Au substrates were
immersed in a <0.1 mM solution of thio-2-DA (compound 2 in
Figure 7) in degassed dimethylformamide (DMF) at room
temperature for 24 h. After adsorption, the samples were rinsed
with pure DMF and ethanol and blown dry with nitrogen. The
monolayer quality was verified by ellipsometry, X-ray photo-
electron spectroscopy, and AFM.
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Ellipsometry

Ellipsometric measurements were carried out with a variable-
angle spectroscopic ellipsometer WVASE32 (J.A. Woollam
Co.) with a xenon source and a 1 mm spot at an angle of inci-
dence ¢ = 70°. The film thickness was calculated by using a
Cauchy model for the organic layer. The clean gold substrate
was used as a reference. The thicknesses of the samples were in
the range of 2.00-2.35 nm, which includes the expected value
for the trans-SAMs.

X-ray photoelectron spectroscopy

XPS spectra were measured on an Axis-Ultra (Kratos,
Manchester, UK) system. The characteristic N-peak was clearly
seen. Attenuation of the Au signal indicated a film thickness of
approximately 2.6 nm. The extent of the coverage was esti-
mated to be close to 100%.

Irradiation parameters

The thio-2-DA molecules in solution were irradiated with UV
light (wavelength A = 365 nm; intensity / = 25 mW/cm?) for up
to 20 min. Irradiation of the molecules in solution gave quanti-
tative conversion within 15 min of irradiation (Figure 9).

The azobenzene SAMs were irradiated with UV light (A =
365 nm, / = 25 mW/cm?) for 2 h and with visible light (A =
450 nm, 7 = 5 mW/cm?) for 1 h.

1.2
— trans form

1.0 1 — cis form

0.8

0.6 -

04 -

absorption [arb. un.]

0.2

0.0 T ;
250 350 450 550

A [nm]

Figure 9: UV-vis spectra for thio-2-DA in chloroform solution after
exposure to 365 nm light (cis form) and 450 nm light (trans form). Arbi-
trary units indicated in abscissa, since air was used with reference
beam. See text for measurement conditions.

Scanning probe microscopy

AFM topographies were measured before and after SAM
adsorption to check the monolayer quality. Tapping mode AFM
measurements were carried out in air with a Multimode
Nanoscope V AFM (Veeco, Woodbury, NY). Integrated Si tips
(Olympus AC240, resonance frequency ca. 70 kHz) were used
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for these measurements. Images of the morphology of bare Au
and the azobenzene on Au on Si samples are shown in Figure 8.
Mechanical characterization was performed in the AFM by
using HarmoniX™ imaging (Bruker, Santa Barbara, CA USA).
The HarmoniX AFM technique allows the acquisition of quanti-
tative "images" of mechanical parameters (elastic modulus,
adhesion, dissipation) simultaneously with and at the rate of
acquisition of the tapping-mode image. This is done by analysis
of higher harmonics in the oscillating cantilever signal in order
to extract full force versus distance curves. A full description of
the technique can be found in the literature [19,25]. Since the
force curves and stiffness data are derived from the complex
probe behavior and require instrumental stability after the
necessary calibrations have been performed, the stiffness values
reported here are comparisons between different regions, as
sampled within a single scan line, which significantly reduces
the uncertainty. Preliminary experiments showed no mechan-
ical contrast within the films, except for some dispersed dots
that likely represent a contamination on the gold. These dots

had lower modulus and adhesion than the surrounding areas.

Computational methods

Quantum mechanical model

When an area 4 of the SAM is compressed by a force F'
(Figure 10), the SAM thickness changes by Al = [y — I, where [
is the initial equilibrium thickness and / the compressed thick-
ness. If the material is assumed to be homogeneous and
isotropic, its Young’s modulus E is given by

AN
We assume the molecules to behave as ideal (harmonic)
springs, homogeneously distributed on the surface. The SAM is
thus a collection of parallel springs aligned perpendicular to the
surface, each with an elastic (force) constant k. Under this
assumption:

F = NkAl 3

where N is the number of molecules that occupy the area 4 (we
assume that N is the same for cis- and trans-azo-SAMs). There-
fore:

E =Ko/ 4 )

where 4y = A/N is the area of gold surface that one single mole-
cule covers, and /; is obtained in our model as the projection of
the molecular length dj (calculated as the largest interatomic
distance between sulfur atom and an hydrogen atom) on the
normal direction n with respect to the gold surface plus the
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S—Au bond length by (Figure 10b). 6 is the tilt angle for cis and

for trans; this angle was obtained after MD simulations.

d,cos 8,

Figure 10: Sketch of the model used to derive SAM stiffness from QM
results on the single molecule. (a) A is the probe area, N is the number
of compressed molecules that occupy the area A; (b) schematic repre-
sentation of the geometrical parameters of the QM model: dj is the
molecule length, by is the S—Au bond length, 6y is the tilt angle, and /y
is the SAM thickness.

From a molecular point of view, the force constant k£ for a
deformation perpendicular to the surface can be evaluated from
vibrational spectra as a weighted sum over all the normal
modes i. The weighting is needed to account for the different
contributions along the normal direction n to the gold plane
from the individual normal modes. In order to evaluate this, the
force unit vector is decomposed into its Cartesian components u
in the molecular coordinate reference system, and the weight
wy, is calculated as the product of the component of the normal
mode 7 in the direction u# with the u-th component of the force

unit vector:
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<k>:zikizuwiu (5)

Each £; is related to the vibrational angular frequency ®; and the
reduced mass p; computed after the force matrix diagonaliza-
tion:

ki = 031'2 K (6)

1

These vibrational frequencies, reduced masses and normal
modes were obtained by ab initio QM calculations. A full
geometry optimization of the electronic ground state of 1-DA,
2-DA, and 3-DA, both trans- and cis-isomers, was obtained in
the vacuum phase at the level of density functional theory
(DFT) by using the Becke three-parameter Lee—Yang—Parr
(B3LYP) exchange—correlation functional with cc-pVTZ basis
set. The optimized geometries were then subject to vibration
calculation in order to compute the vibrational properties and to
investigate whether the convergence points were genuine
energy minima. For all the calculations, the Gaussian 09
computational package was used [26].

In this framework, after QM computation, we obtained the rela-
tive structure factors g ;s/lo srans = 1.061, 0.872, and 0.677 and
the ratios between the average force constants <k ;;>/<ky.qns™> =
2.196, 2.053, and 2.422, for 1-, 2-, and 3-DA respectively. From
these values, the E.;i/E4ns values reported in the main text are
recovered.

Finally, we also performed a test to evaluate the role of the
Au-S—azobenzene bending angle in determining the stiffness
ratio. In fact, in our QM model this bending is neglected. We
therefore computed vibrational frequencies and normal modes
for a thiolated azobenzene (thio-1-DA) molecule, where we
gave to the H atom of the thiol group the atomic mass of gold.
From such vibrational data we computed again the ratio
<kcis>/<kyqns>, finding a negligible (<1%) difference with
respect to the data previously obtained. This is due to the
upright orientation of the molecules in the SAM, which makes
the bending unable to absorb the external compression.

Molecular dynamics approach

The problem of calculating the relative stiffness can also be
treated through a classical molecular dynamics approach. An
OPLS-type empirical force field [7] is combined with standard
OPLS parameters [27] in order to describe the intra- and inter-
molecular interactions of the SAM. Point charges are derived
from the electrostatic potential (RESP) calculated at a B3LYP/
cc-pVTZ level of theory on the trans-thio-2-DA geometry.
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The structure of the SAM was built to reproduce the experimen-
tally observed periodicity [10] (Figure 6) and the gold surface is
described, in this first model, only implicitly by fixing the sulfur
atom positions. Molecular dynamics (MD) simulations within
the canonical ensemble at 7= 300 K were run considering 126
thio-1-DA molecules in a 6.090 nm x 6.153 nm simulation
supercell, with periodic boundary conditions applied. We apply
periodic boundary conditions also in the direction perpendic-
ular to the surface (the box size is 7.074 nm along this direc-
tion), allowing effective calculation of the electrostatic forces.
The Nose—Hoover thermostat [28] was used (time constant for
coupling of 0.1 ps). The time step for the simulations was 2 fs
(bond lengths were constrained with the LINCS algorithm)
[29]. The long-range electrostatic contribution was computed
with the PME method with a direct-space cutoff of 1.2 nm. For
van der Waals interactions, a switch cutoff of 1.0-1.1 nm was
used.

In order to simulate the compression experiments, a computa-
tional protocol was set up: First a simulation was run with a
spherical indenter positioned at a certain, fixed distance from
the plane of the sulfur atoms (Figure 6b). The system was equi-
librated for 2 ns, then, with the simulation still running, forces
acting on the indenter were collected in the ensuing 8 ns. At the
end of this simulation the distance between the indenter and the
plane of the sulfur atoms was lowered, and a new (2 + 8) ns
simulation was started. We considered 10 different
indenter—surface distances. Therefore, a total of 100 ns of MD
were run for each compression. This procedure was applied to
both trans and cis thio-1-DA SAMs, and four independent
compressions (consisting of 10 simulations each) were run for
each isomer, for a total of (2 x 4 x 10 x 10) ns = 800 ns of MD
simulations. The four independent compressions were started by
four snapshots of equilibrated MD simulations (5 ns long) for
the noncompressed cis- and trans-SAMs, chosen every 1 ns.

By block averaging [30] the forces collected for each simula-
tion, we construct a force—distance plot (Figure 11). The error
bars reported in Figure 11 represent the standard deviation from
the mean, as estimated by the block-averaging technique for
each simulation. They may be unrealistically small when the
system remains trapped in metastable states. We minimized this
problem by repeating the compressions four times, starting from
four different initial conditions, and averaging the results. The
ratio of the elastic moduli E_;i/E};,s is calculated considering a
thickness ratio [y ¢is/ 1o srans €qual to 1.054 (estimated from
simulations without the indenter). The indenter is a
Lennard—Jones sphere with parameters set as: € = 0.065 kJ/mol
and o = 1.425 nm. ¢ is chosen to give a negligible attraction
with the SAM (it is one-tenth of the € used in the GolP model
[31] for Au atoms), and ¢ gives a van der Waals radius of
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1.0

cis regression, slope kc-is =(-1.31£0.12) N/m

trans regression, slope kians = (-0.60 £ 0.07) N/m []
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force [nN]

0.4

0.2

0.0
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1.2

sulfur plane—indenter distance [nm]

Figure 11: Computational compression procedure: Force acting on the indenter as a function of the distance between the indenter and the plane of
the sulfur atoms. Each point refers to a step of the simulation sequence. Error bars are g, where o is the statistical deviation obtained for each simu-

lation by statistical block average analysis.

0.8 nm for the indenter, which is compatible with our cell size.
The van der Waals interactions between the indenter and the
surface are neglected in this model. As the Au substrate is
missing, the SAM—substrate van der Waals interactions are also
neglected. Both of these interactions would affect the cis and
the trans force—distance plots in the same way, so their effects

on the E ;s/E 4y ratio should be small.

To check the possible role of the gold surface, including the
SAM-substrate van der Waals interactions, we also performed
test calculations with a second model, where the gold surface
was explicitly considered by employing the GolP model [31].
Azobenzene was described with the same OPLS-type parame-
ters mentioned above, with additional literature parameters for
the gold—sulfur bond [32]. A computational protocol for the
SAM compression similar to that described above was applied
within this second model; the simulated system size and the
procedural settings were the same as the previous protocol,
except that two series of simulations were run for each isomer
(instead of four), and the MD simulation for each distance was
shorter (5 ns instead of 10 ns). Furthermore, the reference dis-
tance for penetration was calculated between the indenter centre
and the plane of the surface gold atoms (as sulfur atoms are not
fixed). As described in the main text, the results of these tests

were qualitatively similar to those of the model that did not

explicitly include the Au substrate. While these simulations are
valuable as tests to approximately estimate the role of Au, in
particular of the Au—SAM van der Waals interaction, further
work is needed to properly assess the choices specific to these
simulations, such as the Au—SAM force field, the arrangement
of the SAM with respect to the Au lattice and the role of Au
mobility. All simulations were carried out with the GROMACS
package [33].
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Abstract

The ability to control the properties of self-assembled monolayers (SAMs) attached to solid surfaces and the rare photocatalytic
properties of titanium dioxide provide a rationale for the study of systems comprising both. Such systems can be realized in the
form of SAMs grown on TiO; or, in a complementary manner, as TiO, grown on SAMs. Accordingly, the current status of
knowledge regarding SAMs on TiO; is described. Photocatalytic phenomena that are of specific relevance to SAMs, such as remote
degradation, and cases where SAMs were used to study photocatalytic phenomena, are discussed as well. Mastering of micro-
patterning is a key issue en route to a successful assimilation of a variety of titanium dioxide based devices. Accordingly, particular
attention is given to the description of a variety of methods and techniques aimed at utilizing the photocatalytic properties of tita-
nium dioxide for patterning. Reports on a variety of applications are discussed. These examples, representing the areas of photo-
voltaics, microelectronics, microelectromechanics, photocatalysis, corrosion prevention and even biomedicine should be regarded

as appetizers paving the way for further studies to be performed.

Introduction

Photocatalytic degradation of pollutants is attracting increasing
attention. In this context, anatase-phase titanium dioxide is
regarded as the photocatalyst of choice, due to its low cost,
nontoxicity, and relatively high efficiency, which make it suit-
able not only for air and water decontamination [1,2] but also
for self-cleaning applications [3]. The general scheme for the
photocatalytic destruction of organics involves the excitation of

this semiconductor by irradiation with suprabandgap photons

and migration of the electron—hole pairs to the surface of the
photocatalyst, where the holes are trapped by H,O or OH™
adsorbed at the surface, thus forming hydroxyl radicals. In
parallel, the electrons reduce adsorbed oxygen [4] to form
superoxide radicals. The first step in the photocatalytic degrad-
ation of most organic compounds is an oxidative attack by the
hydroxyl radicals, which eventually, following secondary reac-

tions, gives stable molecules such as CO, and water [5,6].
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Nevertheless, it was shown that some halo-organics [7,8] and
highly toxic heavy-metal ions such as Cr(VI) [9,10] could
be degraded reductively by photoinduced electrons.
Langmuir—Hinshelwood type kinetics is often observed both in
the liquid phase and in the gas phase, suggesting, albeit not
proving [11,12] the need for adsorption as a prerequisite for
photocatalysis.

Self-assembled monolayers (SAMs) being chemisorbed in an
ordered manner on surfaces such as metals (Au, Ag), oxides
(Si05, Al,03, TiO3) and semiconductors (Si, GaN, InP,
InGaAs) provide a unique way to alter the properties of a
surface at will. This ability may be manifested through a variety
of phenomena, among which are wetting phenomena
(hydrophobicity, hydrophilicity and oleophobicity), electronic
phenomena (from affecting band bending and work function, to
charge conduction), and, no less important, the ability to form
tailored three-dimensional supramolecular arrays by attaching a
specific molecule or a particle to an external functional group.

Being adsorbed on the surface of titanium dioxide or in its
vicinity, organic self-assembled monolayers may affect the
photocatalytic properties of titania as well as be affected by
these properties. Likewise, the superhydrophilicity of TiO,
known to be induced upon exposure to UV light [13] may affect
the chemisorption process of SAMs. This gives rise to diverse
phenomena, which can be utilized in many ways, from the study
of fundamental issues in TiO, photocatalysis to the growth of
supramolecular structures; from serving as a tool for patterning
to suggesting means to obtain the selective photocatalytic de-
gradation of highly toxic contaminants. This potential for syner-
gism between self-assembled monolayers and photocatalytic
titanium dioxide is the subject of the following review, whose
aim is to bring the prospects and obstacles of this combination
to the attention of the scientific community. It should be noted
that for obvious reasons this manuscript does not cover devices
where the titanium dioxide serves to accept photoinduced elec-
trons from sensitizers that cannot be strictly considered as

SAMs, i.e., most types of dye-sensitized solar cells (DSSCs).

Review

Self-assembled monolayers chemisorbed on
TiO,

Both TiO, and SiO; are oxides capable of forming surface
hydroxyls, and therefore one could imagine that SAMs on
titania may resemble SAMs on silica. This similarity is
expected to be manifested primarily by the type of head groups
that connect between the surface and the organic tails. Indeed,
head groups such as chlorosilanes (R, SiCly_, with n = 1,2,3),
alkoxysilanes (R, Si(OR")4_, with n = 1,2,3), carboxylic acids

and isocyanates (-N=C=0) are common on both substrates. The
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fact that the Si—O bond length in silica (1.5-1.7 A depending on
the crystalline form) is similar to that of the Ti—O bond length
in titania (1.9 A) may suggest similar compactness. On the other
hand, the difference between the electronegativity of Ti to that
of Si, (1.54 and 1.90 by Pauling’s scale, respectively) which
affects the polarity of the M—O bond of the oxide, the point of
zero charge of the oxide, and the number of OH sites on the
surface are expected to influence the tendency of these two
oxides to form SAMs and the structure and stability of the
formed SAMs.

Chlorosilanes and alkoxysilanes SAMs are characterized by
hydrolysis—condensation reactions leading to the formation of
M-0-Si bonds where M is in this context is Si or Ti. The chem-
ical anchoring of the alkylsilanes to TiO; is characterized by
several changes in the FTIR spectrum, namely shifting of the
1091 cm™! band found in neat TiO, (bending vibration of
Ti—OH) to lower wavenumbers (ca. 1000 cm™!) due to the for-
mation of Ti—O-Si bonds, and the disappearance of the in-plane-
bending vibration of surface O—H at 1402 em! [14].

Generally speaking, a comprehensive comparison between
SAMs on silica and SAMs on titanium dioxide is somehow
problematic as the latter were by far less-extensively studied
than the former. It is commonly claimed that silanes capable of
cross linking (i.e., having at least three leaving groups) grow by
an islandlike growth mechanism, whereas SAMs that are not
capable of cross linking grow by a uniform growth mechanism
[15]. While this is well-established for SAMs on Si, results for
organosilanes SAMs on titanium dioxide are much more
ambiguous. The lower electronegativity of titanium suggests
that the condensation reaction is faster than on SiO,, and as a
consequence the grafting of octadecyl trichlorosilane (OTS) on
TiO, is faster [16]. To some extent this is related to the known
ability of Ti(OR)4 to catalyze silanol condensation in
Ti0,-Si0, sol-gel systems. Since island formation of OTS
molecules requires lateral mobility, which may be hindered if
the grafting is too strong, one may expect the OTS islands on
TiO, to be smaller than on SiO,.

There are several indications (most of them based on the FTIR
signal of the C—H stretch envelope) that the amount of
chemisorbed trichlorosilane molecules is higher in TiO, than in
Si0,, possibly due to the presence of surplus water [17] or, in
the case of TiO, films consisting of sintered nanocrystalline
TiO,, due to a difference between the geometrical area and the
true area [18]. Conversely, the density of a protein, immobi-
lized on a substrate through an alkylsilane SAM having a
terminal amine, was observed to be lower on a TiO, substrate
than on a SiO, substrate [19]. Here, it was claimed by the
authors that the more ionic character of the Ti—O bond may
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require higher energies to form Ti—~OH groups, leading to lower
density of surface hydroxyls unless an extended exposure to O,

plasma in the presence of water vapor is performed.

The formation of OTS monolayers on titanium dioxide was
studied in structures consisting of well-defined microdomains
of TiO, and noble metals such as gold and platinum. It was
found that monolayers chemisorbed in the presence of the
metallic micro-islands were denser than monolayers
chemisorbed on TiO; substrates that had no metallic islands.
Results were explained in terms of charging effects [18]. That
charging of the substrate may affect the chemisorption of
organosiloxane monolayers can be deduced also from a com-
parison between SAMs on SiO,, on mica and on mica coated
with ultrathin layers of SiO,. Here, it was found that the adsorp-
tion rate decreased with the width of the silica overlayer, and
this result was explained by the increased shadowing of an elec-
trostatic interaction between the negatively charged mica
surface and the polar head group of the adsorbed molecules
[20].

The effect of raising the temperature may be manifested in
SAMs through disordering (formation of “kink” config-
urations), detachment of the molecules, or burning. FTIR
studies of temperature effects on a variety of organosilane
SAMs on TiO; found that all the organosilane SAMs exhibited
good thermal and oxidative stability, with no mass loss below
200 °C [15], as is known also for organosilanes on silicon [21].
A different study on in-air pyrolization of thioacetate-termi-
nated (trichlorosilyl) hexadecane on SiO; and TiO; did not
reveal any substrate effect on the onset of burning and on the

temperature dependence of the process [22].

Data on contact-angle comparisons between organosilanes on
silica and on titania is quite scarce. In this respect, contact-angle
measurements of CVD-made tetrafunctional cyclic siloxane
monolayers (1,3,5,7-tetramethylcyclotetrasiloxane
(C4H1604S14)) did not reveal much of a difference between
SAMs on oxidized titanium versus SAMs on oxidized
aluminum [23]. In both cases, the water contact angle was
found to be 103° when the CVD process took place at 80 °C,
and 163° when the process took place at 180 °C. The n-hexade-
cane contact angles were also the same for both substrates, i.e.,
32° and 0° for monolayers grown at 80 °C and 180 °C, respect-
ively. The fact that the contact angles on these very short SAMs
(0.5 nm in thickness) revealed a lack of sensitivity to the type of
substrate suggests (albeit not proves) that a similar situation
may prevail also with SAMs having long alkyl chains, whose
outer groups are located far from the substrate and in which
multiple intermolecular van-der-Waals (VdW) interactions play

a larger role.
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The high solubility of polysiloxanes in CO, led researchers to
study the silanization of titanium dioxide under supercritical
conditions. It was found that despite a tendency to form a disor-
dered, three-dimensional silanized structure [24], a monolayer
with a very low degree of vertical polycondensation can be
obtained at pressures above 10.0-12.5 MPa [25]. Such mono-
layers have a relatively lower grafting density with respect to
chemisorption by conventional methods (2.8-3.0 molecules per

]flI'[l2

versus 4.3—4.8 molecules per nm?).

It is worth mentioning that a study on organosilane monolayers
formed on the surfaces of zirconia and titania (anatase and
rutile), by a gas—phase process employing organosilicon
hydrides, found that the effect of the underlying substrate on the
adsorption of nitrogen on the SAMs was insignificant [26].
Here, the heat of adsorption of the nitrogen molecules was
found to increase as the grafting density of the SAMs was
decreased from 4.23 groups/nm? for C;gH37SiH; to 2.75
groups/nm? for H3Si(CH,)gSiH3.

Unlike organosilane SAMs, whose tendency to form on TiO,
and SiO; is quite similar, SAMs having phosphonic acid as
their connecting head group are not formed on silicon dioxide
but are formed easily from aqueous solutions on TiO,, Al,O3,
Ta205 and Nb205 [27]

FTIR measurements of self-assembled alkanephosphate mono-
layers revealed a clear shift in the symmetric and antisym-
metric methylene stretching bands toward lower wavenumbers
with increasing adsorption time, indicating a change from a
disordered conformation to a well-ordered structure [28]. The
observation of a disorder—order change for alkanephosphate
SAMs on TiO; supported the validity of the uniform growth
mechanism, i.e., strong chemisorption of single molecules that
once chemisorbed are incapable of surface diffusion. The
dichroic ratio of the methylene antisymmetric stretching band,
defined as the intensity ratio of the band in the two polariza-
tions (4s/4,), was found to increase with adsorption time and to
level off at a ratio of 1.3, further supporting the uniform growth
mechanism. The results of the dichroic ratio for the well-packed
monolayer were analyzed under the assumption of uniaxial
orientation, yielding a tilt angle of the alkyl chains of 21° rela-
tive to the surface normal. It should be noted that the uniform
growth mechanism is considered to be typical for molecules
that do not cross link (such as Si(CHj3);,-Cl for example) [15],
hence it may imply that this was the case also with the alkane-
phosphates.

The binding of self-assembled monolayers of !7O-enriched

phosphonic acids chemisorbed on titanium dioxide was studied
by high-field NMR [29]. The presence of P-O-Ti, P=0, and
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P-OH indicated that mono-, bi- and tridentate surface
phophonate units can be present in these monolayers (Figure 1).
The relative contribution of each form was found to vary
according to the tail group, namely the relative contribution of
P-O-Ti, P=O and P-OH was found to be different for
PhPO3H,/TiO; and C;,H,5PO3H,/TiO,. Unfortunately, the
lack of uniqueness in the assignment of the relative contribu-
tions to the three forms of anchoring prevented calculation of
the relative role of each type of anchoring. At any case, the
chemical shift of the P-O-Ti sites was found to be consistent
with bridging modes, negating the possibility of anchoring
through chelating modes.

A L S S
P O=FP. P—OH P—OH P—OH
o” | ~or <|>/ \<|> o7 Y oMo of o
I ' : | )
[ 1 ][ 7|1 1] [Ti 'Il'i Ti| [ T
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Figure 1: Schematic representation of binding modes between phos-
phonic acid SAMs and titanium dioxide (1) monodentate, (2) and (3)
bridging bidentate, (4) bridging tridentate, (5) chelating bidentate
(adapted from [29]).

A slightly different view of the binding between n-monoalkane-
phosphate SAMs and TiO, was presented by Chen et al. who
claimed, based on XPS measurements, that this type of SAM
can be bonded to the TiO, surface by way of both monodentate
and bidentate coordination [30]. Accordingly, it was claimed
that the monodentate and the bidentate of adjacent phosphate

headgroups are linked by intermolecular hydrogen bonding.

An interesting phenomenon was found with SAMs connected to
the TiO; surface through a carboxylic acid group. Here, doping
TiO5 nanoparticles with Co®™ at high concentrations (up to
23%), where the Co?" replaces Ti*" by substitution, was found
to significantly improve the solubility and dispersibility of the
nanocrystals in aprotic solvents, upon coating with thin films of
oleic acid (CH3(CH,);CH=CH(CH,)7;COOH) [31]. The aggre-
gation on undoped particles was explained by the oleic acid
forming a bilayer, with the carboxylic groups located at the
solvent interface. In contrast, in doped particles, a monolayer
exposing its hydrophobic functional groups to the aprotic
solvents is formed, thus stabilizing the dispersion. This depen-
dency in the formation of the thin layer on the doping was
claimed to be related to the packing of the first layer. On doped
nanoparticles the formed monolayer was denser than on
undoped examples, thus preventing the interpenetration of
hydrophobic chains that could have formed the bilayer struc-

ture.
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Another functional headgroup used for the formation of SAMs
on titanium dioxide is isocyanate (CH3(CH,),,N=C=0), which
forms a relatively weak carbamate linkage with the surface [32].
Here, water contact-angle hysteresis for the SAM-covered TiO,
surfaces were found to be larger than that observed for the
SAM-covered SiO; surface, suggesting that alkyl isocyanate
SAMs on TiO, were more disordered and/or were less densely
packed compared with alkyl isocyanate SAMs on SiO;. Similar
to other SAMs on many substrates, the longer the alkyl chains
were, the more stable were the SAMs, by virtue of a larger
number of VAW interactions.

TiO2 grown on SAMs

There are quite a large number of manuscripts describing the
growth of titanium dioxide on top of SAMs. The content of
most of these publications is of little relevance to this mini-
review, since in most cases the photocatalytic properties of the
grown TiO, were not demonstrated. This lack of documented
activity is at least partially related to the fact that in most cases
the grown titanium dioxide was not in the photocatalytic
anatase phase but rather it was amorphous. This amorphous
phase can be transformed to anatase; however, it requires
temperatures no less than 300 °C, which are expected to
severely damage the underlying organic SAM.

Generally speaking, there are three main methods for growing
titanium dioxide particles and films on SAMs: Liquid-phase
deposition (LPD), atomic-layer deposition, and sol-gel. Within
the context of growing TiO, on SAMs, the LPD method is
probably the most popular. It employs a solution containing
TiF¢2~ anions together with boric acid. The fluoride ligand
serves to slow down the hydrolysis of the titanium fluoride
complex (Equation 1), enabling the deposition of the formed
titanium dioxide on the SAMs, whereas the borate ions act to
scavenge the fluoride ions formed during hydrolysis according
to Equation 2.

TiF,>™ + 2H,0 — TiO, + 4H" + 6F~ 1)

BO,*" + 4F + 6H" — BE,” + 3H,0 @)

As described below, the phase of the titanium dioxide obtained
by this technique depends heavily on the substrate (namely the
outer group of the SAM, the pH and the temperature).

Sulfonate (—SO3;H)-terminated SAMs can be used as substrates
onto which nanoparticles and thin films of titanium dioxide can
be deposited by an aqueous Ti(IV) route [33]. Here, the
sulfonate group provides high local acidity and negative charge
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even at low pH, thus promoting the hydrolysis and surface
attachment of solvated titanium-containing species. It is note-
worthy that the fast growth rate on sulfonic-terminated SAMs
was also found when the titanium dioxide was grown from a
solution containing titanium sulfate and hydrogen peroxide
[34]. Obtaining SAMs with sulfonate outer groups is not trivial.
It is usually done either by reacting chemisorbed SAMs having
a thioacetate terminal group [33] or by reacting terminating

thiol groups with H,O, in acetic acid [35,36].

By choosing sulfonate-terminated SAMs with long alkyl chains
(or a sulfonate-capped polyelectrolyte multilayer) and by
careful manipulation of the solution parameters, an anatase
phase can be obtained with this method, without the need for
high-temperature treatment. The same LPD conditions, but with
a silicon substrate instead of a sulfonate-terminated SAM,
yielded an amorphous film, demonstrating the importance of the
substrate [37]. Low-temperature growth of anatase by LPD was
also demonstrated with amine-terminated SAMs, taking advan-
tage of the fact that at pH 2.8, the substrate was charged posi-
tively, whereas the TiO, precursor and the nucleated TiO, were
charged negatively, as confirmed by { potential measurements
[38]. At the time, this route was considered to be of large
importance for photocatalysis, since (in the case of the aqueous
route) it provided a way to form the photoactive anatase phase
at temperatures lower than 100 °C, compared with 300-350 °C
required in the sol-gel process, or with 170-240 °C required in
the TiCly process performed under vacuum [39]. Meanwhile,
other low-temperature processes for producing anatase, such as
the titanyl sulfate route [40], have been developed.

Apart from the sulfonate terminated SAMs and the amine-
terminated SAMs, the LPD method was used also for the
growth of titanium dioxide of unknown phase on SAMs
(octadecyltrichlorosilane, phenyltrichlorosilane, vinyl-
trichlorosilane and p-tolyltrichlorosilane) that had been partially
oxidized to yield —OH termination. The importance of this work
was not in the growth itself, but rather in the fact that the under-
lying SAMs served as linkers to a polymeric substrate
consisting of (aminopropyl)triethoxysilane grafted
poly(ethylene terephthalate) [41].

The use of sol—gel methods, utilizing titanium alkoxides as
TiO;, precursors in an alcoholic medium is a well-known tech-
nique for forming TiO, (albeit not anatase) on solid substrates.
The method was applied for the growth of titanium dioxide on
—CH3- [42,43], —OH- [44], and —-COOH-terminated SAMs [45].
In the last work the authors compared a two-steps method, in
which a HS—(CH,);(—COOH monolayer was first adsorbed on
gold and then exposed to an ethanolic TiO, colloid solution,

and a one-step process in which an ethanolic colloid of TiO,
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nanocrystallites was prepared by the sol-gel method in the pres-
ence of the functionalized thiols prior to adsorption onto the
gold surface. It was found that the one-step process yielded a
lower coverage of the TiO, nanoparticles due to the formation
of HS—(CH;,);9—COOH spacers connected to the titania
nanoparticles. Similarly, Langmuir-Blodgett films of 1,12-
dodecane dicarboxylic acid were used to connect a monolayer
of TiO, spheres to silicon and glass substrates, upon performing
a dehydration—condensation reaction between the carboxyl
groups of the dicarboxylic acid and the surface hydroxyl groups
on both the substrate and the ceramic spheres [46]. It was
claimed that the flexibility of the alkyl chains in the LB film
plays a role in improving the capturing of the spheres.

Atomic-layer deposition (ALD) is a gas—phase thin-film deposi-
tion method employing self-terminating surface reactions,
leading to a linear correlation between the thickness of the layer
and the number of deposition cycles. Mixed SAMs with
different ratios of -OH- and —CH3-terminated groups were used
to control the surface energy and, as a result, to affect the
growth of TiO; by ALD from titanium isopropoxide and water
[47]. Here, two-dimensional growth was observed on SAM-
coated substrates with high surface energy, whereas a three-
dimensional growth mode was found on SAM-coated substrates
with low surface energy. The high affinity between OH groups
and the titania precursor was later utilized for the growth of
patterned domains of titania on patterned OH-terminated
alkanethiolate monolayers on gold [48].

SAMs as a means for studying photocatalysis
The fact that SAMs are adsorbed irreversibly (or almost irre-
versibly) on the surface of titanium dioxide makes them a valu-
able tool for studying fundamental phenomena in photocatal-
ysis, as they provide a way to decouple adsorption and reaction.
In this manner, SAMs were utilized to study the so-called
“remote degradation” effect, namely the ability to photocatalyti-
cally decompose molecules that are located away from the TiO,
surface. Here, a cross-linked SAM of OTS was chemisorbed on
well-defined structures comprising alternating microstripes of
titania and oxidized silicon of equal width. Upon exposure to
UV light, complete mineralization of the OTS located on both
types of substrates was observed, even in stripes as wide as 40
pum. The measured degradation kinetics on the TiO,-Si
micropatterned structures was fitted by a bi-exponential fit with
two distinct apparent activation energies. Accordingly, it was
suggested that oxidizing species leave the titanium dioxide
domains to photocatalytically degrade molecules anchored on
the remote silicon domains [49]. The remote degradation of
OTS on the native oxide of silicon in a structure consisting of
alternating stripes of silicon and titania was confirmed later by

AFM measurements [16]. Here, XPS measurements showed
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that, upon complete degradation, the siloxane headgroups

remain on the TiO, surface.

Unlike OTS located on silicon in the vicinity of TiO,, mono-
layers of ODT (CH3(CH;);7SH), attached to similar stripes
made of gold or platinum located in the vicinity of TiO,, were
found to be quite resistant to remote degradation [50,51]. This
stability was explained by the high cross section for the reac-
tion between OH radicals and gold relative to that with silica,
and was the basis for the development of photocatalysts having
specificity, which utilized the “adsorb & shuttle” concept.

In a different study, octyltrichlorosilane (OCTS) SAMs
chemisorbed on TiO; microelectrodes in an interdigitated
TiO,/Pt array were used to study the performance of an elec-
trophotocatalytic cell as a function of applied bias [52]. The
applied bias acted to push photogenerated holes to the external
surface of the TiO, layer while pulling the photogenerated elec-
trons to the platinum electrons, thus limiting the recombination
rate. Indeed, the degradation rate constant was found to increase
as the positive bias on the photocatalyst was raised up to
0.4-0.6 V. Unexpectedly, as the bias was increased above that
level, not only did the degradation rate not increase, but in fact
the oxidation rate of the SAM began to decrease.

The use of chemisorbed monolayers was crucial for under-
standing these results. If this phenomenon of counter-produc-
tive bias had been measured with a liquid-phase contaminant,
one could have claimed that the observed decrease in the rate
was due to a significant decrease in the adsorption rate of the
target molecule. Here, the fact that the OCTS molecules were
chemically and irreversibly attached to the TiO, electrodes
suggested that there had to be another reason. Superoxide radi-
cals, though by themselves ineffective agents for initiating the
degradation, may play an important role in the secondary stages
of many photocatalytic processes. Hence, a possible explan-
ation could be a shortage of superoxide radicals, as these were
formed at the reduction sites, namely at the platinum electrodes.
Similar conclusions were drawn also from experiments in air
upon studying a nonbiased system consisting of micrometer-
size domains of TiO,, onto which OTS was chemisorbed in
close contact with micrometer-size domains made of gold and
platinum [53]. The effect was found to depend on the size of the
metallic domain, as well as on the humidity and on the type of
metal. Overall, it can be concluded that the use of SAMs to
study photocatalysis provided a unique tool to elucidate the role
that superoxides may play in photocatalysis, a role that is quite
often overlooked.

It is noteworthy that this discussion of the photocatalytic de-
gradation of SAMs is based on the presumption of indirect oxi-
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dation, i.e., the transformation of the oxidative power of the
photoinduced holes into oxygen-containing species, such as OH
radicals. While this indirect oxidation is by all means the
prevailing degradation mechanism in almost all organic species
physisorbed on the surface of the photocatalyst, the situation
can be different when the organic molecules are covalently
bound to the surface. Indeed, the photocatalytic degradation of
octadecyltrimethoxy silane (ODTMS) SAM on n-type GaN was
attributed to a direct mechanism involving electron transfer
from the HOMO level of the ODTMS to the valence band of the
excited GaN [54]. As a consequence of this direct mechanism in
gallium nitride, no remote degradation effects were observed on
this photocatalyst. In contrast, the observation of remote de-
gradation on TiO, indicates that indirect oxidation is the domi-
nant mechanism on titanium dioxide. This conclusion is
supported also by the fact that the rate of degradation of
alkylphosphonic acid SAMs was found to correlate inversely
with the ability of oxygen-containing species to reach the
surface by penetrating in between the chains of the monolayer
[55].

Surface patterning

Patterning of surfaces is one of the key issues in many applica-
tions involving SAMs. Generally speaking, patterning is mani-
fested by the production of at least two types of surfaces having
predesigned geometries that differ in at least one specific prop-
erty. These properties can be chemical, electronic, optic,
acoustic, etc. One of the most popular contrast mechanisms is
the contrast between hydrophilic and hydrophobic surfaces, in
particular since it can be utilized for selective deposition or
growth of a large variety of materials.

The photocatalytic properties of titanium dioxide, enabling it to
oxidize SAMs under the relatively weak intensity of UV
light, together with the superhydrophilic nature of TiO, upon
exposure to that light and its mechanical and optical
characteristics make titanium dioxide a very interesting
material for patterning. Indeed, scientific manuscripts on
patterning of surfaces are the majority among those articles
discussing both titanium dioxide and self-assembled mono-
layers.

In the context of SAMs, there are a large number of ways in
which patterning can be manifested. Partial coverage of the
substrate by SAMs, coverage of the surface with more
than one type of SAM and selective deposition of materials
on prepatterned SAMs, is only a partial list of examples;
our discussion of the patterning techniques is organized
accordingly, addressing namely the patterning of SAMs
on TiO; and the patterning of TiO, on SAMs by selective
growth.
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Patterning of SAMs on TiO»

Patterning of SAMs on TiO; can be obtained by both photocat-
alytic and nonphotocatalytic routes. Among the nonphotocat-
alytic methods is microcontact printing (Figure 2) [56], in
which SAMs are transferred from stamps of a polymer (for
example poly(dimethylsiloxane) (PDMS)) onto oxide substrates
upon contact between the stamps and the substrate. Other
so-called “soft-lithography” methods (replica molding, micro-
transfer molding, micromolding in capillaries, and solvent-
assisted micromolding) may work as well [57]. For example,
colloidal lithography was used to create gold nanopits on a TiO,
matrix, onto which methyl-terminated alkanethiol SAMs were
chemisorbed [58].

While photochemical patterning of SAMs on a variety of
substrates without the use of designated photoresists is possible
under exposure to 185 nm light [59], it is limited to specific
functional groups, under constrained environments. In contrast,
SAMs located on titanium dioxide can be patterned quite easily
by photocatalysis (Figure 3A). There is no need for a photore-
sist, and a standard patterning mask can be used, or otherwise
one may imprint water-based ink patterns on the SAMs, which
will prevent the photocatalytic degradation of the shadowed
area [60]. Instead of exposure through a mask, one may “write”
with a well-collimated beam of UV radiation, for example by
using an UV laser, or by near-field optical microscope coupled
to an UV laser [55].

An interesting (but alas quite cumbersome) way to obtain
patterned surfaces with hydrophilic—hydrophobic contrast is to
form a prepatterned area comprising TiO, and another oxide by
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Figure 2: Patterning of SAMs on titanium dioxide by the microcontact
printing method.

conventional lithography, and then to attach a hydrophobic
SAM to the whole area. The hydrophobic—hydrophilic
patterning is then obtained photocatalytically by exposure of the
entire area to UV light, thus, degrading the SAM from the TiO,
domains. This approach was demonstrated with CuO domains
prepared by oxidation of Cu that had been deposited by electro-
less deposition on silver [61]. The silver was deposited on a
titania film by photocatalytic reduction. Thus, in this case the
photocatalytic properties of titanium dioxide were exploited
twice, i.e., for the deposition of the silver domains and for the
degradation of the SAMs chemisorbed on the photocatalyst
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Figure 3: Photocatalytic patterning of SAMs. (A) SAMs on TiO, (B) SAMs on inert substrates.
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domain. It is noteworthy that the hydrophobic spots were rela-
tively large (0.5 mm in diameter), such that remote degradation

effects were less acute for this system.

One of the problems associated with the formation of
hydrophobic—hydrophilic contrast patterns comprising a
hydrophobic SAM on TiO, and superhydrophilic titanium
dioxide is the loss in contrast over time, which is due to even-
tual contamination of the TiO, surface upon adsorption of
organic molecules from the air. Exposure to UV light may
degrade these molecules, thus, restoring superhydrophilicity;
however, it might also degrade the organic SAM and therefore
cannot be used to solve the problem of contrast loss. A novel
approach for the construction of a renewable superhy-
drophobic—superhydrophilic surface was presented by Nishi-
moto et al. [62]. The approach is based on through-mask photo-
catalytic patterning of hydrophobic SAM on TiO,, followed by
deposition of boehmite (AIOOH:#H,0) on the exposed TiO,
domains. Then, a heat-treatment step converted the boehmite
into Al,O3, while oxidizing the SAMs, forming a patterned
TiO—boehmite surface. A hydrophobic SAM was then at-
tached to both types of domains, which then went through a
second step of exposure to UV light. At the end of the process a
negative image of the first-step surface was obtained, consisting
of superhydrophilic TiO, domains and superhydrophobic
domains anchored to alumina. In that way, the restoration of
hydrophilic contrast by exposure to UV was expected not to
take its toll on the hydrophobic SAMs. With respect to remote
degradation, the fact that the inert substrate here is alumina and
not silica may assist to preserve the SAMs, as can be inferred
from a comparison of the remote degradation effects of SAMs

on silica to those of SAMs on alumina [51].

Remote degradation effects are not necessarily destructive when
it comes to the patterning of SAMs. In fact, they can be utilized
to pattern SAMs on inert surfaces (Figure 3B). The technique
was demonstrated by Lee and Sung, who used a quartz mask
containing patterned TiO; in order to pattern an octadecyl-
siloxane SAM on silicon [63]. Once patterned, ultra-thin layers
of ZrO, were deposited by atomic-layer deposition on the
exposed parts of the silicon substrate. The reported spatial reso-
lution was striking: The nominal width of ZrO, lines and SAM-
coated Si lines was approximately 0.5 um. This relatively high
resolution should be attributed to the intimate contact between
the TiO, mask and the SAM-coated silicon as well as to the
short exposure time, which minimized the blurring.

Another example of photocatalytic patterning of SAMs on inert
substrates is the patterning of perfluorodecanethiol SAM on
gold by a through-mask back exposure of thin films of titania
located at a distance of 12.5 pm from the SAM-coated gold
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[64]. The quality of the patterned surface was examined by
immobilizing a fluorescent dye on the oxidized regions of the
patterned gold surface. The same method was used to pattern
enzymes on a gold surface, by the attachment of fluorescein
isothiocyanate labeled peroxidase (FITC-POD) onto the
hydrophilic regions. Unfortunately, no details were given
regarding the thickness of the TiO; layer and the wavelength.
Such details could be of high importance for analyzing the
significance of the data in this back-exposure configuration.

Photocatalytic lithography by remote degradation was also
demonstrated by the formation of grayscale gradients in thio-
lated SAMs anchored to gold located as far as 60 um from a
TiO; thin film on quartz, back-irradiated through a mask [65].
The gaps in the thiolated SAM were then filled with
11-mercapto-1-undecanol or with 1H,1H,2H,2H-perfluoro-
decanethiol. The flux during irradiation was quite high
(17 mW/cm?). The apparent contradiction between this study
and works that reported the high stability of SAMs on gold
towards remote degradation [50] may be explained by the
different position of the SAMs relative to the source of the
oxidizing species and the high UV flux in the back-irradiation

experiments.

An interesting, inexpensive way to use photocatalysis for the
formation of patterns having hydrophobic—hydrophilic contrast
was presented by Bai et al. [66]. Here, TiO;, particles in solu-
tion were used to pattern an OTS monolayer on mica sheets, the
size of the islands and concentration being affected by the UV
flux impinging on the surface, as evidenced by AFM and wetta-
bility measurements.

The phenomenon of remote degradation raises a question
regarding the fidelity of patterns obtained by through-mask
exposure techniques. Indeed, exposure of OTS-coated TiO; to
254 nm light through a quartz mask covered with chromium
stripes (40 pm in width and distance) caused a complete de-
gradation of the alkyl chains, including those in the “dark”
regions [67]. This does not necessarily contradict the reports on
patterning presented above, since analysis of the kinetics
revealed that the degradation rate in the exposed areas was 2—20
times faster than in the dark areas, and hence, obtaining a rea-
sonable contrast is still possible. However, it definitively
demonstrated that patterning can be very sensitive to overexpo-
sure, and that in terms of contrast, the best resolution that can be
achieved with photocatalytic patterning is expected to be no
better than a few microns. Moreover, if one accepts the notion
that the dominant mechanism of remote degradation is photoin-
duced homolysis of photocatalytically formed hydrogen
peroxide, then an important outcome is that structures that are

patterned by exposure to 365 nm light may be sharper than
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structures patterned by 254 nm light. This conclusion, which
seems contradictory to conventional wisdom, stems from the
fact that the quantum efficiency of the generation of OH-radi-
cals by photohomolysis of HyO, with 365 nm photons is 110
times smaller than that with 254 nm photons [68].

Patterning of TiO by selective growth on

SAMs

Probably the most popular way by which SAMs have been used
as a means to obtain patterned TiO, films is through site-selec-
tive deposition (SSD) of the oxide on prepatterned SAMs [69].
The concept here is to pattern SAMs on substrates, either by
complete removal or by site-specific tailoring of the outer
groups, thus forming areas with high tendency for titania
growth, coexisting with domains onto which titania will not
grow. It should be pointed out that the SSD technique is not
limited to the deposition of titanium dioxide and was utilized
for patterned growth of other oxides such as InyO3 [70], Ta,0s,
SnO; and SrTiO3 [69].

The most popular means for selective growth is direct site-
selective deposition (Figure 4), based on patterning of SAMs on
a substrate (either by exposure to 185 nm light or by conven-
tional photolithography), followed by nucleation and growth of
TiO, on areas that have been depleted of the SAMs. As an
example, one may mention the patterning of OTS into methyl-
terminated regions and silanol-terminated regions, onto which
amorphous titanium dioxide formed from titanium dichloride
diethoxide (TDD) was deposited either from the liquid phase
(D-40) [71] or from the gas phase [72]. The latter was reported
to yield higher quality films due to a lack of bulk nucleation. In

a later study a comparison was made between three types of
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precursors, namely TDD, titanium tetrachloride (TC) and tita-
nium tetracthoxide (TE), acting on deep UV-exposed OTS and
PTCS (phenyltrichlorosilane) [73]. Quite surprisingly, it was
found that the contrast in the patterns of the grown oxide
depended on the type of precursor. While TC or TDD formed
TiO; on the hydrophilic silanol groups but not on the
hydrophobic methyl groups of OTS, TE induced TiO, growth
on both types of substrates without any preference. Regardless
of the precursor, the obtained TiO, films were amorphous.
Conversion to anatase took place at 300 °C when TC was the
precursor, whereas a temperature of 400 °C was required when
TDD or TE were used as precursors. To improve the contrast in
SSD growth on a patterned silanol-hydrophobic SAM surface
one may use sonication, which has been demonstrated to
remove loosely adhered TiO; particles from domains on which
deposition was undesirable [74,75].

Exposure to deep UV through a photomask was also used for
partial oxidation of SAMs of octadecyltrichlorosilane, phenyl-
trichlorosilane, vinyltrichlorosilane and p-tolyltrichlorosilane on
an (aminopropyl)triethoxysilane grafted poly(ethylene tereph-
thalate) surface. Subsequently, TiO, was grown selectively by
LPD on the oxidized domains (Figure 5). It was found that
SAMs containing aromatic rings were the most suitable for
growing titania, producing strongly adhering films with distinct
TiO, micropatterns [41]. To improve selectivity, a shielding
reagent, reversibly adsorbed on the nonexposed domains of a
p-tolyltrichlorosilane SAM, was added prior to the TiO, growth
step [76]. This shielding reagent, dodecylbenzene sodium
sulfonate, was chosen based on its tendency, in aqueous solu-
tions, to attach only to hydrophobically-terminated SAMs, due
to its amphiphilic nature. It is noteworthy that bubbling air to
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Figure 4: Patterning of SAM on a substrate followed by selective growth directly on the substrate.

SAM Patterned SAM TiO, growth
=) AR
¢ 0 O o0
o M [ |
RN IR N i ﬂmum.ummuuuu

Figure 5: Partial oxidation of SAMs at predesigned locations followed by TiO, growth on the partially oxidized domains.
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constantly replace the LPD solution close to the surface can be
quite beneficial for forming crack-free TiO, films, as was
demonstrated with patterned SAMs of heptadecafluoro-1,1,2,2-
tetrahydrodecyltrichlorosilane (HFDTS) [77]. Another example
of the approach portrayed in Figure 2B was the patterned oxi-
dation of thioacetate-(—SCOCHj3) terminated SAMs to form
patterned sulfonate-terminated domains onto which TiO, was
grown [78].

A non-photoinduced means to pattern SAMs for selective depo-
sition is microcontact printing (Figure 2). For example, micro-
contact printing of sulfonic acid terminated SAMs facilitated
the growth of patterned TiO, from a solution containing tita-
nium sulfate and hydrogen peroxide [34]. Another example is
the transfer of OTS SAM onto silica followed by selective ALD
growth of titanium dioxide on the noncoated areas [79]. Like-
wise, a technique called “edge-transfer lithography” was
applied to form lines of titanium dioxide nanoparticles with
nanometer-scale resolution [80]. Here, transfer of SAMs from
the edges of micron-scale-patterned elastomeric stamps onto
silica produced nanometer-scale patterned SAMs, with line
widths as small as 60 nm. Such thin lines were obtained by a
dewetting and blow-drying process, which trapped silane solu-
tion only in the recesses of the molded stamp. In a different
work, OTS was deposited by microcontact printing onto both
external sides of a nanoporous polycarbonate filter. As a conse-
quence, the ALD growth of titanium dioxide was limited to the
inner walls of the polycarbonate filter. In that way, the perfor-
mance of 100-800 ALD cycles followed by the etching away of
the polycarbonate template with chloroform yielded TiO,
nanotubes, whose diameter could be predetermined according to
the diameter of the pores in the PC filter [81].

OTS solution

Removal of SiO,
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Patterning of SAMs en route for selective deposition can be
achieved by introducing a physical barrier for the deposition of
SAMs, followed by TiO, growth once the barrier is removed. In
that manner, coined “contact area lithography” (CAL), round
nanoparticles were used to cover a silica surface, thus forming a
close-packed structure with a hexagonal pattern of nanometer-
sized contact dots (Figure 6). Then, OTS SAMs were deposited
everywhere except for on the contact dots, facilitating the ALD
growth of nanodisks of TiO; from a titanium tetraisopropoxide
precursor [82].

It is noteworthy that the growth rate of anatase on top of SAMs
(methyl-terminated or even amino-terminated) is significantly
lower than that measured on top of amorphous TiO, underlayer.
This was exploited for the growth of a patterned anatase layer
on top of amorphous TiO, grown on patterned OH-terminated
SAMs [83].

Although SAMs were used to obtain patterned TiO,, mainly by
directing the deposition of titania, it is possible to pattern TiO,
by directing its etching instead of its growth (Figure 7). An
interesting example is the patterning of an area made of TiO,
nanotubes, formed by anodization of titanium in HF. Here,
SAMs of 1H,1H,2H,2H-perfluorooctyl-triethoxysilane were
chemisorbed on selected areas in the nanotube array and served

to selectively protect the nanotubes upon immersion in HF [84].

Electron transfer in SAMs connected to TiO,

Electron transfer through SAMs has been studied quite thor-
oughly for both organothiolated SAMs on metals and organosi-
lanes on silicon. The appearance of dye-sensitized solar cells
[85], based on (disordered) dye molecules attached to the
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Figure 6: Patterned growth of TiO, by “contact area lithography” (CAL) (after [82]).
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Figure 7: Patterning of a surface containing TiO, nanotubes by localized etching, by using patterned SAMs to protect selected areas (after [84]).
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surface of nanoparticulate titanium dioxide, provoked interest
also in the charge transport from SAMs to titanium dioxide. In
many cases, as detailed below, the SAMs serve as mediators
between the sensitizing molecules and the surface, and hence
are required to exhibit good conductivity along the molecule,
minimal contact resistance, and, no less important, a set of
energy levels that can support vectorial charge transfer.
Although many of the studies in this area are phenomenolog-
ical they provide the necessary background required for the
development of a variety of microelectronic devices such as
solar cells, transistors and capacitors. It is noteworthy that in
many publications discussing charge transport between SAMs
and titanium dioxide, the characterization of the prepared films
is somewhat partial; it is thus very rare to find manuscripts that
provide data on the organization and orientation of the adsorbed

molecules as well as on their surface concentration.

The finding that Cgy may transfer electrons to titanium dioxide
upon illumination with visible light [86] led to the study of a
system in which the Cg( is anchored to the titanium dioxide
through a SAM mediator. The mediator comprised salicylic
acid (attached to the TiO, surface through its carboxylate
group) connected to a pyrrodine group of a modified Cg( [87].
An agreement between the measured photocurrent action spec-
trum and the absorption spectrum of the modified fullerene
served as an indication that the photoactive species was the
modified fullerene. A photon-to-current conversion efficiency
as high as 15% was measured, demonstrating the usefulness of
using SAM mediators.

The same concept of using SAMs as mediators was demon-
strated in a system comprising quantum dots and self-
assembled-monolayer-coated titanium dioxide. Here,
cadmium—sulfur—selenium (CdSSe) quantum dots were physi-
cally attached to hydrothermally synthesized anatase TiO,
nanobelts, onto which SAMs of long chain carboxylic acids,
exposing hydrophobic terminating groups, were chemisorbed
[88]. An UV-induced compressive force between the nanoparti-
cles and the TiO, nanobelts could be inferred based on Raman
spectroscopy. To our understanding, this compressive force
may compensate to some extent for the lack of chemical
bonding between the quantum dots and the terminating groups
of the monolayer, thus, enabling the high photocurrent response

measured for this system.

Another study on charge transport between SAMs and TiO,
was based on a mixed-monolayer configuration. Here, a self-
assembled monolayer of a carotenoid (trans-8'-apo-p-caroten-
8'-oic acid) was adsorbed on TiO,. Long-chain molecules of
pheophytin were immobilized in between the long-chain

carotenoids by virtue of VAW forces. It was shown that excita-
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tion of the pheophytin molecules by 670 nm light was quenched
reductively by electron transfer from the carotenoid [89]. It was
suggested that the charged pheophytin recovers back to the
parent molecule predominantly by injecting an electron into the
TiO, conduction band, thus, facilitating the observation of a
long-lived carotenoid radical cation. A claim was made that
similar paths yielding long-lived charge separation situations
may be relevant also in natural photosynthetic systems, and
should be considered in the development of dye-sensitized solar
cells.

In certain cases, feasibility studies with TiO;,-containing
systems were later implemented in devices that are constructed
on other substrates. As an example, a self-assembled mono-
layer of 5-cyano-2-(butyl-4-phosphonic acid)-3-butylthiophene
(CNBTPA) was formed on TiO, by using its phosphonic acid
group as a binding group. Once chemisorbed, the monolayer
served to attach molecules of a,®-dicyano substituted B,B'-
dibutylquaterthiophene (DCNDBQT) molecules by forming a
hydrogen bond between the cyano group of CNBTPA and a
hydrogen on the thiophene ring of DCNDBQT, and by forming
a hydrogen bond between the cyano group of DCNDBQT and a
hydrogen on the thiophene ring of CNBTPA [90]. A quasi-
perpendicular structure of the CNBTPA-DCNDBQT layer rela-
tive to the TiO, surface was inferred, suggesting optimal orbital
overlap between neighboring thiophene rings. The same substi-
tuted oligothiophene was then used to form a nanoscopic
organic field-effect transistor (OFET), albeit not on TiO, but on
Si/Si0; substrate.

Applications

The study of the ways by which SAMs are attached to titanium
dioxide (and, in a complementary manner, ways by which TiO,
is grown on SAMs) as well as the study of fundamental
phenomena and the developing of patterning techniques, have
paved the way for the utilization of systems comprising SAMs
and TiO, for a variety of applications. The following section

discusses the main applications presented so far.

TiO2-SAMs in electronic devices

The large dielectric constant £ of TiO, (25 < k < 30) compared
with that of silica (k = 3.9), as well as its refractory properties,
suggest its use in MOSFET technology [91]. In that respect, it is
interesting to mention that the dielectric constant of amorphous
TiO, grown on patterned OTS from titanic acid (H,TiO3) [92]
was estimated to be 63 at 100 kHz, significantly larger than the
reported values of 22 measured for biomimetically deposited
amorphous TiO; [93]. This was attributed to the existence of
small crystallized particles. A significant drawback in the use of
TiO, for microelectronic purposes is the relatively high leakage
current (as high as 4.3 x 1078 A cm 2 at 1 V and a thickness of
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306 nm) and the linear decrease in the dielectric constant as a
function of frequency (from £ = 160 at 1 kHz to £ = 23 at
1 mHz) [92]. These were explained by the presence of interface
states and impurities such as OH™ and H,O in the film. Still,
well-behaved MOSFET transistors with a TiO, gate oxide were
demonstrated already in 1997 [94], prior to the full develop-
ment of patterning technologies. Likewise, a miniature capac-
itor, made of an oxide-SAM-TiO, sandwiched structure, was
presented already in 1998 [95].

The possibility to deposit TiO, on top of sulfonate-terminated
SAMs was utilized to form metal-oxide—metal (MOM) hetero-
junction nanowires by a “bottom-up” approach [96]. Here,
Au-TiO,—Au nanowires were prepared within nanoholes of
anodic aluminum oxide templates. The preparation procedure
included the deposition of gold by electroplating, chemisorp-
tion of 1,8-octanedithiol (HS—(CHj,)g—SH), oxidation of the
terminal thiol groups to form w-sulfonate groups, deposition of
polycrystalline anatase using Ti(OPr), dissolved in a
water—ethanol mixture, and capping of the TiO, with electro-

plated gold.

Self-assembled monolayers, with their ability to attach both to
inorganic and organic materials may have a large potential in
hybrid microelectronic systems containing titanium dioxide
together with organic components. Along this line, the improve-
ment of the performance of organic field-effect transistors
(OFETs) by introducing SAMs was observed with OFETs
comprising a titanium gate, dielectric layer of TiO, prepared by
anodization, and a poly(triarylamine (PTAA)) layer (alter-
natively a pentacene layer) that served to form the source and
the drain of the transistor [97]. Here, the addition of an OTS
layer between the TiO; and the source—drain layer was found to
increase the field-effect mobility (calculated in the saturation
regime) by two orders of magnitude (with PTAA) or by a factor
of 2 (with pentacene).

SAMs may assist in the preparation of hybrid electronic compo-
nents not only by forming the connection between organic and
inorganic layers but also by facilitating self-patterning. In that
manner photopatternable SAMs of 1H,1H,2H,2H-perfluorodo-
decyltrichlorosilane were used as a template for self-localiza-
tion of conducting polymers en route to the formation of
polymer-based transistors [98]. Here, the source and drain elec-
trodes were formed by spin coating an aqueous solution of
poly(3,4-ethylenedioxythiophene) (PEDOT) on TiO,/SAM,
resulting in dewetting and self-localization of the solution
within the exposed domains. The substrates were then further
coated with poly(3-hexylthiophene) (P3HT). Conformity of the
structure was found to depend heavily on the humidity condi-

tions during exposure, since too high a humidity resulted in
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remote degradation of nonirradiated areas, which could lead to
an excess coverage of PEDOT. For the same reason (preven-
tion of remote degradation) 365 nm light was found to give
sharper patterns than 254 nm light.

The use of SAMs on oxidized silicon in order to reduce friction
is well documented. In a similar manner, SAMs on titanium
dioxide were utilized to simultaneously solve the problems of
wear and stiction in microelectromechanical (MEMS) devices.
Here, a thin (10 nm) layer of TiO, was coated by the
ALD technique onto polysilicon substrates. A SAM of
CF3(CF,)7(CH,),SiCl3 (FDTS) was then chemisorbed on the
titania layer [99]. Tribological measurements showed that the
static-friction coefficient was dominated by the presence of
FDTS as an external layer, as manifested by the fact that the
coefficients of FDTS on TiO, and on SiO, were nine times
lower than those of SiO, and three times lower than those of
TiO,. At the same time, wear tests showed that the lifetimes of
moving parts were similar to those obtained with polysilicon-
coated titanium dioxide, namely 1.5-3.0 times longer than those

of noncoated polysilicon.

Solar cells

One of the most popular (if not the most popular) areas utilizing
structures containing SAMs and titanium dioxide, is photo-
voltaics. In almost all designs these structures are characterized
by the SAM serving as a mediator between the photosensitizer
and the titanium dioxide acceptor. A variety of photosensitizers
have been used: From the conventional ruthenium-based dyes to
conductive polymers, Cgo and inorganic quantum dots. Like-
wise, a variety of SAMs have been used, with various anchoring
groups, including phosphonic acids, silanes, and carboxylic
acids. Unfortunately, while the motivation for using SAMs as
mediators ensuring vectorial charge transfer is clear, the results
obtained so far are still insufficient in terms of cost and effi-
ciency to justify commercial scale production. This does not ne-
cessarily mean that the approach of using SAMs as mediators is
doomed to fail. On the contrary, analysis shows that this direc-

tion draws increasing attention.

Polyaniline (PANI), which has a bandgap of 2.8 eV, compared
with 3.2 eV of TiO,, was used as a sensitizer, absorbing visible
light and transferring photoinduced charge to the titanium
dioxide, by virtue of good matching between its LUMO level
and the conduction band of TiO,. PANI adheres to titanium
dioxide by physical adsorption, and thus it was thought that a
mediator that forms a strong interaction with both would
improve charge transport. Indeed, silane-bearing aniline com-
pound (C¢HsNHC3HgSi(OMe)s3) was used to form solvent-free
quasi-solid solar cells based on acid-doped polyaniline, but the

efficiency was quite modest (0.12%) [100]. Another mediator

856



between PANI and TiO, was aminopropylsilane, resulting in
improved thermal stability of PANI and enhanced photocat-
alytic degradation rate of methyl orange molecules under
sunlight, which was attributed to the sensitizing effect of PANI
[14].

In a quest to replace expensive dyes in DSSCs, Senadeera et al.
used grafted polypyrrole films covalently bonded to self-
assembled monolayers of 3-(trimethoxysilyl)propyl methacry-
late attached to mesoporous TiO; substrates [101]. Although the
overall performance was poor, a comparative study showed that
polypyrrole could be used more efficiently as a sensitizer for
TiO, when covalently attached through the SAM than it could
without the SAM.

The interface between TiO, and poly(3-hexylthio-
phene)/[6,6,]phenylCgo butyric acid methyl ester (P3HT/
PCBM), in a based-inverted bulk-heterojunction (BHJ) solar
cell, was modified by a series of carboxylic acid functionalized
SAMs [102]. The presence of SAMs acted to reduce the contact
resistance by passivating the surface trap sites at the TiO,
surface, enhancing the electronic coupling between the TiO,
and the organic layer, and also improved the growth mode and
morphology of the upper organic layer. The largest enhance-
ment was observed with a SAM of Cgp-substituted benzoic
acid. Here, the efficiency with the buried SAM layer was 3.8%,
compared with 2.8% in the absence of a SAM interlayer.

In two similar systems, two SAMs attached to TiO, through
phosphonic acid (2-oligothiophene phosphonic acid and ®-(2-
thienyl)alkyl phosphonic acid) were used as interface modifiers
on TiO; to increase compatibility with poly(3-hexylthiophene)
(P3HT) [103]. The photoluminescence (PL)-quenching effi-
ciency and the short-circuit current density of photovoltaic cells
having this configuration were found to increase with the
number of thiophene rings and as the alkyl-chain length
decreased. Here, a drop in the LUMO level of the interface
modifiers increased the photocurrent at the expense of the open-
circuit voltage. It should be noted that the observation of corre-
lation between structural parameters in the polymer and its
photovoltaic performance is important as it may provide a
strategy for stabilizing inorganic particles in the fabrication of
high efficiency organic—inorganic photovoltaic devices.

The recent interest in utilizing quantum dots (QDs) for photo-
voltaics also has its influence on SAMs and titanium dioxide, as
more and more cases in which SAMs are used as mediators
between QDs and titanium dioxide are published. For example,
a self-assembled monolayer of 3-mercaptopropyl-trimethoxysi-
lane was preassembled onto a mesoporous TiO, film to be used

as a surface-modified layer to induce the growth of CdSe
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quantum dots [104]. Here, it was claimed that the terminal thiol
groups increased the nucleation and growth rate of CdSe QDs
formed by the successive ionic layer adsorption and reaction
(SILAR) process. The large uniformity of the CdSe films
formed in that way inhibited charge recombination at the elec-
trode—electrolyte interface, and as a consequence, higher effi-
ciency in CdSe-sensitized DSSC solar cells was obtained. In a
similar manner, SAMs of mercaptoacetic acid served as
substrates for the growth of quantum dots of cadmium sulfide
by the same SILAR method [105]. CdS QDs were also
produced on SAMs attached to TiO, by a phosphonic acid
headgroup [106]. The SILAR procedure here comprised succes-
sive cycles consisting of exposure to CdSOy, rinsing in DI
water, immersion in Na;S and a second rinsing in DI water. The
solar-cell performance was found to depend on the number of
SILAR cycles (it was claimed that above six cycles, the CdS
may aggregate or form recombination centers). The efficiency
obtained with 3-aminopropyl phosphonic acid (APPA), 3-phos-
phonopropionic acid (PPA), and 1-butylphosphonic acid (BPA)
(0.44%) was as much as three times higher than that measured
in the absence of SAMs. Quite surprisingly, no tailgroup
dependence was found, suggesting in this case that the CdS
nanoparticles were not sitting at the surface of the SAMs, but
were rather penetrating into the SAM network such that they
resided close to the SAM/TiO; interface.

This part would not be complete without reference to another
particular effect of SAMs in a totally different design. This is
namely the use of SAMs anchored to titanium dioxide as a
means to improve the stability and durability of dye molecules
also anchored to TiO,. This effect was well demonstrated in the
coadsorbption of 1-decylphosphonic acid together with a
heteroleptic ruthenium sensitizer that contained two long
amphiphilic chains attached to its bipyridine rings (Z-907)
[107]. Here, the presence of the SAMs was found to signifi-
cantly reduce the drop in the open-circuit voltage (from 90 mV
to 20 mV) measured following 1000 h of aging at 80 °C. This
was achieved without any deleterious effect on the initial
performance (approx. 7% efficiency). This enhanced stability
was attributed to the ability of the SAM to exclude water mole-
cules from the interface, probably by the formation of a
hydrophobic barrier made from the long chained phosphonates
interacting with the long amphiphilic chains of the dye.

Offset printing

Current offset printing technology is based on anodized
aluminum plates patterned, by photosensitive means, into
hydrophobic and hydrophilic regions to be wet selectively by
oil-based ink and water, respectively. Color printing requires
usually 3—4 plates that cannot be recovered. A new type of

offset-printing plate that can be reused many times and with a
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resolution of up to 150 lines per inch was presented recently.
This new offset technology is based on photocatalytic
patterning of SAM-coated TiO; into superhydrophobic and
superhydrophilic regions [108]. Here, the patterning of the
SAMs chemisorbed on the TiO,-coated plates was performed
by using an ink-jet printer to deposit patterned ink, which
served as a photomask shielding the SAMs during UV expo-
sure [109].

Loading films or particles of nanoporous titanium dioxide with
nanoparticles of silver (for example by photocatalytic deposi-
tion upon exposure to UV light) was shown to produce
brownish-grey colored surfaces. Illumination of these surfaces
by monochromatic visible light changes the color of the
Ag-TiO, system to that of the incident light, due to reoxidation,
causing the silver nanoparticles that had already absorbed at this
specific wavelength to lose their ability to absorb more photons
at this same wavelength. This phenomenon, termed “multicolor
photochromism” [110] can, in principle, be utilized to form
rewritable color papers and paints, or even optical memories.
One of the problems preventing this application is the gradual
bleaching of the color due to nonpreferential absorption upon
exposure to white light. In this context, it was found that modi-
fication of the Ag—TiO, films with alkanethiol or fluoroalkane-
thiol SAMs may help to suppress bleaching, either by
preventing the oxidative dissolution of silver or by blocking the
electron transfer from silver to oxygen [111]. The mechanism
for bleaching suppression is the same as that for coloring
suppression, hence reactivation is needed. This reactivation
could be obtained by photocatalytic decomposition of the ODT
monolayers on the silver by exposure to UV light, and by
relying on the remote degradation effect of TiO, as discussed

above.

SAMs for selective photocatalysis

Heterogeneous photocatalysis, being based on oxidation by
hydroxyl radicals, is known to hardly distinguish between
different target molecules. Since some contaminants are more
toxic than others, and since some contaminants are readily
degradable by biological means while others are nonbiodegrad-
able, there is an obvious need to develop selective photocata-
lysts that will address streams containing multiple contami-
nants in a manner that would handle preferentially those conta-
minants that are either highly toxic and/or nonbiodegradable
[112].

A few years ago it was proposed that a structure comprising
SAMs located in the vicinity of titanium dioxide domains could
be used en route to achieve preferential degradation of toxic
contaminants. The principle was to use SAMs on inert

substrates as molecular recognition platforms able to selec-

Beilstein J. Nanotechnol. 2011, 2, 845-861.

tively physisorb specific target molecules. Once physisorbed,
the target molecules diffuse from the inert, adsorption sites to
the photocatalytic domains, where they are photocatalytically
degraded (Figure 8). The feasibility of this approach was first
demonstrated by constructing metallic microdomains, onto
which self-assembled monolayers of thiolated pf-cyclodextrin
were chemisorbed. The cavity of the B-cyclodextrin served as a
molecular-recognition site for 2-methyl-1,4-naphthoquinone
(2MNQ). The measured degradation rate ratio between 2MNQ
and benzene was 8.1, compared with 0.8 in the absence of the
molecular-recognition sites. As expected, the kinetics was
found to depend on the average distance over which the
adsorbed 2MNQ had to diffuse in order to get to the photocat-
alytic domains [113]. The same type of molecular recognition
SAM (thiolated cyclodextrin) was found to enhance also the
photocatalytic degradation of the dye-stuff Chicago Sky Blue 6,
which is a long, symmetric molecule whose chemical structure
fits the cyclodextrin cavity [51].

Target contaminant UV light

e L~ L~ ] ]
L Rl o

sites
(MRS) Inert substrate TiO,

Figure 8: Specific photocatalytic degradation by the “adsorb and
shuttle” approach (after [51]).

This so-called “adsorb and shuttle” approach was later imple-
mented also by utilizing Cu?" ions attached to SAMs of 1,1-
mercaptoundecanate in order to physisorb diisopropyl methyl
phosphonate (DIMP), a known simulant for the nerve gas sarin.
Once physisorbed, the DIMP molecules diffused to the TiO,
domains where they were photocatalytically degraded in a
mechanism similar to that observed with TiO, alone, namely,
via the formation of acetone as an intermediate product. An
enhancement factor of 4-6 relative to bare TiO, was observed
[114].

It is noteworthy that the phenomenon of remote degradation
discussed above poses a severe limitation to the concept of
selective photocatalysis, as the SAMs might be prone to even-
tual degradation upon exposure to UV light. Placing the molec-
ular recognition sites on thin films of metals such as gold helps
to overcome this problem, as it stabilizes the monolayers

against remote degradation, nevertheless this solution might be

858



insufficient in powders, where the size of the metallic domains
is significantly smaller than the size in the works presented

above.

Other applications

The ability to controllably tailor the properties of SAMs, in
combination with the specific properties of titanium dioxide,
which include photocatalytic activity and superhydrophilicity,
provides a platform for a wide range of applications. Among
these, one may highlight the UV-protected polymeric materials
based on amorphous TiO, grown on sulfonated SAMs attached
to polymeric sheets [115]. Another application is the use of
hydrophobic SAMs (1H,1H,2H,2H-perflurooctyl-triethoxysi-
lane) attached to TiO; on titanium to improve the blood
compatibility of titanium-based biomedical devices and
implants [116]. A different application is the prevention of
pitting corrosion by the highly uniform films of TiO, grown on
sulfonate-terminated SAMs [117].

Conclusion

The ability to control the properties of self-assembled mono-
layers (SAMs) attached to solid surfaces and the unusual photo-
catalytic properties of titanium dioxide provide a rationale for
studying systems comprising of both. Such systems can be real-
ized in the form of SAMs grown on TiO; or, in a complemen-

tary manner, as TiO; grown on SAMs.

This mini-review summarizes the current knowledge on SAMs
attached to titanium dioxide while focusing on the resem-
blances and differences between SAMs on titania and SAMs on
the more frequently studied substrate of silica. Among the
differences one finds the use of sulfonic acid headgroups and

the faster chemisorption of alkylsilane monolayers.

Mastering micropatterning is a key issue en route to the
successful assimilation of a variety of titanium dioxide based
devices. Accordingly, particular attention was given to
describing a variety of methods and techniques aimed at
exploiting the photocatalytic properties of titanium dioxide for
patterning. Reports on a variety of applications were discussed.
The examples portrayed above, representing the areas of photo-
voltaics, microelectronics, microelectromechanics, photocatal-
ysis, corrosion prevention and even biomedicine should be
regarded as appetizers, paving the way for further studies to be

performed.
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Abstract

Self-assembled monolayers (SAMs) of nitrile-substituted oligo(phenylene ethynylene) thiols (NC-OPEn) with a variable chain
length n (n ranging from one to three structural units) on Au(111) were studied by synchrotron-based high-resolution X-ray photo-
electron spectroscopy and near-edge absorption fine-structure spectroscopy. The experimental data suggest that the NC-OPEn
molecules form well-defined SAMs on Au(111), with all the molecules bound to the substrate through the gold—thiolate anchor and
the nitrile tail groups located at the SAM—ambient interface. The packing density in these SAMs was found to be close to that of
alkanethiolate monolayers on Au(111), independent of the chain length. Similar behavior was found for the molecular inclination,
with an average tilt angle of ~33-36° for all the target systems. In contrast, the average twist of the OPEn backbone (planar con-
formation) was found to depend on the molecular length, being close to 45° for the films comprising the short OPE chains and
~53.5° for the long chains. Analysis of the data suggests that the attachment of the nitrile moiety, which served as a spectroscopic
marker group, to the OPEn backbone did not significantly affect the molecular orientation in the SAMs.

Introduction
Current semiconductor microelectronics devices, although very  as electrical leakage and heat dissipation, and hence this is
efficient and compact, are being pushed to their physical limits  driving consideration of entirely new types of platforms. One

in terms of further miniaturization with associated issues such  particular idea being actively investigated is molecular elec-
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tronics, which involves the use of organic molecules as poten-
tial circuit elements or components, such as conductors, recti-
fiers, transistors, and logic gates [1,2]. An important structural
element of all such device molecules is an electrically func-
tional molecular unit, which in the simplest case is represented
by a conducting oligomeric molecular chain, often termed a
“molecular wire”. The charge transport properties of this chain
are an essential factor affecting the performance of the entire
molecular device. In this context, transport properties of several
potential molecular wires, including alkyl, oligophenyl, and
oligo(phenylene ethynylene) (OPE) chains have been studied by
a variety of different techniques including, for example, con-
ducting-probe mercury drops [3-5], break junctions [6-11],
scanning-microscopy tips [12-18], in-wire junctions [9], and
cross-nanowire junctions [19]. For most of these measurements
the molecular wires were assembled on a conductive substrate,
serving as the bottom electrode, by using self-assembled mono-
layer (SAM) methods. For this purpose, oligomeric chains were
combined with a suitable anchor (head) group having a strong
affinity to the selected substrate. The most frequently used
group in this regard is thiol, which allows SAM-like assembly
of the molecules on coinage metal and various semiconductor
substrates, for example Au and GaAs, respectively. Another
essential element of the experiments is the variation of the
length of the molecular wire [3,4,12,14,18,20], which allows
further insight into the mechanism of conductance, described as
nonresonant superexchange tunneling in most cases [21], and
gives the capability to determine essential characteristic para-
meters, most importantly the attenuation factor describing the
trend of exponential tunnelling current versus molecular length.
The interpretations of these types of results depend crucially on
the actual physical and structural characteristics of the mole-
cules in the SAMs, for example, packing density, molecular
orientations, and molecular conformations; and yet in many
cases these characteristics are neither precisely controlled nor
measured, but simply assumed to be similar to those of other
types of molecules and that they do not vary with different

lengths of oligomers in the same series.

Considering the variety of electrically functional molecules of
interest in molecular electronics, the class of molecules based
on simple oligomers of phenylene—ethynylene units is of par-
ticular importance for several reasons. First, the OPE chain is
one of the most effective conductors among the available mole-
cular wires [22,23]. Second, the electrical properties of the OPE
derivatives can be varied significantly by relatively minor
chemical modifications [1,13,17,24,25]. In particular, a
nonfunctionalized OPE-type molecule behaves as a molecular
rectifier [23], whereas, when functionalized in specific ways
with nitro, amino or fluoro groups, negative differential resis-

tance can be observed [26-28]. Finally, the electrical properties
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of OPE-based molecules have been reported to be affected by
the local environment, which makes the issue of molecular
packing especially significant [9]. For these reasons OPE types
of molecules are ideal for fundamental studies.

In this context, we present here the results of the detailed spec-
troscopic characterization of a series of nitrile-substituted thio-
lated OPEs assembled as SAMs on Au(111). A schematic
drawing of the molecules in this study is presented in Figure 1
along with their acronyms; these molecules are nitrile-substi-
tuted thiophenol (NC-OPE1), nitrile-substituted tolanethiol
(NC-OPE2), and nitrile-substituted 4-[4'-(phenyl-
ethynyl)phenylethynyl]benzenethiol (NC-OPE3). As seen in
Figure 1, the length of the OPE chain was varied from one to
three structural units, which is the typical length range of the
transport experiments. The nitrile tail group served as a spectro-
scopic marker for X-ray measurements (see below), which
allowed the use of electronic excitations to probe directly both
the molecular tilt and twist [29,30]. In addition, this moiety can
serve as a specific group that can be resonantly excited by
X-rays to leave an excited electron on the CN group whose
decay by charge transfer (CT) to the substrate can be followed
to provide CT lifetimes through the molecular wires [31-33].

N
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Cc
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; I
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: I I
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SH SH SH
NC-OPE1 NC-OPE2 NC-OPE3

Figure 1: A schematic drawing of the target molecules along with their
acronyms.

The SAM structures of the NC-OPE types of molecules have
not been addressed previously (except for a resonance Auger
spectroscopy study [33]), although some results on the struc-
ture and molecular packing in the SAMs of nonsubstituted OPE
have been reported. In particular, based on STM data, Dhirani
et al. reported that the degree of order in OPE SAMs on



Au(111) increases with chain length. The SAM of the simple
molecule thiophenol (OPE1) exhibited no periodicity, that of
tolanethiol (OPE2) showed a certain (although poor) degree
of order, and that of 4-[4'-(phenylethynyl)phenyl-
ethynyl]benzenethiol (OPE3) displayed a highly ordered
pattern, which was consistent with a 2V3xV3 structure [20].
These results were supported by further STM [34,35] and AFM
[36] studies, which reported no ordered structure in OPE2/Au
[34] and a high structural order in OPE3/Au [35,36]. However,
in contrast to [20], a noncommensurate structure with a rectan-
gular unit cell was observed for OPE3/Au in [35], while a basic
V3x3 arrangement was recorded in [36]. Whereas the reasons
for the above discrepancies are not clear yet, the molecular
packing densities in all three STM/AFM studies [20,35,36]
were quite similar and close to those of alkanethiolate (AT)
SAMs on Au(111). Furthermore, in addition to the STM/AFM
characterization, molecular organization in OPE3/Au was
probed by infrared-reflection spectroscopy (IRS) [36] and near-
edge X-ray absorption fine-structure (NEXAFS) spectroscopy
[37]. The average tilt angle of the OPE3 backbone was esti-
mated at 33 + 18° in [36] and 30 + 5° in [37], while the twist
angle of the backbone with respect to the tilt plane was esti-
mated at 31 £ 6° in [36]. Finally, the preparation of well
defined, nonsubstituted and F-, CH3-, CF3-, and OCHj3-substi-
tuted OPE SAMs on gold with variable length n of the OPE
chain (n ranging from one to three structural units) was

described in [38]. The authors, however, presented only results
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for the SAM-induced work-function tuning and did not provide

any information about the SAM structure or packing density.

Results
High-resolution X-ray photoelectron spec-

troscopy

High-resolution X-ray photoelectron spectroscopy (HRXPS)
provides information about the identity, character, integrity,
chemical composition, and effective thickness of the target
films. The S 2p, C 1s, and N 1s HRXPS spectra of the target
SAMs acquired at photon energies of 350 eV and 580 eV are
presented in Figure 2.

The S 2p HRXPS spectra of the target SAMs in Figure 2a are
dominated by a characteristic S 2p3/ 1/> doublet at a binding
energy (BE) of 162.00-162.05 eV (S 2p3/;). This doublet can be
clearly assigned to thiolate species bonded to the surface of gold
[39-41]. The doublet is the only feature in the spectra of
NC-OPE2/Au and NC-OPE3/Au suggesting that all the mole-
cules in these films are bound to the substrate in the SAM
fashion, i.e., through the thiolate—gold anchor. In the case of
NC-OPE1/Au, this doublet is accompanied by an additional
doublet at ~163.5 eV (S 2p3,p). This additional feature is asso-
ciated with a small amount of the physisorbed molecules that
are presumably caught in the hydrocarbon matrix or at the
SAM-ambient interface, or both. It is quite difficult, or prob-
ably even impossible, to get rid of these species in the case of
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phenylthiolate SAMs on Au [42,43]. The intensity of the thio-
late-related doublet in the NC-OPEn SAMs decreases with
increasing chain length, manifesting a stronger attenuation of
the S 2p photoelectrons by the thicker NC-OPE2 and NC-OPE3
films. This is in accordance with the molecular composition and
the SAM architecture.

The C 1s HRXPS spectra of NC-OPE1/Au, NC-OPE2/Au and
NC-OPE3/Au in Figure 2b are dominated by an intense emis-
sion at BEs of 284.4, 284.55, and 284.65 eV, respectively,
accompanied by a weaker shoulder at a BE ~1.35 ¢V higher.
The intense emission is related to the OPE backbone, while the
high BE shoulder can be assigned to the nitrile carbon. The
spectra are mostly representative of the topmost part of the
SAMs because of the strong attenuation of the C 1s photoelec-
trons at the given kinetic energy [41]. In view of this fact, the
upward BE shift with the increasing chain length, of both the
major emission and the shoulder, is related to a weaker
screening of the photoemission hole upon its larger separation
from the substrate. This behaviour is distinctly different from
the behaviour of the S 2p spectra, in which the position of the
thiolate-related doublet is independent of the backbone length.
This is understandable, because the location of the thiolate
moiety with respect to the substrate does not change with the
variation of the backbone length.

The N 1s HXPRS spectra of NC-OPE1/Au, NC-OPE2/Au and
NC-OPE3/Au in Figure 2¢ exhibit a single N 1s emission at
BEs 0f 398.55, 398.85, and 399.10 eV, respectively. This emis-
sion is associated with the nitrile groups [30], which are exclu-
sively located at the SAM—ambient interface. The observed BE
increase at increasing length of the OPE backbone is similar to
that of the C 1s emission and is explained by the same differ-
ence in the final state screening. Note that the widths of both of
the main emission peaks in the C 1s spectra and in the N 1s
spectra decrease with increasing length of the molecular back-
bone. Most likely, this behaviour reflects a progressive
improvement in the orientational and conformational order in
the SAMs [41].

Apart from the above qualitative analysis of the HRXPS
spectra, we estimated the packing density and effective thick-
ness of the target films on the basis of the HRXPS data. The
packing density was estimated by a comparison of the
S2phiolate’ Au4f intensity ratios of the target films with those for
the reference dodecanethiol (DDT) and hexadecanethiol (HDT)
systems (a similar approach was successfully used in [44] and
[45]). This ratio is a direct measure of the molecular packing
density. As compared to the S 2p signal itself, this ratio does not
suffer from the problems related to the absolute intensity com-

parison and to the difference in attenuation of this signal in
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different films. Due to the quite close binding energies of the
Au 4f and S 2p emissions, both signals are attenuated similarly,
although not absolutely equally, as far as the primary excitation
is performed at high photon energy. The S2p/Au4f intensity
ratios for all three target films were found to be quite close to
one another (equal within the experimental error) and similar to
those for the reference DDT and HDT monolayers. At least for
NC-OPE3/Au this agrees with the STM and AFM results,
which, as mentioned in the Introduction, suggest that the molec-
ular packing densities in the OPE3 SAMs on Au are close to
those of alkanethiol (AT) monolayers [20,35,36].

As for the effective thickness of the target films, this parameter
was evaluated on the basis of the C1s/Au4f intensity ratio [46],
by assuming a standard expression for the attenuation of the
photoemission signal [47], and by using the attenuation lengths
reported in [48]. The spectrometer-specific coefficient was
calculated on the basis of the analogous procedure performed
for the reference DDT and HDT films, the thickness of which is
well known [49,50]. By using this approach, the effective thick-
ness of NC-OPE1/Au, NC-OPE2/Au and NC-OPE3/Au was
estimated at 13.3, 15.2, and 22.5 A, respectively. These values
can be compared to the corresponding molecular lengths of 7.3,
14.2, and 21.0 A, which, after the addition of the S—Au spacing
(~2.4 A [51,52]), give the theoretical thickness of the target
films for the case of the vertically standing molecules, viz. 9.7,
16.6, and 23.4 A, respectively. These values suggest a small
inclination of the molecules in the target SAMs, which, in view
of a limited accuracy of the thickness evaluation procedure, can
only be considered as a tentative statement, whereas the exact
molecular orientation can be estimated by the NEXAFS spec-
troscopy (see the following section). Note, however, that
whereas the theoretical thicknesses of the NC-OPE2 and
NC-OPE3 films are lower than the values derived from the
experiment, the opposite is true for the NC-OPE1 SAMs. This
suggests, in accordance with the S 2p spectrum for these SAMs
(Figure 2), the presence of a certain amount of the physisorbed
molecules at the SAM-ambient interface in the case of
NC-OPE1/Au.

NEXAFS spectroscopy

NEXAFS spectroscopy samples the electronic structure of
unoccupied molecular orbitals and provides information about
the integrity and chemical identity of the adsorbed film. In
many cases, NEXAFS spectroscopy allows a better distinction
between different chemical species and functional groups as
compared to HRXPS and, in this regard, is a complementary
technique. The chemical information is best represented by a
spectrum acquired at the so-called magic angle of X-ray inci-
dence (55°); this spectrum is not affected by any effects related

to molecular orientation and is only representative of the chem-



ical identity of investigated samples [53]. Furthermore, by using
the angular dependence of the transition-matrix elements for
resonant excitations [53], the average orientation of the film
constituents can be derived from the NEXAFS experiment. A
fingerprint of such an orientation is the linear dichroism (see
Experimental section), which, among other means, can be effi-
ciently monitored by plotting the difference between the
NEXAFS spectra acquired at normal (90°) and grazing (20°)
angles of X-ray incidence.

The C K-edge NEXAFS spectra of the NC-OPEn SAMs
acquired at an X-ray incidence angle of 55° are presented in
Figure 3a, whereas the n*-resonance photon-energy range of
these spectra is shown in detail in Figure 4, along with the
spectra of the two reference systems, viz. SAMs of nitrile-
substituted biphenylthiol (NC-BPT) [30] and 1,1';4',1"-
terphenyl-4-thiol (TPT) [42,43] on Au. The spectra of the target
films are dominated by a strong peak, consisting of at least three
absorption resonances at 284.9-285.0 eV (1), 285.40-285.45
eV (2), and 286.0 eV (3); see Figure 4. The resonances 1 and 3
can be assigned with certainty to the m;* orbital of the aromatic
rings and to the ©*(C=C) orbital [53], respectively, and this is
additionally supported by the intensity increase of the latter
resonance with the increasing chain length. The resonance 2 is
presumably comprised of several different contributions,
including a conjugation between the n* orbital of the rings and
C=C groups [53]. There are also contributions from the phenyl
rings themselves, as seen in the spectrum of TPT/Au in which a
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Figure 3: (a) C K-edge NEXAFS spectra of the NC-OPEn SAMs
acquired at an X-ray incidence angle of 55°. (b) Difference between
the C K-edge spectra acquired at X-ray incidence angles of 90° and
20°. The zero level of the difference spectra is shown by dotted lines.
The most prominent absorption resonances are marked by numbers;
see text for details.
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tentative decomposition of the asymmetric resonance is
performed (note that the asymmetry is related to the vibrational

structure of the resonance) [53].

I
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Figure 4: m*-resonance photon-energy range of the C K-edge
NEXAFS spectra of the target SAMs and two reference films,
NC-BPT/Au and TPT/Au. The spectra are decomposed into the indi-
vidual contributions, which are marked by numbers; see text for
details.

In addition to the joint resonance 1-3, a comparatively sharp
resonance at 286.75 eV (4) is observed in the spectra of all the
NC-OPEn films. This resonance can be, with certainty, asso-
ciated with the nitrile group since it has exactly the same energy
as the characteristic ©* resonance of nitrile in the films of
nitrile-substituted alkanethiolates [31,32,54] and oligophenyls
[30,33]. In particular, this resonance is clearly seen in the spec-
trum of NC-BPT, as shown in Figure 4. At the same time, this
resonance is not observed in the spectra of nonsubstituted OPEs
[37] and oligophenyls [42,55], including the spectrum of
TPT/Au shown in Figure 4.



Along with the above-mentioned features, there are several
further resonances at 288.1 eV (5), 288.7 eV (6), 293.6 eV (7),
~304.6 eV (8), and ~311.0 eV (9); these resonances are marked
by numbers in Figure 3. The respective molecular orbitals
have either n* character (5 and 6) or o* character (7-9)
[42,53,54,56].

The N K-edge NEXAFS spectra of the NC-OPErn SAMs
acquired at an X-ray incidence angle of 55° are presented in
Figure 5a. A dominant feature in these spectra is a character-
istic double resonance at ~398.80 ¢V (1) and ~399.75 eV (2); it
is accompanied by several weaker features, including a n*-char-
acter resonance at ~401.5 eV and several c*-character reso-
nances at higher photon energy. These spectra resemble that of
benzonitrile [57,58] and are also typical of SAMs containing
this moiety [29,30,33,59]. The appearance of the dominant
double resonance is caused by the conjugation between the n*
orbitals of the nitrile group and those of the adjacent phenyl
ring. Due to such a conjugation, the degeneracy of the n*
orbitals of the nitrile group is lifted, and they split into two
states with different energies. One of the resulting orbitals
(lower photon energy; m;* or 1) is oriented perpendicular to the
ring plane; the another one (higher photon energy; m3* or 2) is
parallel to this plane [33,57,58]. Due to the delocalization of the
m* orbital over the entire benzonitrile moiety, the intensity of
the m* resonance is lower as compared to the m3* resonance
(the orbital is almost exclusively localized on the nitrile group)
[30,33]. Note that the n* resonance of the nitrile group splits not
only at the N but also at the C K-edge (see Figures S3 and S4 in
Supporting Information File 1). However, since there is only
one carbon atom in the nitrile group, the respective split reso-
nance has a relatively low intensity in the C K-edge spectra. As
a result, only n3*(CN) is clearly visible (resonance 4 in
Figure 4; see [30]), whereas the even weaker ©;*(CN) reso-
nance overlaps with the resonance 3 (Figure 4) and is practi-
cally imperceptible.

Along with the above results, the NEXAFS data provide infor-
mation on the orientation of the molecular constituents in the
target films. Both C and N K-edge spectra of the target SAMs
exhibit significant linear dichroism as follows from the differ-
ences between the spectra acquired at normal and gracing (20°)
incidence of the primary X-ray beam shown in Figure 3b and
Figure 5b. The difference peaks related to the m* resonances are
distinctly positive, which, in view of the orientation of the tran-
sition dipole moments (TDMs) associated with these reso-
nances (perpendicular to the molecular backbone), suggests an
upright orientation of the target molecules in the SAMs. A
schematic drawing of this orientation is shown in Figure 6,
through the example of NC-OPE3, which presumably takes a
planar conformation in the densely packed SAM (see below).
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The n* orbitals of the phenyl rings (mp,*) are perpendicular to
the molecular plane; the respective TDM,p,, which is perpendic-
ular to the molecular plane as well, is shown as a blue arrow.
m* (blue) and m3* (red) orbitals of the nitrile group are perpen-
dicular and parallel to the molecular plane, respectively. The
molecular orientation is described by the tilt (B) and twist (y)
angles of the molecular backbone. The molecular tilt occurs
within the z—y plane. The twist is defined in terms of y = 0
when TDMyy, lies in the plane spanned by the z- and the molec-

ular axes (i.e., in the z—y plane).

For the nonsubstituted aromatic and OPE SAMs, 3 and y cannot
be strictly evaluated on the basis of the NEXAFS data. These
data only provide information on the average orientation of the
TDMyy, given by the tilt angle a (Figure 6), whereas the value
of B can only be calculated as far as a reasonable assumption
about the molecular twist can be made [60,61], e.g., on the basis
of the molecular orientation in the respective bulk materials.
This situation changes, however, in the case of the nitrile substi-
tution due to the presence of the n;* and m3* orbitals of the
nitrile group, which are perpendicular to each other and one of
which is aligned with the 7| * orbitals of the phenyl rings. In this
case, both B and y can be directly derived from the NEXAFS
data at the N K-edge from a system of nonlinear equations

cos(ayy) = sin(B)cos(y) M

cos(o3) = sin(B)cos(n/2-vy), )



Figure 6: Orientation of the NC-OPEn molecules in the respective
SAMs (by the example of NC-OPES3; a planar conformation is
assumed). The orientation of the molecular backbone is given by the
tilt angle B (tilt within the z—y plane) and twist angle y. The T* orbitals
of the phenyl rings (Tmpn*), constituting the backbone, are perpendic-
ular to the ring plane, with the orientation of TDMp, (blue arrow) given
by the tilt angle a. ¢* (blue) and 13* (red) orbitals of the nitrile group
are perpendicular and parallel to the plane of the adjacent phenyl ring,
respectively.

where a; and o3 are the average tilt angles of the m;* and n3*
orbitals of the nitrile group, respectively [29]. These angles can
be derived from the evaluation of the entire set of the N K-edge
NEXAFS spectra taken at different angles of X-ray incidence,
0, according to the standard equation for the intensity of a
vector-type orbital [53]

1(0,0) = A{Px(1/3)[1 + (1/2)(3 cos?0-1)(3 cos’ o ~1)]
R 3)
+ (1-P)(1/2)sin* o},

where I(a,0) is the intensity of either the m;* or m3* resonance,
A is a constant, and P is the polarization factor of the synchro-
tron light. The resulting values of o and o3 are given in
Table 1. By using these values, the average twist angle of the
OPE backbone in the NC-OPE SAMs can be directly calcu-
lated from equation

tan(y) =cos(otz)/ cos(o) )
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obtained from the division of Equation 2 by Equation 1. Equal
values of a; and a3, as are found for NC-OPE1/Au and
NC-OPE2/Au, mean thus that vy is close to 45°. A higher value
of o as compared to a3, as is the case for NC-OPE3/Au, means
that v is larger than 45°. The derived values of y presented in
Table 1 are in accordance with these qualitative considerations.
Furthermore, using either Equation 1 or Equation 2, the average
tilt angle of the OPE backbone in the NC-OPEn SAMs can be
calculated, and the respective values are given in Table 1; they
are close to each other for all target SAMs, independent of the
chain length. Note that this result is somewhat in contrast to the
C K-edge spectra in Figure 3, which exhibit an increasing linear
dichroism with increasing length of the molecular chain in
NC-OPEn/Au. This dichroism can be presumably associated
with the improved orientational order on going from
NC-OPE1/Au to NC-OPE2/Au and further to NC-OPE3/Au.

Table 1: Derived average tilt angles for the 1*and 13* orbitals of the
nitrile group (from Equation 3) as well as twist and tilt angles for the
OPE backbone in the NC-OPEn SAMs on Au(111). The absolute accu-
racy of the angle values is £3°, which are the standard error bars in the
case of NEXAFS spectroscopy. The relative accuracy is noticeably
higher.

Film NC-OPE1  NC-OPE2  NC-OPE3
a 67.4° 65.5° 70.2.°
a3 67.4° 65.1° 62.9°
v 44.9° 45.3° 53.3°
B 33.0° 36.3° 34.5°

Note that we assumed a planar conformation of the OPE back-
bone for NC-OPE2/Au and NC-OPE3/Au within the analysis of
the molecular orientation. We expect this conformation for the
densely packed NC-OPEn monolayers (see next section),
similar to the SAMs with oligophenyl backbone, for which the
individual rings are twisted differently (torsion) in the molec-
ular state but adapt to a planar conformation in the monolayer
state [62]. According to our estimates, the barrier for adapting
to a planar conformation is much lower in the case of OPE as
compared to that of oligophenyl, as far as no side functionaliza-
tion of the individual rings along the OPE backbone is
performed.

Calculation of the NEXAFS spectra

We calculated the NEXAFS spectra of the OPE3 (Supporting
Information File 1) and NC-OPE3 molecules in two different
conformations, viz. in the planar conformation, with all three
phenyl rings located in the same plane, and in a twisted con-
formation, with the central ring rotated by 90° with respect to

the two other rings about the molecule axis. Note that the latter



conformation may occur in the gaseous phase while the former
is expected to be preferred for the densely packed molecular

assembles, such as bulk samples and SAMs.

Calculated C and N K-edge NEXAFS spectra of NC-OPE3 in
the planar and twisted conformations are presented in Figure 7
and Figure 8, respectively, along with the corresponding experi-
mental spectrum of NC-OPE3/Au taken at an X-ray incidence
angle of 55°. The theoretical C K-edge spectra represent sums
over the separately calculated partial spectra of the 17 different
carbon atoms in the NC-OPE3 molecule, which allows identifi-
cation of the contribution of each of the different functional
groups to the individual resonances. The three major functional
groups are the phenyl rings, the C=C group, and the nitrile
moiety. Whereas the exact decomposition of the theoretical
spectra can be found in Supporting Information File 1, we
assigned the most prominent absorption resonances in Figure 7
in accordance with the functional groups that provide the major
contribution to these resonances. Taking into account these
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Figure 7: Calculated C K-edge NEXAFS spectra of NC-OPE3 in the
planar and twisted conformations, along with the experimental spec-
trum of NC-OPE3/Au taken at an X-ray incidence angle of 55°. The
theoretical spectra were shifted by ca. 1.3 eV to lower photon ener-
gies in order to align the most intense 1* resonances in the theoretical
and experimental spectra. The most prominent absorption resonances
in the experimental spectrum are marked by numbers. The most
prominent absorption resonances in the theoretical spectrum are
marked by the functional groups that are associated with these reso-
nances.
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assignments and comparing the theoretical and experimental
data, we can conclude that the theoretical spectrum for the
planar conformation of NC-OPE3 reproduces the experimental
spectrum of NC-OPE3/Au much better than does the calculated
curve for the twisted conformation of NC-OPE3. In addition,
this comparison supports our assignment of the most prominent
absorption resonances: 1 as related to the phenyl rings; 3 to the
C=C groups; 2 to the conjugation of the above two moieties;
and 4 to the nitrile group. Interestingly, the molecular orbitals
associated with the resonance 2 are mostly located on the phe-
nyl rings.

The theoretical N K-edge spectra of NC-OPE3 in Figure 8
reproduce perfectly the experimental result, both from the view-
point of the resonant pattern and of the relative intensity of the
most prominent ;* and m3* features. However, similar to the C
K-edge data, the theoretical spectrum for the planar con-
formation of NC-OPE3, which exhibits much lower relative
intensity of the resonance 3, reproduces the experimental spec-
trum of NC-OPE3/Au much better than does the calculated
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Figure 8: Calculated N K-edge NEXAFS spectra of NC-OPE3 in the
planar and twisted conformations, along with the experimental spec-
trum of NC-OPE3/Au taken at an X-ray incidence angle of 55°. The
theoretical spectra were shifted by ca. 2.3 eV to lower photon ener-
gies in order to align the most intense 1* resonances in the theoretical
and experimental spectra. The most prominent absorption resonances
in the experimental spectrum are marked by numbers.



curve for the twisted conformation of NC-OPE3. This supports
our above conclusion about the planar molecular conformation
of NC-OPE3/Au in the respective SAMs. Note that the same
conformation can also be expected for NC-OPE2/Au.

Discussion

Both HRXPS and NEXAFS data suggest consistently that the
NC-OPEn SAMs on Au(111) are well-defined and contamina-
tion-free, apart from a minor portion of physisorbed molecules
in NC-OPE1/Au, with the SAM molecules bound to the sub-
strate through the gold—thiolate anchor and the nitrile tail
groups exclusively located at the SAM—ambient interface. The
HRXPS data show that independent of the chain length, all of
the SAMs have similar packing densities, which, in accordance
with the literature data [20,35,36], are quite close to those of AT
SAMs on Au(111). Such packing density likely means that a
herring-bone type of motif exists, which is the typical configur-
ation for both bulk aromatic materials (see, e.g., [63]) and their
respective monolayers [62,64,65].

Similar to the SAMs with a nonsubstituted OPE backbone
[42,43], orientational order in NC-OPEn films depends on the
length of the molecular chain, improving with increasing chain
length according to the C K-edge NEXAFS data. At the same
time, molecular inclination of the SAM constituents in the
NC-OPEn SAMs is almost independent of the chain length,
with an average tilt angle of ~33-36°. Interestingly, the twist
angle of the OPE backbone, which exhibits a fully planar con-
formation for the SAMs (all three rings in the same plane), is
identical for the NC-OPE1 and NC-OPE2 SAMs at 45°, similar
to the case of the nonsubstituted oligophenyl backbone
(34.5-41.2° [29]), whereas it is higher for the NC-OPE3 SAM
at 53.5°. According to a previous detailed IRS analysis, OPE3
SAMs with no terminal group exhibit an average molecular tilt
of 33 £ 18° from the surface normal [36], which correlates well
with our value of 34.5° for NC-OPE3/Au. Further, the average
twist angle in the OPE3 films was found to be 31 + 6° [36],
which, when converted to match our definition of twist angle, is
equivalent to 59° and hence is very close to our value of 53.3°
for NC-OPE3/Au [66]. From this comparison it is clear that
substitution of the OPE3 backbone by the nitrile group does not
affect the molecular orientation significantly. This is in contrast
to the aliphatic NC-terminated SAMs in which the introduction
of the nitrile tail group results in a significant disturbance of the
molecular orientation and orientational order [54]. This distur-
bance can be understood in terms of the strong electrostatic
interactions between the nitrile groups, bearing a large dipole
moment of 3.9 D [67], which will provide electrostatic stresses
when neighbouring dipoles have unfavourable alignments. In
the case of the flexible aliphatic backbone, the stresses can be

relieved in part by inducing strains, primarily through the
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appearance of gauche defects at the terminal —CH,— units of the
alkyl chain. Such conformational changes, however, are not
possible in the case of rigid oligophenyl or OPE backbone,
which leads to a certain persistence of the molecular lattice even
in the case of the strongly interacting tail groups.

It is interesting to compare the NC-OPEn monolayers with the
respective systems without the triple bonds. The closest systems
are the NC-BPT SAMs [29,30] and the monolayers of
4"-(mercaptomethyl)terphenyl-4-yl-carbonitrile,
NC—(CgHy)3—(CH;,)-SH (NC-TP1) [29] (regrettably, there are
no published data for the closest system, NC—(CgHy4)3—SH,
abbreviated as NC-TPT). The NC-BPT SAMs on Au(111) are
characterized by an average tilt angle of ~39° and a twist angle
of 40.8° [29]. These values are quite close to the analogous
values for NC-OPE2 SAMs (36.3° and 45.3°, respectively). The
molecular tilt in the latter system is slightly smaller, presum-
ably due to a longer molecular backbone, whereas the twist is
higher. Analogously, the NC-TP1 SAMs on Au(111) are char-
acterized by an average tilt angle of ~34.0° and a twist angle of
47.1°. Once more, these values are quite close to the analogous
values for the NC-OPE3 SAMs (34.5° and 53.3°, respectively).
Considering that the introduction of the methylene linker results
in a lesser molecular inclination in the terphenyl-based SAMs
[68], we could assume that the molecular tilt in the NC-OPE3
SAMs is smaller than that in the NC-TPT monolayers; this is
once more a clear effect of the molecular backbone length. The
twist angle for the NC-OPE3 SAMs is higher than that for the
NC-TP1 monolayers and presumably even higher than that for
the NC-TPO film (on the basis of the values for the biphenyl-
based SAMs [29]). In summary, the introduction of the -C=C—
groups into the oligophenyl backbone results in an expected
slight decrease of molecular inclination (chain-length effect)
and a noticeable increase of molecular twist. The latter can be
of importance for understanding of the exact molecular arrange-
ment in the OPE SAMs.

Conclusion

We presented here the results of the spectroscopic characteriza-
tion for a series of nitrile-substituted thiolated OPEs assembled
in the SAM fashion on Au(111). This characterization included
the synchrotron-based complementary techniques of HRXPS
and angle-resolved NEXAFS spectroscopy at both C and N
K-edges, which were additionally supported by quantum-
mechanical calculations of the NEXAFS spectra. The length of
the OPE chain in the SAMs was varied from one to three struc-
tural units to test the effect of the chain length on the integrity,
packing density, and molecular orientation of the SAMs. The
nitrile tail group serves as a distinct spectroscopic marker for
X-ray absorption measurements, which allowed us to probe

directly both the molecular tilt and twist.
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The experimental data suggest that the NC-OPEn molecules
form well-defined and contamination-free SAMs on Au(111).
Apart from a minor proportion of physisorbed molecules in
NC-OPE1/Au, all molecules in these SAMs are bound to the
substrate over the gold-thiolate anchor, whereas the nitrile tail
groups are exclusively located at the SAM—ambient interface.
Independent of the chain length, all the SAMs have similar
packing densities, which are quite close to those of AT SAMs
on Au(111). Whereas the orientational order in NC-OPEnr films
depends on the length of the molecular chain, improving with
increasing chain length, the molecular inclination of the SAM
constituents is almost independent of the chain length, with an
average tilt angle of ~33-36°. At the same time, the twist of the
OPEn backbone was found to depend on the molecular length,
being close to 45° for NC-OPE1/Au and NC-OPE2/Au, but
~53.5° for NC-OPE3/Au. Comparison of the molecular orienta-
tion in the NC-OPE3/Au system with the literature data for the
analogous nonsubstituted film suggests that the attachment of
nitrile to the OPE3 backbone does not significantly affect the
molecular orientation in the SAMs. This was explained by the
rigidity of the OPE3 backbone and stability of the densely
packed molecular lattice, which consists of OPE3 moieties in
planar conformation arranged, presumably, in a herring-bone
fashion.

The results of this study provide important data that are rele-
vant to the use of these types of “molecular wires” for applica-
tions in molecular-electronics devices, particularly with regard
to studies of the dynamics of charge-transport behaviour.

Experimental

The NC-OPEn compounds were synthesized according to
previous protocols [69]. The purity of all the compounds was
checked by NMR. The gold substrates were prepared by
thermal evaporation of 100-200 nm of gold (99.99% purity)
onto polished single crystal silicon (100) wafers (Silicon Sense)
primed with either a 5 nm titanium or a 5 nm chromium adhe-
sion layer. The evaporated films were polycrystalline, with a
predominant (111) texture [40,70] and grain sizes of 20-50 nm.
To prepare the SAMs, these substrates were immersed into a
1 mmol solution of the NC-OPEn compounds in toluene or in
methylene chloride for 24 h at room temperature, with identical
results in either solvent. Afterwards, the SAM samples were
carefully rinsed by immersion in the solvent and further rinsing
with absolute ethanol. Finally, they were blown dry with argon

or nitrogen gas.

In addition to the OPE SAMs of interest, several reference
SAMs were prepared on Au(111) substrates using standard pro-
cedures. The reference SAMs included those formed from DDT
[50], HDT [71], TPT [42,43], and NC-BPT [30].

Beilstein J. Nanotechnol. 2012, 3, 12-24.

The SAMs were characterized by several complementary
spectroscopic techniques, viz., high-resolution X-ray photoelec-
tron spectroscopy (HRXPS), angle-resolved near-edge X-ray
absorption fine-structure (NEXAFS) spectroscopy and
infrared reflection spectroscopy (IRS). The HRXPS
and NEXAFS spectroscopy experiments were conducted
at the bending magnet beamline D1011 (plane-grating mono-
chromator) of the synchrotron storage ring MAX II at MAX-
Lab in Lund, Sweden. We used an experimental station
equipped with a SCIENTA SES200 electron-energy analyzer
and a partial-electron-yield (PEY) detector. The experiments
were carried out under UHV conditions at a base pressure
<1.5 x 10719 mbar. We took care to avoid any noticeable
damage induced by X-rays [72-75], minimizing the spectra
acquisition time and performing control measurements on refer-

ence samples.

The HRXPS spectra were collected in normal emission geo-
metry. Photon energy (PE) was varied; it was set at 350 eV for
the S 2p region, at 350 and 580 eV for the C 1s range, and at
580 eV for the N 1s and O 1s regions. The BE scale of every
spectrum was individually calibrated with reference to the
Au 4f7, emission line of the substrate at 83.95 eV [76]. For this
purpose, Au 4f spectra were acquired for each sample and at
each PE change. The energy resolution was better than
100 meV, which is noticeably smaller than the full widths at
half maximum (fwhm) of the photoemission peaks of the S 2p,
C 1s, and N 1s spectra.

HRXPS spectra were fitted by symmetric Voigt functions and
either a Shirley-type or linear background. To fit the S 2p35 12
doublets we used a pair of such peaks with the same fwhm, a
branching ratio of 2 (2p3/2/2p1/2), and spin-orbit splittings (veri-
fied by fit) of ~1.18 eV (2p3/2/2p12) [77]. The fits were carried
out self-consistently: The same peak parameters were used for
identical spectral regions. The accuracy of the resulting
BE/fwhm values is 0.02-0.03 eV.

The NEXAFS spectra were acquired at the carbon and nitrogen
K-edges. We used the partial-electron-yield acquisition mode
with retarding voltages of —150 and =300 V for the C and N
K-edges, respectively. Primary X-ray beam was linearly polar-
ized with a polarization factor of ~95%. The energy resolution
was less than 100 meV. To monitor the orientational order of
the target molecules within the films, the incidence angle of the
X-ray beam was varied from 90° (E-vector in the surface plane)
to 20° (E-vector nearly normal to the surface) in steps of
10-20°. This approach is based on the strong dependence of the
cross-section of the resonant photoexcitation process on the
orientation of the electric field vector of the linearly polarized

light with respect to the molecular orbital of interest [53]. This
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effect is usually described as linear dichroism in X-ray absorp-
tion [53]. The accuracy of the incidence-angle adjustment was
+0.5°.

The raw spectra were normalized to the incident photon flux by
division by a spectrum of a freshly sputtered, clean gold sample
and were reduced to the standard form [53]. The energy scale
was calibrated to the most intense n* resonance of highly
oriented pyrolytic graphite at 285.38 eV [78] in combination
with the well-known A(hv) o (hv)32 behaviour of plane grating
monochromators [79]. The resultant energy positions are
expected to be accurate and reproducible within +0.05 eV.

In order to provide a reliable basis for the assignment of the
features in the experimental NEXAFS spectra and to get infor-
mation about the molecular conformation in the target SAMs, a
series of calculations with the quantum-chemistry program
package StoBe (Stockholm-Berlin) [80] were carried out for the
OPE3 and NC-OPE3 molecules. Note that StoBe is used to
evaluate and analyze the electronic structure as well as spectro-
scopic and other properties of molecules and atom clusters. The
approach is based on self-consistent solutions of the Kohn-
Sham equations employing linear combinations of Gaussian
type orbitals. The theory and numerical details of the realiza-
tion can be found in [80-83]. As a further verification of the
integrity of the SAMs, infrared spectra were obtained. In all
cases the SAMs had the expected spectra based on reference
spectra of the pure thiol molecules used for self-assembly.

Supporting Information

Supporting Information features the calculated C and N
K-edge spectra of OPE3 and NC-OPE3 in the planar and
twisted conformation, decomposed into the partial spectra
related to the individual building blocks of the target

molecules.

Supporting Information File 1

Calculated X-ray absorption spectra.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-3-2-S1.pdf]
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Abstract

An ionic liquid (IL), 1-butyl-3-methylimidazolium chloride ([Bmim]Cl) can assemble on prefabricated carboxylic acid—terminated
chemical patterns on octadecyltrichlorosilane (OTS) film. The chemical pattern controls the position, shape and size of the IL on
the surface. After the IL assembly — by incubating IL drops assembled on sample surface in an OTS silane vapor — an OTS layer
was coated on the IL drop surface which encapsulated the IL drop. The OTS-coated capsule can exist stably under aqueous solu-
tion. The OTS coating protected the IL drops from being instantaneously dissolved by other solutions. We found that a homo-
genous catalyst (FeCl3) dissolved in [Bmim]Cl can be assembled together on the chemical patterns and subsequently encapsulated
together with [Bmim]Cl by OTS coating. The pinhole defects within the vapor-coated silane layer provide space for the catalyst
inside the capsule and reactants outside the capsule to meet and react. When the OTS-coated capsule containing a FeCls/IL mixture
was soaked under H,0, solution, the Fe" jons catalyzed the decomposition reaction of hydrogen peroxide at the vapor-coated
OTS-water interface. Since the shape and position of the interface is defined by the underneath chemical pattern, our findings show
that the OTS-coated IL drops assembled on chemical patterns can be used as novel micro-reactors. This allows homogenous

catalytic reactions to occur at the designated interfaces.

Introduction

Tonic liquids (ILs) have promising applications as environmen-  media because simple evaporation methods can be used to sepa-
tally friendly solvents [1,2]. lonic liquids are low temperature  rate solutes from ILs [3]. In addition, ILs can be custom-made
melting salts with very low vapor pressure. Thanks to their low  with targeted functions. Because of these advantages, ILs have

vapor pressure, ILs are ideal extraction solvents or reaction been engineered as extraction solvents, reaction media and drug
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delivery materials [4,5]. In most IL applications — such as
extraction, lubrication, IL super capacitors — the core function

of the IL occurs at the ionic liquid—solid interfaces.

ILs are different from conventional molecular liquids because
no individual molecule exists in the liquid. Moreover, ILs are
not diluted electrolyte solutions either. Hence, no existing
theory and model can precisely describe the behavior of ILs,
especially at the IL interfaces. Therefore, studies of the IL inter-
facial properties are necessary for further developments of
IL-based applications. Furthermore, new applications — such as
IL reactor, IL-circuit, and surface pattern visualization — require
the precise control over the position of the IL drop on surface
[6-8].

In this letter, we report studies of the chemical pattern-directed
assembly of IL on surface. We found that the chemical patterns
can control the shape, size and position of the IL on surface.
Furthermore, IL drops on surface can be coated with a layer of
silane film, forming an IL capsule. We discovered that the
homogenous catalyst FeCl3 could be encapsulated together with
IL. The pinhole defects on the OTS coating layer provided
spaces for the catalyst inside the capsule and reactants outside
the capsule to react. Hence, the coated IL drops enable the inter-
facial chemical reactions.

Results and Discussion

Chemical pattern-directed assembly of IL on
surface

The carboxylic acid-terminated chemical patterns (partially
degraded octadecyltrichlorosilane, OTSpd) were fabricated on
the self-assembled monolayer of octadecyltrichlorosilane (OTS)
film using the scanning probe deep oxidation lithography
method [9]. The OTSpd pattern is a high energy, lyophilic

OTSW _
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surface whereas the OTS background is a methyl-terminated,
low energy, lyophobic surface. Based on the wetting-driven
assembly approach [10], liquid can be assembled on the chem-
ical patterns due to the contrast in surface energy [11,12].
Figure 1a shows a representative OTSpd disc array. Figure 1b
shows the same region after a liquid [Bmim]Cl drop rolled over
the OTSpd discs. By comparing Figure 1a with Figure 1b, we
found that the IL micro-drops were selectively deposited on the
high-surface energy OTSpd chemical patterns. Figure 1c is the
optical image of the IL drop arrays assembled on OTSpd
patterns. The background is the OTS film. Each dark spot in
Figure 1c is an IL drop assembled on the OTSpd disc. The
regions shown in Figure 1a and 1b are highlighted within the

red box in Figure lc.

Figure lc reveals that the amounts of IL assembled on each
OTSpd disc are similar but not identical. Some discs appear
darker than the rest, indicating that more IL was assembled on
that OTSpd disc. Correspondingly, in the atomic force
microscopy (AFM) topography image (Figure 1b), the height of
IL drops varies between 250-800 nm. The AFM image reveals
more details about the shape of the IL droplet assembled on the
OTSpd discs. A representative high-resolution AFM image of
the IL drop is shown in Supporting Information File 1, Figure
S1. The AFM topography image shows that the IL is not a
hemispherical drop that covers the whole OTSpd disc. Instead,
the IL adopts a Mexican hat shape — a partial drop sitting on top
of a precursor layer. In the OTSpd disc center is the partial
drop, which only covers the central part of the OTSpd disc and
is typically 250-800 nm high. The central drop is surrounded by
a rim, which extends out and covers the remaining part of the
OTSpd disc. The rim is thickest at the foot of the central drop
and gradually becomes thinner as it extends out. The Mexican
hat shape indicates that the IL drop co-exists with an IL

50 ym

Figure 1: [Bmim]Cl assembles on the OTSpd pattern. a) OTSpd discs fabricated by scanning probe deep oxidation lithography on OTS film. Topog-
raphy image. The center-to-center distance between two neighboring discs is ~7 um. b) The same area after [Bmim]Cl was coated on the sample.
[Bmim]ClI selectively assembled on the lyophilic OTSpd discs. Topography image. c) Optical image of [Bmim]Cl assembled on the OTSpd patterns.
The light background is the OTS film. The red box is the zone shown in a) and b). In this optical image, each IL drop assembled on an OTSpd disc

appears as a dark dot.
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precursor layer (the “rim”). The observed Mexican hat shape for
an IL drop is not a surprise. Since first discovered by Hardy in
1919 [13], the existence of the precursor layer of a drop on a
solid surface has been extensively studied. In fact, the Mexican
hat shape has been confirmed as the real shape for most liquid
drops on solid surfaces, provided that the drop can be resolved
with a sufficient resolution [14].

[Bmim]Cl is miscible with water. When the sample shown in
Figure 1c was immersed in water, all IL micro-droplets on the
patterned area disappeared instantaneously, indicating that the
IL micro-droplets were dissolved in water.

Silane-coated IL capsules

Silane molecules react with water to form silanols, which subse-
quently cross-link with each other using the Si—O—Si covalent
bonds and form a polymer network [15,16]. Such a silane
network is mechanically stable and chemically inert. When
silane molecules react with hydrophilic surfaces, a self-assem-
bled silane layer is formed on the surface. The cross-linked
silane film can be formed on the IL drop surface as well
because water adsorbed there. In our experiment, we incubated

a)

Topography
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IL drop arrays in OTS vapor. We found that an OTS layer
covered the IL drop surface, forming a capsule that encapsu-
lated the IL inside (Figure 2). The capsule had the same
Mexican hat shape of the IL assembled on the OTSpd disc. The
hemispherical cap shaped drop is in the center on the OTSpd
disc and co-exists with the surrounding precursor layer (the rim
of the Mexican hat), which covers the remaining OTSpd disc.
The height cross-sectional profile along the cyan line in the AC
mode topography image (Figure 2a) is plotted in Figure 2d
(black line), which reveals that the drop in Figure 2a is 300 nm
in height. Figure 2b is an optical image of the OTS-coated
[Bmim]Cl drop array. The image was acquired under water
after 1 h of incubation. Under the optical microscope, inter-
faces separating the drop and the water can be clearly observed.
In contrast, in the control experiment for those IL drops assem-
bled on OTSpd disc without OTS coating after water was
applied to the patterned area, the un-coated IL drop was instan-
taneously miscible with water, and thereby disappeared.

Because the coated-drops still existed after incubation, we
conclude that the coating was a complete layer which can sepa-
rate [Bmim]Cl inside the capsule and the water outside the

OTS-coated
IL drop
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Figure 2: a) A representative OTS-coated [Bmim]CI drop on the OTSpd pattern. AC mode topography image. b) Optical image of OTS-coated
[Bmim]Cl drops on the OTSpd disc array. The imaged was acquired under water. c) The phase image corresponding to the topography image in a).
d) The topography (black line) and phase (blue line) channel cross-sectional profiles corresponding to the cyan lines shown in a) and c¢). The topog-
raphy cross-section profile reveals that the drop height is 300 nm. The phase cross-section profile indicates that the phase signal of the OTS regions
(pink zones in d) and the phase signal of the OTS-coated drop surface are the same because their difference in phase signal is smaller than the noise

level.
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capsule. In the phase image (Figure 2c) corresponding to the
topography image shown in Figure 2a, the phase signals over
the drop and the OTS background are the same. This can be
further quantitatively illustrated by the phase cross-sectional
profile along the cyan line in Figure 2¢ which is plotted as the
blue line in Figure 2d. In the plot, the phase signal difference
between the drop surface (central white region in Figure 2d) and
the OTS film (pink regions in Figure 2d) is smaller than the
noise level. Thus, we conclude that OTS and the drop surface
have the same phase signal. The phase signal acquired during
the same scanning line and under the same instrumental set-ups
represents the surface identity. Since the OTS background is
methyl-terminated, we conclude that the vapor treated
[Bmim]Cl drop is also covered with a layer of methyl-termi-
nated OTS silane.

During the AC mode imaging, we also varied the tapping
amplitude set point in order to examine how the encapsulated IL
responds to different external tapping intensities. At a high
amplitude set point (99.5% of the free oscillation amplitude),
the tip tapped the OTS-coated drop gently. A smooth topog-
raphy profile of the drop was acquired. In contrast, at a low set
point (95% of the free oscillation amplitude), the tip tapped the
OTS-coated drop hard, with a high force. Phase signal oscilla-
tions were observed when the tip scanned over the drop, as
shown in the Supporting Information File 1, Figure S1. The
oscillation at a low set point indicates that the drop was
disturbed when the tip tapped it hard which caused the IL inside
to oscillate. Hence, the IL inside the capsule was still fluidic. In
comparison, under the same low set point, the AFM scan lines
over the OTS film background did not show any oscillation
because the OTS film was in solid phase. Hence, this control
reveals that the oscillation we observed over the drop is the true
physical oscillation of the IL inside the drop rather than the
electronic oscillation originated from the AFM feedback loop.

Beilstein J. Nanotechnol. 2012, 3, 33-39.

Therefore, from this experiment we conclude that the coated
silane layer only formed at the surface of the IL drop.

Reaction of the OTS-coated IL capsules
Pinholes widely exist in the silane film that was prepared
without stabilization [17]. When the “unstablized” OTS film
was imaged using a MikroMasch ultra-sharp AFM tip (~1 nm in
tip diameter), no pinholes could be resolved. On the other hand,
when the unstablized OTS film is incubated in 11-mercap-
toundecyltrimethoxysilane toluene solution, the 11-mercap-
toundecyltrimethoxysilane molecules can fill the pinholes in the
OTS film, leaving the terminal —SH groups on top. The —SH
group can subsequently bond to gold nanoparticles and immobi-
lize them on the surface. Hence, we infer that the size of the
pinhole would be around 0.5-1 nm. These pinholes provide
spaces for reactions and encounters between the materials
encapsulated inside the drop and reactants in the external
solvent.

Figure 3 shows OTS-coated [Bmim]ClI drop arrays. The IL
inside drops contained 30% (w/w) of FeClz. The sample was in-
cubated under 30% H,O, solution at 25 °C. FeClj is a homo-
genous catalyst for the decomposition reaction of HyO, [18].
When FeCl; was added in H,O, solution, the HyO, decom-
posed and oxygen bubbles were generated in the solution as the
decomposition product. In our experimental set-up, the FeCls
was dissolved in IL solution, which was encapsulated by the
OTS coating and existed as the immobilized capsules arrays on
the designated places on the sample surface. We applied one
drop (30 pL) 30% H»O, solution onto the surface to cover the
OTS-coated FeCl3/IL arrays. The Fe3™ inside the IL was slowly
released from the pinholes on the OTS film. The released Fe>™
catalyzed the decomposition reaction of H,O,, which generated
O, bubbles. The reaction was monitored by the optical micro-
scope in real time. As Figure 3 shows, after immersion, oxygen

Figure 3: H,O, decomposition reaction catalyzed by FeClz. The process was recorded by the optical microscope under 30% H20; solution. The
FeCl3 [Bmim]Cl solution assembled on two 8 x 8 OTSpd disc arrays. The IL drops were protected by a layer of OTS film coating. a), b), ¢): The same
region with two OTS-coated IL arrays were immersed under 30% H,O; solution and recorded at 0, 2, and 4 seconds, respectively. The observed
oxygen bubbles (black spots) grew with time, indicating that the H,O, decomposition reaction was proceeding.
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bubbles were observed on the patterned area immediately
(within 0.5 s after the H,O, drop was applied onto the sample).
Under the optical microscope, the smallest bubble that can be
resolved is around 600 nm in size, which is at the resolution
limit of our microscope. At the beginning, these small bubbles
randomly appeared at the surface of the IL capsules. However,
nearby oxygen bubbles fused together to form large bubbles.
The size of the bubbles increased with time. Upon further
growth, the fused bubbles took off from the surface and the
patterned area became clean. Then, new bubbles appeared at the
interfaces of the OTS-coated IL drops. These new bubbles may
not always originate from exactly the same spot in the array as
the previous bubbles did. However, the bubbles always started
from the OTS-coated IL drops in the arrays. The overall decom-
position reaction lasted for ~12 h, until all H,O, was consumed.
During the reaction, all oxygen bubbles generated from the
decomposition were observed to originate from the surface of
the IL capsules. This fact suggests that the majority of Fe3™ ions
did not diffuse into the solution.

The potential leaking of IL into solution was assessed through
the following experiment: As the first step, we fabricated one
8 x 8 OTSpd disc array on a 1 x 1 cm? OTS sample. In total, we
fabricated three such samples (sample A, sample B and sample
C). Within the array, each OTSpd disc has a diameter (D) of
3.5 um. For sample A, we coated the array with IL solution and
then coated a layer of OTS silane to encapsulate it. Then, each
capsule’s volume can be obtained through the flooding analysis
using the AFM topography image. On average, the volume for
each capsule was about 8 um3. Then, we put one drop (10 pL)
of deionized water over the 8 x 8 OTS-coated IL capsule array
for 2 h. Next, we transferred the drop to sample B and let this
drop cover on the 8 x 8 OTSpd disc array on sample B. This
drop evaporated in air within 30 min. If the IL leaked out from
the capsule during the previous 2 h long incubation over sample
A, the dissolved IL would be transferred to sample B. Since the
IL would not evaporate with the water, IL would be deposited
on sample B. Furthermore, because this IL ([Bmim]Cl) does not
wet the OTS film, as demonstrated in Figure 1c, the deposited
IL would be selectively concentrated on the high-energy 8 x 8
OTSpd disc array on sample B. Therefore, we can use AFM to
characterize the 8 x 8 OTSpd disc array to reveal how much IL
was deposited. Figure S2 in Supporting Information File 1
shows a representative image of one OTSpd disc after the drop
evaporated over the OTSpd disc array. From the image
(Figure S2), we computed that the volume of the IL deposition
on this OTSpd disc was 0.044 pm® We used AFM to charac-
terize all 64 OTSpd discs in the array and computed the IL
deposition volume, which yielded an average IL deposition
volume of 0.04 um3/disc. AFM scan also revealed that no IL
was deposited on the OTS surface. In the control experiment,
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we put one drop (10 pL) of deionized water over the 8 x §
OTSpd array for 2 h over sample C, which just had a clean
8 x 8 OTSpd array. After the drop evaporated in air, we charac-
terized the 8 x 8 OTSpd array on sample C. No deposit was
found, the OTSpd arrays did not change. Hence, we conclude
that the material deposited on OTSpd disc on sample B is the
leaked IL. After a 2 h long incubation, only 0.5% (v/v) IL inside
OTS-coated capsule was slowly released to water. The OTS
coating leads to the slow release of the IL.

The potential leaking of Fe3™ from the OTS-coated IL capsule
was also studied. We put one drop (30 uL) 30% H,O, solution
onto the surface to cover the OTS-coated FeCls/IL arrays to
initiate the reaction. After 1 h, while the reaction was still
proceeding, we used a pipette to transfer the solution onto
another clean OTS-coated wafer surface. At this stage, if a large
amount of Fe3™ was released into the bulk solution phase, the
Fe3™ would have been transferred onto the clean OTS-coated
wafer surface as well. Then, we injected additional 30 uL 30%
H,0; solution into this drop. Since Fe3™ is the catalyst in the
decomposition reaction, it will not be consumed. On the
contrary, it would continue to catalyze the decomposition reac-
tion. Nevertheless, we did not observe any oxygen bubbles
generated within this drop. This fact suggests that the concen-
tration of Fe3™ within this 60 uL drop was just too low. The
Fe3" concentration in the original 30 pL drop was just twice as
high as that of in the 60 pL drop. Therefore, the Fe>* concentra-
tion in the original 30 pL drop would be low as well. Our data
show that the OTS coating on the IL drop surface effectively
suppressed the diffusion of Fe3" into the external solution.

In a separated control experiment, OTS-coated FeClz-free IL
drops were incubated with H,O, solution. No oxygen bubbles
were generated, indicating that Fe3" was responsible for the
decomposition of HyO,. From these experimental results we
conclude that the H,O, decomposition reaction occurred at the
IL-OTS—water interface. The reaction occurred either because
the Fe3" ions diffused out of or the H,O, molecules diffused
into the IL capsules through pinholes in the OTS film.

Conclusion

We found that lyophilic carboxylic acid-terminated OTSpd
chemical pattern can direct the assembly of the IL on the OTS
film surface. The chemical pattern can control the position, size
and shape of the IL on the surface. The IL drops assembled on
the chemical patterns can be coated with a protective layer of
silane which encapsulates the IL and the solute within the IL.
The coated IL drops can stably exist in other solvents that are
miscible with the IL. Pinholes in the silane coating layer enable
a slow material exchange between both sides of the protective

silane layer.
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Our experiments show that the FeCls catalyst encapsulated
within the IL drop can still catalyze the decomposition reaction
of the hydrogen peroxide at the IL-OTS coating—water inter-
face when the coated IL drops were immersed in hydrogen
peroxide solution. Therefore, the coated IL drop may allow
homogenous catalytic reactions to proceed in a heterogeneous
fashion at the designated places. This capability provides

conveniences for the subsequent product separation procedures.

Experimental

Instruments

The chemical pattern fabrication and characterization were
conducted by the Agilent PicoPlus 2500 environmental AFM.
The optical examination of the surface was conducted using a

Nikon Eclipse 55¢ microscope.

Procedures

The silicon wafers (Nitrogen doped, resistivity 1-40 Q-cm)
were polished to an ultra-flat level (root mean square roughness
<5 A) and were then cut into 1 x 1 cm? pieces. The wafer
samples were cleaned by piranha solution (1 part of 98%
H,SO4 and 2 parts of 30% hydrogen peroxide) at 125 °C for
15 min. After rinsing the samples in deionized water and drying
in an ultrapure nitrogen environment, the cleaned samples were
immersed in a 5 mM OTS (octadecyltrichlorosilane, 97%,
Gelest, Inc) toluene solution for 12 h at 20 °C in order to form

an OTS film on the sample surface.

Next, the OTS-coated samples were rinsed in toluene and
annealed in a sealed vial at 40 °C, 100% relative humidity (RH)
for 12 h. Subsequently, the samples were incubated in a 5 mM
OTS toluene solution again. The stabilization (rinsing-
annealing-OTS solution incubating) process was repeated for
three times in order to remove the pinholes inside the OTS film
[17,19-21]. The final OTS film was an ultra-flat, pinhole-free,
featureless film.

The OTSpd patterns were fabricated by the scanning probe deep
oxidation lithography. In a 100% RH environment (at 25 °C), a
Pt-Ti coated conducting AFM tip (CSC-17 Pt-Ti, from Mikro-
Masch) was used to contact the OTS-coated sample. A 10 V
voltage was applied to the silicon wafer, whereas the conduct-
ing AFM tip served as the ground. Due to the bias voltage, OTS
under the tip was oxidized and degraded into carboxylic acid-
terminated OTSpd pattern. Several 8 x 8 OTSpd disc arrays
were fabricated on the OTS film. The size of the array was
50 x 50 um?2.

Coating IL on OTSpd patterns
[Bmim]Cl was purchased from Sigma-Aldrich. It has a melting
point of 70 °C and an advancing contact angle of 88° on OTS
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film [22]. In a sealed vial, 10 g [Bmim]Cl powder was heated to
120 °C and then cooled to room temperature. After cooling,
[Bmim]Cl in the vial existed as a viscous super-cooled liquid at
25 °C. A drop of [Bmim]Cl was placed on the patterned area on
the OTS-coated sample. Then, we used a pipette to remove the
IL drop from the sample surface. After contacting the patterned
surface, the IL assembled on the OTSpd patterns as drops.

Samples with IL drops assembled were placed in a sealed vial
with 33 pL OTS. The vial was incubated at 55 °C for 2 h. The
OTS molecules from the vapor formed a layer at the IL drop
surface.

Supporting Information

Supporting Information File 1

Supporting material.

Figure S1: The oscillation during the AC mode scanning of
an OTS-coated IL drop.

Figure S2: Assessment of IL leaking from the OTS-coated
capsule.

[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-3-4-S1.pdf]
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Polymer nanostructures were directly written onto substrates in ultra-high vacuum. The polymer ink was coated onto atomic force

microscope (AFM) probes that could be heated to control the ink viscosity. Then, the ink-coated probes were placed into an ultra-

high vacuum (UHV) AFM and used to write polymer nanostructures on surfaces, including surfaces cleaned in UHV. Controlling

the writing speed of the tip enabled the control over the number of monolayers of the polymer ink deposited on the surface from a

single to tens of monolayers, with higher writing speeds generating thinner polymer nanostructures. Deposition onto silicon oxide-

terminated substrates led to polymer chains standing upright on the surface, whereas deposition onto vacuum reconstructed silicon

yielded polymer chains aligned along the surface.

Introduction

The deposition of materials in vacuum is the foundational tech-
nology for creating modern electronic circuits; a vacuum being
essential both to preserve the cleanliness of the substrate and the
deposited materials and to minimize the creation of defects [1].
Consequently, most deposition techniques from thermal evapor-

ation to atomic layer deposition require a high level of vacuum,

preferably ultra-high vacuum (UHV), to be used effectively.
While the suite of established vacuum deposition technologies
is vast and capable of highly precise deposition, there are rela-
tively few methods to perform additive lithography in a single
deposition step. Additive lithography deposits only the material

that is needed for the intended device in the correct position.
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This is in contrast to the standard practice where an entire film
is generated, the great majority of this film is then removed. In
addition to the benefit of reduced material cost, additive tech-
niques have further benefits, including the ability to create
softer, heterogeneous structures — such as polymers — that
would be contaminated or destroyed by the multiple requisite
coating and removal steps associated with conventional “lift-
off” lithography. To date, additive lithographies such as inkjet
[2], dip-pen nanolithography (DPN) [3] and micro-contact
printing [4] have been limited to deposition under ambient pres-
sures, and therefore cannot achieve the benefits of the
controlled environment under vacuum.

One type of additive lithography is scanning probe lithography
(SPL) where sharp probes either guide the deposition of ma-
terial to a substrate or modify previously deposited films [5,6].
In the case of DPN, the AFM probe can be used to write a wide
range of molecular inks with resolutions down to 15 nm [3,7,8].
However, in conventional DPN writing depends on the intrinsic
fluidity of the ink molecules or on the creation of ink fluidity
using solvents [9]. Unfortunately, inks and solvents that have
sufficient intrinsic fluidity for DPN evaporate quickly in
vacuum. This paper reports that thermal dip-pen nano-
lithography (tDPN) [10] can deposit polymer nanostructures
from a heated AFM tip in a high vacuum environment
(Figure 1b). In tDPN, the probe temperature may be varied
precisely within microseconds over a temperature range of
1000 °C. The probe temperature controls the viscosity of the
coated ink allowing independent control over the overall depo-
sition rate and the ability to turn off and on deposition
(Figure 1a). Many different materials (e. g., metals [11],
nanoparticles [12], and SAM molecules [10]) have been
deposited using this technique. Thermal DPN closely mirrors
the capabilities of conventional DPN but with greater control
over the ink flow [5]. Critically, the heat from the probes
enables the deposition of high melting point inks such as poly-
mers that also have low volatility and so may be deposited
under a vacuum.

Results and Discussion

Our initial approach for depositing organic inks was to attempt
DPN with octadecanethiol (ODT), a classic ink for DPN that
reproducibly transfers to the substrate. However, it was found
that the ink on the DPN tip would invariably evaporate in the
load lock chamber (~1077 Torr) leaving insufficient coverage
for observable deposition. Evaporation is readily observed visu-
ally since the ink leaves a haze on the tip that is absent after
placing in a load lock chamber. This anecdotal observation was
more rigorously examined by creating a sample that mimicked
the DPN tip surface chemistry: A silicon oxide on a silicon chip

that was coated by holding it over ODT in a scintillation vial
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hot probe

Figure 1: (a) Schematic of the tDPN process which uses a heated
scanning probe microscope tip to deposit polymer from a moving tip.
(b) Leaving the tip in contact, deposition is started and stopped by
turning the heat on and off as shown by writing “UHV”. The poly(3-
dodecylthiophene) (PDDT) was written on SiO, (non-UHV prepared) in
UHV (~107"0 Torr). The height of each polymer line was 20 nm (= 8
ML) while the polymer width was 150 nm (fwhm).

heated to 65 °C, for 30 min. This procedure produced an ODT
film that was 20 nm thick (measured by ellipsometry). After
placing the chip briefly under vacuum in a load lock chamber
(~1077 Torr), no ODT film was detectable. Additional attempts
with less volatile inks — such as eicosanethiol — yielded similar
results, leading us to conclude that typical inks used in conven-
tional DPN cannot be used for DPN under vacuum.

While alkanethiols could not be deposited, we found that heated
probes would retain and deposit polymer in UHV. For this
work, we chose the polymer to be poly(3-dodecylthiophene)
(PDDT), a conducting polymer that has found widespread usage
in organic electronics (Figure 1b) [13]. PDDT is also interest-
ing because it becomes highly ordered, forming self-assembled
layers on a silicon surface [14], when it is properly annealed.
This ordering increases its ability to conduct current after elec-
tron beam exposure [15].

The probe temperature was controlled by applying current
through the probe heater [16]. One of the advantages of UHV
tDPN is the lower melting point of inks under UHV. Because
the molar volume of PDDT is lower in solid form than in liquid
form, thermodynamics indicate that its melting point should
drop as the surrounding pressure is lowered. Thus, while PDDT
routinely deposits at its melting point of 120 °C in air, we

observed that the writing temperature of PDDT could be
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decreased down to ~100 °C in UHV. As a result, the tempera-
ture window between melting and thermal decomposition of
PDDT (175 °C in air) widens, thereby enabling greater control
of line widths and thicknesses deposited in UHV. The lower
deposition temperature also reduces the risk of thermal damage
when applied to pre-fabricated devices.

While heating the probe to the vacuum melting temperature of
the PDDT, the tip was rasterized across the “as is” native oxide
Si substrate at different speeds. We found that monolayer-by-
monolayer control of the film thickness, as previously estab-
lished under nitrogen, is also possible under UHV. Figure 2
shows two polymer nanowire lines written at different speeds.
Assuming a thickness of 2.6 nm for each PDDT monolayer as
previously determined by XRD [14], the polymer deposited by
the probe moving at 20 um/s was only a single monolayer thick,
with the structure written at 8 pm/s being four monolayers
thick. The widths of the deposited polymer structures were
280 nm at 20 pm/s and 303 nm at 8 um/s, with the width princi-
pally determined by the relatively blunt silicon tip. Note that
recent advances — where the tips remain sharp due to a coating
of wear-resistant diamond — readily show line thicknesses of
40 nm [17]. The line width and heights were measured as a
function of the probe speed (Figure 3). The heights of the
deposited polymer structures roughly decrease as the inverse
square root of the scan speed. The widths of the deposited struc-
tures decrease monotonically with the scan speed but do not
show a clear power law relationship. When patterning under
ambient conditions, dimensional control may be achieved by
varying the tip temperature; however, the tip temperature was
fixed in UHV to limit the number of experimental parameters.

Polymer nanostructures were also written on atomically clean
and flat Si(001)-2x1 (Figure 4) where monoatomic steps are
clearly visible. Interestingly, we found that surface chemistry of
the silicon substrate had a major effect on the apparent struc-
ture of the deposited polymer as determined by the monolayer
film thickness. On the native oxide surface, PDDT self-assem-
bles in such way that the side chains are perpendicular to the
surface (Figure 2a), as typically observed for PDDT deposited
on non-UHV prepared surfaces under ambient conditions [18].
The upright orientation is due to the hydrophobic alkyl side
chains minimizing their exposure to the hydrophilic oxide sub-
strate. In contrast, PDDT written on Si(001)-2x1 has a film
thickness of ~0.4 nm, corresponding to polymer side-chains
oriented parallel to the surface, as illustrated in Figure 4a. Note
that the thickness of our films lies intermediate to values
reported previously for PDDT on other substrates. Scifo et al.
used STM to measure the thickness in UHV of a PDDT film
drop cast on highly oriented pyrolytic graphite (HOPG) and
reported a film thickness of 0.24 + 0.04 nm [19]. In contrast,
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Figure 2: Orientations of UHV deposited polymer. (a) PDDT typically
organizes in such way that the polymer is oriented normal to the
surface with a monolayer height of 2.6 nm. (b) Deposition of polymer at
different speeds on a non-UHV prepared substrate showing the upright
orientation in (a). By varying the tip speed, the scanning probe will
deposit polymer at different thicknesses. At the relatively high speed of
20 um/s, only a single monolayer is deposited as shown by the line
average to the right of the image. Lower speeds deposit thicker
polymer lines as shown by line averages in (c).
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Figure 3: The polymer deposit heights and widths of PDDT deposited
onto Si substrate (non-UHV prepared) as a function of scanning
speed. Both the height and width decrease monotonically with tip
speed.

Terada et al. [20] reported poly(3-hexylthiophene) (P3HT) on
H-terminated Si(100) in UHV to be 0.5 nm thick. Our measured
value is closer to the 0.4 nm intermolecular spacing measured
for thick films of PDDT [14]. In the prior STM measurements,
the measured thickness is a convolution of the topographic
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height and electronic properties of the polymer film, compli-
cating the comparison. However, the polymer’s lying flat
strongly suggests that alkyl side chains must interact more
favorably with the silicon surface than with the oxide surface
and so has a significant impact on the observed molecular film
thickness.

f

UHV prepared
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=
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Figure 4: (a) Deposition onto the UHV prepared Si substrate in UHV
shows the polymer lying on its side. (b) Polymer deposited across a Si
step edge an atom thick. (c) The cross section [pale blue line in (b)]
shows that the polymer thickness is 0.4 nm, indicating that the polymer
molecules are lying flat. (d) A second image of polymer deposited on a
UHV-prepared clean silicon surface with diagonal monatomic steps
that go from the upper left to the lower right. (e) Cross section from (d)
that again gives a polymer thickness of 0.4 nm.

Conclusion

In conclusion, we have developed a method for direct, additive
deposition of polymer in UHV using thermal dip-pen nano-
lithography. The molecular structure of the written PDDT
monolayer nanostructure films depends on the chemistry of the
silicon surface. Oxide termination leads to polymer side chains
aligning perpendicular to the substrate, whereas silicon termina-
tion leads to the polymer lying flat. The thickness of the
deposited polymer is a function of the speed of the scanning
probe and may be controlled monolayer-by-monolayer. This
new UHV-compatible direct-write technique should be of value
both for nanoscale lithography of polymer structures and for the
study of molecularly-ordered polymer nanostructures. This
result would also open a new method of studying polymer-
semiconductor surface interaction at a molecular level which is
useful to develop polymer-based electronics compatible with

inorganic semiconductor technology.
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Experimental

The silicon wafer substrates were prepared using one of two
protocols. In both protocols, substrates for depositing PDDT
were scribed from Sb-doped Si(001) wafers (0.01 to 0.02 Q-cm)
oriented to within 0.1° of (001). The substrates were then soni-
cated in CHCI3, dried with a stream of N, and transferred into
the UHV chamber (base pressure ~5 X 107! Torr). In the first
protocol, the substrate was used as-is to take advantage of the
~2 nm thick native oxide. In the second cleaning protocol,
samples were prepared to leave an atomically pristine, 2x1-
reconstucted Si(001) surface. In this protocol, the substrates
were initially degassed in UHV overnight at 500 °C and resis-
tively heated for 30 s at 1230 °C, cooled down for at least
5 min, and then briefly heated again to 1230 °C for 5 s, while
maintaining a pressure below 1 x 10~ Torr. Depending on the
sample holder history, several heating-cycles were necessary
before the pressure could be maintained below 1 x 102 Torr.

Poly(3-dodecylthiophene) (PDDT) was purchased from Sigma-
Aldrich (M, ~ 60,000) and used without any further purifica-
tion. To pattern PDDT via tDPN in UHV, the heatable
cantilever was first mounted on a UHV tip holder. Next, a solu-
tion of 0.1% by volume of PDDT in chloroform was loaded
onto the cantilever and tip by using a 3 mm diameter loop of
copper wire containing the solution in the meniscus. Using a
micromanipulator, the tip was immersed into the droplet, dried
on a hot plate at 60 °C and then loaded into the UHV chamber.
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Abstract

In recent years, self-assembled monolayers (SAMs) have been demonstrated to provide promising new approaches to nonlinear
laser processing. Most notably, because of their ultrathin nature, indirect excitation mechanisms can be exploited in order to fabri-
cate subwavelength structures. In photothermal processing, for example, microfocused lasers are used to locally heat the substrate
surface and initiate desorption or decomposition of the coating. Because of the strongly temperature-dependent desorption kinetics,
the overall process is highly nonlinear in the applied laser power. For this reason, subwavelength patterning is feasible employing
ordinary continuous-wave lasers. The lateral resolution, generally, depends on both the type of the organic monolayer and the
nature of the substrate. In previous studies we reported on photothermal patterning of distinct types of SAMs on Si supports. In this
contribution, a systematic study on the impact of the substrate is presented. Alkanethiol SAMs on Au-coated glass and silicon
substrates were patterned by using a microfocused laser beam at a wavelength of 532 nm. Temperature calculations and thermo-
kinetic simulations were carried out in order to clarify the processes that determine the performance of the patterning technique.
Because of the strongly temperature-dependent thermal conductivity of Si, surface-temperature profiles on Au/Si substrates are very
narrow ensuring a particularly high lateral resolution. At a 1/e spot diameter of 2 um, fabrication of subwavelength structures with
diameters of 300—400 nm is feasible. Rapid heat dissipation, though, requires high laser powers. In contrast, patterning of SAMs on
Au/glass substrates is strongly affected by the largely distinct heat conduction within the Au film and in the glass support. This
results in broad surface temperature profiles. Hence, minimum structure sizes are larger when compared with respective values on
Au/Si substrates. The required laser powers, though, are more than one order of magnitude lower. Also, the laser power needed for
patterning decreases with decreasing Au layer thickness. These results demonstrate the impact of the substrate on the overall

patterning process and provide new perspectives in photothermal laser patterning of ultrathin organic coatings.
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Introduction

In the past decades, self-assembled monolayers (SAMs) have
developed into a particularly versatile means to tailor the
surface properties of technologically important materials, such
as gold, silicon and glass [1-3]. Because of the self-limiting
growth mechanism, well-defined coating with a layer of
monomolecular thickness is ensured [4]. Varying the chemical
structure of the precursor molecules, in turn, allows one to alter
the chemical reactivity and resistance of these coatings [5].
These characteristics of SAMs have been widely exploited in
numerous micro- and nanofabrication schemes [1-3]. A promi-
nent example, addressed here, considers the application of
SAMs as ultrathin resists. Patterning techniques, such as scan-
ning-probe techniques, e-beam lithography, micro-contact
printing and photolithography have been employed along this
path [6-9]. Furthermore, laser processing of SAMs has attracted
significant attention [9-12]. Generally, laser techniques provide
a variety of powerful features and hence are the preferred
choice in many technical and medical applications [13]. Promi-
nent examples include optical data storage, photo-mask fabrica-
tion and manufacturing of medical implants [14]. Owing to the
optical diffraction limit, laser nanofabrication encounters
significant challenges. Typically, minimum structure sizes are
not much smaller than the wavelength of the laser source [13].
A means to extend the lateral resolution of laser patterning tech-
niques into the subwavelength range is to take advantage of
nonlinear effects, such as photothermal and multiphoton absorp-
tion processes [11-17]. In photothermal processing, laser light is
used in order to locally heat the substrate surface and initiate
chemical reactions [12]. Commonly, photothermal patterning of
SAMs is carried out by sequential processing with microfo-
cused lasers [11,18-25]. In addition, some contributions also
demonstrated parallel processing through the use of microlens
arrays and interference patterns [26,27]. These contributions
emphasize the prospects of photothermal laser routines in
micro- and nanopatterning of different types of SAMs and other
ultrathin organic coatings [11,18-28]. Because of the
photothermal process, the performance of such laser techniques
depends on both the peculiar chemical structure of the SAM,
notably the surface linkage, and the optical and thermal prop-
erties of the substrate [11,13]. In this contribution we focus on
substrate-mediated effects in photothermal laser patterning of
alkanethiol SAMs on Au-coated Si and glass substrates.
Patterning experiments are combined with temperature calcula-
tions and thermokinetic simulations. Although photothermal
patterning of alkanethiol SAMs on distinct substrates has been
investigated previously [11,21-24,27], a systematic study on the
influence of the substrate on the performance of the patterning
technique is still missing. The results reported here demonstrate
a strong dependence of the patterning process on the support

material, i.e., on its thermal conductivity. Comparative experi-
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ments with Au-coated glass substrates also show a strong

impact of the Au layer thickness.

Results and Discussion

General approach

The general experimental approach is illustrated in Figure 1.
Alkanethiol SAMs were prepared by immersion of Au-coated
glass and silicon substrates into a millimolar solution of hexade-
canethiol (HDT). Photothermal processing was carried out by
using a microfocused laser beam at A = 532 nm and dy/e =2 pm.
The experimental setup allows the variation of the laser power
P and the laser pulse length 1. In a patterning experiment the
sample was moved in the focal plane of the laser. This provides
a convenient means to test distinct laser parameters in adjacent
surface areas. At sufficiently high laser powers and/or suffi-
ciently long pulse lengths, thermal desorption of the thiol mole-
cules is initiated [11]. Subsequently, the Au layer in these laser-
depleted surface areas was removed by means of wet-chemical

HDT in EtOH HDT SAM
Au a 2nm
Support -
Laser pulse Patterned SAM
A =532 nm
dije =2 pm
b
Aqueous K,S,03/ Patterned
KsFe(CN)g Au layer
C

Figure 1: Schematic diagram of the process flow: (a) SAM formation
upon immersion in an ethanolic solution of HDT; (b) photothermal laser
processing of the HDT SAM at A = 532 nm; and (c) pattern transfer into
the Au film upon etching in an aqueous solution of K2S,03 and
K3Fe(CN)g. Adapted from [11].
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etching [11,29]. For this purpose, the patterned substrates were
immersed into an aqueous solution of K,S,03 and K3Fe(CN)g.
The HDT SAM acts as an ultrathin resist and inhibits etching in
the coated surface areas. The immersion time was adjusted in
order to completely dissolve the Au film in the laser-depleted
surface areas and to minimize widening of the structures owing
to the isotropic etching process.

Characterization of substrates and mono-

layers

As substrates, Au-coated glass plates with Au layer thicknesses
of 10 nm, 30 nm, 50 nm and 100 nm were used. In addition,
experiments with Au-coated silicon substrates with a 30 nm Au
layer were carried out. UV—vis spectra of Au-coated glass
supports are displayed in Figure 2 [30,31]. Evaporated Au films
with a thickness of 10 nm or below often exhibit a discontin-
uous structure and show a plasmon resonance in the UV—vis
spectrum, that is, a pronounced minimum in the spectral trans-
mission between 500 and 600 nm. This plasmon resonance is
not observed here, suggesting that all substrates exhibit a
continuous Au layer. Atomic force microscopy (AFM) revealed
a surface roughness of a few nanometers. Note that Au/glass
substrates with 100 nm thick Au layers and Au/Si substrates are
opaque and, hence, do not allow for characterization by means
of UV—vis spectroscopy. In addition, the transmittance 7" and
reflectance R at a wavelength of 532 nm and normal incidence
was determined. The respective data are summarized in Table 1.
Taking into account the transmittance and reflectance data
allows one to calculate the absorbance 4 and the effective
absorption coefficient a,, of the films from [12]:

A=1-R-T )
and
o —l]n ﬂ (2)
Au 2 T

It is worth noting that substrates with thin Au layers exhibit the
highest absorbance; the optical data for glass substrates with
100 nm thick Au layers, in turn, correspond to the bulk values
of Au [32]. For comparison, the 1/e penetration depth of bulk
Au at a wavelength of 532 nm is about 18 nm only [32].

HDT coated substrates are characterized by contact-angle
measurements and infrared reflection—absorption spectroscopy
(IRRAS). Static water contact angles are about 109°. IR
measurements show no difference for all samples considered

here. A typical spectrum is shown in Figure 3, and peak assign-
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Figure 2: UV-vis spectra of Au/glass substrates with Au layer thick-
nesses of 10 nm, 30 nm and 50 nm.

Table 1: Optical properties of Au-coated substrates at A = 532 nm.

Support  hay [nm] R T A aagy [em™]
Glass 10 034 031 035 756105
Glass 30 061 012 027  3.90-10%
Glass 50 068 007 025  3.0810°
Glass 100 075 000 025 5.69-1062

Si 30 071 000 0.29 —b

aGiven value refers to the bulk value for Au [32].
bIndeterminable because of the opacity of the Si support.

ments are given in Table 2. Based on the peak positions of the
antisymmetric methylene stretching vibrations, these data indi-

cate densely packed monolayers [33].

|
2964 cm™
2937 cm™

|
2877 cm™!

I [a.ul]

2850 cm™!
|
2920 cm‘: :
3000 2950 2900 2850 2800
vem™

Figure 3: IRRAS-spectra of an HDT-coated Au/glass substrate
exposing a 50 nm Au layer.
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Table 2: Assignment of IR peaks.?

Peak Position [cm™]
Vas(CHS)ip 2964
VS(CH3)|:R 2937

Vas(CHo) 2920
Vs(CH3)rr 2877
Vs(CHp) 2850

3vg and vy refer to the symmetric and antisymmetric stretching vibra-
tions; ip refers to in-plane vibrations; FR indicates vibrations which are
split because of Fermi resonance interactions with lower-frequency
vibrations [33].

Photothermal laser patterning

After the etching process, patterned samples were characterized
by optical microscopy. Typical micrographs of patterns on a
glass support are shown in Figure 4. Each micrograph displays
a pattern that has been fabricated at a given laser power and
with distinct laser pulse lengths between 50 ps and 10 ms. In
order to check the reproducibility, the patterning was carried out
under identical conditions along three rows. For precise charac-
terization of the structures, atomic force microscopy (AFM)
was used. Figure 5 displays a topographic AFM image and a
height profile of structures with diameters of 0.9 um and
1.7 pm. The depth of these structures is equivalent to the thick-
ness of the Au layer of 30 nm. Diameters are measured at the
half depth. Because of the isotropic etching process, these
values are expected to be slightly larger than the diameter of the
depleted areas after laser processing. Considering a 30 nm thick
film, for example, the widening at the half depth amounts to
about £15 nm. For all structure sizes reported here this is
<<10% of the total width. Hence, this effect is considered to be
negligible and is not taken into account. Note also, that the
measurements are not corrected for the tip size. Hence, the
measured diameters, indeed, are somewhat smaller than the
actual width of the structures. This to some extent compensates

for the widening of the structures during etching.

Figure 6 displays the dependence of the structure diameter d on
the laser parameters. In order to ensure comparability, only data
from structures exhibiting a depth that is equivalent to the
respective Au layer thickness are considered. Complete etching
of the laser-depleted areas on patterned substrates with a
100 nm thick Au layer turned out to be difficult. Hence, no data
for such samples are shown. All diagrams display the typical
dependence of the structure diameter on the laser power and
laser pulse length, as observed in a previous study focusing on
photothermal patterning of HDT-SAMs on Au/Si substrates
[11]. It is noteworthy, though, that processing of HDT-SAMs
on Au/glass substrates can be carried out at much lower laser
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Figure 4: Optical micrograph of a laser-fabricated dot pattern. HDT-
SAMs on a Au/glass substrate exposing a 30 nm thick Au layer are
processed with single laser pulses with distinct T between 50 ps (left)
and 10 ms (right) and (a) P = 24.3 mW, (b) P = 20.3 mW. After laser
processing, the pattern is transferred to the Au layer by wet-chemical
etching.

Figure 5: AFM data from patterning experiments with HDT-SAMs on
Au/glass substrates exposing a 30 nm thick Au layer. The structures
were fabricated by using single laser pulses at P = 24.3 mW and with
distinct T of 50 ps (left) and 100 ps (right). Pattern transfer to the Au
layer was carried out by wet-chemical etching. Diameters refer to
values at half-depth.

powers. Photothermal patterning of alkanethiols on Au/glass
substrates at low laser powers has been reported previously
[21,24]. Due to the different experimental parameters, however,
a quantitative comparison of these data is not feasible. The data
presented here demonstrate that, under otherwise identical

conditions, the laser powers needed for patterning of HDT-
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SAMs on glass supports are reduced by more than one order of
magnitude when compared with those values needed for

patterning of HDT-SAMs on Si supports. Moreover, when
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Figure 6: Dependence of the structure diameter d on the incident laser
power P and the pulse length T of HDT-SAMs on (a) Au/Si substrates
with a 30 nm Au layer, (b) Au/glass substrates with a 50 nm Au layer,
(c) Au/glass substrates with a 30 nm Au layer and (d) Au/glass
substrates with a 10 nm Au layer. The lines are guides for the eyes
only.
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comparing the data on the Au-coated glass substrates, a strong
dependence of the patterning results on the Au layer thickness is
evident. The average laser power required for fabrication of
identical structures decreases from 28 mW to 9 mW when the
Au layer thickness is reduced from 50 nm to 10 nm. Patterning
of HDT-SAMs on Au/glass supports with Au layer thicknesses
of 10 nm can be carried out at laser powers below 8 mW, a
value comparable with the emitted power of a laser pointer.
This opens up an opportunity for truly cost-effective laser
processing of thiol-based SAMs. In addition, parallel
processing, e.g., by using micromirror displays [34], appears
feasible.

The choice of the support material, of course, also affects the
lateral resolution of the laser technique. Processing of HDT-
SAMs on Au/Si substrates can be carried out with a high lateral
resolution. In particular, structure sizes are much smaller when
compared with the data from equivalent patterning experiments
with Au/glass substrates (Figure 6). Minimum structure sizes on
Si supports are between 300 and 400 nm. This is somewhat
larger when compared with those values in the range of
200-300 nm that were obtained with a very similar laser setup
[11]. Structure sizes on Au/glass substrates, in turn, decrease
with decreasing Au layer thickness. However, irrespective of
the Au layer thickness, the smallest structures on glass supports
exhibit a width between 600 and 700 nm, which is to say that no
correlation between the achievable minimum structure size and
the Au layer thickness is evident. For comparison, in a previous
study focusing on photothermal patterning of alkanethiol SAMs
on Au/glass substrates, by using high-aperture immersion
optics, minimum structure sizes in the range of 400-500 nm
were reported [24].

Temperature calculations

All patterning experiments described here were carried out with
HDT-coated substrates. Hence, the distinct experimental
observations are attributed to the peculiar optical and thermal
properties of the Au-coated supports. This, of course, affects the
temperature rise on the substrate surface and, hence, is
well expected to influence the overall patterning process.
Commonly, in photothermal processing with microfocused
lasers the local temperature rise is calculated by considering the
underlying heat-conduction equation [12]. Constant surface
temperatures are rapidly established. Hence, for pulse lengths in
the micro- or millisecond range, stationary temperature profiles
T(r) are considered, where r corresponds to the radial position
relative to the center of the laser spot [11]. The following para-
graphs detail how the surface temperature profiles are calcu-
lated for Au/Si and Au/glass substrates. A description of all
parameters and constants, as introduced in the following, is

given in Table 3.

69



Beilstein J. Nanotechnol. 2012, 3, 65-74.

Table 3: Parameters and constants used in temperature calculations and thermokinetic simulations.

Description Symbol Value
Laser spot diameter at 1/e di/e 2 pum
Incident laser power see Figure 7
Laser pulse length T see Figure 7
Sample reflectance R see Table 1
Thermal conductivity of Au@ KAu 3.15 W-em™1-K-1
Thermal conductivity of glass?® Kglass 12102 W-cm™1-K"
Thermal conductivity of Si at To? Ksi 1.48 W-cm™1-K~1
Basic sample temperature To 300 K

Fit parameter for Si@ Tk 96 K
Absorption coefficient of AuP aay see Table 1
Au layer thickness hau see Table 1
Activation energyP:¢ Ea 145 kJ-mol™!
Frequency factor?:c v 1.1-1018 51
Ideal gas constant Rg 8.314 J-K~1-mol™!

a[12]. We note that the thermal conductivity of thin Au films is generally lower when compared with the bulk value for Au. The exact value depends on
the film thickness and on the specific film structure, which, in turn, varies depending on the detailed preparation procedure. Hence, widely varying
thermal conductivities are discussed in the literature [35]. For simplicity, the bulk value is considered here. Very similar results are obtained with lower

thermal conductivities.
bGiven parameters refer to effective parameters.
°[11].

In the case of Au/Si substrates, laser absorption largely takes
place in the thin Au layer, whereas heat conduction is domin-
ated by the underlying Si support. This allows the calculation of
the respective surface-temperature profiles on the basis of an
analytical solution of the underlying heat-conduction equation
considering surface absorption [11,12]:

AT (r
T(r) =T +(Ty —Ti )exp T—(Tz )
0=
with
2 2 ’
r r
AT(V)szax]O 4 eXp| — 4 “)
1/e 1/e
and
T P(1-R)
max \/;Ksi d]/e %)

Note, /p, here and in the following, denotes the modified Bessel
function of order zero. Moreover, Equation 3 takes into account

the temperature-dependent thermal conductivity of Si.

In the case of Au/glass substrates laser absorption is strictly
limited to the thin Au layer. Hence, again surface absorption
applies. In contrast to Si, however, glass exhibits a very low
thermal conductivity. For this reason, heat conduction is
strongly affected by the Au layer. An approach reported by
Calder and Sue allows one to take this into account and numeri-
cally calculate respective surface temperature profiles [36].
Considering a Gaussian beam and the dimensionless parame-
ters r* = 2r/dyje, K* = Kau/Kglass, GAu™ = 0Aud1/e/2, and
h* = 2hpy/dy e, the surface temperature profiles 7(r) are given
by [12,35]:

K"C(E)+5S(€)
1) =1y+ F [ 1(2)| [+(K (&)= Joxp(-ahuhia | laz )
0

A(ce)+es(e) k()
with

. 2P(1-R) '],

ndl/eKAu @
(&) =— ) _exp| ~5- ®)
(&) 20"}‘:A2u - ‘E;z P 4
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C(&)=cosh (Z:J’l:u ) )
S (&) =sinh (24, ) (10)

and
K(g)= (11

*
LAy

Despite certain approximations, calculations on the basis of
Equations 3-5 and Equations 6—11 provide reasonable esti-
mates of the surface-temperature profiles on the distinct
substrates considered here [11,12,36]. This offers insights into
the processes that determine the performance of the patterning
technique.

To illustrate the impact of the distinct substrate structure on the
local temperature rise, surface-temperature profiles exhibiting
the same peak temperature of 600 K are shown in Figure 7.
Two general effects are evident from these data. Firstly, the
laser power required in order to establish a certain peak
temperature on Au/glass substrates is much lower than that
needed for Au/Si substrates. Moreover, on glass supports, the
required laser power strongly decreases with decreasing Au
layer thickness. Secondly, the width of the temperature profile
is much broader on glass supports and increases with increasing
Au layer thickness.

Generally, in photothermal laser processing the peak tempera-
ture Tax 1S proportional to the absorbed laser power Papg and
inversely proportional to the thermal conductivity of the sub-
strate «, that is T, o€ Paps/K [12]. As evident from Table 1,
the absorbances of the substrates all are of comparable magni-
tude. The thermal conductivities of the supports, in turn,
strongly vary (Table 3). In particular, depending on the specific
temperature, the thermal conductivity of Si is one to two orders
of magnitude larger than the thermal conductivity of glass [12].
Hence, the strong difference in the laser power required in order
to reach a certain peak temperature rise is attributed to the
largely distinct heat dissipation in the supports, Si versus glass.

Au, of course, exhibits a very high thermal conductivity. Thus,
with increasing Au layer thickness thermal conduction in Au/
glass substrates is more and more affected by heat dissipation
within the Au film and the laser power required in order to
establish a certain peak temperature increases.

The distinct thermal properties of the substrates also determine

the width of the temperature profiles. The width of the tempera-
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Figure 7: (a) Calculated stationary temperature profiles on different
types of Au-coated substrates used for the patterning experiments.
Laser powers P were adjusted in order to reach the same peak
temperature of 600 K. Values are given in the diagram. (b) Corres-
ponding surface coverage profiles at a laser pulse length of 1= 1 ms.

ture profiles on Au/Si substrates is determined by the Si
support. Because of the temperature-dependent thermal conduc-
tivity of Si this results in a particularly narrow surface-tempera-
ture profile. Au/glass substrates, in turn, exhibit a strong differ-
ence in lateral and vertical heat conduction. Lateral heat
conduction within the Au film is much faster than vertical heat
conduction into the bulk of the support. For this reason, surface
temperature profiles on Au/glass substrates are much broader
when compared to those on Au/Si substrates. Also, with
increasing Au layer thickness, in the range of 10 to 100 nm,
lateral heat conduction increases. Hence, the width of the

temperature profiles broadens.

Thermokinetic simulations

Thermokinetic simulations are helpful to illustrate the impact of
the surface temperature profiles 7(7) on the diameter of the
laser-fabricated structures. For this purpose, surface-coverage
profiles 0(») are calculated assuming first-order kinetics. A
description of all parameters and constants, as introduced in the
following, is given in Table 3. Due to rapid heating and cooling
rates, the reaction time in photothermal laser processing essen-
tially corresponds to the laser pulse length t. Further details are
discussed in a previous study [11]. Following this approach,

surface coverage profiles 0(r) are calculated from
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e(r) = exp(—k(r)r)

(12)

with k(r) denoting the radially varying reaction rate constant:

k(r):vexp(—EA/RGT(r)) (13)

Considering Equation 12 and Equation 13, the local reaction
kinetics depends on the irradiation time t and the rate constant
k(r), which itself depends on the temperature. At a constant ir-
radiation time, a certain temperature is required in order to in-
duce substantial desorption of thiol molecules [21,22,37].
Following Equations 3—11 this necessitates a critical laser
power density. Processing at short irradiation times demands
high power densities, which may lead to complications, such as
surface melting and substrate ablation. Hence, the procedure has
to be carefully optimized in order to ensure selective processing
of the SAM [11,24].

Calculated surface-coverage profiles at a typical laser pulse
length of T = 1 ms are displayed in Figure 7. Clearly, an
increase in the diameter of the laser-depleted surface areas can
be seen when comparing Au/Si to Au/glass substrates exposing
Au layers of the same thickness. Also, for Au/glass substrates
the diameters of the structures increase with increasing thick-
ness of the Au layer. This is in agreement with the experi-
mental data shown in Figure 6. Note that the structure diameter
at short laser pulse lengths is ultimately determined by the
width at the very top of the temperature profiles [11]. As
evident from Figure 7a, this width is of comparable size for all
Au/glass substrates considered here. For this reason, minimum
structures on Au/glass supports are of comparable size irrespec-
tive of the Au layer thickness.

Conclusion

Photothermal laser processing has developed into a valuable
technique for the fabrication of micro- and nanostructured
SAMs. The results presented here emphasize the impact of the
substrate on the performance of this technique. In particular, the
results of photothermal processing of thiol-based SAMs on Au/
Si and Au/glass substrates, with Au layer thicknesses in the
range of 10-50 nm, are compared. Minimum structure sizes are
significantly smaller on Au/Si substrates. It is, however, worth
noting that the processing of Au/glass substrates can be carried
out at very low laser powers. In addition, the required laser
power for patterning on Au/glass substrates strongly decreases
with decreasing Au layer thickness. This opens up new perspec-
tives in low-cost laser processing of thiol-based SAMs. Also
parallel laser processing, e.g., by using micromirror displays,

appears to be feasible.
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Experimental

Au-coated Si and glass supports from commercial suppliers
were used as substrates (Albert PVD, Phasis). Si (100) wafers
and borosilicate glass slides were chosen as the support ma-
terials. A thin Ti film, thickness <3 nm, served as an adhesion
layer. For the experiments, the substrates were cut into pieces of
about 10 x 10 mm? in size. For coating with alkanethiol SAMs,
all substrates were cleaned with ethanol (p.a., VWR Prolabo)
and piranha solution (5 min), a 3:1 mixture of 96% sulfuric acid
(suprapur, Merck) and 30% hydrogen peroxide (p.a.,
AppliChem), rinsed in deionized water (18 MQ-cm Millipore),
dried in a stream of high purity argon (5.0, Air Liquide) and
then immersed into a 1 mM solution of 1-hexadecanethiol
(HDT, >95%, Fluka) in degassed ethanol in a glove box at room
temperature for 18 h. Subsequently, the substrates were rinsed
in ethanol and dried with argon. All subsequent experiments
were carried out immediately after coating.

Photothermal patterning was carried out under ambient condi-
tions using a continuous-wave laser setup [11]. Briefly, the
beam of a diode-pumped solid state (DPSS) laser operated at A
= 532 nm was focused onto the sample by means of a standard
microscope objective with a numerical aperture of 0.25 (10x,
Olympus). The 1/e laser spot diameter d /. obtained in this way
was 2 um. An acousto—optical modulator was used to chop the
laser beam and adjust the laser power. The incident laser power
P on the samples was measured on a commercial power meter
with a thermal sensor (PM3Q Field Mate, Coherent).

After laser processing the patterns were transferred into the gold
film by selective etching [29]. For this purpose, the patterned
samples were immersed in a solution of 0.1 M K;S,03 (>98%,
Fluka), 1.0 M KOH (p.a., Merck), 0.01 M K3Fe(CN)g (99%,
Sigma Aldrich), and 0.001 M K4Fe(CN)g (purum, 99%, Riedel
de Haén) at room temperature. For each substrate type, the
immersion time was adjusted in order to completely dissolve
the Au film in the laser-depleted surface areas and to minimize
widening of the structures due to the isotropic etching process.
For this purpose, line patterns were fabricated on a given
sample type. Subsequently the laser-patterned sample was step-
wise dipped into the etching solution by employing a stepper
motor stage. This allows one to test distinct immersion times on
a single sample (Figure 8). After etching, the samples were

rinsed in deionized water and blown dry with argon.

For the characterization of bare and HDT-coated substrates,
UV-vis spectroscopy, laser reflectance and transmittance
measurements, contact angle measurements and infrared reflec-
tion—absorption spectroscopy (IRRAS) were used. UV—vis
spectra were measured with a Perkin Elmer UV—vis spectrom-

eter (Lambda 950). Laser reflectance and transmittance
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- 8 min

6 min

50 um

Figure 8: Optical micrograph of a laser-patterned HDT SAM on a Au/
glass substrate exposing a 10 nm thick Au layer after wet-chemical
etching. The micrograph displays surface areas that have been dipped
into the etchant for 6 min (bottom) or 8 min (top).

measurements were carried out at A = 532 nm by using the
DPSS laser of the patterning setup and a power meter with a
thermal sensor (cf. above). Static water contact angles were
measured with an OEG SURFTENS universal goniometer.
Infrared spectra were collected with a Bruker spectrometer
(Vertex 70) equipped with a variable-angle reflection accessory
(A513). A polarizer was placed in front of the sample in order
to measure spectra with p-polarized light. The angle of the inci-
dent light was set to 85° with respect to the surface normal. The
spectra were taken at a resolution of 4 cm™! by using 1024
scans and were referenced to a clean gold sample without any
further data manipulation.

For characterization of patterned samples, optical microscopy
(BX41TS, Olympus) and AFM (Autoprobe CP from Veeco)
were used. AFM images were recorded in contact mode with
standard cantilevers. Width measurements were not corrected

for tip-size effects and refer to values measured at half depth.
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Abstract

The surface functionalization of inorganic nanostructures is an effective approach for enriching the potential applications of existing
nanomaterials. Inorganic nanotubes attract great research interest due to their one-dimensional structure and reactive surfaces.
In this review paper, recent developments in surface functionalization of an aluminosilicate nanotube, “imogolite”, are introduced.
The functionalization processes are based on the robust affinity between phosphate groups of organic molecules and the
aluminol (AIOH) surface of imogolite nanotubes. An aqueous modification process employing a water soluble ammonium
salt of alkyl phosphate led to chemisorption of molecules on imogolite at the nanotube level. Polymer-chain-grafted imogolite
nanotubes were prepared through surface-initiated polymerization. In addition, the assembly of conjugated molecules, 2-(5”’-hexyl-
2,2:5°,2”’-terthiophen-5-yl)ethylphosphonic acid (HT3P) and 2-(5°’-hexyl-2,2’:5”,2"’-terthiophen-5-yl)ethylphosphonic acid 1,1-
dioxide (HT3OP), on the imogolite nanotube surface was achieved by introducing a phosphonic acid group to the corresponding
molecules. The optical and photophysical properties of these conjugated-molecule-decorated imogolite nanotubes were character-
ized. Moreover, poly(3-hexylthiophene) (P3HT) chains were further hybridized with HT3P modified imogolite to form a nanofiber
hybrid.

Review
Surface functionalization of metal or metal-oxide surfaces has  functional surfaces with highly controlled chemical properties.
received considerable attention in recent years [1-3]. It presents  Functionalized surfaces can be used in a number of applica-

an easy, accurate and precise approach for the fabrication of tions, including passivation of metal surfaces, adhesion promo-
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tion, and adsorption of biomolecules to substrates for sensing
[1,4]. Recently, the assembly of organic molecules on inor-
ganic nanostructures instead of flat surfaces has been demon-
strated to be an effective process for preparing various previ-
ously untested functional organic/inorganic nanohybrids. The
organic parts generally provide functional groups for the
nanohybrids, while the inorganic parts act as the scaffold for
organic molecules and determine both the individual
morphology and the texture of the obtained nanohybrids [5,6].
Among various nanostructures with different shapes, nanotubes
attract special research interest, not only because of their high
mechanical strength, but also because of their large aspect ratios
and ability to form network structures. It is no doubt that
nanotubes with reactive surfaces and a reliable supply are
preferred for the application as scaffold of organic molecules.
Carbon nanotubes (CNTs) play an important role in the
nanotube family. However, the surface of CNTs is inert for
most molecules. On the contrary, clay nanotubes present a reac-
tive surface for numerous coupling agents and are emerging as
useful structural units for many kinds of nanohybrid materials
[7-11].

For the assembly of organic molecules on an inorganic surface,
most work has been carried out with alkyl silanes adsorbed on
silicon oxide or with thiols adsorbed on noble metals [1,12,13].
A different class of self-assembling agents, namely phosphonic
and phosphoric acids, has gained more and more attention due
to their ability to bind to a wide range of metal-oxide surfaces
[14]. Organosilane and organophosphorus coupling molecules
show remarkably different reactivities. Silicon derivatives are
prone to nucleophilic substitution, and the main reactions
involved in the assembly process are hydrolysis and conden-
sation reactions. Heterocondensation between the organosi-
lanols and the inorganic part leads to the formation of Si—-O-M
bonds, while homocondensation between two coupling mole-

100-1000 nm
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cules leads to the formation of Si—O—Si bonds. The presence of
a trace amount of water appears to be necessary for the forma-
tion of complete monolayers [15,16]. However, homocondensa-
tion increases as the water content increases and there is a risk
of formation of multilayers due to the uncontrolled polymeriza-
tion of the multifunctional organosilanes [17,18]. Phosphorus
derivatives are much less sensitive to nucleophilic substitution
than silicon derivatives are, because phosphorus has a higher
electrophilicity compared to silicon. Consequently, P-O-C
bonds are quite stable against hydrolysis, and P-O—H groups
are quite stable against homocondensation. Thus, during the
surface-modification process, they should form only mono-
layers, independent of the water content. Moreover,
organophosphoric acids can selectively assemble on the
surfaces of metal oxides rather than on SiO, surfaces in an
aqueous medium, due to the sensitivity of Si—-O—-P bonds to
hydrolysis [19-21].

In this review paper, the chemisorption and assembly of several
phosphonic-acid-containing organic compounds on imogolite
nanotubes, based on the robust affinity between the phosphate
groups and the nanotube surface, is reviewed.

Aluminosilicate nanotube

Structure of imogolite

Imogolite was discovered as early as 1962, and detail investi-
gation using electron diffraction analysis by Cradwick et al. in
1972 confirmed its composition [Al,03-Si0,-2H,0] [22]. The
schematic representation of imogolite is shown in Figure 1. The
gas adsorption data of N, CO,, and CH4 concluded that imogo-
lite possesses an inner-pore diameter of 1 nm [23]. The wall
structure of imogolite comprises a layer of gibbsite on the outer
wall, and a layer of silicate on the inner wall [22]. The latest
crystallographic study showed that the imogolite tubes pack in a
monoclinic arrangement through hydrogen bonds that form

[um]

Figure 1: Schematic illustration of imogolite-nanotube structure (left). DFM image of imogolite (right).
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between the tubes (Figure 2) [24]. The artificial method to
prepare imogolite was proposed by Farmer et al. in 1977 using
the mild chemistry of Al(ClO4)3 and Si(OH)4 [25]. The forma-
tion mechanism of imogolite is not well understood, but an
early study suggested that the evolution of the tubular
morphology is started by the binding of isolated silicate groups
to the gibbsite sheet, in which the tetravalent Si atoms pull the
oxygen atoms of the gibbsite sheet into the curvature cylinder
[26]. Attempts to tune the imogolite dimensions appear to be
futile, as the tubular structure does not change significantly
throughout the synthesis process and the formation of nanotubes
occurs at an early stage [24]. Individually dispersing imogolite
nanotubes on a transmission electron microscopy (TEM) carbon
grid, by means of the droplet evaporation technique, has made
semiquantitative analysis of imogolite dimensions possible [27].
Semiquantitative analysis on the TEM images supports the
kinetic-growth mechanism, in which protoimogolites and short
imogolites are observed in the initial stage of synthesis, and the
average length of the nanotubes increases rapidly with reaction
time [28].

Figure 2: Monoclinic solid-state packing arrangement of the imogolite
nanotubes.

Imogolite nanotubes through chemical synthesis
and natural resource

The synthesis of imogolite was first reported by Farmer et al. in
1977 [25]. As a typical preparation method, a tetracthoxysilane
solution mixed with aluminum chloride (AlCl3-6H,0) aqueous
solution is pH adjusted to 5.0 giving the resulting solution of
2.4 mM of Al and 1.4 mM of Si. The pH adjusted solution is
heated under reflux at 369 K for 120 h and gelated by NaCl
solution at room temperature. The suspended material is washed
with deionized water, filtered, and redispersed again in a weak
acidic solution. Finally the imogolite solution is freeze dried
and the final product of imogolite, which appears as cottonlike
solid, is recovered. It is also possible to synthesize aluminoger-
manate imogolite, in which the Si is substituted with Ge, from a
solution containing aluminum chloride and tetraethyl orthoger-
manate. The Ge substituted imogolite was found to be similar in
tubular morphology to the natural imogolite and the external
diameter could be expanded up to 3.3 nm by increasing the
Ge/(Ge + Si) ratio. The expansion is attributed to the longer
0-0 distance in GeOy4, which decreases the curvature of the
gibbsite sheet [29,30].

Beilstein J. Nanotechnol. 2012, 3, 82—100.

In an alternative method imogolite can be derived from glassy
volcanic ash soil, but it then usually contains organic and inor-
ganic impurities. These impurities can be separated from
imogolite by purification as described in the literature [31]. In
the typical purification procedure, the imogolite mineral
collected from Kitakami, Iwate, Japan is suspended in water by
ultrasonication. Occluded organic contaminants are removed by
treating the mineral with hot 1.8 M H,0,, followed by citrate-
bicarbonate (CB) to extract inorganic impurities (iron and
manganese oxide). The resulting gel is washed with cold 0.5 M
Na,COj3 to remove citrate remnants, and redispersed in weak
acidic solution. The final product, cottonlike imogolite, is
obtained by freeze-drying of the solution. Figure 3 shows the
step-by-step purification procedure to recover the imogolite

from the raw mineral.

Surface functionalization of the imogolite-

nanotube surface

Chemisorption of alkyl phosphate on imogolite
nanotubes

As mentioned above, imogolite is a very useful inorganic
nanotube. The adsorption and assembly of organic molecules on
the imogolite surface is expected to produce interesting results.
Imogolite may act as a one-dimensional scaffold for functional
molecules. Moreover, the surface energy of imogolite
nanotubes can be lowered by the organic layer, and this can
greatly improve the dispersibility of imogolite in organic
solvents, as well as in various polymer matrices and nanocom-
posites. The metal-oxygen—phosphorus (M—O-P) interaction
plays an important role for surface functionalization of imogo-
lite nanotubes. The strong affinity between octadecylphos-
phonic acid and the imogolite surface has been reported by our
group [32]. More recently, we developed an approach for
anchoring alkyl chains on an imogolite surface from aqueous
solution [33]. The adsorption of molecules on the inorganic
surface from aqueous solution is particularly necessary for
imogolite, because imogolite nanotubes are dispersible only in
water, due to their AIOH surface. For this purpose, a step
toward the modification of imogolite nanotubes at the nanotube
level with alkyl phosphate from an aqueous solution was
achieved by converting the water-insoluble alkyl phosphate into
the corresponding water-soluble ammonium salt. The detailed
assembly procedure is shown in Figure 4. The ammonium salt
of dodecylphosphate (DDPO4(NHy),) was precipitated from a
2-propanol solution of dodecylphosphoric acid (DDPO4H,) by
the addition of ammonia. The outer surface of imogolite
nanotubes is composed of aluminol groups, thus, it can be posi-
tively charged and dispersed under acidic conditions by electro-
static repulsion. It should be noted that surface modification of
inorganic nanostructures in an aqueous solution is an environ-

mentally friendly method.
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1.Imogo soil from Iwate Prefecture, Japan

like mmogolite

Figure 3: Purification steps of imogolite from imogo soil.

{Z"‘ [ 012H25Po4(NH4)2] lb

A

Figure 4: Schematic illustration of dodecylphosphate chemisorbing
onto the surface of individually dispersed imogolite nanotubes: (a)
Dispersion of freeze-dried imogolite powder into weak acidic water by
electrostatic repulsion; (b) chemisorption of dodecylphosphate onto the
outer surface of individually dispersed imogolite nanotubes; (c) puri-
fying the product and solidifying it by freeze-drying. Reprinted with
permission from W. Ma et al., Chem. Lett. 2011, 40, 159161 [33].

© 2011, The Chemical Society of Japan.

Figure 5 shows the thermogravimetric profiles of the original
imogolite, DDPOy4-imogolite, and DDPO4H;. The synthetic
imogolite loses 30% of its total mass in two steps. The first step
is from 300 to 420 K with a weight loss of 13.5%, and the

second step is from 420 to 800 K with a weight loss of 16.5%.

The first step is attributed to the loss of adsorbed water, while

2. Removal of organic and inorganic impurities.

5. Freeze drying giving cotton

3. Purified imogolite gel.

4. Disperse imogolite gel in acidic
aqueous solution.

the second one corresponds to the dehydroxylation of imogolite.
DDPOy4-imogolite has a similar weight-loss profile, although
the second step also includes the decomposition of dode-
cylphosphate. The weight loss in the first step is 8.5%, while in
the second step it is 33.5%. DDPO4H; loses 70% of its initial
mass at 800 K, indicating that phosphate groups are left over
after the thermal decomposition. Thus, taking the weight loss of
imogolite and dodecylphosphate into account, the imogolite
content in DDPOy4-imogolite is calculated to be 65.6%. More-
over, dodecyl phosphate exhibits an improved thermal stability
in DDPO4-imogolite compared with the neat dodecylphos-
phoric acid. The onset decomposition temperature for
DDPO4H, is 420 K; while for the immobilized dodecyl phos-
phate the temperature increases to 520 K. This may be because,
at the same temperature, the thermal motion of the anchored
dodecylphosphate molecules is significantly restricted
compared to the unanchored ones.

The interaction between imogolite and DDPOy is confirmed by
IR measurements and X-ray photoelectron spectroscopy (XPS)
[33]. The typical absorption bands of imogolite at 995, 935, and
560 cm ! still exist, suggesting the retention of the Si-O—Al
skeleton in imogolite nanotubes, while the absorption at
995 cm™! is strengthened by the coexistent absorption of the
phosphate groups. The absorption of P=0 at 1239 cm™! for
DDPO4H, and at 1201 cm™! for DDPO4(NHy), disappears
from the spectrum of DDPOg4-imogolite, presumably due to the
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Figure 5: Thermogravimetric profiles of the original imogolite,
DDPO4H,, and DDPO4-imogolite in N, atmosphere at a heating rate of
10 K min~",

condensation between the phosphate groups and the aluminol
groups. Figure 6 shows the high-resolution XPS spectra of Alpp,.
For the original imogolite, the Aly, signal is found around
74.3 eV with a symmetric peak; while for DDPOy4-imogolite the
Alyp, peak becomes wide and asymmetric, and this can be fitted
with two Gaussian curves corresponding to a contribution from
peaks at 74.3 eV and 76.3 eV. The second component is
ascribed to an increase in the positive charge on Al atoms due to
the formation of Al-O—P bonds at the surface of imogolite,
while the first indicates the unreacted Al-OH. Thus, it can be
concluded that dodecylphosphate attaches to the surface of
imogolite through covalent interaction.

In order to obtain further insight into the molecular aggregation
state of the DDPOy4-imogolite, wide-angle X-ray diffraction

Al
DDP D4—im ogolite
[
=
p—
=
=
n
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=
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82 80 78 76 74 72 70
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Figure 6: High-resolution XPS spectra for Al of the original imogolite
and DDPOg4-imogolite. Adapted with permission from W. Ma et al.,
Chem. Lett. 2011, 40, 159-161 [33]. © 2011, The Chemical Society of
Japan.
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(WAXD) measurements were carried out. Figure 7 shows
WAXD profiles of the freeze-dried imogolite and DDPOy-
imogolite. Scattering vector ¢ [nm~!] is defined as ¢ =
(4n/L)sin0, where 0 is the scattering angle. The d-spacing was
calculated by d [nm] = 2n/q. The WAXD pattern of imogolite
consists of a number of diffractions. The diffraction peaks at
2.25,1.62, 0.93, and 0.67 nm for the freeze-dried imogolite can
be assigned to the (100), (110), (001), and (211) planes of the
quasi-monoclinic packing of the synthetic imogolite nanotubes
[24]. For DDPO4-imogolite, the broad diffraction around g =
13.8 nm™! is probably due to the disordered grafted alkyl
chains. The diffractions at 2.25 and 1.62 nm suggest the pres-
ence of imogolite bundles. On the other hand, however, the
intensity of the diffractions at 2.25 and 1.62 nm significantly
decreased compared with those of the pure imogolite, indi-
cating the exfoliation of the imogolite bundles. Imogolite cylin-
ders may interact through their AI-OH groups, and bundles of
imogolite tubes still exist even in weak acidic water. When
dodecylphosphate attaches to the surface of these bundles, a
one-dimensional core—shell structure forms with imogolite
bundles as the core. However, it is expected that only tightly
packed bundles can be maintained during the modification
process. The modification agent may easily enter the gaps
within the loosely packed bundles and adsorb on the surface.

g=138

Intensity (a.u.)

g (nm")

Figure 7: WAXD profiles of (a) original imogolite and (b) DDPOg4-
imogolite. Adapted with permission from W. Ma et al., Chem. Lett.
2011, 40, 159-161 [33]. © 2011, The Chemical Society of Japan.

The individual tubular structure of the dodecylphosphate modi-
fied imogolite is directly confirmed by TEM observation. The
sample for TEM observation was prepared by placing a drop of
the DDPOy4-imogolite suspension (toluene as the solvent) on a
carbon-coated copper grid and allowing it to dry in air. Figure 8
shows the TEM image of DDPOg4-imogolite, in which fiberlike
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structures with a diameter about 2 nm were observed. This
diameter is similar to that of the individual imogolite nanotubes,
indicating that these are individual tubes rather than bundles.
To the best of our knowledge, this is the first observation of
individual imogolite nanotubes with a hydrophobic external
surface.

Figure 8: TEM image of DDPOy-imogolite. Reprinted with permission
from W. Ma et al., Chem. Lett. 2011, 40, 159-161 [33]. © 2011, The
Chemical Society of Japan.

The wettability of this dodecylphosphate modified imogolite
nanotube was evaluated by measurement of the water contact
angle (CA) of the DDPO4-imogolite film. DDPOy4-imogolite
was dispersed in ethanol at a concentration of 2 mg mL™!, and
this dispersion was cast onto a silicon wafer by spin coating.
For comparison, an aqueous imogolite solution was also cast
onto a silicon wafer by the same procedure. The static contact
angle was measured by dropping 1 pL water onto the corres-
ponding surface. As shown in Figure 9, the static contact angle
for the original imogolite cast surface was 22°. In contrast, for
the DDPOg4-imogolite cast surface, the contact angle increased
to 93°. This result indicates that the hydrophilicity of the
external surface of imogolite is changed upon absorption of
DDPOy, which converts the hydrophilic surface of imogolite

nanotubes to a hydrophobic one.

Figure 9: Static-contact-angle images of water droplets on a silicon
wafer cast with (a) original imogolite and (b) DDPO4-imogolite.
Reprinted with permission from W. Ma et al., Chem. Lett. 2011, 40,
159-161 [33]. © 2011, The Chemical Society of Japan.
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Poly(methyl methacrylate) grafted imogolite
nanotubes

The above content demonstrated the chemisorption of alkyl
phosphonic chains on imogolite surface at the nanotube level
from an aqueous solution. However, such low-molecular-weight
compounds are insufficient to prevent nanotube aggregation. As
a better alternative, the grafting of polymer chains from the
nanostructure surface has been developed as a powerful tech-
nique for homogeneously dispersing nanostructures [34-36].
Several strategies can be used to graft polymers from the inor-

LLINT3

ganic surface, including “grafting to”, “grafting through” and
“grafting from” approaches [37,38]. In many cases, “grafting
from” is preferred, in which the polymer chains are in situ
grown from the surface by means of surface-initiated polymer-
ization, and the grafting density is higher compared to the
“grafting to” and “grafting through” approaches. The “grafting
from” process can be performed with various polymerization
techniques, from anionic and cationic to free-radical polymer-
ization [39]. Free-radical polymerization is preferable to ionic
processes on economic grounds, because it is easier to perform

and much less sensitive to the presence of water.

Recently, we reported the grafting of poly(methyl methacrylate)
(PMMA) on the imogolite surface, in which surface-initiated
radical polymerization, called “activators regenerated by elec-
tron transfer for atom transfer radical polymerization” (ARGET
ATRP), was used [40]. ARGET ATRP is a newly developed
controlled/living radical polymerization technique, and has been
attracting more and more research interest due to its conve-
nience, e.g., it can be carried out without strict deoxygenation
and only needs ppm levels of catalyst [41,42]. Figure 10
presents the preparation procedure of a PMMA grafted imogo-
lite nanotube.

To realize polymerization of MMA from the surface of imogo-
lite nanotubes, a suitable surface-attachable ATRP initiator is
needed. So far, various ATRP initiators that can be fixed on
inorganic surfaces have been synthesized by several groups [43-
47]. Among them, surface-attachable groups have almost exclu-
sively been alkoxy- or chlorosilanes. However, organosilanes
are not suitable for the modification of imogolite, because
surface modification with organosilanes usually needs dry
conditions in order to prevent unfavorable side reactions.
Whereas with an AIOH functionalized external surface imogo-
lite is a very hydrophilic material and can be dispersed only in
acidic water by electrostatic repulsion [48]. Moreover, surface
bonds between organosilane and the external surface of imogo-
lite have been reported to be labile in a humid atmosphere [49].
On the other hand, organophosphorous compounds appear
complementary to organosilanes, as they show an excellent

affinity toward metal oxides [14,36,50]. In addition, they are
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Figure 10: Schematic representation for the preparation of a PMMA
grafted imogolite nanotubes. Reprinted with permission from W. Ma et
al., Chem. Commun. 2011, 47, 5813-5815 [40]. © 2011, The Royal
Society of Chemistry.

rather insensitive to nucleophilic substitution and prone to hete-
rocondensation (M—O—P bond formation) as compared to
homocondensation (P—O-P). Thus, surface modification with
organophosphorous compounds has the advantage of being
operable in a wide range of solvents from aprotic to protic, and

even in water.

In line with the above discussion, we synthesized an initiator
carrying a phosphoric acid group, 8-(2-bromo-2-methyl-
propanoyloxy) octyl phosphoric acid (BMPOPO4H;), which
was further converted to a water-soluble ammonium salt
[BMPOPO4(NHy),]. Figure 11 shows the chemical structure of
this initiator molecule. To the best of our knowledge, the closest
analogous molecules appear in two papers, in which 11-(2-
bromoisobutyrate)-undecyl-1-phosphonic acid and its diethyl
ester were synthesized [51,52]. However, these two molecules
were both designed for application in organic solvents and are
not soluble in water. The homogeneous modification of the
imogolite surface can be achieved by using a water-soluble
initiator carrying a surface-attachable group. In addition, the
molecule we designed here seems capable of providing the
modified imogolite with adequate hydrophobicity, as it contains
a relatively long hydrophobic chain.

The ATRP initiator BMPOPO4 was immobilized on the imogo-
lite surface from an aqueous solution at room temperature. The

pH is an important parameter in this modification reaction. A
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Figure 11: Chemical structure of BMPOPO4(NH,),. Reprinted with
permission from W. Ma et al., Polymer 2011, 52, 5543-5550 [53].
© 2011, Elsevier B.V.

low pH value is favorable for the fine dispersion of imogolite in
water. However, if the pH is too low, the phosphate group may
cause the dissolution of metal oxides. It was reported that
PhPO(OH), can cause the release of aluminum cations from the
alumina surface by cleavage of AI-O—Al bonds at pH 4 [54]. In
this work, the acidity of the initial reaction mixture was
controlled and set to be pH 5 in order to avoid a similar dissolu-
tion process of imogolite, whose external surface is similar to
that of alumina. In our case, a pH 5 acetate buffer was
employed. The adsorption of BMPOPO,4 onto the imogolite
surface was confirmed by FT-IR measurements and XPS
analysis. FT-IR spectra show that the Al-O—-Si vibrations of
imogolite at 992 and 930 cm™! still exist after modification,
indicating that this reaction does not destroy the structure of the
imogolite nanotube [40]. The absorbance bands at 2932 cm™!
(C—H) and 1735 cm™! (C=0) confirm the adsorption of the
ATRP initiator onto the imogolite surface, while the absence of
the N—H vibration band at 3130 cm™! indicates that ammonium
counter cations do not adsorb onto imogolite. XPS spectra
(Figure 12) provide more information on the interaction
between the imogolite surface and the ATRP initiator. In the
wide-scan XPS spectra of BMPOPO,4-imogolite, the character-
istic peaks of Py, Py, and Br3q were found at around 134.5,
191.8, and 70.0 eV, respectively. In addition, no signal of
nitrogen was found, further confirming that the ammonium
counter cations do not adsorb onto imogolite. The high-resolu-
tion XPS spectra of Aly, show that the peak position of Aly,
shifts from 74.85 to 74.09 eV (Figure 12, inset) after modifica-
tion, which is ascribed to a decrease in the positive charge on Al
atoms because of the adsorption of the negatively charged phos-
phate groups. Thus, the initiator is attached onto the imogolite
surface possibly through electrostatic adsorption. In this case,
the electron density of the surface aluminum atoms becomes
higher compared with the unmodified imogolite, due to the
influence of the negatively charged phosphate groups. In
contrast, the formation of AI-O—P covalent bonds has been
reported to cause an increase in the positive charge on Al atoms,
as mentioned above. The difference in bonding manner between
DDPO,4 and BMPOPO, on the imogolite surface may be due to
the different hydrophobicity of these two molecules. The
amount of adsorbed BMPOPO,4 was estimated to be 49 wt % by
thermogravimetric analysis (TGA) [40].
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Figure 12: Wide-scan XPS spectra of the original imogolite and
BMPOPO4-imogolite (inset, high-resolution XPS spectra of Aly,).
Reprinted with permission from W. Ma et al., Polymer 2011, 52,
5543-5550 [53]. © 2011, Elsevier B.V.

The subsequent ARGET ATRP was carried out by using
ascorbic acid (AA) as the reducing agent and anisole as the
solvent. Ascorbic acid is insoluble in anisole, hence, the reduc-
tion of the Cu(Il) complex takes place at the surface of solid
ascorbic acid. The slow reaction rate of this heterogeneous

Beilstein J. Nanotechnol. 2012, 3, 82—100.

redox process is beneficial for building up a necessary equilib-
rium between the activator (Cu(I) complex) and deactivator
(Cu(Il) complex). Polymeric products were isolated by precipi-
tation from methanol. GPC data showed that grafted PMMA
with molecular weights of M, = 26600 and 32700, and corres-
ponding molecular weight distributions of M/M,, = 1.22 and
1.33 were obtained after a polymerization time of 50 and
90 min, respectively. Hence, grafted PMMA with controllable
molecular weight can be achieved by controlling the reaction
time.

Bare imogolite cannot be dispersed in any organic solvent, but
after modification with BMPOPOy, the resulting modified
imogolite can be dispersed in various solvents. Unfortunately,
the dispersions are neither homogenous nor stable. However,
when PMMA was grafted to the surface of imogolite nanotubes,
PMMA-g-imogolite showed good dispersibility in organic
solvents, such as THF, chloroform, and toluene. As shown in
Figure 13d the homogenous dispersion of PMMA-g-imogolite
in THF with a concentration of 10 mg mL™! was stable for

more than two months.

Morphology of PMMA grafted imogolite nanotubes was
observed with scanning force microscopy (SFM) in a dynamic
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Figure 13: (a) A SFM height image of PMMA grafted imogolite (M,, = 32700, M,,/M,, = 1.33). (b) A phase image (insert) and cross-sectional analysis
of a PMMA-g-imogolite marked with a circle in (a). (c) Height distribution of the above sample as estimated by SFM. (d) Photographs of the THF
dispersion of the same sample with a concentration of 10 mg mL™" (the one on the right shows scattering of a green light beam by the dispersion due
to the Tyndall effect). Reprinted with permission from W. Ma et al., Chem. Commun. 2011, 47, 5813-5815 [40]. © 2011, The Royal Society of Chem-

istry.
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force microscopy (DFM) mode employing a sharp diamondlike
carbon (DLC) tip with a radius of curvature of 1 nm. Figure 13a
shows a height image of one sample with M, = 32700 and
My/My, = 1.33. Discrete nanostructures were randomly distrib-
uted on the mica surface and no aggregation was observed, indi-
cating excellent dispersibility of PMMA grafted imogolite. The
high-resolution phase image and the corresponding cross-
sectional analysis in Figure 13b indicates that PMMA grafted
imogolite renders a hard middle part and a soft edge. This
further confirms the core—shell structure of PMMA-g-imogolite.
Figure 13c¢ shows the height distribution of the above PMMA-
g-imogolite analyzed from 60 SFM images. The average height
value was determined to be 10.6 + 2.5 nm, although there are
still some images having heights of more than 15 nm. If we
consider the sample with the smallest height value (6 nm) as
containing an individual imogolite nanotube at the core, the
ones with larger height values are expected to have nanotube
bundles as their rigid cores.

Further evidence on the bundle structures was provided by
wide-angle X-ray diffraction (WAXD) measurements. As
shown in Figure 14, the diffraction peaks at ¢ = 2.8, 4.0, 6.8,
and 9.6 nm™! can be assigned to the (100), (110), (001), and
(211) planes of the parallel bundles of the imogolite nanotubes,
respectively [24]. For BMPOPO,4 modified imogolite, these
four diffraction peaks still exist, suggesting the presence of
imogolite bundles. In addition, the peaks at around ¢ = 2.8 and
4.0 nm™! become sharper than those of the bare imogolite and,
as a result, can easily be distinguished from the overlapped
profile, indicating the higher regularity of the bundles compared
to that of the bare imogolite. Hence, it is reasonable to conclude
that during the modification process only highly ordered imogo-
lite bundles can remain. In addition, the diffraction from (001)
plane at ca. ¢ = 6.8 nm™! becomes much weaker and broader,
suggesting that the bundle size significantly decreased along the
(001) plane direction. The above results indicate that small-
sized imogolite bundles with high regularity form the rigid core
of BMPOPOy4-imogolite during the modification process. After
surface-initiated polymerization of MMA, these small-sized
imogolite bundles become the cores of PMMA-g-imogolite, and
the diffraction of the (100) plane at around ¢ = 2.8 nm™! can
still be observed. This result is consistent with the explanation
for the SFM observation.

Terthiophene/imogolite hybrid

Grafting of functionalized molecules (porphyrins, phtalocya-
nines, viologens, rhodamine B, etc.) onto metal-oxide surfaces
of Si0,, TiO,, ITO, WO3, and ZrO, can induce the formation
of well-defined nanoscopic photoactive molecular arrays of
heterosupramolecular assemblies [55,56]. Imogolite lacks the

intrinsic semiconductivity of the carbon nanotube, but it can be
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Figure 14: WAXD profiles of (a) quartz-glass capillary background, (b)
bare imogolite, (c) BMPOPO4-imogolite, and (d) PMMA-g-imogolite
with M, = 32700 and M,,/M,, = 1.33. Reprinted with permission from W.
Ma et al., Chem. Commun. 2011, 47, 5813-5815 [40]. © 2011, The
Royal Society of Chemistry.

an interesting condensed phase for heterosupramolecular
systems due to its high surface area for molecular component
adsorption, abundance of empty surface sites for covalent
binding of acidic anchoring groups, and high stability under
ambient conditions. A more promising approach to render
aluminosilicate nanotubes semiconducting is by functionaliza-
tion with conjugated molecules, such as terthiophene with alkyl
spacers consisting of —-CH,CH,— and P=O(OH), (Scheme 1).
Thiophene oligomers have been extensively studied in recent
years due to their excellent optic properties. It has been reported
that thiophene oligomers exhibit high quantum yields of photo-
luminescence, both in solution as well as the solid state, and a
broad range of fluorescence frequencies in the entire
UV-visible and the near-IR spectrum, through molecular engi-
neering [57-59].

For preparation of terthiophene/imogolite hybrid materials,
imogolite solution was added dropwise to a THF solution of
2-(5’-hexyl-2,2":5,2*’-terthiophen-5-yl)ethylphosphonic acid
(HT3P) and stirred overnight at room temperature in the dark.
The weight ratio of imogolite to HT3P was 1:1. HT3P/imogo-
lite precipitate was obtained by centrifugation of the suspended
solution and rinsing with fresh THF three times to remove
weakly or nonchemisorbed HT3P. The precipitate was redis-
persed in deionized water before being freeze dried. Freeze
drying of the precipitate resulted in a cottonlike yellow solid.
The same preparation method was used for 2-(5’’-hexyl-
2,2°:5”,2”’-terthiophen-5-yl)ethylphosphonic acid 1,1-dioxide
(HT3OP) to produce the cottonlike pale brown solid of HT30P/
imogolite hybrid. As a control sample, no precipitate was
observed for OH group derivatives (HT30OH and HT30OOH)
(Figure 15).
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Scheme 1: Synthesis pathway for electron donating (HT3P) and accepting (HT3OP) terthiophene of phosphonic acid derivatives. Reprinted with
permission from W. O. Yah et al., Bull. Chem. Soc. Jpn. 2011, 84, 893-902 [60]. © 2011, The Chemical Society of Japan.

In the FTIR spectrum of HT3P/imogolite hybrid in Figure 16a,
the spectrum showed the characteristic absorptions
corresponding to the CH, stretching vibration of HT3P at
2850-2950 cm!. The broadness of the peaks in the P-O region
between 1200 and 900 cm~! makes the result difficult to inter-
pret, but the greatly diminished absorption at 2200-2500 cm™!
assigned to the OH stretching of the phosphonic acid groups
indicates that the phosphonate headgroup strongly interacted
with the imogolite surface [61]. In addition, the absence of the
1004 cm™! band, which is assigned to P-O—H groups [62,63],
was another indication that HT3P molecules were chemisorbed

onto the surface of the imogolite nanofiber. The FTIR spectrum

of HT30P/imogolite hybrid as shown in Figure 16b gives a
similar result with the disappearance of P-O—H at around
1011 em™!
chemisorptions when in contact with imogolite.

suggesting that HT3OP molecules also undergo

To investigate the optical properties of terthiophenes on the
imogolite surface, a comparison of the UV—vis spectra of
terthiophenes (HT3P and HT3OP)/imogolite hybrid between
their solutions and solid-state counterparts was made
(Figure 17). Blue-shifting was observed in the spectra of the
solvent-cast film for both terthiophene hybrids to a different
extent, and with a significantly broadened band. The spectral
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Figure 15: Schematic illustration of imogolite structure and the preparation of terthiophene/imogolite hybrid materials. Reprinted with permission from
W. O. Yah et al., Bull. Chem. Soc. Jpn. 2011, 84, 893-902 [60]. © 2011, The Chemical Society of Japan.
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Figure 16: FTIR spectra (a) of HT3P/imogolite hybrid, HT3P, and imogolite, (b) of HT30OP/imogolite hybrid, HT3OP, and imogolite. Reprinted with
permission from W. O. Yah et al., Bull. Chem. Soc. Jpn. 2011, 84, 893-902 [60]. © 2011, The Chemical Society of Japan.

ular backbone is more planar compared to the isolated state in
solution, due an increase in conjugation length. Thus, the blue-
shifting observed in the spectra of thiophene/imogolite films

changes upon solidification from solution arise from two
factors: Planarity and intermolecular interaction [64-66].
Normally, red-shifting occurs in the solid state when the molec-
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Figure 17: Normalized solid-state (cast film), imogolite hybrid and solution absorption spectra of (a) HT3P and (b) HT3OP. Reprinted with permission
from W. O. Yah et al., Bull. Chem. Soc. Jpn. 2011, 84, 893—-902 [60]. © 2011, The Chemical Society of Japan.

compared to solution indicates that additional an intermolecular
interaction was present that plays a role in controlling the solid-
state optical properties [65].

Fluorescence spectroscopy is a suitable analytical tool for moni-
toring the intermolecular interactions of terthiophene before and
after chemisorption on imogolite. The absorption peak of the
HT3P/imogolite hybrid at 322 nm, shifted from that of the
HT3P in THF solution (Apax 367 nm), provides additional proof
for the formation of an H-type intermolecular interaction of
terthiophene on the imogolite surface (Figure 18). The emis-
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sion spectra also reveal the impact of intermolecular interaction
in the hybrid with a peak at 515 nm that was red-shifted with
respect to that of the HT3P solution (Ayax 445 nm) [67,68]. The
formation of H-aggregates of HT30P on the imogolite surface
was also evidenced as the absorption peak shows blue-shifting
relative to the HT3OP solution (Apax 360 nm). The emission
peak in the fluorescence spectrum of HT3OP/imogolite was
red-shifted with respect to that of the HT30P solution (Ayax
455 nm), suggesting the presence of an intermolecular inter-
action [67,68]. In the case of HT30OP/imogolite, however, the
peaks are shifted to a lesser extent in the fluorescence spectrum

(b) .
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Figure 18: Fluorescence excitation/emission spectra of (a) HT3P, HT3P/imogolite hybrid and (b) HT3OP, HT30OP/imogolite hybrid. The emission
wavelengths monitored for the excitation spectra and the excitation wavelengths used for the emission spectra were as follows: (a, 1) Agmy = 445 nm,
Aex = 366 nm, (@, 2) Aem = 326 NM, Agx = 519 nm. (b, 1) Aem = 455 nm, Agx = 360 nm, (b, 2) Agm, = 460 nm, Ay = 460 nm. Reprinted with permission
from W. O. Yah et al., Bull. Chem. Soc. Jpn. 2011, 84, 893-902 [60]. © 2011, The Chemical Society of Japan.
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compared to those of the HT3P/imogolite hybrid, due to dis-
tortion of the HT30P backbone by S=O groups, which decrease
its planarity and n—m interaction causing weaker H-aggregates
of HT3OP on the imogolite.

Imogolite has been thought of as an insulator since imogolites
consist of wide-bandgap alumina and silica. In fact, due to its
unique tubular structure and high aspect ratio, imogolite can be
used as an electron-emitting material and water sensor in nano-
electronic devices. The conductivities of the pure imogolite and
of the terthiophene/imogolite hybrids were investigated by /-V
measurement. By coating the pure imogolite or terthiophene/
imogolite onto a silicon wafer and connecting by silver paste at
two ends, the conductivity was measured by means of a source
meter. The -V plots, of current on the order of milliamperes
versus applied bias voltage in the range from —30 to 30 V, are
shown in Figure 19.
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Figure 19: /-V curves of imogolite, HT3P/imogolite, and HT30P/
imogolite hybrid. Reprinted with permission from W. O. Yah et al., Bull.
Chem. Soc. Jpn. 2011, 84, 893-902 [60]. © 2011, The Chemical
Society of Japan.

The averaged electrical conductance calculated from the
forward bias region of the pure imogolite /~V curve is 5.9 uS. It
was speculated that the current flow was due to charge hopping
on the hydrated imogolite surface. Oh et al. studied the /-V
characteristics of imogolite and proposed that bound water
molecules contribute to the surface conductivity [69,70]. The
current flow observed was attributed to the ability of OH groups
on the imogolite surface to lose or gain positive charge (a
proton) from water molecules resulting in a net change of
surface charge. The electrical conductance of HT30P/imogo-
lite was improved to 60.8 uS, which is one order of magnitude

greater than that of pure imogolite. It was observed that
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HT3OP/imogolite shows non-ohmic characteristics in the /-V
curve, which signifies a disordered packing of HT3OP on the
imogolite surface, in which it behaves like a semiconductor or
metal-semiconductor Schottky junction. The HT3OP can act as
an electron acceptor when interacting with imogolite, in which
the high electron affinity of S=O of HT3OP causes a with-
drawal of negative charge from imogolite resulting in the effec-
tive motion of positive charges on the imogolite surface. The
introduction of HT3OP onto the imogolite surface amplifies the
p-type conductivity of imogolite, which resembles the phenom-
enon of chemical doping of carbon nanotubes with alkaline
metals [71-74]. On the other hand, the electrical conductance of
HT3P/imogolite calculated from the forward bias region is
4.5 uS, which is lower than that before HT3P doping. Here,
HT3P acts like an electron donor when interacting with imogo-
lite. The p-type conductivity of imogolite is reduced when the
HT3P thiophene ring transfers negative charge to imogolite,
which restricts the effective motion of positively charged
species on the imogolite surface.

Poly(3-hexyl thiophene)/imogolite nanofiber hybrid

Polythiophenes are one of the well-known families of conduc-
tive polymers, and their physicochemical properties, such as
their synthesis, electrical and mechanical properties, ther-
mochromism, solvatochromism, and crystal structure [75-78],
have been extensively studied. Their optical properties, conduc-
tivity, and field-effect mobility (FEM) strongly depend on chain
conformation and the solid-state-packing mode. For example,
well-aligned and highly ordered crystalline polythiophene films
will lead to significant improvements in conductivity and FEM;
whereas the FEM of the disordered polythiophene film was
below the detection level [79,80]. Generally, solidification of
polythiophene by rapid evaporation of the polymeric solution in
good solvent can result in a weak crystalline solid without
perceptible morphological structure [81,82]. On the other hand,
the slow cooling from 70 °C to room temperature of a P3HT
solution in a poor solvent, such as xylene or anisole, leads to the
formation of a fibrous semicrystalline structure (Figure 20).
Nanofiber formation is always accompanied by a color change
from orange to dark red, which is referred to as ther-

mochromism [83].

Recently, a chemiresistive sensor based on a nanofiber hybrid
of carbon nanotube/poly(3-hexylthiophene)- and carbon
nanotube/hexafluoroiso-propanol-substituted polythiophene
systems was reported [84]. Using a simple solution fabrication
process, by dispersing carbon nanotubes in a polythiophene
solution followed by spin coating of the solution onto a glass
substrate, a highly sensitive and selective chemiresistor was
successfully developed. Due to the favorable H-binding of the
fluoro-alkyl groups of polythiophene to the phosphate ester, the
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Figure 20: Schematic illustration of reversible formation of P3HT nanofiber.

nanofiber hybrid was reported to be able to detect several
numbers of chemical warfare agents, such as dimethyl
methylphosphonate (DMMP) and sarin gas [85]. Nevertheless,
large-quantity synthesis of carbon nanotubes involves highly
expensive and time-consuming preparation processes. More-
over, it is not practical for certain optical applications that use
opaque carbon nanotubes, due to its conjugated n-system. Here,
imogolite, the transparent hydrous aluminosilicate nanotube
material, with its unique nanostructure was proposed as the
inorganic nanotube to be hybridized with P3HT nanofibers.
Reinforcement of P3HT nanofibers by imogolite is expected to
impart additional mechanical and thermal stability to organic
compounds, making the resulted hybrid material more durable
under the outer environmental conditions. Therefore, it is
crucial to develop a facile synthetic method capable of making
uniform and template-free imogolite/P3HT nanofiber hybrids in
bulk quantities. Such a synthetic method would be useful for
tuning the properties of sensors and photovoltaic or light-emit-
ting devices, which are dependent on well-defined low-dimen-
sional structures. In order to improve compatibility with the
P3HT nanofibers, hydrophilic AI-OH groups on the imogolite
surface were modified with alkyl phosphonic acid substituted
terthiophene (HT3P), as shown in Figure 21. The molecular
aggregation states and molecular orientation of the P3HT chain

on imogolite were investigated.

Terthiophene (HT3P)
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P3HT chain in a poor solvent

at room temperature

Figure 22 displays the evolution of the absorption spectra of the
P3HT solution (a) and the P3HT/HT3P-imogolite nanofiber
hybrid (b) cooled from 70 °C to 20 °C. Notably, both spectra
exhibit a single peak with A,y 0f 450 nm at 70 °C. The spec-
trum resembles that observed for the P3HT/chloroform system
indicating that P3HT was completely dissolved in anisole at the
higher temperature. When cooled to room temperature, the band
intensity at Ap,x = 450 nm decreases in both spectra but is
compensated by the appearance of vibronic structure at longer
wavelengths (500-650 nm). The isosbectic points observed at
489 nm and 525 nm indicate that P3BHT and P3HT/HT3P-
imogolite exhibit both isolated coil-like conformation and
rodlike conformation in the solution [87]. The isosbectic point
of P3HT/HT3P-imogolite is slightly shifted to a longer wave-
length compared to P3HT and was ascribed to a larger amount
of the P3HT/HT3P-imogolite aggregate. Upon hybridization,
HT3P-imogolite greatly restricts the rotational motion of the
P3HT backbone, such that it produces a much longer conjuga-
tion length than pure P3HT.

Dynamic force microscopy (DFM) has proved to be a powerful
tool for the direct observation of the aggregation of polymeric
nanofibers. By spin coating a dilute solution in anisole, a
network of nanofibers more or less entirely covers the silicon

substrate. The dimensions of the nanofiber were determined
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Figure 21: Fabrication and proposed molecular arrangement of P3HT/HT3P-imogolite nanofiber hybrid. Reprinted with permission from W. O. Yah et

al., J. Phys.: Conf. Ser. 2011, 272, 012021 [86]. © IOP Publishing 2011.
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Figure 22: UV-vis absorption spectra of P3HT (a) and P3HT/HT3P-imogolite hybrid (b) in anisole (0.0005%) during cooling. Reprinted with permis-
sion from W. O. Yah et al., J. Phys.: Conf. Ser. 2011, 272, 012021 [86]. © IOP Publishing 2011.

from DFM images; as shown in Figure 23a, P3HT nanofibers
have a width and a length on the order of ca. 15 nm and 1 pum,
respectively. The thickness, as estimated from the height image
of DFM, was on the order of ca. 5 nm. On the other hand, it was
observed that the heights of the nanofiber hybrids were 2 to
3 times larger than that of the P3HT nanofiber, indicating the
formation of the bundle of the imogolite nanofiber [22]. Judging
from the DFM images, the nanofiber hybrid as shown in
Figure 23b exhibited a swollen morphology compared to the
pure P3HT nanofiber. It was speculated that the swollen
morphology was caused by the intertwining effect of the P3HT
nanofiber with the imogolite bundle.

Recent studies on P3HT by grazing-incidence X-ray diffraction
revealed the crystallinity and nanostructure in the nanofiber.
The structure of P3HT nanofibers is similar to crystalline
microdomains in which the P3HT chains pack in lamellar sheets
perpendicular to the nanofiber axis. The orientation of the P3HT
crystalline phase on the imogolite surface was studied by
grazing-incidence wide-angle X-ray diffraction (GIWAXD), as
shown in Figure 24. The out-of-plane GIWAXD pattern
revealed only those crystalline plane positions that are in a
direction parallel to the x—y axis. Likewise, in the in-plane
GIWAXD pattern, only crystalline planes aligned to the z-axis

are revealed.

In the out-of-plane GIWAXD pattern, the peaks at d = 4 (100)
and 7.8 nm (200) were attributed to the ordering of the P3HT
hexyl side chains. In other words, the nanofiber height corre-
sponds to the stacking of the hexyl side chains and was parallel
to the z-axis of the unit cell. The intensity at (100) was dramati-

cally reduced when the incidence angle, a; = 0.08°, was
increased to 0.16°, suggesting that the semicrystalline P3HT
mostly resides on the outermost region of the nanofiber hybrid.
For the in-plane GIWAXD pattern, one noticeable diffraction
peak associated with the (010) diffraction was observed. The
diffraction peak corresponds to the m—n* stacking of the P3HT
thiophene ring and was parallel to the y-axis, i.e., the nanofiber
direction. Again, the (010) peak was diminished when the inci-
dence angle, a; = 0.08°, was increased to 0.16°. These results
indicate that P3HT chains reside on the outermost region of
nanofiber hybrid along the imogolite axis.

Conclusion

This paper reviews the recent progress in the surface functional-
ization of imogolite nanotubes, which is based on the robust
affinity between the phosphate group of the organic molecule
and the aluminol (AIOH) surface of the imogolite nanotube.
Surface modification of imogolite at the nanotube level is
achieved from an aqueous solution by using a water-soluble
ammonium salt of an alkyl phosphate. In addition, poly(methyl
methacrylate) (PMMA) grafted imogolite nanotubes are
prepared through a surface-initiated polymerization. PMMA
grafted imogolite nanotubes can be homogenously dispersed in
various organic solvents. A water-soluble surface-attachable
ATRP initiator, BMPOPO4(NHy),, contributes to the successful
polymer-grafting process. Furthermore, the assembly of conju-
gated molecules, HT3P and HT3OP, on the imogolite nanotube
surface was described. UV—vis spectra indicate that both HT3P
and HT3OP exhibit an H-aggregate formation on the imogolite
surface. An increase in the conductivity of imogolite is detected

when assembled with electron-withdrawing HT30P molecules.
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Figure 23: DFM images of (a) P3HT nanofiber and (b) P3HT/HT3P-imogolite nanofiber hybrid. Adapted with permission from W. O. Yah et al.,

J. Phys.: Conf. Ser. 2011, 272, 012021 [86]. © IOP Publishing 2011.
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Figure 24: Out-of-plane (a) and in-plane (b) GIWAXD patterns of P3HT/HT3P-imogolite nanofiber hybrid. (c) Schematic illustration of the molecular
arrangement of P3HT on imogolite. Reprinted with permission from W. O. Yah et al., J. Phys.: Conf. Ser. 2011, 272, 012021 [86]. © IOP Publishing

2011.
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Further hybridization of HT3P assembled imogolite with P3HT,
using a poor solvent, results in a P3HT/HT3P-imogolite
nanofiber hybrid. UV—vis, DFM and GIWAXD studies showed
that a P3HT nanofiber wrapping around the HT3P-imogolite
nanotube causes the increase in diameter of the resultant
nanofiber hybrid. It is believed that surface functionalization of
the imogolite nanotube is an effective way to obtain nanomate-
rials with practical applicability.

Acknowledgments

The authors gratefully acknowledge the financial support of a
Grant-in-Aid for Scientific Research (A) (No. 19205031) from
the Japan Society for the Promotion of Science. The present
work is also supported by a Grant-in-Aid for the Global COE
Program, “Science for Future Molecular Systems” from the
Ministry of Education, Culture, Science, Sports and Tech-
nology of Japan. The synchrotron radiation experiments were
performed at BLO2B2 in SPring-8 with the approval of the
JASRI (Proposal No. 2010A1454).

References

1. Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G;
Whitesides, G. M. Chem. Rev. 2005, 105, 1103—1170.
doi:10.1021/cr0300789

2. Ulman, A. Chem. Rev. 1996, 96, 1533—1554. doi:10.1021/cr9502357

3. Spori, D. M.; Venkataraman, N. V.; Tosatti, S. G. P.; Durmaz, F.;
Spencer, N. D.; Zurcher, S. Langmuir 2007, 23, 8053-8060.
doi:10.1021/1a700474v

4. Van Alsten, J. G. Langmuir 1999, 15, 7605-7614.
doi:10.1021/1a981694g

5. Jennings, J. R.; Ghicov, A,; Peter, L. M.; Schmuki, P.; Walker, A. B.
J. Am. Chem. Soc. 2008, 130, 13364—13372. doi:10.1021/ja804852z

6. Han, W. S.; Kang, Y,; Lee, S. J.; Lee, H.; Do, Y.; Lee, Y.-A,; Jung, J. H.
J. Phys. Chem. B 2005, 109, 20661-20664. doi:10.1021/jp0547156

7. Veerabadran, N. G.; Mongayt, D.; Torchilin, V.; Price, R. R;;
Lvov, Y. M. Macromol. Rapid Commun. 2009, 30, 99-103.
doi:10.1002/marc.200800510

8. Abdullayev, E.; Lvov, Y. J. Mater. Chem. 2010, 20, 6681-6687.
doi:10.1039/C0JM00810A

9. Yamamoto, K.; Otsuka, H.; Wada, S.-1.; Sohn, D.; Takahara, A.
Polymer 2005, 46, 12386—12392. doi:10.1016/j.polymer.2005.10.108

10. Yamamoto, K.; Otsuka, H.; Wada, S.-I.; Sohn, D.; Takahara, A.

Soft Matter 2005, 1, 372-377. doi:10.1039/B508669H

.Yah, W. O.; Yamamoto, K.; Jiravanichanun, N.; Otsuka, H.;

Takahara, A. Materials 2010, 3, 1709-1745. doi:10.3390/ma3031709

12.8agiv, J. J. Am. Chem. Soc. 1980, 102, 92-98.
doi:10.1021/ja00521a016

13.Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G. M.;
Nuzzo, R. G. J. Am. Chem. Soc. 1989, 111, 321-335.
doi:10.1021/ja00183a049

14. Mutin, P. H.; Guerrero, G.; Vioux, A. J. Mater. Chem. 2005, 15,
3761-3768. doi:10.1039/b505422b

15.Angst, D. L.; Simmons, G. W. Langmuir 1991, 7, 2236-2242.
doi:10.1021/1a00058a043

16.Le Grange, J. D.; Markham, J. L.; Kurkjian, C. R. Langmuir 1993, 9,
1749-1753. doi:10.1021/1a00031a023

1

-

Beilstein J. Nanotechnol. 2012, 3, 82—100.

17.Fadeev, A. Y.; McCarthy, T. J. Langmuir 2000, 16, 7268—7274.
doi:10.1021/1a000471z

18.Trau, M.; Murray, B. S.; Grant, K.; Grieser, F. J. Colloid Interface Sci.
1992, 148, 182-189. doi:10.1016/0021-9797(92)90126-7

19. Michel, R.; Lussi, J. W.; Csucs, G.; Reviakine, |.; Danuser, G.;
Ketterer, B.; Hubbell, J. A.; Textor, M.; Spencer, N. D. Langmuir 2002,
18, 3281-3287. doi:10.1021/1a011715y

20. Michel, R.; Reviakine, |.; Sutherland, D.; Fokas, C.; Csucs, G.;
Danuser, G.; Spencer, N. D.; Textor, M. Langmuir 2002, 18,
8580-8586. doi:10.1021/1a0258244

21.Mutin, P. H.; Lafond, V.; Popa, A. F.; Granier, M.; Markey, L.;
Dereux, A. Chem. Mater. 2004, 16, 5670-5675.
doi:10.1021/cm035367s

22.Cradwick, P. D. G.; Farmer, V. C.; Russell, J. D.; Masson, C. R;
Wada, K.; Yoshinaga, N. Nature (London), Phys. Sci. 1972, 240,
187-189.
http://www.nature.com/nature-physci/journal/v240/n104/abs/physci240
187a0.html

23.Ackerman, W. C.; Smith, D. M.; Huling, J. C.; Kim, Y. W_; Bailey, J. K;;
Brinker, C. J. Langmuir 1993, 9, 1051-1057. doi:10.1021/1a00028a029

24.Mukherjee, S.; Bartlow, V. M.; Nair, S. Chem. Mater. 2005, 17,
4900-4909. doi:10.1021/cm0505852

25.Farmer, V. C.; Fraser, A. R.; Tait, J. M.
J. Chem. Soc., Chem. Commun. 1977, 462—-463.
doi:10.1039/c39770000462

26.Farmer, V. C.; Smith, B. F. L.; Tait, J. M. Clay Miner. 1979, 14,
103-107. doi:10.1180/claymin.1979.014.2.02

27.Yang, H.; Su, Z. Chin. Sci. Bull. 2007, 52, 2301-2303.
doi:10.1007/s11434-007-0305-y

28.Yang, H.; Wang, C.; Su, Z. Chem. Mater. 2008, 20, 4484—4488.
doi:10.1021/cm8001546

29.Levard, C.; Rose, J.; Masion, A.; Doelsch, E.; Borschneck, D.; Olivi, L.;
Dominici, C.; Grauby, O.; Woicik, J. C.; Bottero, J.-Y.
J. Am. Chem. Soc. 2008, 130, 5862—-5863. doi:10.1021/ja801045a

30.Wada, S.-I.; Wada, K. Clays Clay Miner. 1982, 30, 123—128.
doi:10.1346/ccmn.1982.0300206

31.Wada, S.; Kakuto, Y. Soil Sci. Plant Nutr. (Abingdon, U. K.) 1999, 45,
947-953.

32.Yamamoto, K.; Otsuka, H.; Wada, S.-I.; Takahara, A. Chem. Lett.
2001, 30, 1162—1163. doi:10.1246/cl.2001.1162

33.Ma, W.; Kim, J.; Otsuka, H.; Takahara, A. Chem. Lett. 2011, 40,
159-161. doi:10.1246/CI.2011.159

34.Perruchot, C.; Khan, M. A.; Kamitsi, A.; Armes, S. P.; von Werne, T.;
Patten, T. E. Langmuir 2001, 17, 4479-4481. doi:10.1021/1a0102758

35.Vestal, C. R.; Zhang, Z. J. J. Am. Chem. Soc. 2002, 124,
14312-14313. doi:10.1021/ja0274709

36. Matsuno, R.; Yamamoto, K.; Otsuka, H.; Takahara, A. Macromolecules
2004, 37, 2203-2209. doi:10.1021/ma035523g

37.Wang, C.; Guo, Z.-X; Fu, S.; Wu, W.; Zhu, D. Prog. Polym. Sci. 2004,
29, 1079-1141. doi:10.1016/j.progpolymsci.2004.08.001

38. Spitalsky, Z.; Tasis, D.; Papagelis, K.; Galiotis, C. Prog. Polym. Sci.
2010, 35, 357-401. doi:10.1016/j.progpolymsci.2009.09.003

39. Jagur-Grodzinski, J. React. Funct. Polym. 2001, 49, 1-54.
doi:10.1016/S1381-5148(01)00059-1

40.Ma, W.; Otsuka, H.; Takahara, A. Chem. Commun. 2011, 47,

5813-5815. doi:10.1039/c1cc10661a

.Jakubowski, W.; Min, K.; Matyjaszewski, K. Macromolecules 2006, 39,

39-45. doi:10.1021/ma0522716

4

-

98


http://dx.doi.org/10.1021%2Fcr0300789
http://dx.doi.org/10.1021%2Fcr9502357
http://dx.doi.org/10.1021%2Fla700474v
http://dx.doi.org/10.1021%2Fla981694g
http://dx.doi.org/10.1021%2Fja804852z
http://dx.doi.org/10.1021%2Fjp0547156
http://dx.doi.org/10.1002%2Fmarc.200800510
http://dx.doi.org/10.1039%2FC0JM00810A
http://dx.doi.org/10.1016%2Fj.polymer.2005.10.108
http://dx.doi.org/10.1039%2FB508669H
http://dx.doi.org/10.3390%2Fma3031709
http://dx.doi.org/10.1021%2Fja00521a016
http://dx.doi.org/10.1021%2Fja00183a049
http://dx.doi.org/10.1039%2Fb505422b
http://dx.doi.org/10.1021%2Fla00058a043
http://dx.doi.org/10.1021%2Fla00031a023
http://dx.doi.org/10.1021%2Fla000471z
http://dx.doi.org/10.1016%2F0021-9797%2892%2990126-7
http://dx.doi.org/10.1021%2Fla011715y
http://dx.doi.org/10.1021%2Fla0258244
http://dx.doi.org/10.1021%2Fcm035367s
http://www.nature.com/nature-physci/journal/v240/n104/abs/physci240187a0.html
http://www.nature.com/nature-physci/journal/v240/n104/abs/physci240187a0.html
http://dx.doi.org/10.1021%2Fla00028a029
http://dx.doi.org/10.1021%2Fcm0505852
http://dx.doi.org/10.1039%2Fc39770000462
http://dx.doi.org/10.1180%2Fclaymin.1979.014.2.02
http://dx.doi.org/10.1007%2Fs11434-007-0305-y
http://dx.doi.org/10.1021%2Fcm8001546
http://dx.doi.org/10.1021%2Fja801045a
http://dx.doi.org/10.1346%2Fccmn.1982.0300206
http://dx.doi.org/10.1246%2Fcl.2001.1162
http://dx.doi.org/10.1246%2FCl.2011.159
http://dx.doi.org/10.1021%2Fla0102758
http://dx.doi.org/10.1021%2Fja0274709
http://dx.doi.org/10.1021%2Fma035523g
http://dx.doi.org/10.1016%2Fj.progpolymsci.2004.08.001
http://dx.doi.org/10.1016%2Fj.progpolymsci.2009.09.003
http://dx.doi.org/10.1016%2FS1381-5148%2801%2900059-1
http://dx.doi.org/10.1039%2Fc1cc10661a
http://dx.doi.org/10.1021%2Fma0522716

42. Matyjaszewski, K.; Jakubowski, W.; Min, K.; Tang, W.; Huang, J.;
Braunecker, W. A.; Tsarevsky, N. V. Proc. Natl. Acad. Sci. U. S. A.
2006, 703, 15309-15314. doi:10.1073/pnas.0602675103

43.Husseman, M.; Malmstrom, E. E.; McNamara, M.; Mate, M.;
Mecerreyes, D.; Benoit, D. G.; Hedrick, J. L.; Mansky, P.; Huang, E;
Russell, T. P.; Hawker, C. J. Macromolecules 1999, 32, 1424—1431.
doi:10.1021/ma981290v

44.Shah, R. R.; Merreceyes, D.; Husemann, M.; Rees, |.; Abbott, N. L.;
Hawker, C. J.; Hedrick, J. L. Macromolecules 2000, 33, 597-605.
doi:10.1021/ma991264c

45. Mori, H.; Boker, A.; Krausch, G.; Mlller, A. H. E. Macromolecules
2001, 34, 6871-6882. doi:10.1021/ma0019048

46.von Werne, T.; Patten, T. E. J. Am. Chem. Soc. 2001, 123, 7497-7505.
doi:10.1021/ja010235q

47.Pyun, J.; Jia, S.; Kowalewski, T.; Patterson, G. D.; Matyjaszewski, K.
Macromolecules 2003, 36, 5094-5104. doi:10.1021/ma034188t

48.Farmer, V. C.; Adams, M. J.; Fraser, A. R.; Palmieri, F. Clay Miner.
1983, 18, 459-472. doi:10.1180/claymin.1983.018.4.11

49.Johnson, L. M.; Pinnavaia, T. J. Langmuir 1990, 6, 307-311.
doi:10.1021/1a00092a003

50. Matsuno, R.; Yamamoto, K.; Otsuka, H.; Takahara, A. Chem. Mater.

2003, 15, 3-5. doi:10.1021/cm020766t

.Maliakal, A.; Katz, H.; Cotts, P. M.; Subramoney, S.; Mirau, P.

J. Am. Chem. Soc. 2005, 127, 14655-14662. doi:10.1021/ja052035a
52.Minet, I.; Delhalle, J.; Hevesi, L.; Mekhalif, Z. J. Colloid Interface Sci.
2009, 332, 317-326. doi:10.1016/j.jcis.2008.12.066

53.Ma, W.; Otsuka, H.; Takahara, A. Polymer 2011, 52, 5543-5550.
doi:10.1016/j.polymer.2011.09.054

54. Guerrero, G.; Mutin, P. H.; Vioux, A. J. Mater. Chem. 2001, 11,
3161-3165. doi:10.1039/b104411g

55. Marguerettaz, X.; O'Neill, R.; Fitzmaurice, D. J. Am. Chem. Soc. 1994,
116, 2629-2630. doi:10.1021/ja00085a057

56. Marguerettaz, X.; Fitzmaurice, D. J. Am. Chem. Soc. 1994, 116,
5017-5018. doi:10.1021/ja00090a069

57.Barbarella, G.; Pudova, O.; Arbizzani, C.; Mastragostino, M.;
Bongini, A. J. Org. Chem. 1998, 63, 1742-1745.
doi:10.1021/j0o972108b

58.Barbarella, G.; Favaretto, L.; Sotgiu, G.; Zambianchi, M.; Antolini, L.;
Pudova, O.; Bongini, A. J. Org. Chem. 1998, 63, 5497-5506.
doi:10.1021/jo980507g

59.Barbarella, G.; Zambianchi, M.; Pudova, O.; Paladini, V.; Ventola, A.;
Cipriani, F.; Gigli, G.; Cingolani, R.; Citro, G. J. Am. Chem. Soc. 2001,
123, 11600-11607. doi:10.1021/ja011209v

60.Yah, W. O.; Irie, A.; Jiravanichanun, N.; Otsuka, H.; Takahara, A.
Bull. Chem. Soc. Jpn. 2011, 84, 893-902. doi:10.1246/bcsj.20110080

61.Gao, W.; Dickinson, L.; Grozinger, C.; Morin, F. G.; Reven, L. Langmuir
1996, 12, 6429-6435. doi:10.1021/1a9607621

62.O'Brien, J. T.; Zeppenfeld, A. C.; Richmond, G. L.; Page, C. J.
Langmuir 1994, 10, 4657-4663. doi:10.1021/1a00024a044

63. Steiner, G.; Sablinskas, V.; Savchuk, O.; Bariseviciute, R.; Jéahne, E.;
Adler, H. J.; Salzer, R. J. Mol. Struct. 2003, 661-662, 429-435.
doi:10.1016/j.molstruc.2003.08.031

64.Facchetti, A.; Yoon, M.-H.; Stern, C. L.; Hutchison, G. R;;

Ratner, M. A.; Marks, T. J. J. Am. Chem. Soc. 2004, 126,
13480-13501. doi:10.1021/ja048988a

65.Zhang, X.; Johnson, J. P.; Kampf, J. W.; Matzger, A. J. Chem. Mater.
2006, 78, 3470-3476. doi:10.1021/cm0609348

66.Zhang, X.; Matzger, A. J. J. Org. Chem. 2003, 68, 9813-9815.
doi:10.1021/jo035241e

5

a

67.

68.

69.

70.

7

N

72.

73.

74.

75.

76.

77.

78.

79.

80.

8

=

82.

83.

84.

85.

86.

87.

Beilstein J. Nanotechnol. 2012, 3, 82—100.

Yassar, A.; Horowitz, G.; Valat, P.; Wintgens, V.; Hmyene, M.;
Deloffre, F.; Srivastava, P.; Lang, P.; Garnier, F. J. Phys. Chem. 1995,
99, 9155-9159. doi:10.1021/7100022a031

DiCésare, N.; Belletéte, M.; Garcia, E. R.; Leclerc, M.; Durocher, G.

J. Phys. Chem. A 1999, 103, 3864—-3875. doi:10.1021/jp9901085

Oh, J.; Chang, S.; Jang, J.; Roh, S.; Park, J.; Lee, J.; Sohn, D.; Yi, W.;
Jung, Y.; Kim, S.-J. J. Mater. Sci.: Mater. Electron. 2007, 18, 893-897.
doi:10.1007/s10854-007-9125-8

Park, J.; Lee, J.; Chang, S.; Park, T.; Han, B.; Han, J. W.; Yi, W.

Bull. Korean Chem. Soc. 2008, 29, 1048—1050.
doi:10.5012/bkcs.2008.29.5.1048

.Lee, R. S.; Kim, H. J.; Fischer, J. E.; Thess, A.; Smalley, R. E. Nature

1997, 388, 255-257. doi:10.1038/40822

Mordkovich, V. Z.; Baxendale, M.; Yoshimura, S.; Chang, R. P. H.
Carbon 1996, 34, 1301-1303. doi:10.1016/0008-6223(96)82802-8
Kong, J.; Zhou, C.; Yenilmez, E.; Dai, H. Appl. Phys. Lett. 2000, 77,
3977-3979. doi:10.1063/1.1331088

Kim, B. H.; Park, T. H.; Baek, S. J.; Lee, D. S.; Park, S. J.; Kim, J. S;
Park, Y. W. J. Appl. Phys. 2008, 103, 096103. doi:10.1063/1.2913170
Ito, M.; Tsuruno, A.; Osawa, S.; Tanaka, K. Polymer 1988, 29,
1161-1165. doi:10.1016/0032-3861(88)90039-0

Elsenbaumer, R. L.; Jen, K. Y.; Oboodi, R. Synth. Met. 1986, 15,
169-174. doi:10.1016/0379-6779(86)90020-2

Yoshino, K.; Nakajima, S.; Fujii, M.; Sugimoto, R. Polym. Commun.
1987, 28, 309-310.

Winokur, M. J.; Wamsley, P.; Moulton, J.; Smith, P.; Heeger, A. J.
Macromolecules 1991, 24, 3812-3815. doi:10.1021/ma00013a011
Sirringhaus, H.; Tessler, N.; Friend, R. H. Science 1998, 280,
1741-1744. doi:10.1126/science.280.5370.1741

Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsen, M. M.;
Bechgaard, K.; Langeveld-Voss, B. M. W.; Spiering, A. J. H.;
Janssen, R. A. J.; Meijer, E. W.; Herwig, P.; de Leeuw, D. M. Nature
1999, 401, 685-688. doi:10.1038/44359

.Prosa, T. J.; Winokur, M. J.; Moulton, J.; Smith, P.; Heeger, A. J.

Macromolecules 1992, 25, 4364—4372. doi:10.1021/ma00043a019
McCullough, R. D.; Tristram-Nagle, S.; Williams, S. P.; Lowe, R. D.;
Jayaraman, M. J. Am. Chem. Soc. 1993, 115, 4910-4911.
doi:10.1021/ja00064a070

Inganés, O.; Salaneck, W. R.; Osterholm, J.-E.; Laakso, J. Synth. Met.
1988, 22, 395-406. doi:10.1016/0379-6779(88)90110-5

Wang, F.; Gu, H.; Swager, T. M. J. Am. Chem. Soc. 2008, 130,
5392-5393. doi:10.1021/Ja710795k

Snow, E. S.; Perkins, F. K.; Houser, E. J.; Badescu, S. C.;

Reinecke, T. L. Science 2005, 307, 1942—1945.
doi:10.1126/science.1109128

Yah, W. O.; Irie, A.; Otsuka, H.; Sasaki, S.; Yagi, N.; Sato, M.;
Koganezawa, T.; Takahara, A. J. Phys.: Conf. Ser. 2011, 272, 012021.
doi:10.1088/1742-6596/272/1/012021

Samitsu, S.; Shimomura, T.; Heike, S.; Hashizume, T.; Ito, K.
Macromolecules 2008, 41, 8000-8010. doi:10.1021/Ma801128v

99


http://dx.doi.org/10.1073%2Fpnas.0602675103
http://dx.doi.org/10.1021%2Fma981290v
http://dx.doi.org/10.1021%2Fma991264c
http://dx.doi.org/10.1021%2Fma0019048
http://dx.doi.org/10.1021%2Fja010235q
http://dx.doi.org/10.1021%2Fma034188t
http://dx.doi.org/10.1180%2Fclaymin.1983.018.4.11
http://dx.doi.org/10.1021%2Fla00092a003
http://dx.doi.org/10.1021%2Fcm020766t
http://dx.doi.org/10.1021%2Fja052035a
http://dx.doi.org/10.1016%2Fj.jcis.2008.12.066
http://dx.doi.org/10.1016%2Fj.polymer.2011.09.054
http://dx.doi.org/10.1039%2Fb104411g
http://dx.doi.org/10.1021%2Fja00085a057
http://dx.doi.org/10.1021%2Fja00090a069
http://dx.doi.org/10.1021%2Fjo972108b
http://dx.doi.org/10.1021%2Fjo980507g
http://dx.doi.org/10.1021%2Fja011209v
http://dx.doi.org/10.1246%2Fbcsj.20110080
http://dx.doi.org/10.1021%2Fla9607621
http://dx.doi.org/10.1021%2Fla00024a044
http://dx.doi.org/10.1016%2Fj.molstruc.2003.08.031
http://dx.doi.org/10.1021%2Fja048988a
http://dx.doi.org/10.1021%2Fcm0609348
http://dx.doi.org/10.1021%2Fjo035241e
http://dx.doi.org/10.1021%2Fj100022a031
http://dx.doi.org/10.1021%2Fjp9901085
http://dx.doi.org/10.1007%2Fs10854-007-9125-8
http://dx.doi.org/10.5012%2Fbkcs.2008.29.5.1048
http://dx.doi.org/10.1038%2F40822
http://dx.doi.org/10.1016%2F0008-6223%2896%2982802-8
http://dx.doi.org/10.1063%2F1.1331088
http://dx.doi.org/10.1063%2F1.2913170
http://dx.doi.org/10.1016%2F0032-3861%2888%2990039-0
http://dx.doi.org/10.1016%2F0379-6779%2886%2990020-2
http://dx.doi.org/10.1021%2Fma00013a011
http://dx.doi.org/10.1126%2Fscience.280.5370.1741
http://dx.doi.org/10.1038%2F44359
http://dx.doi.org/10.1021%2Fma00043a019
http://dx.doi.org/10.1021%2Fja00064a070
http://dx.doi.org/10.1016%2F0379-6779%2888%2990110-5
http://dx.doi.org/10.1021%2FJa710795k
http://dx.doi.org/10.1126%2Fscience.1109128
http://dx.doi.org/10.1088%2F1742-6596%2F272%2F1%2F012021
http://dx.doi.org/10.1021%2FMa801128v

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.3.10

Beilstein J. Nanotechnol. 2012, 3, 82—100.

100


http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.3.10

Beilstein Journal
of Nanotechnology

Electron-beam patterned self-assembled monolayers
as templates for Cu electrodeposition and lift-off

Zhe She', Andrea DiFalco?, Georg Hahner! and Manfred Buck

Full Research Paper

Address:

1EaStCHEM School of Chemistry, University of St. Andrews, KY16
9ST, U.K and 2School of Physics and Astronomy, University of St.
Andrews, KY16 9ST, U.K

Email:
Manfred Buck” - mb45@st-andrews.ac.uk

* Corresponding author
Keywords:

electrochemical nanotechnology; electrodeposition; lithography;
metallic nanostructures; self-assembled monolayers; thiols

Abstract

Beilstein J. Nanotechnol. 2012, 3, 101-113.
doi:10.3762/bjnano.3.11

Received: 13 November 2011
Accepted: 18 January 2012
Published: 06 February 2012

This article is part of the Thematic Series "Self-assembly at solid
surfaces".

Guest Editors: S. R. Cohen and J. Sagiv

© 2012 She et al; licensee Beilstein-Institut.
License and terms: see end of document.

Self-assembled monolayers (SAMs) of 4'-methylbiphenyl-4-thiol (MBPO) adsorbed on polycrystalline gold substrates served as

templates to control electrochemical deposition of Cu structures from acidic solution, and enabled the subsequent lift-off of the

metal structures by attachment to epoxy glue. By exploiting the negative-resist behaviour of MBPO, the SAM was patterned by

means of electron-beam lithography. For high deposition contrast a two-step procedure was employed involving a nucleation phase

around —0.7 V versus Cu?"/Cu and a growth phase at around —0.35 V versus CuZ"/Cu. Structures with features down to 100 nm

were deposited and transferred with high fidelity. By using substrates with different surface morphologies, AFM measurements

revealed that the roughness of the substrate is a crucial factor but not the only one determining the roughness of the copper surface

that is exposed after lift-off.

Introduction

Covering the range from tens of micrometers down to nano-
meters, the scope of applications of metal structures in elec-
tronics [1,2], sensing [3-7], electrochemical analysis [8], optics
and imaging [9-12] will vitally depend on the extent to which
the feature size that is required for a particular application can
be achieved by processes that enable an affordable high-
throughput production. Commonly pursued routes to match

resolution with simplicity are based on schemes involving

templated deposition on a reusable master substrate followed by
a transfer of the structure to the substrate of interest. A key
point underlying these processes is to exploit differences in the
interfacial forces between the deposited material and the
different substrates [10,13-17]. Among the various deposition
techniques [18], which also include evaporation [19,20], chem-
ical vapour deposition (CVD) [21,22] and electroless deposi-
tion [22-24], electrodeposition [25-28] offers interesting
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perspectives, in particular at the nanoscale, due to the level of
control over the deposition process. The electrochemical
approach combines favourably with self-assembled monolayers
(SAMs) as it enables the scheme illustrated in Figure 1a [15].
On the one hand, metal can be selectively deposited by using
patterned SAMs, which act as template by defining electro-
chemically active and passive areas of an electrode [25,26,29-
33]. On the other hand, the control of interfacial energies
afforded by SAMs enables the lift-off and transfer of deposited
metal structures. Since a number of techniques exist which
cover the range from macroscopic to nanoscopic dimensions
[30,34-38] the combination of patterned SAMs and electro-
chemistry offers a flexible approach for the generation of metal
structures.

While structured SAMs exhibiting electrochemical contrast can
be made from two different types of molecules that differ in
their blocking properties [15], electron-induced modification of
a single component SAM is an alternative that is particularly
attractive for providing access to the nanoscale, since e-beam
lithography as a high-resolution technique can be employed
[26,30]. However, the effect is strongly dependent on the type
of SAM [25,30,39,40]. Aliphatic SAMs degrade upon exposure
to electrons (positive-resist behaviour), in contrast to aromatic

(@)
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SAMs in which the molecular structure of the SAM is essen-
tially preserved [40] apart from the cross-linking of the
aromatic moieties. The rather ill-defined electron-induced de-
gradation of aliphatic SAMs makes it very difficult to control
electrodeposition and adhesion of a deposit precisely, whereas
an aromatic negative-resist SAM does not have this problem.
Therefore, for the scheme outlined in Figure la, a negative-
resist behaviour employing aromatic SAMs is preferred. As
illustrated in Figure 1b the effect of electron irradiation is a
cross-linking of the aromatic units, which results in the elimina-
tion of defects through which metal ions can penetrate the SAM
and be reduced at the SAM—substrate interface. In contrast to a
scheme that involves complexation of metal ions with the SAM
[41-43] and in which the metal is deposited on top of the SAM,
the mechanism explored in the present paper relies on defect-
mediated deposition, i.e., the metal nucleation takes place at the
SAM-substrate interface at sites of structural imperfections in
the monolayer. Since the metal deposit grows in a mushroom-
type fashion the contact area and, thus, adhesion between the
deposited und substrate metal is greatly reduced. The poor
adhesion between the metal deposit and the SAM makes the
lift-off possible by simple breaking of the stem of the mush-
rooms [15,17]. Even though it is not the focus of the present
paper, we note that if the patterned SAM layer does not deterio-
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Figure 1: (a) Scheme of SAM controlled electrodeposition and lift-off of metal structures. Starting from a uniform SAM of MBPO (1), patterning is
accomplished by e-beam lithography (2). Acting as a negative resist, electrochemical metal deposition (3) selectively occurs only in the nonirradiated
areas. The low surface energy of the CH3 terminated SAM enables the transfer of the metal pattern to an insulating substrate (4,5) and reuse of the
master pattern (6). (b) lllustration of patterning and deposition processes on the molecular scale. When a pristine aromatic SAM (i) is irradiated by an
e-beam, cross-linking of molecules results in bridging of defects (right of ii). The resulting passivation confines the deposition to areas of the native
SAM (iii). Metal nucleation starts at the bottom of the SAM and deposits grow in a mushroom-type fashion until they coalesce to form a film (iv).
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rate during the lift-off process it may serve as a master that can
be straightforwardly reused [15]. This is of particular advan-
tage for small-scaled structures in which patterning becomes

increasingly time-consuming and expensive.

The feasibility of this SAM based deposition and lift-off
scheme has been demonstrated for different metals and alloys
such as Cu or CoNiFe with uniform SAMs [17,19,20,44,45] and
for micrometer-sized Cu structures with a binary SAM
consisting of ®-(4'-methylbiphenyl-4-yl)methanethiol
(CH3-C¢H4—C¢H4—CH,—SH, MBP1) as a nonblocking and
hexadecane thiol (CH3(CH,);5SH, MC16) as a blocking thiol
[15]. The present paper is an investigation of a scheme for
creating surface features with smaller dimensions by using
e-beam patterning of a single-component SAM of ©-(4'-methyl-
biphenyl-4-yl)thiol (CH3-CgHy4—CgH4—SH, MBPO0). While
selective deposition based on e-beam-modified aromatic SAMs
has been demonstrated before [25,26,33], with features down to
about 50 nm [26], a transfer of the metal structures has not been
reported. It is the focus of the present paper to study steps 1-5
of the deposition-lift-off process depicted in Figure 1a, by using
an e-beam-patterned SAM, and to investigate the mutually
dependent parameters that are crucial for determining key
aspects such as the achievable feature size, the precision of the
structure, and the fidelity of the lift-off process.

Results and Discussion

Guided by the scheme depicted in Figure 1, the presentation of
the results is organised into two sections discussing electrode-
position and lift-off.

1. SAM templated metal deposition

General aspects

Analogous to unmodified uniform electrodes [46], we assume
that the initial stages of the deposition process can be described
by the simple case of a time-independent nucleation rate

(M

J:ZOQ.exp{m}
kT

where Zy [cm™2] is the number density of sites on the substrate
where nucleation can occur. Q is a frequency factor, which,
besides other quantities, depends on the concentration of metal
ions according to c;:;rwith a as the charge-transfer coefficient;
n¢ is the size of the critical nucleus, e the electron charge, and
1= (E® — E) is the overpotential (E9 = standard potential). From
Equation 1 it is seen that the nucleation rate increases exponen-
tially with the overpotential. Another point is that a critical
overpotential n.j; exists, below which the nucleation rate

becomes very small. These two points together are very impor-
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tant as they are the key to high-resolution patterning. A double-
pulse-polarisation scheme is applied in which an initial nucle-
ation phase at an overpotential that is significantly larger than
Nerit 18 followed by further growth at lower overpotentials,
resulting in the achievement of high contrast between areas that
differ in 1y

For the defect-mediated metal deposition on a SAM modified
surface (see Figure 1b), nucleation can occur at different types
of defects, as illustrated in Figure 2a and discussed in more
detail in [47]. Imperfections such as domain boundaries, sub-
strate steps, missing molecules or contaminations can all serve
as nucleation sites. Since reduction of the metal ion is deter-
mined by tunnelling of the electron, discharge is much more
likely to occur close to the Au substrate than at the outer surface
of the SAM. Therefore, nucleation starts preferentially at
defects through which the ions can penetrate the layer and, thus,
approach the Au surface more closely. The probability that an
ion penetrates is dependent on the detailed nature of the defects,
and thus the rate at which ions are discharged and at which the
critical nucleation size is reached can vary substantially for the
different types and sizes of defects. Note that the defects are not
necessarily static, i.c., potential-dependent changes or fluctua-
tions in the SAM structure also have to be considered, which
makes Zj a dynamic quantity. Another factor affecting the
nucleation rate is specific to metals that bind more strongly to
the thiol head group than the original substrate metal. In this
case the metal deposited at defects can easily intercalate and
diffuse at the SAM—substrate interface [48].

In the case of templated deposition by means of an e-beam
patterned SAM, Z, becomes a function of the exposed topology.
For aromatic SAMs, such as MBP0, which exhibit negative-
resist behaviour, the density of nucleation sites Zj is deter-
mined by the extent of cross-linking of the molecules. While the
exact relationship between the defect size in the SAM and the
nucleation probability is not known, a nonlinear behaviour can
be expected due to the exponential dependence of the electron
transfer on the distance between the ion and the metal surface.
Reducing the size of defects by cross-linking should strongly
decrease the nucleation probability and, thus, result in a
substantial reduction in the nucleation density. This is illus-
trated in Figure 2b in which a spatial profile in the irradiation
dose by e-beam lithography generates an inverted profile in the
nucleation rate. It is noted that the cross-linking in the SAM is
primarily caused by low-energy electrons (<100 eV) [39,40],
and, therefore, the spatial resolution is determined by the distri-
bution of secondary electrons, e, rather than by the one of the
high-energy electrons, ep, of the primary beam. If a pulsed
deposition is used, rather sharp boundaries in the deposition

should be possible since two nonlinear effects are superim-
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Figure 2: (a) lllustration of different types of defects in a SAM. Domain
boundaries (1) and substrate steps (2) as intrinsic defects; missing
molecules (3) and contaminations (4) as extrinsic defects. (b) Metal
electrodeposition on a negative-resist SAM patterned by e-beam litho-
graphy. Top: A primary e-beam, e, generates a spatial profile of sec-
ondary electrons, es. The resulting gradient in the cross-linking of the
SAM yields a gradient in the density of nucleation sites for the metal
mushrooms. Bottom: lllustration of the inverse relationship between ir-
radiation dose and nucleation rate.

posed, i.e., the one due to cross-linking and the one due to the
overpotential according to Equation 1. The precision at which
the contour of a metal deposit can be defined is ultimately
dependent on two factors. The first one is the gradient in the
nucleation rate; the second one is the density of nucleation sites.
Although one seeks to maximise the latter, this is ultimately
defined by the defect density in the native SAM, which is thus
the limiting factor in the achievable resolution.

Experiments

Study of deposition parameters: Prior to metal deposition on
e-beam-patterned MBP0O-SAMs, the pristine, uniform mono-
layers were studied and their passivating properties compared
with reference systems previously studied in the literature. As
seen from Figure 3, the onset of Cu deposition is shifted to
more cathodic potentials for the MBPO coated electrode
compared to the clean Au surface, similar to alkanethiol SAMs
[29,30,49,50] and other biphenyl based thiols previously studied
[15,25,26,33]. The shift of about —0.27 V to +0.3 V is, however,

Beilstein J. Nanotechnol. 2012, 3, 101-113.

significantly smaller compared to a long chain alkanethiol such
as octadecanethiol for which the shift amounts to about —0.6 V.
We note at this point that both the sharpness of the onset of
deposition and the value of the peak potential are significantly
dependent on the quality of the SAM. An important parameter
is the cleanliness of the substrate prior to SAM formation [48].
Contaminations result in pinholes in the SAM (defect 4 in
Figure 2a) and as a consequence the cyclic voltammograms
(CVs) show an earlier onset of deposition and an initially much
more gradual increase than those shown in the CVs of Figure 3.
When small structures are desired, the preferential nucleation at
such extrinsic defects is unfavourable as they are only present at
low density, and it is the nucleation density which ultimately
limits the feature size. Another parameter is the preparation
temperature, for which a higher temperature, in general,
improves the crystallinity of the SAM, i.e., increases the
domain size. As seen from Figure 3 this influence is rather
small for MBPO and does not, in fact, lie unambiguously
outside the range of sample-to-sample variations, which is in
agreement with the overall poor crystallinity of this type of
SAM [51]. For this reason samples prepared either at room
temperature or elevated temperature were used throughout the

experiments.

NA
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Figure 3: Linear-sweep voltammograms comparing the electrodeposi-
tion of Cu on clean (black squares) and SAM modified Au/Si elec-
trodes, from a 50 mM CuS0O4/0.1 M H2SO4 electrolyte. SAMs were
prepared by 24 h immersion of Au/Si substrates into solutions of
octadecane thiol (blue stars) at room temperature and of MBPO at
room temperature (red circles) and 65 °C (green triangles).

The selective deposition on a patterned SAM depends on a
number of parameters, some of which exert an opposite influ-
ence on the deposition. As outlined above, on the one hand, a
more negative deposition potential increases the nucleation
density and, thus, improves the contour definition of the Cu
pattern and the achievable resolution. On the other hand, it
reduces the deposition contrast between irradiated and nonirra-
diated areas since defects in the irradiated SAM are unlikely to

be fully eliminated.
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For this reason the deposition process was investigated by
chronoamperometry. Figure 4a shows /¢ curves of a uniform,
pristine MBP0O-SAM recorded at three different potentials.

All curves show the characteristic shape of a nucleation-and-
growth process. In the initial stage, nucleation is inhibited since
Cu reduction is limited by the SAM [45,52]. The current
increases due to the formation of nuclei and mushroom struc-
tures at defects in the SAM (Figure 1b). At this point the elec-
trode surface can be described by a statistical array of nanoelec-
trodes. Subsequently the current becomes transport-limited and,
therefore, passes a maximum after a given time, which becomes
shorter with higher cathodic potential. Diffusion-controlled
growth is reflected by a decreasing current whose time depend-
ence evolves into that of a flat electrode upon overlap of the
diffusion fields of the mushrooms [53]. This is the region
beyond 7 s where the curves adopt an identical shape. An opti-
misation of the conditions has to take into account three factors:
The gradient of the cross-linking, the potential affecting the
nucleation density, and the time.
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Deposition on an e-beam-patterned MBP0-SAM under the
condition of a constant potential is shown in Figure 4c. The
SEM image showing Cu free lines about 400 nm wide clearly
demonstrates the passivation of the SAM by e-beam-induced
cross-linking, which either seals the defects in the SAM or
reduces them to a size such that the overpotential required for
bulk metal deposition is not reached anymore. It might be worth
noting that the absence of bulk Cu deposition does not mean
that Cu is not deposited at all. Ions can still penetrate and,
analogous to underpotential deposition (UPD), be intercalated at
the SAM-Au interface. If the rate of penetration is lower than
the diffusion rate at the SAM-substrate interface, mushroom
formation is suppressed [48]. While the SEM image demon-
strates a clear passivation effect, the contour definition is poor
and prohibitive for extension to smaller dimensions. In order to
improve the contour definition the nucleation density has to be
increased, and an obvious way to do this is to increase the over-
potential. However, when going to a larger overpotential, one
has to bear in mind that the deposition process is a trade-off
between different factors. On the one hand, a more negative
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Figure 4: (a,b) Chronoamperograms of single potential (a) and double potential (b) deposition processes on a uniform MBPO-SAM on Au/Si. Poten-
tials of /-t curves in (a) are —0.5 V (black line), -0.6 V (red dashed line) and —-0.7 V (green dotted line) and in (b) 0.7 V for 1 s, —0.35 V for 10 s on
MBPO/Au/Si. For comparison an /~t curve for a clean Au/Si substrate and identical deposition conditions is shown in the inset. (c,d) SEM images of
Cu deposition on e-beam-patterned SAMs. Lines indicated by arrows were written with an electron dose of 800 mC/cm? in both cases. Deposition
was carried out in (c) at -0.5 V for 15 s, and in (d) at —0.7 V for 1 s and at -0.35 V for 10 s.
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potential increases the nucleation density but, on the other hand,
will reduce the contrast between native and cross-linked MBPO
areas. Furthermore, with increasing density of mushrooms the
lift-off will become more difficult. For these reasons we
explored a two-step-deposition procedure as illustrated in
Figure 4b. A short nucleation step at potentials more negative
than for the one-step sample (Figure 4c) is followed by a
growth phase at potentials even more positive than for the

single-step procedure.

As evidenced by Figure 4d this results in significantly better
pattern definition. Besides the improved contour definition it is
obvious that the passivated lines are significantly narrower,
despite the fact that identical irradiation conditions were used.
The reason for this is the cross-linking profile. Even though the
primary e-beam is well focused (~20 nm) the cross-linking is
caused by the secondary electrons from the substrate, as illus-
trated in Figure 2b, thus resulting in line broadening and a
gradient orthogonal to the line. With increasingly negative
potentials the boundary moves towards the line centre, since
nucleation is, as discussed above, a complex process that is

nonlinearly dependent on the potential and on SAM defects.

The evolution of the deposition for the two-step process is
shown in Figure 5, under the conditions depicted in the /—¢
diagram of Figure 4b. After 1 s at —=0.7 V Cu deposits are
observed, which range in size, from small isolated clusters to
extended irregularly shaped islands, and demonstrate a signifi-
cant statistical variation in the nucleation density. After 5 s of
further growth at —0.35 V (Figure 5b) a continuous Cu layer is
observed with, however, a significant number of holes varying

in size, which close upon further deposition.

The statistical variation in the nucleation density evidenced in
Figure 5 highlights the limiting factor for the precision of the
deposition process, i.e., how sharply the contour between depo-
sition and Cu free areas can be defined. At present the exact
relationship between the threshold for nucleation of Cu mush-
rooms and the nature of the defect is not clear, but the rate at
which Cu penetrates through to the Au electrode can be safely
assumed to be a decisive factor. Similar to what has been
observed for Cu-UPD on a SAM [48], the statistical distribu-
tion of rates is determined by the structural quality of the SAM.
To improve the precision further one has to develop a process
that is independent of the statistical defects in a SAM by, for
example, producing a highly passivating SAM and then intro-
duce defects afterwards in a controlled way.

Deposition on e-beam-patterned SAMs: As discussed above,
the extent to which defects in the SAM are modified by elec-
tron-induced cross-linking is crucial for the spatial resolution.
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400 nm

Figure 5: SEM images of Cu nucleation and growth on a MBP0-SAM
on Au/Ag/Mica prepared at 65 °C for 24 h. (a) Cu nucleation sites and
islands after deposition at —0.7 V for 1 s. (b) Cu layer after nucleation
at -0.7 V for 1 s and growth at —0.35 V for 5 s.

Therefore, besides the parameters for the electrochemical
deposition the influence of the irradiation dose on the quality of
the Cu structures was also studied. In a series of lines written by
the electron beam, the dose was varied between 50 and
750 mC/cm?. As seen from Figure 6a, there is a pronounced
improvement in the definition of the lines for which Cu
deposition was suppressed. It is noted that the doses needed
to produce good contrast in our electrochemical experiment
are substantially higher compared to those reported in
the literature. For example, for Ni deposited from the gas phase
about 45 mC/cm? was used [54]. In electrochemical
deposition of Cu on C¢H5—C¢H4SH SAMs [26,33] and
CH;-C¢H4—CgHy4—(CHy)1,—SH [25] a dose of maximal
80 mC/cm? was used. However, it is difficult to compare the
conditions, both with regard to the patterning parameters and
the deposition conditions. The yield of the low-energy second-
ary electrons causing the cross-linking may vary substantially as
a primary beam with an energy of 30 keV was used in the
present experiments compared to the few hundred eV to 3 keV
in the other experiments. Furthermore, the potential in the two
potential protocols where nucleation occurs was significantly
more negative compared to potentials applied in the one-step-
deposition process reported in the literature [26,33]. For the
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Figure 6: Electrochemical deposition of Cu on e-beam-patterned MBPO-SAM/Au/Si. (a) SEM image of a series of passivating lines written at different
doses. The difference in the dose between lines is 25 mC/cm?, with 750 mC/cm? as the highest dose for the bottom line. (b) SEM image of “SAM”
written with an electron beam at a dose of 1000 mC/cm?. (c) AFM image of the area marked by the square in (b) together with a height profile along
the line. Deposition conditions: -0.7 V for 1 s, —0.25 V for 20 s (a); 0.7 V for 1 s, -0.35 V for 10 s (b).

high doses used in this work in combination with the two-step-
deposition procedure, an excellent contrast is achieved as
demonstrated by the pattern depicted in the SEM image of
Figure 6b and the AFM image of Figure 6¢ showing grooves
about 170 nm wide and 60 nm deep.

2. Lift-off of Cu structures

With regard to the transfer of the deposited pattern to an insu-
lating substrate we were particularly interested in the following
points: (i) The fidelity of the lift-off process; (ii) the
morphology of the metal surface originally facing the SAM in
comparison with the surface of the growing film exposed to the
electrolyte; and (iii) the relationship between the roughness of
the substrate and the Cu structure.

Figure 7, showing a copper structure as deposited and after lift-
off, demonstrates that the pattern is transferred without dis-
tortion. All features of the trench seen on the original structure
(Figure 7a) are precisely reproduced in the structure attached to
the epoxy glue (Figure 7b), which, due to the lift-off, appears as
a mirror image of the original structure. The fidelity with which
the pattern is transferred demonstrates that the simple transfer
process is suitable for the routine generation of high-resolution
metal patterns on insulating substrates even for significantly
smaller structures down to ~50 nm, which have been tried.
However, even though the transfer process imposes no restric-
tions on the feature size, at this point we did not systematically
pursue the fabrication of features smaller than those shown
here, for reasons that are obvious from Figure 7. There are devi-
ations from the straight boundary line separating the copper-free

and deposition areas, by up to 20 nm. This is due to a statistical
variation in the nucleation density, which is determined by the
random defects present in the native SAM and already
addressed above. Another point is an increase in the width of
the line by about 20% when going from the structure as
deposited (Figure 7a) to that after the lift-off (Figure 7b). We
ascribe this to nonvertical growth of the trench walls due to
transport-limited deposition, similar to subconformal Cu depo-
sition in microelectronics [55,56].

(@) Cu on AuSi

Figure 7: SEM images of a SAM templated copper deposit on the orig-
inal MBPO coated Au/Si substrate (a) and after transfer to epoxy glue
(b). The passivating line of the cross-linked SAM was written by using
an e-beam dose of 750 mC/cm? . Deposition parameters are 0.7 V for
1s, -0.25 V for 20 s. The numbered green arrows mark the corres-
ponding features in (a) and (b).

Besides the definition of the lateral dimensions, another point of
interest is the surface topography. Reminding ourselves that the
SAM and electrolyte-facing surfaces of the Cu deposition layer
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Figure 8: AFM topography images of Cu electrodeposited onto an e-beam-patterned MBPO-SAM on Au/Si (a) before and (b) after lift-off. The height
profiles shown are taken along the numbered cross-sections. Lines of cross-linked MBPO were written by using a dose of 1000 mC/cm?. The parame-

ters for Cu deposition were -0.7 V for 1 s, -0.35 V for 10 s.

become the exposed and buried ones, respectively, after
transfer, a comparison of their topography is of interest with
regard to potential applications in optics, for example, where
the smoothness of films is important.

Figure 8 shows a compilation of AFM images comparing the
structure as deposited on a MBPO patterned Au/Si substrate
with the one transferred to the epoxy glue. Parallel lines about
1 um apart were written into the SAM by e-beam lithography.
As inferred from the difference between the grooves, where the
cross-linked MBP0O-SAM inhibits deposition, and the areas of
deposition, the two-step deposition involving a 10 s growth
period yields a thickness of the Cu layer of about 70 nm
(Figure 8a, curve 1).

Comparison of the height profiles inside and outside of the
grooves (Figure 8a, curves 2 and 3) shows that the growing
surface of the Cu deposition is significantly rougher than the
original substrate. This is very different from the Cu surface
facing the SAM which is depicted in Figure 8b. It is seen from
the height profile (Figure 8b, curve 3) that this Cu surface has a
corrugation comparable to that of the substrate (Figure 8a, curve
2). In contrast, the profile along the line is less-smooth
compared to the corrugation in the original groove. Together
with the line depth (Figure 8b, curve 1), which is significantly
smaller than for the original grooves and ranges between
10-40 nm, this demonstrates that the filling of the grooves with
epoxy glue is rather incomplete. Taking into account that the
fairly viscous glue is applied under ambient conditions, we

consider air trapped in the grooves to be the major reason.

Unfortunately, further studies excluding air, in particular to see
whether the glue in the lines can be made coplanar with the
metal surface, were impossible, since we could not apply the
epoxy glue under vacuum.

Similar results were observed with a wider trench structure.
Figure 9 shows a comparison between the two Cu surfaces
analogous to the line structure in Figure 8. Again, the deposi-
tion contrast is excellent with a complete suppression of deposi-
tion also for this extended cross-linked area. The thickness of
the Cu deposit was approximately 70 nm as seen from the line
profile in Figure 9a, i.e., the same as measured for the line
structure (Figure 8) for which the deposition parameters were
the same. The depth between the Cu surface and the copper-free
area was 30 nm after lift-off, revealing an incomplete filling of
the trench by the glue, which is again likely due to trapping of
air. On comparison of the friction images of the Cu structure as
deposited and after lift-off (Figures 9b and 9d), a very different
friction contrast is seen between deposition and Cu free areas
according to the mechanical properties of the materials. While
in both cases the friction inside the trench is higher than on the
Cu deposit, the difference between the two areas is more than
30 times larger between the rather soft epoxy glue and Cu,
compared to SAM/Au and Cu.

Roughness measurements: Since, as evident from Figures 8
and 9, the Cu surface facing the SAM is substantially smoother
than the opposite one with a roughness close to that of the sub-
strate, the influence of the substrate quality was studied in more
detail.
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Figure 9: AFM images of Cu electrodeposition onto a MBP0O/Au/Si sample demonstrating the quality of passivation of the cross-linked MBP0O-SAM.
Topography (a,c) and friction (b,d) images of the Cu structure as deposited (a,b) and after transfer to epoxy glue (c,d); (e) height and (f) friction profile
along the line for Cu as deposited; (g,h) corresponding profile for the lifted-off structure. The 5 x 1 ym? rectangle of cross-linked MBPO-SAM was
generated with an electron beam dose of 500 mC/cm?2. Conditions for the two-step electrodeposition were —0.7 V for 1s and —0.35 V for 10 s.

For this purpose substrates with different degrees of roughness
were compared. Besides Au/Si whose morphology is deter-
mined by small crystallites of different orientations, Ag/mica
and Au/Ag/mica substrates were used because Au and Ag can
be grown epitaxially on mica [57,58], and this results in less
corrugated films with a well-defined (111) orientation of the
crystallites and much larger terraces. The reason for using Ag
either as a substrate directly, or as interlayer, is that Au adheres
poorly to mica. While the poor adhesion of Au has been taken
advantage of for the generation of ultraflat Au substrates
through the template-stripping method [59,60], it is a limiting
factor for our scheme. Even though transfer using Au/mica can
be achieved to some extent, the parameters must be so narrowly
defined as to prohibit a reliable, routinely applicable process.

By using silver this problem is significantly alleviated.

In a series of experiments Cu films were uniformly deposited on
MBPO modified substrates and subsequently transferred to
epoxy glue, and the surfaces were then compared with the orig-
inal substrate. Representative examples for Au/Si and Au/Ag/
mica are shown in Figure 10a. The latter is also essentially iden-
tical to Ag/mica (not shown) as inferred from the histograms
shown in Figure 10b and Table 1, which compiles the averaged
root-mean-square (RMS) values and their variations expressed
as the standard deviation c. Figure 10b represents the results
from 30 RMS measurements for each substrate and with values

grouped into intervals of 0.1 nm.

From the histograms and the tabulated values one can infer that,
on the one hand, the substrate substantially influences the
roughness of the Cu surface but, on the other hand, is not the
limiting factor. The improvement in the surface roughness of
the Cu structure from 1.74 nm to 1.22 nm upon changing from
Au/Si to the mica-based substrates is evidence for the former,
whereas the increase in roughness of the lift-off Cu structure
compared to the substrates reveals the latter and demonstrates
that the deposition process is also crucial for the topography.
This is not unexpected, as the roughness must be dependent on
the morphology of the mushrooms, in particular at the point of
coalescence. In this context we note that deposition on Au/Si
under slightly different conditions such as —0.7 V for 1 s and
—0.25 V for 20 s for nucleation and growth, respectively, can
result in a slightly smoother surface of the deposit, hence indi-
cating that the deposit does not exactly reproduce the contour of
the SAM surface. While the roughening of the Cu structure by a
factor of two compared to the mica substrate is substantial, its
cause is not clear at present. The mushroom morphology, as the
factor ultimately limiting the flatness, cannot account for it.
Even though it is not clear where the stems of the mushroom
break during the lift-off process, with a maximal height of about
1.5 nm and a density of less than 1 per 100 nm? the contribu-
tion to the roughness must be significantly smaller. There is
scope for further improvement, as the optimisation of parame-
ters, such as nucleation potential, time, growth potential, and

the use of additives [45], was not systematically investigated.
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Figure 10: (a,b) AFM topography images and height profiles along the lines indicated, comparing the roughness of different substrates with the
corresponding surface of the Cu film after lift-off; (a) Au/Ag/mica (b) Au/Si. Conditions for Cu deposition: 0.8 V for 2 s and —0.35 V. (c) Roughness
histograms of substrates (top) and Cu surfaces after lift-off (bottom) from 30 measurements of areas 1 x 1 um? in size for each surface.

Furthermore, the lift-off process has not been studied in detail
and it is currently an open question as to what extent the forces
that act during the curing of the epoxy and the lift-off process
influence the roughness of the exposed metal surface.

Table 1: Statistical analysis of the roughness measurements for
different substrates and corresponding Cu surfaces after lift-off. Root-
mean-square (RMS) average determined from 30 measurements of
areas 1 x 1 um? in size. o is the standard deviation of the RMS values.

substrate RMS average [nm] o [nm]

Au/Si substrate 1.42 0.03
Cu lift-off 1.74 0.07

Au/Ag/Mica  substrate 0.57 0.15
Cu lift-off 1.22 0.17

Ag/Mica substrate 0.54 0.18
Cu lift-off 1.22 0.35

Conclusion

The possibility to control both electrode activity and interfacial
energies by means of a patterned SAM is exploited in a scheme
to generate metal structures on an insulating substrate by a
simple electrodeposition/lift-off scheme. An important point
with regard to the realisation of small features is that the
scheme relies on a trade-off between the nucleation density and
the control of adhesion. Since the deposition is defect-mediated,
an increase in the number of defects will necessarily result in
higher adhesion. While this will become a resolution-limiting
factor at one point, the currently realised structural features of
down to around 50 nm are limited by the precision at which
nucleation can be controlled. Rather than relying on statistical
defects originating from the SAM preparation itself, the
controlled introduction of defects ex post facto into a well passi-
vating SAM should be the way forward towards significantly
higher resolution. Considering the excellent blocking of metal
deposition by the cross-linked MBPO-SAM, inducing defects by

means of a focused ion beam seems like a promising strategy.
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An advantage of the scheme is that the metal surface exposed
after lift-off is very smooth and, thus, very similar to template-
stripped uniform films but with the additional feature of small-
scale patterns. Even though the substrate roughness plays a
crucial role for the topography of the film, there are still contri-
butions from additional factors that have yet to be elucidated.
One obvious point is a further optimisation of the deposition
parameters with regard to the mutual interplay between growth
rate and morphology. So far the scheme has been demonstrated
for Cu, and it will be of interest to extend this to other metals,
such as Ag or Au, and to see how the different interactions
between these metals and the SAM will affect the deposition
process. Another aspect is to explore the repeatability of the
process, i.e., the stability of the SAM patterns upon multiple
cycling comprising all of the steps 2—6 as depicted in Figure 1a.

Experimental

Substrates, SAM preparation and patterning: Two types of
gold substrates purchased from Georg Albert PVD, Germany
were used: (i) 100 nm of Au evaporated onto a Si(100) wafer
with a 5 nm titanium interlayer; (ii) 300 nm of Au on 300 nm of
silver on mica slides. Both Ti and Ag served as adhesion
promoters. Substrates were cut into 3—5 cm? pieces. SAMs
were prepared by immersion of the substrate into a
100 uM solution of w-(4'-methylbiphenyl-4-yl)thiol [51]
(CH3-C¢H4—C¢Hy4—SH, MBPO) in ethanol, either at room
temperature or at 65 °C, for 24 h. Samples were then rinsed
with ethanol and blown dry in a stream of nitrogen.

Patterning of the SAM was performed by e-beam lithography
(RAITH Elphy Plus/LEO 1530 hybrid system) with a 30 kV
beam, and exposures varied between 40 and 1000 mC/cm?.
Patterned SAMs were reimmersed in MBPO solution at room
temperature for 8 h.

Electrochemistry: Using an Eco Chemie AUTOLAB
PGSTATI128N and NOVA 1.4 software, the electrochemical
experiments were performed in a home-built cell with a stan-
dard three-electrode configuration. Cu wires served as both
reference and counter electrodes. The area of the working elec-
trode was 40 mm?. Electrodeposition of Cu was carried out with
a 50 mM CuSOy4/H,SOy4 solution of about pH 1 (chemicals
from Sigma-Aldrich, 99.999%). After electrochemical deposi-
tion the substrates were rinsed with deionised water and dried

under a stream of nitrogen.

A two-potential deposition was employed for deposition of the
Cu structures. Typical values for the two steps were in the
ranges between —0.6 and —0.8 V for 1-2 s and between —0.25
and —0.35 V for 10-20 s, respectively.
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Lift-off of electrodeposited Cu: Both uniform films and
patterns were lifted off mechanically by applying epoxy glue
(Araldite rapid set), which was cast by placing a Teflon plate
with a hole of 6 mm diameter onto the substrate. Curing of the
epoxy was performed at room temperature, typically overnight.

Characterization: Cu structures were characterised by scan-
ning electron microscopy (Hitachi S4800) and atomic force
microscopy (PicoPlus, Molecular Imaging). Using Veeco
NPS10 nonconductive silicon nitride tips (spring constant
0.06 N/m) AFM images were recorded in contact mode by
using forces between 7 and 13 nN and scan rates of 0.9 to
1.2 Hz. Images were analysed using either the Picoscan soft-
ware (Molecular Imaging) or Gwyddion. For the roughness
analysis of the AFM topography images (4 x 4 um?, 512 x 512
pixels) images were line-corrected by matching to the height
median, and horizontal scars were removed. The root-mean-
square values were measured by performing Gwyddion statis-
tical analysis of areas 1 x 1 um? in size from 4 x 4 pm? sized
images (512 x 512 pixels).
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Particle lithography offers generic capabilities for the high-throughput fabrication of nanopatterns from organosilane self-assem-
bled monolayers, which offers the opportunity to study surface-based chemical reactions at the molecular level. Nanopatterns of
octadecyltrichlorosilane (OTS) were prepared on surfaces of Si(111) using designed protocols of particle lithography combined
with either vapor deposition, immersion, or contact printing. Changing the physical approaches for applying molecules to masked
surfaces produced OTS nanostructures with different shapes and heights. Ring nanostructures, nanodots and uncovered pores of
OTS were prepared using three protocols, with OTS surface coverage ranging from 10% to 85%. Thickness measurements from
AFM cursor profiles were used to evaluate the orientation and density of the OTS nanostructures. Differences in the thickness and
morphology of the OTS nanostructures are disclosed based on atomic force microscopy (AFM) images. Images of OTS nanostruc-
tures prepared on Si(111) that were generated by the different approaches provide insight into the self-assembly mechanism of
OTS, and particularly into the role of water and solvents in hydrolysis and silanation.

Introduction

Self-assembled monolayers (SAMs) of organosilanes have hydrolysis, cross-linking and silanation [10-13]. To develop

become important as surface resists and functional coatings
for micro- and nanopatterning applications [1-9]. The
surface self-assembly of organosilanes such as octadecyl-

trichlorosilane (OTS) is complicated, with multiple steps of

robust and reproducible lithography procedures with OTS,
parameters, such as temperature, humidity, solvents, physical
deposition conditions, and mask materials, can be systemati-

cally changed to enable nanoscale studies of surface assembly.
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For methods of particle lithography, a surface mask of poly-
styrene latex or silica mesospheres is used to direct the deposi-
tion of organic thin films and nanomaterials. The surface
density of nanostructures can be designed by selecting the
diameter of mesospheres, for high-throughput patterning on the
order of 10 nanostructures per square centimeter. Different
approaches with particle lithography have been successful for
producing periodic, 2D arrays of nanostructures of different
materials and molecular films, including metals [14,15], nano-
particles [16-19], proteins [20-22], polymers [23-26] and SAMs
[27-31]. A significant advantage of using organosilanes in com-
parison to thiolated SAMs is that silane films can be prepared
on a wide range of substrates, such as glass [32], mica [33-35],
quartz [36,37], indium tin oxide (ITO) [38], or silicon (Si)
[11,32,39-42] or metal oxides such as gold [43,44]. This versa-
tility of organosilanes in the preparation of nanostructures on
different surfaces will be helpful for new applications and
developments in the patterning of biomolecules or nano-
particles for optical measurements and biosensor surfaces.

The morphology of SAMs or nanostructures of OTS reflects a
balance of the interactions that occur between the silane
precursor and the silanol groups, interactions between the end
groups, interactions between the alkyl chains of the silane
molecules, and the nature of the substrates [45,46]. These intra-
molecular interactions, along with parameters such as tempera-
ture, solvent type and trace amounts of water, present a chal-
lenge for reproducible fabrication with organosilanes such as
OTS [10,11,45-50]. Preparation methods affect the growth rate,
surface coverage and orientation of OTS [S1].

Molecular-level differences in the thickness and morphology of
OTS nanostructures prepared by different lithography pro-
cedures can be investigated by performing atomic force
microscopy (AFM) studies [52,53]. Particle lithography enables
control of the deposition parameters for tailoring the surface
coverage, surface geometries and pattern dimensions. Close-
packed arrays of latex or silica mesoparticles were used as
surface masks to direct the deposition of OTS on surfaces to
form nanopatterns. Essentially, the physical state of the mole-
cule was changed for the three protocols. Molecules were
applied either in a vapor phase, as a liquid film, or under dilute-
solvent conditions, to enable nanoscale studies of the surface

organization and self-assembly of OTS.

Results and Discussion

A comparison of the geometries and thicknesses of the nano-
structures produced by particle lithography was used to system-
atically investigate parameters for surface self-assembly of
octadecyltrichlorosilane (OTS). Three methods of particle litho-
graphy for preparing organosilane nanostructures are compared,

Beilstein J. Nanotechnol. 2012, 3, 114-122.

as shown in Figure 1. Each approach uses a different strategy
for applying the organosilanes to the masked surface of Si(111),
using either heated-vapor deposition, contact printing, or
immersion in a silane solution. For comparison of the different
particle lithography strategies, the samples were prepared using
masks of polystyrene latex (200 nm diameter); the mesospheres
have a size variation of 1-2%. Organosilanes attach to the
surfaces by successive steps of hydrolysis and condensation,
therefore nanoscopic amounts of water are needed to initiate the
reaction. By controlling the drying parameters of the latex
masks, different nanopattern geometries are produced [30,38].

-

(@)

(b)

Inked PDMS Stamp

(c)

(ZZBY

Figure 1: Strategies for preparing organosilane nanostructures by
means of particle lithography. Basic steps are shown for (a) vapor
deposition; (b) contact printing with PDMS; and (c) solution immersion
of Si(111) surfaces coated with mesoparticle masks.

Nanostructures produced by particle lithog-
raphy using vapor deposition of OTS

By combining particle lithography with vapor deposition of
OTS, arrays of ring-shaped nanostructures were formed on
Si(111), as shown in the contact-mode AFM images in Figure 2.
A wide-area frame (8 x 8 pm?) in Figure 2a and Figure 2b
reveals the arrangement of hundreds of circular nanostructures,
showing a few gaps corresponding to the uncovered substrate.
There are 336 ring nanostructures within the 4 x 4 pm? frame of
Figure 2¢ and Figure 2d. If the array were perfectly ordered and
densely packed the frame would accommodate 360 nanostruc-
tures, indicating a defect density of ~7%. The dimensions and
circular shapes of the nanostructures correspond to highly
regular circles of consistent heights. Within the 1 x 1 pm?
close-up view, 29 patterns are packed closely together
(Figure 2e and Figure 2f). This scales to an overall surface

density of 3 x 10? patterns/cm?. The areas confined within the
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Figure 2: Combining particle lithography with vapor deposition of OTS
produced ring-shaped nanostructures. (a) Contact-mode topograph,

8 x 8 ym?; (b) simultaneously acquired lateral-force image. (c) Higher-
magnification topograph (4 x 4 um?2); (d) corresponding lateral-force
image. (e) zoom-in topography view of 1 x 1 um? area; and (f) lateral-
force frame. (g) Height profile for the white line cross-section in (e).

centers of the rings appear to have the same contrast as the
surrounding substrate for both the topography and lateral-force
frames of Figure 2e and Figure 2f. Careful examination of zoom
views from this experiment shows discontinuous surface
coverage of small OTS islands with molecular heights of
~0.5 nm. The central areas of the rings were masked by the
latex mesospheres, and meniscus-shaped areas of OTS were
formed surrounding the base of the latex particles, generating
the nanopatterns. The cursor line profile across two of the rings
(Figure 2g) shows that the baseline within the rings is nearly the

Beilstein J. Nanotechnol. 2012, 3, 114-122.

same height as the background areas of bare Si(111). The thick-
ness of OTS monolayers has been reported to range from 2.26
to 2.76 nm under various conditions of sample preparation
[1,42,54-56]. An “ideal” OTS monolayer of a dense, highly
ordered film, in which all of the molecular tails are fully
extended and oriented perpendicular to the substrate, would
have a well-defined thickness of 2.6 + 0.1 nm. The height of the
rings is measured as 10 + 2 nm, which corresponds to
3—4 layers of OTS (Figure 2). The center-to-center spacing
between the ring structures is approximately 200 nm, which
matches the diameter of the latex mask.

When the latex masks were dried, a water meniscus persisted at
the base of each latex sphere on the surface, and this defined the
reaction sites for hydrolysis and condensation of the organo-
silanes [54]. For the example in Figure 2, the interstitial areas
between the OTS rings do not have consistent coverage, and
OTS was shown to bind mainly in the areas pinned beneath the
base of latex spheres. The cursor profile shows that the areas
surrounding the rings and inside the rings are nearly the same
height, where the height scale refers to the baseline of the
uncoated substrate. The location of water residues on the
surface defines the sites for OTS binding; for example, with the
more hydrophilic substrate of mica (0001) attachment to the
interstitial areas of the surface between spheres was observed
for latex masks that were briefly dried [57]. If the masks formed
on Si(111) are dried briefly, more water persists on the surface,
thus OTS also binds to the interstitial areas between the rings
(Figure 3). An example is shown of OTS nanopatterns with
different heights outside and within the rings. The cursor profile
across two of the ring patterns shows a height of 4 £ 1 nm
between the rings, the rings measure 12 + 2 nm in height, and
the shallowest area inside the rings can be used as a reference
baseline for the uncoated Si(111) substrate. Water residues
persist across the surface; however, there is a higher zone of
water trapped in the meniscus areas surrounding the spheres.
Interestingly, we have observed that the height of the meniscus
is greater for larger-diameter latex spheres, which corres-
pondingly leads to scalable heights for organosilane-ring nano-
patterns [54].

Particle lithography combined with contact
printing with PDMS stamps

To produce monolayer nanostructures of OTS, particle lithog-
raphy with contact printing and immersion were evaluated to
optimize the deposition conditions for achieving a densely
packed SAM. Images of a nanostructured film of OTS prepared
by using particle lithography combined with contact printing are
shown in Figure 4. A honeycomb arrangement of nanopores is
shown in Figure 4a, with approximately 25 % 20 rows of dark
holes within a film of OTS within the frame. The corres-
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Figure 3: Particle lithography with vapor deposition of OTS produced
multilayered ring nanostructures surrounded by an OTS monolayer. (a)
Contact-mode topograph, 4 x 4 um?; (b) zoom-in view, 1 x 1 pm?; (c)
corresponding cursor profile for (b).

ponding lateral-force image of Figure 4b reveals the shapes of
the holes as bright spots, corresponding to the bare areas of
Si(111) where latex was displaced. At higher magnification,
438 nanopores are packed within the 4 x 4 pm? images of
Figure 4c and Figure 4d, which scales to an approximate
surface density of 2.7 x 10° nanostructures/cm?. This value is
comparable to the pattern density for Figure 2, because the latex
diameter of the surface mask determines the packing density.
The inset of Figure 4c¢ is an FFT of the topograph, and repre-
sents a mathematical average of the 2D lattice of the hexagonal
array. A further magnified view is presented in Figure 4e and
Figure 4f showing ~27 nanopores. The lateral-force image
confirms that the holes are uncovered Si(111), evidenced by the
distinct change in chemical contrast between OTS and the
nanopores. Referencing the uncovered areas of the substrate as
a baseline, the height of the OTS film measures 0.6 + 0.1 nm
(Figure 4g), which indicates submonolayer surface coverage.
Since the overall diameter of an alkyl chain is approximately
0.5 nm, the thickness value suggests a side-on arrangement of
the molecules, with the backbone of the molecule oriented
parallel to the substrate.

Multiple replicate samples were prepared using contact printing,
for different size masks, showing that the heights were consis-
tent with the example of Figure 4. For OTS transfer by contact
printing, a solution of solvent and silane at a 40% (v/v) concen-
tration was placed on the surface of a PDMS block and dried.
This process most likely forms a thin cross-linked film of OTS

Beilstein J. Nanotechnol. 2012, 3, 114-122.
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Figure 4: Nanopore structures of OTS were formed with particle lithog-
raphy combined with contact printing. Contact-mode AFM images are
shown for a sample prepared with 200 nm latex mesospheres on
Si(111). (a) 8 x 8 um? topograph and (b) corresponding lateral-force
image. (c) Zoom-in topograph (4 x 4 um?2) with FFT shown in the inset;
(d) simultaneously acquired lateral-force frame. (e) Topography frame
(1 x 1 um2) with (f) showing the corresponding lateral-force image. (g)
Height profile for the white line in (e).

that does not bind to the polymeric surface of PDMS. After the
mask was placed in contact with the sample, the liquid film was
transferred to the Si(111) substrate by liquid permeation
through the latex mask.

Particle lithography by immersion of latex-

masked substrates in silane solutions
A completely different morphology other than rings or
nanopores was observed for OTS nanostructures produced by

the immersion of particle masks. Dot-shaped nanostructures
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were produced by using latex-particle lithography with
immersion, as shown in Figure 5 with wide-area and
zoom-in topography views. The long-range periodicity of the
array of nanodots is shown with an FFT within the inset of
Figure 5a. The surface density of the nanodots is approximately
3.3 x 10° nanostructures/cm?, showing ~120 nanopatterns
within the 2.5 x 2.5 um? frame shown in Figure 5b. The heights
of the nanodots measure 0.5 + 0.3 nm.

02 04 0.6

Distance (upm)

Figure 5: Nanodots of OTS produced with immersion of annealed
latex masks. Contact-mode AFM images are shown for OTS nano-
structures formed on Si(111) with 200 nm latex. (a) Topography image,
4.5 x 4.5 um? and FFT inset; (b) zoom-in, 2.5 x 2.5 ym?; (c) close-up
view, 1 x 1 um?; (d) height profile of the line in (c).

Immersion of a masked substrate in a solvent is the most
common approach for preparing films of OTS, and has
produced the most consistent thickness of a monolayer.
However, immersion in solvents causes rapid detachment of the
latex masks. To enable an immersion process for particle lithog-
raphy, a brief heating step was developed to solder the latex
beads to the substrate (75 °C for 30 min). Latex deforms when
heated, leaving less surface area available for OTS deposition
[58]. After the heating step, the only remaining areas that were
not masked by latex were the triple-hollow sites formed
between spheres, and the geometries and periodicity of the
nanodots shown in Figure 5 correspond to these sites.

Surface masks of colloidal silica
mesospheres

Silica mesospheres do not deform as readily as polystyrene
latex, and can sustain longer heating at higher temperatures

[28]. The results for OTS nanostructures produced with silica
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masks are shown in Figure 6. Nanohole structures are shown in
the wide-area (Figure 6a; 2.75 x 2.75 pm?) and high-magnifica-
tion images (Figure 6d; 1.5 x 1.5 um?).The topography frames
reveal periodic patterns within a monolayer film of OTS, with
exquisitely small holes at the locations where silica
mesospheres (250 nm diameter) were displaced. There are
38 nanopores in the zoom-in views of Figure 6d and Figure 6e,
which would scale to a surface density of 1.7 x 10° patterns/
cm?. The depth of the OTS film was measured to be
2.0 = 0.2 nm (Figure 6¢ and Figure 6f) referring to the uncov-
ered area of Si(111) as the baseline. This value corresponds to a
nearly upright configuration of an OTS monolayer. The diame-
ters of the nanoholes were measured to be 102 = 11 nm. The
center-to-center spacing between the holes corresponds to the
diameters of the silica mesospheres (250 nm) used as a struc-
tural template to pattern the OTS. The overall coverage of the
OTS film was estimated to be ~85% of the surface.

Molecular orientation of OTS within nano-

patterns

For the three approaches described, the procedures are highly
reproducible. Multiple samples were prepared and formed
consistent shapes and thicknesses, as summarized in Table 1. A
cross-linked multilayer was formed for rings of OTS, with
different thicknesses within the interstitial areas of the
substrates between the rings (Figure 2 and Figure 3). Using the
contact-printing approach with PDMS stamps, the thickness of
the OTS film corresponds to submonolayer surface coverage
(Figure 4). Despite multiple tests and samples, a monolayer
thickness was not achieved with latex masks and contact
printing of OTS. A similar height was produced by using the
immersion of annealed latex masks. The brief annealing step
was effective for producing exquisitely small areas on the
surface for the preparation of nanodot structures; however, the
heights do not correspond to an upright orientation of OTS
(Figure 5). For evaluating the molecular orientation, the thick-
ness measurements of OTS films were obtained exclusively
from AFM height profiles, rather than spatially averaged results
from infrared spectroscopy. The theoretical thickness for a side-
on orientation of OTS with the backbone oriented parallel to the
substrate would measure 0.5 + 0.1 nm. By changing to silica
mesospheres for the immersion strategy, a taller OTS film was
produced than that observed for the latex masks (Figure 6). This
new result suggests that the nature of the surface of the
mesosphere masks can affect the outcome of patterning with
particle lithography. Polystyrene latex has been described as a
“hairy” particle, with strands of polystyrene extending across
the exterior surface areas of the beads. The strands provide
surface sites for interaction with OTS to produce a cross-linked
arrangement within the nanodot surface structures. The consis-

tent and reproducible geometries of the different OTS nano-
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Figure 6: Nanostructured film of OTS produced by immersion of annealed silica masks in OTS solutions. Contact-mode AFM images are shown for
OTS nanostructures formed on Si(111) with 250 nm silica mesospheres: (a) 2.75 x 2.75 um? topograph; (b) corresponding lateral-force view; (c)
height profile of the line in (a); (d) 1.5 x 1.5 um2 zoom-in view of (a); (e) lateral-force frame simultaneously acquired with (d); (f) cursor plot for the line

in (d).

Table 1: Particle lithography with OTS based on different approaches for surface deposition.

method mask nanostructure shape surface oTS
coverage thickness
(OTS)
vapor deposition 200 nm ring nanostructures of OTS multilayers 40% 102 nm
latex
contact printing 200 nm nanopores of uncovered substrate within an OTS 26% 0.6 £0.1 nm
latex film
immersion of annealed latex masks 200 nm nanodots 10% 0.5+0.3 nm
latex
immersion of annealed silica masks 250 nm nanopores of uncovered substrate within an OTS 85% 2.0+£0.2 nm
silica monolayer

structures are not necessarily a “failed” approach for particle
lithography, rather a range of different surface shapes and thick-
nesses can be generated for selected applications. Overall, the
highest-quality monolayer of OTS was produced by using the
immersion of annealed mesosphere masks of silica.

Conclusion
The surface self-assembly of OTS was studied by using
approaches of particle lithography combined with vapor deposi-

tion, contact printing and immersion. By changing the physical
approaches for applying molecules to surfaces, the molecular
arrangement and surface density can be controlled. For
example, submonolayer surface coverage was obtained by using
protocols with contact printing. Changing the material
composition of the mesoparticle masks produced entirely
different surface structures for annealed masks of latex and
silica spheres. The meniscus sites of water residues at the base
of latex spheres furnish local containers for self-polymerization
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reactions to generate multilayer surface structures. Optimized
structures with nearly the thickness of an ideal monolayer were
achieved by using annealed masks of colloidal silica
mesospheres immersed in OTS solutions. Further experiments
are in progress to directly compare the surface structures
formed based on immersion protocols with latex and silica
masks.

Experimental

Atomic force microscopy (AFM). Organosilane thin films
were characterized using models 5420 and 5500 scanning probe
microscopes operated in contact or tapping-mode AFM.
(Agilent Technologies, Chandler, AZ). Lateral force images
were acquired for either the trace or retrace views corres-
ponding to the scan direction of the selected topography frames.
The color scales of lateral-force images indicate differences in
tip—surface interactions, but were not normalized for the com-
parison of friction changes between different tips or experi-
ments. The tips were silicon nitride probes. Tips used with
tapping-mode AFM were rectangular shaped ultrasharp silicon
tips that have an aluminium reflex coating, with a spring
constant of 48 N/m (Nanoscience Instruments, Phoenix, AZ).
For contact-mode images, V-shaped tips (Veeco Probes, Santa
Barbara, CA) with an average force constant of 0.5 N/m were
used. Data files were processed by using Gwyddion open-
source software, which is freely available on the internet and
supported by the Czech Metrology Institute [59]. Estimates of
surface coverage were obtained for individual topography
frames by manually converting images to black and white using
thresholding and pixel counting with UTHSCA Image Tool
[60].

Preparation of latex-particle masks. Polished silicon wafers
doped with boron (Virginia Semiconductor, Fredericksburg,
VA) were used as substrates. Pieces of Si(111) were cleaned by
immersion in a 3:1 (v/v) piranha solution for 1 h. Piranha solu-
tion consists of sulfuric acid and hydrogen peroxide, which is
highly corrosive, and should be handled carefully. After acid
cleaning, the substrates were rinsed with copious amounts of
deionized water and dried in air. Size-sorted, monodisperse
polystyrene latex mesospheres (200 nm diameter) were used as
surface masks for patterning (Thermo-Fisher Scientific,
Waltman, MA). Aqueous solutions of latex were cleaned
by centrifugation to remove surfactants or contaminants.
Approximately 300 pL of the latex solution was placed into a
microcentrifuge tube and centrifuged at 15,000 rpm for 15 min.
A solid pellet was formed, and the supernatant was removed
and replaced with deionized water. The latex pellet was
resuspended with 300 pL of deionized water by vortex
mixing to prepare a 1% w/v solution. The washing process

was repeated twice. A drop (10-15 pL) of the cleaned
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mesospheres was deposited onto clean Si(111) substrates and
dried under ambient conditions (25 °C, ~50% relative humidity)
for at least one hour, in order to form surface masks for nano-

lithography.

Particle lithography combined with vapor deposition. The
masked substrates were placed into sealed glass vessels for
vapor deposition of organosilane. The samples were placed on a
raised platform in a jar containing 300 puL of neat octadecyl-
trichlorosilane (Gelest, Morrisville, PA). A vapor was gener-
ated by heating the vessel in an oven at 70 °C. After at least 6 h,
the samples were removed and rinsed with ethanol and water to
remove the latex masks.

Particle lithography with contact printing. For contact
printing, an inked block of polydimethylsiloxane (PDMS)
(Sylgard 184, Dow Corning) was used to transfer OTS to the
substrate through a physical mask of latex spheres. A drop
(10-12 pL) of an OTS solution in bicyclohexyl was deposited
onto a clean, dry block of PDMS (2 x 2 cm?). A 30 pL volume
of a 40% v/v solution of OTS in bicyclohexyl was deposited
and spread evenly over the PDMS block, then quickly dried in a
stream of ultra-high-purity argon. The PDMS block coated with
OTS was placed on top of the masked substrate. The film of
OTS was transferred from the PDMS block through the latex
mask to the substrate by permeation. The areas of the Si(111)
surface located directly underneath the latex particles were
protected from silane deposition. After 1 h of physical contact,
the PDMS block was removed. The sample was rinsed
with copious amounts of deionized water. In the final step,
the mask of latex particles was cleanly removed by sonication
and rinsing with ethanol and deionized water. After removal
of the mask, a nanostructured film of OTS was generated on the
surface.

Particle lithography with immersion. For the immersion
strategy of particle lithography, the masked substrates of latex
were heated for 30 min at 75 °C in order to anneal the beads to
the surface. Masked substrates of colloidal silica mesospheres
were heated for 12 h at 140 °C. After heating, the samples were
cooled for at least 20 min under ambient conditions. The
mesosphere-coated substrates were then immersed into a
0.1% solution of OTS in bicyclohexyl or anhydrous toluene for
1 h. Next, the samples were removed and rinsed with ethanol
and deionized water, and sonication was used to remove the

latex masks.
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Contact electrochemical transfer of silver from a metal-film stamp (parallel process) or a metal-coated scanning probe (serial

process) is demonstrated to allow site-selective metallization of monolayer template patterns of any desired shape and size created

by constructive nanolithography. The precise nanoscale control of metal delivery to predefined surface sites, achieved as a result of

the selective affinity of the monolayer template for electrochemically generated metal ions, provides a versatile synthetic tool en

route to the bottom-up assembly of electric nanocircuits. These findings offer direct experimental support to the view that, in elec-

trochemical metal deposition, charge is carried across the electrode—solution interface by ion migration to the electrode rather than

by electron transfer to hydrated ions in solution.

Introduction

The quest for a chemical methodology applicable to the bottom-
up fabrication of planned electric nanocircuits that can be effec-
tively addressed from the external macroscopic world continues
to pose major synthetic challenges. Metal growth or deposition
on or within a preformed template structure has been success-
fully used in the fabrication of various metallic nanoscale

objects and periodic nanostructures [1-12]; however, a compre-

hensive chemical methodology applicable to the planned
assembly of metallic nanostructures of arbitrary shape and size,
spanning variable length scales, is yet to be advanced.

Our laboratory has devoted ongoing efforts to an approach

centered on the use of patterned organic monolayers as stable

templates on top of which guided self-assembly of other
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selected materials of interest, organic as well as inorganic, can
take place [13-28]. To this end, a monolayer-patterning method-
ology, referred to as constructive lithography (CL), has been
advanced, which allows nondestructive local electrooxidation of
the top —CHj3 groups of a self-assembled OTS/Si monolayer
(highly ordered monolayer assembled on silicon from n-octade-
cyltrichlorosilane precursor molecules [22,29]) to -COOH
functions [14,16]. The hydrophobic and chemically inert OTS
surface is thus locally converted to a hydrophilic and chemi-
cally active one. Patterns of such OTSeo (electrooxidized OTS)
regions surrounded by the unmodified OTS monolayer (denoted
as OTSeo@OTS/Si) were produced using either conductive
SFM (scanning force microscope) probes that can serially
inscribe OTSeo features on lateral length scales from nanome-
ters to tens of micrometers (constructive nanolithography, CNL)
[14,15,18,27] or conductive stamps, suitable for one-step
parallel printing of OTSeo features extending over much larger
surface areas, typically beyond the micrometer (constructive
microlithography, CML) [16,22].

Recently, we demonstrated a two-step CL patterning and
pattern metallization process, referred to as contact electro-
chemical patterning and transfer (CEP—CET), whereby OTSeo
features are first printed or inscribed on a target OTS mono-
layer by using a stamp electrode consisting of a patterned silver
film on OTS (Ag/OTS@OTS/Si) or a silver-coated SFM tip
electrode, and then in-situ metallized by direct electrochemical
transfer of the metal from the patterning electrode itself [30].
CEP-CET is implemented in an unconventional "contact elec-
trochemical”" configuration, similar to that employed in previ-
ously studied constructive-lithography patterning processes
[14,16,18,22]. In this configuration, the patterning electrode
(metal-film stamp or metal-coated scanning probe) touches the
target monolayer through an interfacial water layer of molec-
ular-to-nanoscale thickness (adsorbed on the metal grains by
capillary condensation from a humid, ambient atmosphere),
which fulfils the role of the electrolyte. To achieve local elec-
trooxidation of the target monolayer (CEP step), the target is
biased positively (anode) with respect to the patterning elec-
trode, whereas for metal transfer (CET step), the polarity of the
applied bias voltage is reversed so that the stamp or the SFM
probe now acts as the anode and the target monolayer as the
cathode [30].

Metal-on-monolayer features resulting from the serial
CEP-CET process executed with a moving SFM tip were
shown to correspond to the OTSeo features defined in the
pattern inscription step (CEP), whereas those produced with a
stamp (parallel mode) were replicas of the stamp metal features
[30]. Since patterned metal-film stamps could be easily fabri-

cated by metal evaporation through transmission electron
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microscopy grids used as contact masks, the parallel CEP-CET
process has hitherto only been implemented on lateral length
scales larger than several micrometers. Here we report proof-of-
concept experimental results demonstrating the feasibility of a
different and more versatile contact electrochemical strategy for
the nanoscale fabrication of diverse metal/monolayer patterns,
based on the finding that metal deposition by the CET process
is possible only on monolayer surfaces exposing metal-ion-
binding functions (e.g., -COOH, —-S-S—, —SH) [31].

Results and Discussion

As shown below in Figure 1, Figure 2 and Figure 3, all OTSeo
features of a serially inscribed OTSeo@OTS/Si nanopattern can
be simultaneously metallized in a parallel CET operation
performed with an unpatterned, thin silver-film stamp
(Ag/OTS/Si), whereas precise delivery of metal to selected
surface sites within selected OTSeo features of such a mono-
layer nanopattern can be realized in a serial mode, by moving a
positively biased silver-coated SFM tip along a planned trajec-
tory across the patterned area of the monolayer (see below in

Figure 4 and Figure 5).

According to Figure 1, upon the application of a voltage bias
between stamp and target, with stamp positive and target nega-
tive, silver is selectively transferred to the OTSeo lines of the
target monolayer only, thus producing a pattern of metallized
OTSeo lines surrounded by the unmodified OTS monolayer. As
discussed in the following, the selectivity of silver deposition on
the OTSeo lines follows from the fact that Ag™ ions generated
electrochemically at the metal stamp (anode) are transported
through the adsorbed water film, acting as an electrolyte, to the
target monolayer (cathode), where effective nucleation and
growth of stable metal grains (following the reduction of Ag*
ions to neutral atoms) can occur only at those surface sites that
bind the ions, which correspond to the carboxylic acid termi-
nated OTSeo lines of the template nanopattern. Examples of
metal/monolayer nanopatterns fabricated by this parallel metal-
lization process are given in Figure 2 and Figure 3. It should be
emphasized that no metal is transferred in a dry atmosphere and
in the absence of a bias voltage applied between stamp and
target as shown in Figure 1, regardless of the mechanical force
pressing the two surfaces together and the time of contact.

Metal-free and metal-covered OTSeo sites such as those
displayed in Figure 2, Figure 3, and Figure 5 (see below) can be
unambiguously identified in lateral-force (contact-mode) and
semicontact-mode (tapping) topographic images, respectively
[30]. This is a consequence of the large difference in the
polarity of the outer exposed functions of OTSeo (—-COOH) and
OTS (-CH3s), which gives rise to a corresponding large differ-

ence in the frictional force exerted on a tip moving in contact
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Figure 1: Scheme of parallel-contact electrochemical metallization of a OTSeo@OTS/Si template nanopattern (target, cathode) consisting of an array
of parallel OTSeo lines serially inscribed with a conducting SFM tip on a self-assembled OTS monolayer on silicon (CNL process, bottom left). Selec-
tive silver deposition on the OTSeo lines of the patterned monolayer (right) is achieved by contact electrochemical transfer of the metal (center) from a
stamp (anode) consisting of a thin (~40 nm), granular Ag film deposited by metal evaporation on the entire surface (2—4 cm?2) of an OTS/Si monolayer
specimen (top) [30]. The granular morphology of such silver-film stamps is evident in the displayed SFM image. During the application of the bias
voltage (center), the stamp—target sandwich is equilibrated with a water-saturated atmosphere (see Experimental section).

with a patterned monolayer surface of this kind. For the same
reason, the corresponding contact-mode topographic images
yield false height contrast, dependent on the direction of tip
motion relative to the sample (see Supporting Information
File 1, Figures S2 and S3). This is a characteristic feature of
monolayer patterning by constructive lithography, which gener-
ates highly heterogeneous hydrophilic—hydrophobic monolayer
surfaces [14,16,18,22,30]. Correct height values of the
deposited silver, as displayed in Figure 2, Figure 3, and Figure 5
(see below), were thus obtained from semicontact-mode
images.

An examination of the different patterns displayed in Figure 2
and Figure 3 indicates that OTSeo template features with local
widths (w) below ca. 30 nm guide the formation of thin, plate-
like silver particles that span the entire width of the template
and tend to grow beyond its boundaries while maintaining
heights (%) on the order of 1-2 nm. On small dotlike template
sites, this metal growth mode yields discrete Ag nanodots
(Figure 2 and Figure 3, top row), whereas continuous Ag
nanowires with a bamboolike structure of higher and lower
metal features are formed on narrow template lines (Figure 3,
middle row left). Identical deposition conditions applied to
wider template features result in multiple nanoparticles with

similar heights and somewhat smaller average lateral dimen-
sions (Figure 3, middle row right and bottom row). Regions A
and B in the bottom-row images in Figure 3 are representative
of metal growth on both the wide regions and the narrow lines
of the same template feature, respectively. Because of the high
density of nanoparticles in region A, the lateral resolution of
individual particles in the topographic image of this region (left)
is poor, particles widths being here obtained from the simulta-

neously recorded phase image (right).

The size and lateral organization of metal particles formed on
the different OTSeo template patterns in Figure 2 and Figure 3
are seen to differ not only from those characteristic of the gran-
ular silver film used as the stamp (see Figure 1), but also from
one another. This is rather remarkable, given the fact that all
these patterns are located on same target specimen and their
electrochemical metallization was simultaneously performed
with the same silver-film stamp. Equally remarkable is also the
fact that no metal was deposited within the unmodified portions
of the OTS surface and that undamaged template patterns
(OTSeo@OTS/Si) could be regenerated by dissolving the elec-
trochemically deposited metal (Figure 2). It was further
observed that more metal is deposited with longer electrochem-

ical stamping times under the same applied voltage bias, and
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Figure 2: SFM images (and distance—height profiles along the marked lines) acquired after each step during the fabrication of an array of silver/
monolayer nanodots by the contact electrochemical process depicted in Figure 1, as well as after removal of the metal by dissolution in nitric acid (see
Experimental section): (Top row) the initial target array of monolayer-template nanodots (OTSeo@OTS/Si); (middle row) array of metal/monolayer
template nanodots (Ag/OTSeo@OTS/Si); (bottom row) recovered array of OTSeo@OTS/Si monolayer-template nanodots, after removal of the
deposited metal. Contact-mode topographic images of the metal-free dots (top and bottom rows) show a similar scan-dependent weak contrast rela-
tive to the OTS background, indicative of the structural integrity of the OTSeo monolayer template (see [30] and Supporting Information File 1, Figures

S2 and S3).

metallic features were seen growing also laterally in a mush-
roomlike fashion (beyond the area of the underlying OTSeo
template), without affecting the integrity of the surrounding
OTS surface. Carrying out contact electrochemical experiments
as in Figure 1 with target monolayers patterned by mask-
defined local photocleavage of the OTS alkyl tails [22,27], it
was finally established that no metal is deposited in bare regions
present within an OTS monolayer.

In line with previously reported findings [30], these observa-
tions unequivocally demonstrate that: (i) The CET mechanism
of metal transfer from stamp to target is electrochemical rather
than adhesion-promoted [32-35], involving dissolution of
stamp-metal grains (anode), ionic transport through an ultrathin
water film adsorbed on the metal grains, and subsequent nucle-
ation and growth of new metal grains at the target monolayer
(cathode); (ii) metal grains can nucleate and grow only on

monolayer-template surfaces exposing chemically active func-

tions that bind the respective metal ions, the morphology and
lateral distribution of the resulting metal features thus
depending on the local dimensions and topology of the template
features on which the metal grains nucleate and grow; (iii) there
is no metal nucleation and growth in pinhole defects in the
organic monolayer that might not be detected by the SFM
imaging, so that metal deposited by the present CET process ne-
cessarily resides only on the outer surface of the monolayer
template, with full preservation of its structural integrity. Recent
electrical measurements indeed confirm the absence of
metal-silicon conductive paths in Ag/monolayer/Si structures
fabricated in this manner. The CET process thus yields metal-
on-monolayer deposits with no contacts to the underlying solid
substrate, in-principle different from those usually produced in
conventional electrochemical deposition on thiol/gold mono-
layers [36-45], which may occur in the monolayer-free regions
of a destructively patterned monolayer [36-42], underneath the

monolayer [41,42], or on top of the monolayer with metallic
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Figure 3: Semicontact SFM images (and distance—height profiles along the marked lines) of different silver/monolayer nanostructures fabricated in
the same manner as the nanodots in Figure 2 (see text and Experimental section).

contacts reaching the metal substrate through defect sites in the
monolayer [39-45].

In view of these experimental observations, it was anticipated
that by replacing the metal stamp with a positively biased
metal-loaded SFM tip that can be programmed to move across
the surface according to a predefined trajectory, it should be
possible to create more complex "pattern-within-pattern” struc-
tures by serial delivery of metal to selected surface sites within
selected OTSeo template regions of a prepatterned OTS mono-
layer. For example, in the case of OTSeo lines (Figure 4), since
metal is not deposited on the pristine OTS monolayer, metal
transfer from tip to surface should be confined to the intersec-
tion regions of each cathodic OTSeo line with the directions of
motion of the anodic tip. Experimental results confirming the
feasibility of this approach are given in Figure 5 and Figure S1
(Supporting Information File 1).

In Figure 5, each on—off switching of the bias voltage, at the

beginning and end of a horizontal tip excursion, respectively, is

seen to be accompanied by a pair of sharp, capacitance-related
current spikes of opposite sign, whereas smaller and broader
positive current spikes, on the order of 3050 pA, clearly corre-
late with tip-to-surface metal transfer within each tip/OTSeo
crossing region. The total transferred charge (deduced from the
integrated area of each current spike) is, however, significantly
larger than that corresponding to the amount of deposited metal,
which indicates that other bias-dependent processes, competing
with the electrochemical metal transfer from tip to surface, also
contribute to the total measured current [30] (see proposed
model in the following). As is further evident in Figure 5, the
platelike silver nanodots fabricated by this serial CET process
are similar to those produced in the parallel CET mode
(Figure 2 and Figure 3); however, the serial process offers the
option of precise control over the generation of discrete
nanoparticles at isolated sites within each OTSeo template line,
in contrast to the uncontrollable fusion of adjacent nanoparti-
cles on the narrow OTSeo lines or their random lateral distribu-
tion on the wider OTSeo regions in the parallel process
(Figure 3).
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Figure 4: Scheme of serial-contact electrochemical metallization of selected sites within the OTSeo lines of a OTSeo@OTS/Si template nanopattern:
(top left) inscription of OTSeo lines with a conductive SFM tip (CNL process); (bottom left) loading of silver on a conductive SFM tip by contact electro-
chemical transfer from a thin silver film evaporated on a OTS/Si monolayer; (center) selective-contact electrochemical transfer (CET) of silver from the
silver-coated tip to selected sites along the OTSeo lines, implemented by moving the positively biased tip (mobile anode) across the OTSeo lines that
play the role of cathode for metal deposition (see text); (right) resulting pattern-within-pattern array of silver/monolayer nanodots
(Ag/OTSeo@OTSeo@OTS/Si denotes Ag/OTSeo sites within metal-free OTSeo regions located within the unmodified OTS/Si monolayer). As in the
parallel CET process (Figure 1), no metal is transferred from tip to surface in a dry atmosphere and in the absence of an appropriate voltage bias (see
Supporting Information File 1, Figure S1).
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Figure 5: Fabrication of a rectangular array of 30 silver/monolayer nanodots by the serial CET process outlined in Figure 4 (see Experimental
section): (Top row, left) five horizontal tip excursions across the array of six parallel OTSeo lines used in the assembly of the Ag/OTSeo nanodots
(indicated by white arrows in the lateral force SFM image of the OTSeo lines); (top row, right) plots of tip bias voltage (+8 V, black curve) and corres-
ponding current (blue curve) versus time recorded during each tip excursion (tip moving in contact with the surface at a constant speed of 250 nm/s);
(bottom row) topographic semicontact-mode SFM image of the resulting dots@lines pattern (Ag/OTSeo@OTSeo@OTS/Si) and distance—height
profiles along the middle row of Ag/OTSeo dots (blue curve, shifted vertically for clarity) and a closely located row of silver-free OTSeo crossing points
(red curve). The average heights and widths listed on the right refer to all 30 dots and OTSeo crossing points. Contact-mode topographic images of
this dots@lines pattern and a comparative analysis of the contact- and semicontact-mode topographic images (revealing the artifactual nature of the
former) are provided in the Supporting Information File 1 (Figures S2 and S3).
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The origin of the remarkable surface selectivity of metal deposi-
tion in these CET processes may be understood with reference
to the schematic electrochemical model depicted in Figure 6,
which highlights some of the salient features of the metal
transfer and its high surface selectivity. As shown before [30],
an ultrathin layer of water adsorbed on the metal grains of a
granular Ag film stamp exposed to a humid atmosphere may
convert each such grain into a tiny bipolar electrode [46-48],
from which Ag" ions are released at its anodic side (+, facing
the negative electrode) and redeposited as elemental silver at its
cathodic side (—, facing the positive electrode). Since no metal
ions are supplied to the cathodic side of the topmost grains in
the metal film, these grains will gradually dissolve and eventu-
ally disappear. Concomitantly with their dissolution, metal is
deposited on the surface of the OTSeo target monolayer through
the reduction of chemisorbed Ag" ions (by electrons supplied
by the negative silicon electrode) followed by the nucleation
and growth of new metal grains. These metal grains grow at the
expense of the dissolving stamp grains next to the positive elec-
trode, thus resulting in gradual transfer of metal to the target
monolayer. As emphasized before [30], in addition to the ionic
current responsible for the metal transfer, the total measured
current is expected to include also contributions from
competing Faradaic processes, such as the electrolysis of water,
as well as from direct electronic current through closely spaced
metal grains in the thin silver film. The experimental data in

Figure 5 support this view.

The crux of the selective electrochemical deposition of silver on
the OTSeo surface has to do with the fact that single Ag® atoms
are highly reactive and therefore short-lived [49-51]. Reaching
a critical nucleus size that would allow further stable growth of
a larger metal grain [52] is, thus, not possible unless a critical
number of silver atoms are simultaneously generated through
the reduction of an equal number of closely located silver ions.
This can be accomplished at a target surface covered by a
silver-binding monolayer such as OTSeo, in which the dense
—COOH functionality of the organic monolayer facilitates the
establishment of a sufficiently high local concentration of
chemisorbed Ag" ions through the conversion of carboxylic
acid groups to the carboxylate salt (-COO~Ag™). In contrast
with OTSeo, metal deposition by this mechanism on a pristine
OTS surface is not possible because of the very low probability
of nucleation and growth of metal grains on such a surface
devoid of ion-binding functions [53]. Since the local concentra-
tion of hydrated silver ions in solution in front of an OTS mono-
layer should be much lower than that of Ag* ions chemisorbed
on the OTSeo surface, while their distance from the silicon sub-
strate is considerably larger, isolated silver atoms that might
eventually be generated as a result of the reduction of such ionic

species by electrons reaching the solution through the OTS
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Figure 6: Proposed bipolar electrochemical mechanism of metal
transfer from a thin, granular silver-film stamp (Ag/OTS/Si) to a
carboxylic acid terminated target monolayer (OTSeo/Si) in a contact
electrochemical configuration like that depicted in Figure 1 (see text).
Key features emphasized in this schematic illustration (not to scale)
are the nanoscale thickness of the granular silver film, the
molecular—nanoscale thickness of the water film (electrolyte) adsorbed
on the silver grains by capillary condensation from a humid atmos-
phere, the gradual dissolution of silver grains next to the OTS mono-
layer (stamp), and the nucleation of new silver grains at the OTSeo
monolayer (target) upon the reduction of Ag* ions chemisorbed on the
OTSeo surface as -COO~Ag" species [30]. Note that several closely
located Ag* ions need to be simultaneously discharged at the target
monolayer in order to generate a stable metal cluster.

monolayer are expected to rapidly return to their ionic state (by
electron transfer to surrounding water molecules [54,55]) or
redeposit on preexisting stamp-metal grains, before aggregation

into stable metal clusters residing on the OTS surface can occur.

Conclusion

The high selectivity achieved in the contact electrochemical
deposition of silver on monolayer-template features exposing
metal-ion-binding functions created by constructive nanolithog-
raphy offers a versatile and reliable synthetic tool for the delib-
erate assembly of various metal-on-monolayer nanostructures,
to be used as building blocks in the bottom-up fabrication of
entire nanocircuits [56]. This is possible, as the present electro-
chemical methodology is compatible with low-conductivity
substrates [30] and the deposited metal features reside on an
extremely robust insulating layer of variable thickness (here the
organic silane monolayer plus the native silicon oxide under-
neath it) that separates them from the substrate and provides
effective electrical insulation over a range of useful applied
voltages lower than those applied during the monolayer
patterning and metallization processes themselves. While rapid

formation of multiple circuit elements, such as arrays of metal
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nanodots and nanowires, may be achieved by using metal-film
stamps in the parallel-metallization mode (Figure 2 and
Figure 3), serial generation of metal/monolayer nanoobjects
occupying only a limited portion of the total area of the respec-
tive monolayer-template features (such as the nanodots in
Figure 5) should permit more complex structures to be realized
through consecutive template-guided assembly steps
[14,17,18,24,27]. For example, in this manner one could easily
fabricate various collinear sequences of metal and semicon-
ductor [14,17] nanodots and nanowires, confined to any desired
layout of monolayer-template lines, straight, curved, parallel or
intersecting. The precise deposition of metal at selected loca-
tions on the selected template lines is guaranteed here by the
inherent electrochemical selectivity of the CET process, which

precludes metal deposition on the unpatterned OTS surface.

For the application of this methodology to the fabrication of an
entire addressable nanocircuit, the present nanoscale metalliza-
tion processes need to be combined with analogous CET
processes applicable on much larger length scales [30], which
would enable the assembly of micro- and macroscale metal/
monolayer contact electrodes. Work toward the realization of
such circuits and their electrical-structural characterization is
currently in progress.

As far as basic electrochemical aspects are concerned, it is of
interest to note that the present findings offer direct experi-
mental support to the recent arguments raised against the
usually adopted model of electron transfer from the electrode to
a metal ion in solution as the mechanism of charge transfer
across the electrode—solution interface in electrochemical metal
deposition [54,55]. Indeed, the exclusive deposition of silver on
the Ag" binding (OTSeo) sites of nondestructively patterned
OTS/Si monolayers demonstrates that metal ions have to shed
their hydration shell and reach the electrode surface before
being discharged, rather than being first reduced to neutral
atoms by electron transfer to hydrated ionic species in solution
[54,55].

Experimental

OTS/Si monolayer samples and Ag/OTS/Si metal film stamps
were prepared following experimental procedures detailed in
[22] and [30], respectively. The parallel-contact electrochem-
ical metallization experiments (Figure 1, Figure 2 and Figure 3)
were performed as described in [30], using a specially designed
electrical stamping device that allows control of the bias
voltage, the force pressing the stamp and the target together,
and the ambient humidity. In the present experiments, a voltage
bias of 3.0 V was applied for 2 min between the silver/mono-
layer stamp and the target monolayer while the two specimens

are pressed together with a force of about 100 N in a water-satu-
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rated atmosphere (RH 100%). Deposited silver dots were
removed (Figure 2) by immersion in HNO3/H,0 (20% v/v) for
~3 h followed by rinsing with pure water.

All monolayer nanopatterning (CNL) and serial metallization
(CET) operations were carried out in the contact mode (in a
regime of minimal repulsive force), under controlled humidity
at 55-65% RH. A SOLVER P47 SFM system (NT-MDT) was
used in the fabrication of the OTSeo@OTS nanopatterns in
Figure 2 and Figure 3. The patterns were written with doped-
silicon contact probes (CSC-38/A1IBS, MikroMasch) or metal-
coated contact probes (CSC-37/Ti-Pt, MikroMasch) to which a
negative bias of 7.0-8.0 V relative to the surface was applied.
Contact-mode images (Figure 2) were acquired with the same
probes without an applied electrical bias, and semicontact-mode
(tapping) images (Figure 2 and Figure 3) with Silicon AC160TS
semicontact probes (Olympus).

The serial CET experiments (Figure 4 and Figure 5) were
performed on an NTEGRA Aura SFM system (NT-MDT)
specially designed for electrical patterning and structural-elec-
trical characterization of surface architectures [30]. W,C-coated
HSC20 contact probes (Team Nanotec) were used in the
inscription of the OTSeo lines, (under conditions similar to
those mentioned above in relation to Figure 2 and Figure 3),
whereas the metal-transfer operations were executed with CSC-
37/Ti-Pt contact probes (MikroMasch) on which silver was
loaded by scanning the surface of an evaporated silver film on
OTS for ~5 min with a tip bias of =10 V relative to the silver
film. Experimental conditions for the metal delivery from tip to
the OTSeo lines (Figure 5) were selected following trial experi-
ments carried out with different applied voltages and tip speeds
(Figure S1, Supporting Information File 1). Contact-mode SFM
images (Figure 5 and Figures S1, S2 and S3, Supporting Infor-
mation File 1) were acquired with the patterning tip without an
applied bias, and semicontact-mode images (Figure 5) with
Silicon AC160TS semicontact probes (Olympus).

Supporting Information

Supporting Information File 1

Serial CET trial experiments and comparison of imaging
results obtained under different SFM imaging conditions.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-3-14-S1.pdf]
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Thioester-functionalized, siloxane-anchored, self-assembled monolayers provide a powerful tool for controlling the chemical and

physical properties of surfaces. The thioester moiety is relatively stable to long-term storage and its structure can be systematically

varied so as to provide a well-defined range of reactivity and wetting properties. The oxidation of thioesters with different-chain-

length acyl groups allows for very hydrophobic surfaces to be transformed into very hydrophilic, sulfonic acid-bearing, surfaces.

Systematic variation in the length of the polymethylene chain has also allowed us to examine how imbedding reaction sites at

various depths in a densely packed monolayer changes their reactivity. n-Systems (benzene and thiophene) conjugated to the

thioester carbonyl enable the facile creation of photoreactive surfaces that are able to use light of different wavelengths. These

elements of structural diversity combine with the utility of the hydrophilic, strongly negatively charged sulfonate-bearing surface to

constitute an important approach to systematic surface modification.

Introduction

Functionalized self-assembled monolayers (SAMs) provide
powerful tools for conveniently adjusting the composition and
chemistry of solid interfaces. First introduced by Jacob Sagiv
and co-workers [1-3], siloxane-anchored SAMs have been used
to modify the wetting and composition of variously hydroxyl-

ated surfaces. In situ chemical transformations of the SAM

surfaces provide an additional dimension to the versatility and
utility of the SAMs [4-7].

Our laboratory has reported in situ transformations of siloxane-

anchored SAMs in which SAM surface functionality was
changed from benzene rings to arylsulfonic acids [8,9], from
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nitrate esters to hydroxyls [10], and from carboxylate esters to
carboxylic acids [11,12]. All three of these functionalized
surfaces could not have been deposited directly since the requi-
site silanes would not have been stable. Layer-by-layer [13] and
modular assembly [14] of sulfonic acid surfaces with a lower
degree of order and uniformity has also been reported.

A striking example of in situ SAM transformations is based on
the initial deposition of thioacetate-bearing monolayers and
their in situ conversion to sulfonic acid surfaces [15]. This
transformation provides the basis for surface patterning of the
monolayer and for its use as a patterned template for inorganic
oxide deposition [16]. The work reported herein extends this
chemistry in two important directions. In one instance,
thioesters with acyl components of varying chain length are
shown to provide a tool for varying the initial hydrophobicity of
the monolayer surface from medium hydrophobicity (water
contact angles of about 70°) to very hydrophobic (water contact
angles >110°). Each of these thioesters can be converted into
sulfonic acids so as to provide fully wetted surfaces. The
systematic variation in molecular chain length that produced the
steadily changing hydrophobicity also allowed an examination
of how the imbedding of reaction sites at various depths within
a well-packed monolayer affects their reactivity. In another
variation of monolayer structure, a set of thioesters with
different aromatic rings conjugated to the carbonyl facilitate
efficient photocleavage using longer wavelength light such that
the photo-oxidation of the thioesters to sulfonic acid can be
achieved with light of wavelength >300 nm.

We have synthesized a series of thioesters (Figure 1) that were
designed to provide a range of hydrophobicities (1a—i) and a
range of photoreactivities (2—4). These trichlorosilanes have
been used to make siloxane-anchored monolayers on silicon
wafers and quartz. The siloxane-anchored SAMs based on these
materials, their tunable wetting properties and their in situ
chemical transformations are the focus of this report.
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Figure 1: Trichlorosilyl thioesters.
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Experimental

General methods and materials

Materials

Reagents and solvents were obtained from Sigma-Aldrich,
Acros Organics, Fluka, Bio-Lab Ltd. or Merck. They were all
used as received unless otherwise indicated. Water was deion-
ized and then distilled in an all-glass apparatus. Column chro-
matography used silica gel 60 (230-400 mesh). Silicon wafers
were obtained from Virginia Semiconductor (n-type; undoped,
<100>, >1000 Q-cm). Quartz substrates were obtained from

Quarzschmelze Ilmenau.

Analytical Methods

Unless otherwise indicated, NMR spectra were obtained on a
Bruker DPX 300 spectrometer ('H NMR at 300 MHz;
13C NMR at 75 MHz). Some were performed on a Bruker DPX
200 spectrometer ('"H NMR at 200 MHz; !3C NMR at
50 MHz). The spectra are reported in ppm units (8) and are
referenced to TMS at 0 ppm for 'H NMR and to CDCl; at
77.160 ppm for 13C NMR. UV spectra (200-800 nm) were
measured on a Cary Model 100 spectrometer (in double-beam
transmission mode). Spectra of the as-deposited films were
collected by using quartz slides. Spectra were run against a
reference sample of the same quartz without the deposited
films. Mass spectra were recorded on a Finnigan Model 400
mass spectrometer, by using chemical ionization (CI) with
methane as the reagent gas unless otherwise indicated. Contact
angle goniometry, spectroscopic ellipsometry, XPS,
ATR-FTIR, were all carried out as previously described
[11,12].

Syntheses

®-Undecenylbromide was prepared as follows: In a round-
bottom flask (500 mL) equipped with a magnetic stirring bar
were placed CH,Cl, (100 mL), commercial undecen-1-ol (12 g,
70.5 mmol) and triphenylphosphine (20.2 g, 77.0 mmol). The
flask was cooled to 0 °C. While being stirred vigorously, tetra-
bromomethane (23.37 g, 70.5 mmol) was added slowly.
After the addition, the mixture was stirred for 2 h and the
CH,Cl,; was removed on a rotovap. The residual white paste
was broken up and stirred with hexane (100 mL) and filtered
into a round-bottom flask (250 mL). The hexane was removed
on a rotovap. The crude product was purified by flash chroma-
tography (hexane): Yield 15.53 g (94.5%). NMR analyses
match those reported previously in the literature [6].

The preparation of (S)-undec-10-enyl thioacetate from m-unde-
cenylbromide followed the previously published procedure
[17]. @-Undecenyl thiol was prepared by acid hydrolysis of the
thioacetate, as follows: In a round-bottom flask (250 mL)

equipped with a magnetic stirring bar and a reflux condenser
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were placed methanol (135 mL) and HCI (15 mL, 37%). To this
was added (S)-undec-10-enyl thioacetate (9 g, 39.4 mmol) and
the mixture was heated under reflux overnight. The heating was
stopped and the solvent was removed on a rotovap. Hexane
(100 mL) was added, and the solution was extracted with water
(50 mL) and brine (50 mL). The hexane was dried over MgSOy4
and filtered, and the solvent was removed on a rotovap. The
crude w-undecenyl thiol was purified by flash chromatography
(hexane): Yield 6.02 g (82%); '"H NMR & 1.20-1.47 (m, 13H),
1.61 (m, 2H), 2.04 (m, 2H), 2.52 (q, J = 7.5 Hz, 2H), 4.93 (m,
2H), 5.81 (ddt, J = 6.6, 10.2, 17 Hz, 1H); 13C NMR & 24.80,
28.51, 29.06, 29.20, 29.24, 29.56, 29.59, 33.95, 34.19, 114.27,
139.36.

The general procedure for the conversion of ®w-undecenyl thiol
into the thioester—olefin precursors for compounds 1b—i, 2, 3
and 4 is as follows: In a dry, round-bottom flask equipped
with a magnetic stirring bar were placed m-undecenyl thiol
(x mmol) and NEt3 (6x mmol) in dry THF (54x mmol). The
flask was cooled to 0 °C, and the appropriate acid chloride
(1.01x mmol) was added slowly. After 2 h the reaction mixture
was warmed to room temperature and the solvent was removed
on a rotovap. Hexane (100 mL) was added and the solution
was extracted with water (50 mL), 20% NaHCOj3 (50 mL) and
brine (50 mL). The hexane was dried over MgSQy, filtered
and the solvent was removed on a rotovap. The aliphatic
thioesters were purified by flash chromatography (5% EtOAc,
95% hexane), while vacuum distillation was used to purify
the benzoyl and thiophenyl thioesters. Isolated yields,
IH and 13C NMR, and exact mass MS data for each of the
olefin-thioesters are summarized in Supporting Information
File 1.

The general procedure for the conversion of the various
olefin thioesters into trichlorosilanes 1, 2, 3, and 4 is as
follows: The olefin thioester (1-2 mL), HSiCl5 (6 mL), and a
solution of HyPtClg-6H,0O in iPrOH (10-20 pL, 4%; dried over
4 A molecular sieves and distilled) were placed in a pressure
tube (20 mL) containing a magnetic stirring bar. All reagents
were handled in a nitrogen atmosphere. The tube was sealed
and transferred to an oil bath maintained at 60-80 °C, in
which it was heated for 16—40 h (the specific temperatures and
times are given in Supporting Information File 1). The progress
of the reaction was monitored by the disappearance of the
olefinic protons in the 'H NMR. After the reaction was
complete, the contents of the tube were transferred to a round-
bottom flask (25 mL) under a nitrogen atmosphere. Excess
HSiCl; was distilled off and the product was isolated by Kugel-
rohr distillation. The isolated yields and NMR data for each of
the trichlorosilanes is summarized in Supporting Information
File 1.
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Monolayer preparation

Silicon wafers (for ellipsometry and ATR-FTIR measurements)
and quartz wafers (for UV and XPS measurements) were
cleaned and activated as previously reported [12] and used as
substrates for depositing siloxane-anchored SAMs based on
compounds 1-4. The SAMs were characterized by contact
angle, ATR-FTIR, UV—-vis, ellipsometry, and XPS. These char-
acterization tools were applied (as previously reported [12])
both on the directly deposited SAMs and on those that had been
subjected to the oxidation reactions reported herein.

General procedures for in situ oxidation of

thioester SAMs

Oxidation using aqueous OXONE

A saturated solution of OXONE (potassium peroxomonosulfate,
extra pure, min. 4.5% active oxygen; Acros Organics) in water
was prepared. The thioester SAM-bearing substrates were
immersed in the OXONE solution for times of up to 10 h (see
Table 2 below), at room temperature [15]. The substrates were
withdrawn from the solution, rinsed with doubly distilled water,

and dried under a stream of filtered nitrogen.

UV-C irradiation in air

A UV lamp (narrow-band irradiation centered on 254 nm, 6 W
lamp) was held 2 cm from the surface of the substrate for 1 h
for each side (in ambient air). The oxidized surface was rinsed
with doubly distilled water and dried with a stream of filtered
nitrogen. In some instances, the photoreacted surfaces were
rinsed with CHCl3 and EtOH before the final water rinse. The
consequences of these rinses with organic solvents will be
discussed below.

UV-A irradiation in air

Quartz test-tubes were used as holders for silicon and
quartz wafers coated with SAMs based on 1a, 2, 3 and 4.
The test-tubes were placed in the middle of a Luzchem
model LZC4 photoreactor (8 UV-A lamps, HITACHI
FL8BL-B, emission 320400 nm, peak emission at 360 nm)
such that the lamps completely surrounded the samples.
Irradiation times were up to 132 h, at 24-28 °C. After irradi-
ation, the substrates were withdrawn from the reactor, rinsed
with doubly distilled water, and dried under a stream of filtered
nitrogen.

Results
SAM preparation

Trichlorosilane 1a was prepared by a method similar to that
reported for its longer chain analogue [15], and compounds
1b—i, 2, 3 and 4 were all produced by hydrosilylation of a
terminal olefin that was obtained by acylation of w-undecenyl

thiol, which had been prepared in three steps from commercial
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o-undecenol. All of the trichlorosilanes were purified by distil-

lation and deposited as siloxane-anchored SAMs.

SAM characterization

ATR-FTIR characterization of these SAMs focused on the
vibrational frequencies of the carbonyl groups and of the
methylene units in each of the polymethylene chains (Table 1).
The carbonyl stretches of the alkyl thioesters are all in the range
of 1690-1696 cm™!. The conjugation in 2, 3, and 4 reduces the
stretching frequency to 1654-1662 cm™!. In all cases, the disap-
pearance of the carbonyl stretching frequency is a straightfor-
ward diagnostic for the oxidative cleavage. The methylene
stretching frequencies for all of the thioester SAMs are typical
of monolayers with low crystallinity in their chain packing
[18,19].

Compounds 1 represent a homologous series whose variable
chain length systematically changes the film thickness and
surface hydrophobicity. The thicknesses (£0.2 nm) and wetting
behaviors (+£3°) of the members of the series with 1-8
methylene units in the acyl chain are summarized in Figure 2 so
as to highlight the steady increase in monolayer thickness
(calculated based on fully extended alkyl chain and observed by
ellipsometry) and hydrophobicity. The SAM based on 1a (no
methylene units) is relatively hydrophilic (contact angle
75°/67°) even when compared to the analogue containing only
one methylene unit, 1b (82°/79°). This reflects both the shorter
alkyl chain and the closer proximity of its carbonyl groups to
the SAM surface. The contact angles for SAMs based on com-
pounds 2 (78°/72°), 3 (83°/75°) and 4 (80°/72°) are reasonable
for such terminal aryl groups.

Beilstein J. Nanotechnol. 2012, 3, 213-220.

Table 1: FTIR data for SAMs based on compound 1-4.

SAM ATR-FTIR (cm™")

CHo antisymmetric CHy symmetric C=0
1a 2922 2851 1695
1b 2922 2852 1696
1c 2923 2852 1693
1d 2922 2851 1691
1e 2922 2851 1691
1f 2923 2852 1691
19 2922 2851 1690
1h 2922 2852 1691
1i 2921 2851 1690
2 2922 2851 1662
3 2922 2851 1660
4 2922 2851 1654

The UV—vis spectra of compounds 1a, 2, 3 and 4 are compared
in Figure 3. The spectra of compounds 1b—i are all comparable
to that of 1a. These spectral features provide the basis for their
varying interactions with the different wavelengths of light used
for SAM photo-oxidation.

In situ SAM oxidations

Monolayers of compounds 1-4 were all subjected to treatment
with aqueous OXONE solutions under ambient conditions. In
all cases, the starting monolayer is comprised of siloxane-
anchored units with 11 methylene groups that terminate in a
thioester (Si—(CHjy);;—SCOR), and the result is always the same
sulfonate-decorated SAM, tethered through a chain of

thickness (nm) thickness and hydrophobicity degrees °
3.0 110
= thickness calculated (nm) Y
H thickness experimental (nm) 105
4 eadvancing contact angle degrees L]
A receding contact angle degrees
[ J
+100
[ ] A
2.5+
[} 95
A
y ¢ L9
A
[ J
85
2.0
[ ]
80
F75
1.5 T T T T +70
1b 1c 1d 1e 1f 19 1h 1i

Figure 2: Thickness and contact angles (advancing/receding) for SAMs based on compounds 1b—i.
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Figure 3: UV-vis spectra of SAMs of compounds 1a, 2, 3 and 4.

11 methylenes (Si—(CH;);1—SO3H). After reaction times of
2-10 h (Table 2), all of the surfaces became very hydrophilic,
with water contact angles of <25°.

Table 2: Reaction times and methylene loss (based on ATR-FTIR
integration) for OXONE oxidation of SAMs of compounds 1-4; all
surfaces became highly hydrophilic (water contact angles <25°).

SAM reaction percent of remaining methylene
time (h) FTIR peak intensity
calculated observed
1a 2.0 100% 92%
1b 2.0 92% 87%
1c 2.0 85% 86%
1d 25 79% 73%
1e 4.0 73% 78%
1f 5.0 69% 7%
19 6.0 65% 62%
1h 7.0 61% 66%
1i 10.0 58% 51%
2 6.0 100% 98%
3 6.0 100% 94%
4 6.0 100% 108%

In SAMs based on compounds 1b—i the intensity of the
methylene peaks in the IR decreases after oxidation as a result
of the removal of the acyl chain. We can compare the observed
methylene peak intensity to that which is expected based on the
number of methylenes that remain relative to the original total
number of methylenes. The expected value of this ratio if only
the 11-carbon polymethylene tether remained and all of the
methylene units of the acyl chain were removed, as well as the
observed integrated ratio of the antisymmetric methylene peaks

before and after oxidation, are shown in Table 2. Since the oxi-

T
375 400

dation of SAMs based on 1a, 2, 3 and 4 removes no methylene
units, it is expected that there should be little or no change in
the methylene peak intensity. The observed peak intensity
matches the expected value (£10%).

The oxidation of the thioester-bearing SAMs was also followed
by XPS. SAMs of compounds 1 and 2 showed peaks corres-
ponding to the expected divalent sulfur of the thioester at
163.8 £ 0.2 eV and 164.8 + 0.2 eV in the expected 2:1 ratio
(£10%), see for example Figure 4A. The additional (thiophene)
sulfur in both compounds 3 and 4 leads to a broad, merged
signal (Figure 4B and Figure 4C). Deconvolution reveals the
thiophene sulfurs at 164.5 £ 0.2 eV and 165.6 = 0.2 eV. The
overlap among the four peaks in the spectra, together with their
inherently problematic signal-to-noise ratio, leads to a situation
in which the expected 2:1 peak intensity ratio for each sulfur
and the expected 1:1 ratio for the two kinds of sulfurs in a
single thiophene-bearing SAM show error bars of as much as
30%. Nevertheless, the XPS result confirms the presence of the
thioester and thiophene sulfurs and attests to their complete
disappearance (in all cases) upon oxidation to a sulfonic acid
SAM (in which the one sulfur is at 168.2 + 0.2 eV and
169.9 £ 0.2 eV).

Finally, the photo-oxidations of the various types of thioesters
were compared by using UV radiation of different wavelengths.
A lamp whose output was around 254 nm was used for irradi-
ation at shorter wavelengths. This was compared to irradiations
done with a broad-spectrum, longer-wavelength UV lamp (UV-
A, 320-400 nm). Since the UV-vis absorption spectra of all
compounds 1 were the same, only 1a was used in the compar-
isons to the photo-oxidation behavior of compounds 2—4 at

longer wavelength.
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Figure 4: Representative sulfur XPS analyses of the SAMs of compounds 2 (A), 3 (B) and 4 (C).

The SAMs with varying alkyl chain lengths (based on com-
pounds 1b—i) were subjected to photo-oxidation at 254 nm.
Table 3 shows the changes in their water contact angle upon
photochemical reaction in air. The removal of the acyl
methylenes (as per the above discussion of the OXONE oxi-
dation results in Table 2) is also shown. The completeness of
the photocleavage is attested to by the fact that after an oxi-
dation time of 2 h (1 h on each side) the carbonyl and methyl
peaks in the IR disappeared and the intensities of the methylene
signals were reduced by the amount expected for each chain
length. However, the surfaces achieved were not as hydrophilic
as expected. The unexpectedly high contact angles after oxi-
dation, and their possible relationship to solvent induced surface
reorganization and/or residual long-chain contaminants, will be

addressed in the Discussion section.

The irradiation with 254 nm light was also applied to mono-

layers based on compounds 1a, 2, 3 and 4. Following the expe-

Table 3: Contact angles and methylene loss (based on ATR-FTIR
integration ratio, calculated and observed) before and after irradiation
of SAMs based on compounds 1b—i.

SAM contact-angle percent of remaining
measurement adv[°)/rec[’] = methylene FTIR peak
intensity
before after calculated  observed
irradiation irradiation

1b 82/79 35/<20 92% 82%
1c 86/82 60/40 85% 81%
1d 91/88 48/<20 79% 2%
1e 95/90 44/37 73% 2%
1f 98/92 70/49 69% 75%
19 104/97 62/39 65% 69%
1h 101/98 65/43 61% 67%
1i 107/102 76/65 58% 67%

rience with SAMs based on compounds 1b—i, and the fact that
both benzoic acid and its thiophene analogues are more water
soluble than the long-chain aliphatic acids, the rinsing proce-
dure was changed so as to only use water. In this way, the
complete photocleavage suggested by the disappearance of the
carbonyl in the IR was accompanied by the formation of a fully
wetted surface (contact angles <25°) for all of the SAMs based
on compounds 1a, 2, 3 and 4.

Photo-oxidations of SAMs based on compounds 1a, 2, 3 and 4
were also carried out by using a UV-A (320400 nm) light
source and exposure times of up to 132 h. These experiments
are summarized in Figure 5. It is clear that the acetyl group in
1a is not cleaved by the longer wavelength light, even after
132 h. SAMs based on compounds 2 and 3 show some photo-
cleavage under these conditions, but the process is slow and
never goes to completion. Their response to the longer wave-
length light is anticipated by the fact that the UV-A light only
has significant intensity at wavelengths longer than 320 nm, at
which 2 and 3 do not absorb. On the other hand, SAMs based
on compound 4 show an intense absorption peak at 290 nm and
an absorption tail that extends to slightly beyond 325 nm. They

undergo effective photocleavage even at longer wavelength.

Discussion

In previous work with a longer chain analogue of 1a (in which
the thioacetyl group is connected to a 16-carbon chain instead
of the 11 carbons in 1a) [15,20], we reported the photoconver-
sion of a thioacetate-decorated SAM to a sulfonated surface by
UV irradiation in air. In that case, the initially deposited thio-
acetate-functionalized SAM had more closely packed alkyl
chains (FTIR: methylene stretching frequencies 2919 and
2850 cm™! versus the 2922-2923 cm™! and 28512852 cm ™! of
1a-h). Only 1i displays some level of crystalline order (with
methylene values of 2921/2851 cm™'), and even that is not as
ordered as the Cy4 system [15,20].
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Figure 5: ATR-FTIR spectra of SAMs of compounds 1a, 2, 3 and 4, as deposited, and after oxidation with UV-A in air for 2 h, 19 h, 60 h, 84 h and

132 h.

The important conclusion from the oxidation of the acetylated
thiols with the two different chain lengths is that both systems
provide a sulfonated surface that is fully wetted. The acetyl-
derived byproduct is easily removed by rinsing with water,
and the resulting surface is hydrophilic. We note that
while the oxidation of the longer chain thioesters (1b—i) with
OXONE takes longer (as indicated by reaction times in
Table 2), as would be expected for the more hydrophobic
starting SAMs, the longer chain byproducts are successfully
washed away and the resulting surface is also fully wetted.
The slowing of the reaction with OXONE with increasing
numbers of methylene units is reminiscent of what was seen by
Sagiv et al. [21-23] for permanganate oxidation in which an
olefin at the monolayer surface was oxidized much faster than
an olefin within the monolayer. The fact that the monolayers
reported herein are somewhat less well-packed than those
reported in the permanganate oxidation study may be respon-
sible for the fact that the differences in reactivity observed
herein are smaller than those reported for the permanganate oxi-

dation.

A problem with the longer chain acyl units is seen in their
photo-oxidation. In that case, there is no evidence for a slowing
of the reaction based on the rate of disappearance of the
carbonyl, but the high degree of hydrophilicity that is achieved
with aqueous OXONE is not obtained in these longer chain
systems. It seems that there is a buildup of longer chain byprod-
ucts that need organic solvents to effectively remove them.
However, the exposure of the high-free-energy sulfonated
surface to organic solvent leads to surface reorganization and
loss of hydrophilicity. Thus, in order to take advantage of the
enormous change in surface wetting achieved by the oxidation
of a system such as 1g—i (from a water contact angle of over
100° to a fully wetted surface), oxidation in aqueous OXONE is
most effective.

Beyond the impact of changing the chain length on the chem-
istry described above, we have also established a clear wave-
length dependence on the photo-oxidation of the thioesters. The
reactions of the benzene and thiophene derivatives are notable

for a number of reasons. Firstly, the aromatic ring does not
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interfere with the chemistry described above. The reactivity of
the thioester is not undermined (despite a small retardation of
the OXONE reaction), either by the bulk of the aromatic rings
or by the reduced electrophilicity, which is typical of conju-
gated carbonyl groups.

We also note the wavelength dependence of the photochem-
istry reported herein. The longer wavelength absorption of the
conjugated chromophore is clearly a first step towards a system
that could be photoreacted with longer wavelength light. This
would provide a route to photopatterned sulfonate surfaces, in
which the irradiation could be performed through regular glass
or Pyrex, i.e., media that are not transparent to shorter wave-
length UV radiation.

Conclusion

Monolayers based on various thioacetate derivatives have been
shown to provide useful control over surface wetting. The
initially deposited monolayers are stable surfaces whose
hydrophobicity can be systematically varied based on the length
of the alkyl chain of the acyl moiety. Variously conjugated
versions of the acyl moiety provide useful wavelength control
over the photochemistry of the thioesters. The full exploitation
of these systems in ways that take full advantage of the tunable
wetting and that can extend the patterned titania deposition
previously reported [16] will be the subject of future investi-

gations.

Supporting Information
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We exploit a series of robust, but simple and convenient colloidal lithography (CL) approaches, using a microsphere array as a

mask or as a guiding template, and combine this with surface-initiated atom-transfer radical polymerization (SI-ATRP) to fabricate

patterned polymer-brush microstructures. The advantages of the CL technique over other lithographic approaches for the fabrica-

tion of patterned polymer brushes are (i) that it can be carried out with commercially available colloidal particles at a relatively low

cost, (ii) that no complex equipment is required to create the patterned templates with micro- and nanoscale features, and (iii) that

polymer brush features are controlled simply by changing the size or chemical functionality of the microspheres or the substrate.

Introduction

It is well known that monodisperse colloidal microspheres
easily self-assemble into hexagonally close-packed arrays on
surfaces as a result of capillary forces arising from the evapo-
ration of solvents [1-4]. Such periodic arrays of microspheres
were used already in the early 1980s by Fischer and co-workers
as shadow masks in colloid lithography (CL) for the deposition
of platinum nanomaterials [5]. Since then, CL has become a

simple, versatile, and cost-effective fabrication technique for a

large number of researchers in the field of micro/nanofabrica-
tion [2-4,6]. A variety of lithographic methods have since been
developed, in which colloid microsphere arrays are used as
masks for depositing nanomaterials and as scaffolds for
templating 2-D or 3-D functional patterns [2-5,7-9]. When a
2-D colloidal crystal array is used as a shadow mask in metallic
vapor deposition, the metal deposited by sputtering can reach
the substrate only through the interstices between the spheres,
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and the shape of the deposits on the substrate is thus deter-
mined by the projected area of the interstices on the substrate
[2,4]. Micro- and nanospheres can also be used to guide the
transport of molecules so that the molecular deposition forms a
ring-shaped pattern around the contact point (footprint) of the
microsphere with the substrate [9]. For a self-assembled micro-
sphere monolayer (SMM) on a substrate, the footprint between
the microsphere and substrate produces a barrier array, which
can be used as a template for lithography [6,10,11]. CL thus
provides a straightforward way to adjust the feature size at the
microscale and, by using sufficiently small spheres, the
nanoscale, by changing the sphere diameter of the colloid mask.
Spherical particles are commercially available with a wide
range of sizes and types, or can be synthesized, e.g., by emul-
sion polymerization for polymer latex spheres or by controlled
precipitation for inorganic oxides [12]. Patterned polymer
brushes [13] are of increasing importance especially for array-
based platforms because of their ability to modify surface prop-
erties and their potential applications in surface-based tech-
nologies, such as protein-resistant coatings, switchable sensors,
substrates for cell-growth control, and for the separation of bio-
logical molecules [14-16]. They can be grown by surface-initi-
ated polymerization from surface-confined initiator templates,
as fabricated by various lithographic approaches. Although a
range of strategies for polymer brush patterning, including
photolithography [17], electron-beam lithography [18], elec-
tron-beam chemical lithography [19], microcontact printing
(nCP) [20], scanning-probe lithography [21] and capillary-force
lithography [22], have been exploited over the years, there is
still considerable interest in the exploitation of new, simple
patterning strategies that do not entail instrumental complexity.
As an inexpensive alternative to conventional lithography, CL
provides new possibilities to create patterned polymer brushes.
So far only one of the CL strategies, using the SMM footprint
as the mask, has been demonstrated for fabricating patterned
pillar [23] or cavity [11,24] polymer brushes, and we recently
reported how SMM could be used as pCP stamps to fabricate
cone-shaped polymer brushes [25].

In this letter we report how we exploit a range of robust and
simple patterning strategies offered by colloidal lithography,
and combine them with surface-initiated atom-transfer radical
polymerization (SI-ATRP) for patterning polymer-brush
microstructures. The use of CL for patterning polymer brushes
has significant advantages over the lithographic approaches
mentioned above, in that it employs commercially available,
relatively low cost nano- and microspheres, that it does not
require complex equipment to create micro- and nanopatterned
templates, and in that it allows control over polymer-brush
geometry by simple changing of the diameter or chemical func-

tionality of the nano- or microspheres. A recent paper [6]
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showed that colloidal particles on the order of 100 nm can be
used to pattern silane features with nanometer dimensions. Due
to the similarity of this and our patterning approach, we do not
foresee a problem in scaling down our approach shown here, to
fabricate polymeric nanostructures with lateral feature dimen-
sions on the order of 100 nm.

Results and Discussion

Hexagonally packed arrays of self-assembled colloidal micro-
and nanospheres on surfaces have been used as masks to guide
deposition or etching through the interstices between the
colloidal microspheres [5,6,9]. For example, arrays of triangu-
larly shaped metal islands can be obtained by sputter deposition
of the metal [2,4]. When gold is chosen as the metal, the
ensuing pattern can be easily functionalized chemically with a
self-assembled monolayer (SAM) of a thiol initiator, which can
be subsequently amplified into polymer brushes. Figure 1
shows this strategy for the patterning of colloidal microspheres
for the fabrication of polymer-brush microstructures. We first
assembled a SMM of polystyrene latex (diameter ~ 10 pm) on a
silica substrate by gravity-induced sedimentation combined
with solvent evaporation [26], and subsequently we deposited
gold into the interstices between the microspheres (Figure 1A).
After the microsphere mask was removed by sonication, an
array of hexagonally arranged triangular gold islands remained
(Figure 1B) on which we formed a SAM of thiol initiator
(BrC(CH3),COO(CH3);1SH) [27]. We then synthesized
poly(N-isopropylacrylamide) (PNIPAAM) brush microstruc-
tures on the islands by SI-ATRP of NIPAAM (Figure 1C). An
AFM image of the patterned gold islands reveals a feature
height of about 65 nm (Figure 1D). The feature size of a trian-
gular island (=2.3 um) is about one quarter of the sphere
diameter, and the distance between nearest-neighbor islands
(=5.3 um) is around half of the sphere diameter, in accordance
with a previous report by Haynes et al. [7]. The resulting
PNIPAAM brush height was about 350 nm, and due to poly-
merization also occurring at the sides of the triangles, the foot-
print size increased to about 2.9 um (Figure 1E) while the dis-
tance between nearest-neighbor islands remained about 5.3 pm.
The feature size of the polymer brushes can be altered by
changing (i) the size of the microspheres, (ii) the assembly of
the spheres on the substrate surface, or by (iii) varying the
conditions of the gold vapor deposition, to yield a range of

microstructures [28].

Colloidal microspheres have an inherently curved surface that
can serve as a template for spreading alkanethiol molecules
along the surface of the microspheres onto the gold substrate
surface, creating a ring-shaped SAM feature around the foot-
print of the sphere—surface contact area. This so-called edge-

spreading lithography (ESL) employing colloid microspheres as
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Figure 1: Schematic illustration and AFM images showing the use of CL in the fabrication of patterned polymer-brush microstructures. (A) SMM on a
silica wafer serves as a template for gold deposition. (B) Removal of the microspheres by sonication. (C) Functionalization of the Au pattern with a
thiol initiator SAM and subsequent amplification into polymer brushes. (D, E) Contact-mode AFM height images (40 ym x 40 pm, imaged at room
temperature in air) of the patterned gold islands before and after PNIPAAM brush growth, and the corresponding height profiles and 3-D images.

templates has been previously used to fabricate ring-shaped
metal patterns [9]. Here we replaced the octadecanethiol (ODT)
molecules with thiol initiator (BrC(CH3),COO(CH>);1SH), and
amplified the annular thiol initiator monolayer into ring-shaped
polymer brushes (Figure 2). In this patterning approach we used
a SMM (sphere diameter = 5 pm) to direct the transport of
an alkanethiol initiator from an initiator-inked planar
poly(dimethyl siloxane) (PDMS) stamp onto the gold surface
(Figure 2A). Upon reaching the metal substrate, the thiol
initiator molecules self-assemble into a patterned monolayer,
which is confined by the footprint of each microsphere and the
extent of lateral spreading of the thiols on the gold substrate
(Figure 2B). Amplification of the ring-shaped initiator SAMs
results in patterned, hollow cylindrical polymer brushes
(Figure 2C-E). The inner diameter of the polymer-brush cylin-
ders is about 900 nm. This diameter reflects the underlying
ring-shaped initiator pattern and is on the order of 18% of the
microsphere diameter, in close agreement with a previous report

[9]. The outer diameter of the hollow polymer-brush cylinders

is about 1.5 um, and is largely determined by the contact time
of the PDMS stamp on the microsphere template, which implies
that the diffusion of the thiol initiator along the surface of each
microsphere depends on the contact time with the PDMS stamp
[9]. Furthermore, polymer brush microstructures may be varied
by changing the concentration of the thiol initiator, or by adding
inert thiol molecules [29], which affects the thiol initiator distri-
bution and diffusion on the gold surface.

Our results show that microspheres can be used to guide the
spreading of a thiol initiator to form ring-shaped thiol patterns
around the footprint of microspheres on the surface. While
initiator-inked stamps only provide a limited thiol reservoir, the
microsphere footprint could also be used as a mask for fabri-
cating polymer-brush pillars, by inking the microsphere array
with a large amount of thiol. Such an approach was first
reported by Taylor and co-workers [10], who described a simple
CL technique to fabricate substrates with hexagonally patterned
dots of protein surrounded by a protein-repellant layer of
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Figure 2: Schematic illustration and AFM images showing the use of ESL for the fabrication of ring-shaped polymer-brush microstructures. (A)
Arrayed SMM direct the transport of alkanethiol initiator from a planar PDMS stamp onto the gold surface (printing was carried out by gently pressing
the PDMS stamp onto the SMM template for 30 s). (B) Ring-shaped SAM formed after removal of the microspheres. (C) Subsequent amplification into
hollow polymer-brush cylinders. (D,E) Contact-mode AFM height images of the patterned PNIPAAM brush microstructures imaged at room tempera-

ture in air, and the corresponding height profiles and 3-D image.

poly(ethylene glycol) (PEG). In that work, a self-assembled
monolayer of latex spheres served as a lithographic mask to
selectively graft a thin layer of PEG around the footprint of the
microspheres. After removal of the spheres, a periodic pattern
of holes in the protein-repellant PEG layer was exposed, and
proteins could be selectively adsorbed onto the underlying
surface in these holes. In a similar approach we used inert thiol

inert thiol
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remove
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c |

backfill
initiator

JUsEEEEEEEmEEEn
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to cover a SMM of polystyrene microspheres (diameter =
10 um) (Figure 3A) to form an inert thiol SAM everywhere
except in the footprint of each microsphere (Figure 3B), and
then backfill with a thiol initiator (Figure 3C). Amplification of
this pattern, after removal of the SMM, resulted in a periodic
pattern of polymer-brush pillars (about 50 nm high and about
1.5 um in diameter, Figure 3D-F). The diameters of the

Figure 3: Schematic illustration and AFM images showing use of colloidal microsphere lithography for patterning polymer-brush pillars. (A) A SMM,
assembled on a gold substrate, serves as a mask for the inert thiol SAM pattern. (B) After ink transfer and drying in nitrogen, the polystyrene micro-
sphere mask was removed, leaving an inert thiol SAM pattern. (C) The substrate was then backfilled with thiol initiator. (D) Subsequent pattern ampli-
fication into polymer-brush microstructure by SI-ATRP of NIPAAM. (E, F) Contact-mode AFM height images of patterned PNIPAAM-brush microstruc-
ture imaged at room temperature in air and the corresponding height profiles and 3-D image.
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Figure 4: Schematic illustration and AFM images showing the use of colloidal microsphere lithography for patterning hole-like polymer-brush
microstructures. (A) SMM on thiol initiator SAM-coated gold substrate. (B) Subsequent pattern amplification into polymer-brush microstructure by
SI-ATRP of NIPAAM. (C) Removal of the polystyrene microsphere mask leaves a hole-patterned brush thin film. (D, E) Contact-mode AFM height
images of hole-patterned PNIPAAM-brush thin film imaged at RT in air and the corresponding height profiles and 3-D image.

polymer cylinders were on the order of 15% of the microsphere
diameter, in agreement with our result described above (ca.
18%).

Another type of polymer-brush microstructure can be designed
by inking the microsphere arrays by thiol initiator first, to form
an initiator SAM around the microspheres. This should result in
a polymer-brush layer with a patterned hole-like microstructure
after removal of the microspheres and subsequent amplification
[11]. Xu et al. developed a method to pattern a surface with
polymer brushes during a polymerization process in a
microchannel, formed between PDMS stamps and initiator-
modified substrates [30]. This so-called microchannel-confined
surface-initiated polymerization technique showed that there is
no polymer brush growth in the contact area of the PDMS
stamp with an initiator-functionalized SAM-coated silicon
wafer. This inspired us to form a SMM on thiol-initiator-coated
gold substrates as a template for fabricating hole-patterned
polymer brushes. We first assembled a mask of polystyrene
latex particles (SMM) on a gold substrate previously covered
with a SAM of thiol initiator (Figure 4A), and then amplified
the exposed initiator by SI-ATRP of NIPAAM (Figure 4B).
After removing the SMM, a polymer-brush thin film with a hole
pattern was obtained (Figure 4C,D). The patterned polymer
brush layer has a height of about 16 nm and a hole diameter of
about 6 um.

Conclusion
In summary, we have demonstrated how colloidal lithography
can provide a simple approach with various strategies to fabri-

cate a range of patterned polymer-brush microstructures. Our

approaches rely on the spontaneous formation of well-ordered,
colloidal microsphere arrays that provide lithographic masks,
templates, and footprint-restricted geometries for creating
patterns of initiator SAMs that can be used for subsequent
amplification into polymer-brush patterns. Compared with other
lithographic techniques to fabricate patterned polymer brushes,
CL has the advantage of (i) not requiring any special instrumen-
tation and (ii) changing feature size simply by changing the
microsphere diameters used in the colloid masks, or changing
the colloid deposition parameters. Patterned polymer brushes
are of increasing importance for array-based platforms and
applications in surface-based technologies, such as protein-
resistant coatings, switchable sensors, substrates for cell-growth
control, and for separation of biological molecules. We note
that for convenience and proof-of-concept of our approach, we
used PS microspheres to fabricate patterned polymer brushes
with lateral feature dimensions on the micrometer and submi-
crometer length scales. A recent paper [6] shows, that colloidal
particles on the order of 100 nm can be used to pattern silane
features with nanometer dimensions. Due to the similarity of
this and our approach, we do not foresee a problem in scaling
our approach down to fabricate polymer nanostructures with
lateral feature dimensions on the order of 100 nm.

Experimental

Materials: N-isopropylacrylamide (NIPAAM) (99%), copper(I)
bromide (CuBr, 99.9%), methanol (MeOH, 99.9%) and ethanol
were obtained from Sigma-Aldrich (Milwaukee, WI). Milli-Q
(Millipore, Billerica, MA) water (18 MQ-cm) and methanol
were used as polymerization solvents. N,N',N',N",N"-
Pentamethyldiethylenetriamine (PMDETA) was used as
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received from Acros Organics (Hampton, NH). The thiol
initiator (BrC(CHj3),COO(CH,);1SH) was synthesized as
reported [27]. Polystyrene microspheres (5 um and 10 um)
were donated by Dr. R. M. Erb at Duke University, who
purchased them from Duke Scientific Corporation (Palo Alto,
CA). To immobilize the initiators for surface-initiated polymer-
ization, gold substrates with an average grain diameter of 60 nm
were prepared by thermal evaporation under a vacuum of
4 x 1077 Torr. For this purpose an adhesion layer of chromium
(50 A) followed by a layer of gold (600 A) was evaporated onto
silicon wafers. Before deposition, silicon wafers were cleaned
in a mixture of HyO,/H,SOy4 (1:3, v/v) at 80 °C (“piranha solu-
tion”) for 10 min and washed thoroughly with Milli-Q-grade
water. (Caution: Piranha solution reacts violently with organic

matter!)

SMM on silica substrate: After the polystyrene microspheres
were transferred from aqueous suspension (0.5 mL) into ethanol
(1.0 mL) with subsequent shaking, they were first centrifuged
and then the mixed solvent was removed. The residual was then
redispersed in ethanol (0.5 mL) for subsequent pipetting onto a
slightly tilted silica wafer. Upon drying at room temperature the
microspheres self-assembled to form regions of hexagonally
close-packed monolayers by gravity-induced sedimentation
combined with solvent evaporation [1,26].

Deposition of gold on SMM-coated silica substrate: The
procedure of gold coating on SMM covered silica wafers was
similar to that used for the gold coating of the silicon wafers. A
subsequent sonication was used to remove the polystyrene
microspheres and leave an array of triangular gold dots.

ESL from a flat PDMS stamp using SMM as a mask: Inking
was done by covering a stamp with a solution of 2 mM thiol-
initiator/ethanol solution for 1 min, and drying the stamp in a
stream of nitrogen. Printing was carried out gently by hand onto
SMM-constructed gold-coated silica wafer for 30 s. Micro-
spheres were then removed prior to polymerization by sonica-

tion in a deionized water bath for about 2 min.

Thiol-initiator monolayer preparation: Gold-coated silica
wafer was put into an ethanol solution of thiol initiator (ca.
2 mM) overnight and then removed and dried with nitrogen.

SMM on initiator-monolayer-coated gold substrate: After
the polystyrene microspheres were transferred from aqueous
suspension (0.5 mL) into ethanol (1.0 mL) with a subsequent
shake, they were first centrifuged and then the mixed solvent
was removed. The residual was then redispersed in ethanol
(0.5 mL) for subsequent pipetting onto a slightly tilted initiator-
coated gold substrate wafer. Upon drying at room temperature

Beilstein J. Nanotechnol. 2012, 3, 397—-403.

the microspheres self-assembled to form regions of hexago-
nally close-packed monolayers by gravity-induced sedimenta-

tion combined with solvent evaporation.

SI-ATRP: The polymer brushes were prepared according to our
previous procedures with some slight modifications [31].
Briefly, the polymerization solution was prepared by adding a
solution of NIPAAM monomer to an organometallic catalyst.
The organometallic catalyst was formed in a nitrogen atmo-
sphere by adding CuBr (1.8 mg, 0.013 mmol) and PMDETA
(14 pL, 0.064 mmol) in a 1:5 molar ratio to 1.0 mL of MeOH as
solvent. The mixture was then sonicated for 1-2 min to facili-
tate the formation of the CuBr/PMDETA complex. Next, 1.5 g
(17 mmol) of NIPAAM monomer dissolved in 5 mL of water
was filtered into the catalyst-complex solution through a
0.45 um Millipore Millex filter. The polymerization solution
was then transferred into flasks containing the sample substrates
with the immobilized patterned initiator. The flasks were sealed
with rubber septa and kept at room temperature under nitrogen.
After the desired reaction time, substrates were removed from
the polymerization solution, exhaustively rinsed with deionized
water to remove all traces of the polymerization solution, and

dried in a stream of nitrogen.

Characterization: The patterned polymer-brush microstruc-
ture samples were rinsed with Milli-Q-grade water, dried under
a stream of nitrogen, and mounted on steel sample disks prior to
AFM measurements. AFM topographic images were collected
in contact mode by using V-shaped silicon nitride cantilevers
(Nanoprobe, Veeco, spring constant 0.12 N/m; tip radius
20-60 nm) using a MultiMode atomic force microscope (Digital
Instruments, Santa Barbara, CA). The AFM topographic images
performed in air, were obtained under low applied normal
forces (<1 nN) to minimize compression and lateral damage of
the polymer brushes. The relatively large lateral size of the
polymer-brush features did not necessitate image deconvolu-
tion to account for tip-induced broadening of the feature dimen-
sions [32].
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The mechanical properties of organic and biomolecular thin films on surfaces play an important role in a broad range of

applications. Although force-modulation microscopy (FMM) is used to map the apparent elastic properties of such films with high

lateral resolution in air, it has rarely been applied in aqueous media. In this letter we describe the use of FMM to map the apparent

elastic properties of self-assembled monolayers and end-tethered protein thin films in aqueous media. Furthermore, we describe a

simple analysis of the contact mechanics that enables the selection of FMM imaging parameters and thus yields a reliable

interpretation of the FMM image contrast.

Introduction

Mapping the mechanical properties, such as elastic modulus,
friction, and adhesion of surfaces and thin films in aqueous
(or liquid) environments with nanoscale lateral resolution is
important for a broad range of applications in materials science
[1-10] and in the life sciences [11-20]. The atomic force micro-

scope (AFM) [21], due to its force sensitivity and ability to

image surface topography with high lateral resolution, is ideally
suited to map these properties. Intermittent AFM imaging
modes, such as tapping mode [22-24], and pulsed-force mode
[12,25-28], have been developed for soft, often biological,
samples in liquid environments. Although these imaging modes
reduce the lateral forces, they often do not allow direct interpre-
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tation of the data in terms of the surface mechanical properties,
due to cantilever damping in solution and the complex forces
that the probe experiences when jumping in and out of contact
with the surface.

Alternatively, dynamic variations of contact mode AFM, such
as acoustic AFM, add a small actuation to the tip—surface
contact at acoustic frequencies and are thus useful for mapping
differences in the surface mechanical properties of the sample
[29]. In some versions of acoustic AFM, such as ultrasonic
AFM (UAFM) [30], acoustic force atomic microscopy (AFAM)
[31], and contact resonance AFM (CR-AFM) [32-35], contact
resonance frequencies are deliberately chosen to enhance the
imaging sensitivity. However, acoustic AFM imaging in solu-
tion is challenging since the liquid phase complicates the
cantilever dynamics through fluid damping. To our knowledge,
only a few studies report the use of acoustic AFM on molecu-
larly thin films or soft materials in liquid [7,36].

Here we show that force-modulation microscopy (FMM) is a
powerful acoustic AFM method for mapping surface mechani-
cal properties in fluids. In a typical FMM setup, the tip—sample
contact is actuated at an off-resonance frequency, and the
amplitude and phase response of the cantilever vibration are
then detected at the drive frequency, by using a lock-in ampli-
fier, and mapped concurrently with topography [37]. The
narrow detection bandwidth used in FMM entails less noise,
while off-resonance actuation reduces fluid-related cantilever
dynamics. Consequently, FMM can map even slight differ-
ences in the sample surface stiffness (i.e., the contact stiffness).
While these advantages were shown in some FMM studies
performed on monolayers [38,39], the understanding of ampli-
tude and phase contrasts and the frequency limitations of FMM
in liquid, remain incomplete, which often leads to conflicting
data interpretation [38,39]. Presently, these unresolved issues
diminish the usefulness of FMM as a mechanical mapping tool
in materials science, especially for molecular thin films and bio-

logical samples.

In this article, we describe the use of FMM for mapping subtle
differences in the elastic properties of organic thin films in
aqueous environments. To this end we developed a parameter
selection method for FMM that helps (i) in the selection of
appropriate actuation frequencies and contact forces, and (ii) in
the unambiguous interpretation of the contrast in the amplitude
images [38-40]. We demonstrate the capability of FMM
to image mechanical properties in aqueous media on surface-
tethered proteins and self-assembled EGj3-thiol (triethylene
glycol mono-11-mercaptoundecyl ether) monolayers. Our
studies show that subtle differences in the packing order of the

self-assembled EG3-thiols manifest as differences in the surface
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elastic properties that can be mapped by FMM in solution. The
results presented in this paper also provide a stepping stone for
the development of a quantitative viscoelastic modeling
approach in liquids, in analogy to those developed for contact
resonance AFM in air [32,33].

Results and Discussion

FMM working principles

Linear regime in FMM

In FMM, the cantilever tip contacts the substrate surface with a
constant static force while a small force modulation is superim-
posed [37]. As a first approximation, this contact can be
modeled by Hertzian contact theory. Though based on the
assumption of a nonadhesive and elastic contact between a rigid
spherical tip and the substrate surface, the model readily and
adequately explains contact mechanics when the static contact
force is much greater than the adhesion force [41-43]. Further-
more, the Hertzian contact model has been successfully
extended to characterize the stiffness of thin, layered materials
[3,44]. If necessary, tip—sample adhesion can easily be included
in the contact analysis by selecting an appropriate contact
mechanics model, such as the Johnson—Kendall-Roberts (JKR)
or the Derjaguin-Muller—Toporov (DMT) model [41,45].

Although contact deformation and force have a nonlinear rela-
tionship in the Hertzian contact model, this model can be
linearized for a small force modulation at high contact forces,
and the stiffness of the contact can be determined [46,47].
Linearization is valid as long as the cantilever is in constant
contact with the sample and the amplitude of the force modula-
tion is much smaller than the contact force.

For a lossless contact and for modulation frequencies signifi-
cantly below the contact resonance frequency, the cantilever
and the contact can be modeled as two springs in series (see
Supporting Information File 1). In summary, the deflection of
the cantilever, u., measured by FMM is,

k*
U, = %0
k. +k

sinot, (1)

where z( is the actuation amplitude of the contact, ® is the
angular frequency of the actuation, k. is the spring constant of
the AFM cantilever, and £~ is the contact stiffness,

k" =36FRE™. @)

The contact stiffness is a function of the reduced Young’s

modulus, E*, the tip radius, R, and the applied force, F.
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Equation 1 explains how the amplitude of the AFM cantilever
deflection is related to zg, k. and k*. Since zg and k. do not
change while the surface is being scanned, u. depends only on
k". The cantilever vibration amplitude is thus smaller on soft
regions (low k), and it is higher on stiff regions (high k").
Although this simple analysis provides a convenient explana-
tion of the contrast mechanism in FMM amplitude images,
Equation 1 cannot be used to quantify FMM experiments [48],
because the modulation frequency is typically not sufficiently
low that the cantilever dynamics can be ignored.

Nonlinear regime in FMM

The current understanding of FMM is largely based on the
amplitude and phase response of the cantilever at large static
loading forces and very small modulation amplitudes. Imaging
of compliant samples, however, requires overall low contact
forces in combination with a high modulation amplitude for
sensitive mapping. This combination precludes linearization of
the contact models. For this case of soft contact, the sinusoidal
force modulation at a single frequency yields a nonlinear
(distorted sinusoidal) cantilever deflection response, which
reflects the contact nonlinearity and gives rise to higher
harmonics, as shown in Equation 3 (see also Supporting Infor-
mation File 1).

The cantilever deflection with a second-order harmonic can be

rewritten as,

2.2 * 2.2
kiz zok . kiz
£ OB + *0 sinof —————— OB 3

Ak k) Kk 4K + k)

2 2 %4
where 3 = 8_F =3 ARE is the second-harmonic factor.
on2 \ 3F

The frequency-independent, zeroth-order term in Equation 3

HC:

reflects a DC deflection. The feedback loop, however, cannot
differentiate this zeroth-order component from the surface-
topography-induced deflection response of the cantilever, thus
precluding clear signal deconvolution [29]. Both the first and
second harmonics, however, do not interfere with the feedback
loop and can be detected by lock-in techniques. At low forces,
the second-harmonic factor () increases dramatically, and thus

promotes the contribution from the second-harmonic amplitude.

The ratio of the second- to first-harmonic amplitudes is plotted
in Figure 1 as a function of contact force for two reduced
moduli. This ratio was calculated by using realistic experi-
mental parameters, i.e., ki = 1 N/m, R = 30 nm, and zp = 2 nm,
while 0.1 GPa and 1 GPa were assigned to £*. FMM measure-
ments are less nonlinear at (i) high contact forces and (ii) for
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stiff materials, as shown by the lower amplitude ratio in these
cases in Figure 1. This implies that changes in the surface elas-
ticity can lead to nonlinear effects in FMM, making a quantitat-
ive interpretation of the amplitude and phase signals compli-
cated, especially at low applied forces.
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oo _ 0.1GPa| |
$ 5 0015
*5
S5 001} 1
=5 I
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Figure 1: Amplitude ratio of the second to the first harmonic, plotted
for different applied forces. The surface modulus is set to 0.1 GPa
(solid) and to 1.0 GPa (dotted).

Parameter selection and contrast interpretation for
hard-contact FMM in aqueous environments

The interpretation of FMM amplitude and phase images
obtained on soft substrates is further complicated by viscous
damping effects [49], particularly when imaging in an aqueous
environment. To better interpret image contrast in that case, one
needs to understand the dependence of amplitude and phase on
surface stiffness, and one needs a method to select the proper
contact force and actuation frequency. Here we use contact
force as a variable to change the contact stiffness (Equation 2)
and monitor the response of the amplitude and phase behavior

of the cantilever.

In our parameter-selection process we acquire force—distance
curves while the cantilever is modulated at the desired
frequency. We monitor (i) the amplitude and (ii) the phase of
the first harmonic, and (iii) the amplitude of the second
harmonic of the cantilever oscillations, along with (iv) the
cantilever deflection, as the cantilever interacts with the surface
(Figure 2). The deflection of the cantilever determines the inter-
action force from which the contact stiffness can be calculated
(Equation 2). The amplitude of the first harmonic is used to
analyze the elasticity of the substrate surface in FMM and it is
thus essential to relate the first harmonic with the contact stiff-
ness experimentally. Meanwhile, the amplitude of the second
harmonic, a measure of the nonlinearity in the contact, should
be minimized for reliable FMM measurements. A set of
representative curves for cantilever deflection, first-harmonic
amplitude and phase, and second-harmonic amplitude, at

20 kHz actuation frequency in water on a gold surface, are
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shown in Figure 2. For these experiments, we used a cantilever
with a spring constant of 0.9 N/m and a resonance frequency of
47.8 kHz in solution.
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Figure 2: (a) Force, (b) first-harmonic amplitude, (c) first-harmonic
phase, and (d) second-harmonic amplitude, plotted as a function of
Z-piezo displacement. As the probe approaches the gold sample
surface, the cantilever encounters four regimes: (A) free oscillation,
(B) partial contact, (C) soft contact, and (D) hard contact. To highlight
the differences in cantilever bending and the level of indentation in the
four regimes, the schematic is not drawn to scale.

The different regions of the deflection (Figure 2a) and ampli-
tude curves (Figure 2b and Figure 2d) indicate both the posi-
tion of the probe and the type of the contact. In regime A the
cantilever freely oscillates with a zero mean deflection;
however, the amplitude decreases slightly with decreasing
tip—sample distance. Because the amplitude of the second
harmonic (Figure 2d) is still small [24,50], this behavior can
likely be attributed to hydrodynamic lubrication forces that
increase with increasing proximity of the tip to the surface [49].
In regime B, the amplitude of the first harmonic decreases,
while that of the second harmonic increases, reflecting the
increasing nonlinearity of the initial tip—surface interaction and
the change in cantilever dynamics, when the cantilever
approaches the surface. In regime C, the amplitude of the first

harmonic of the cantilever vibration increases, while that of the
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second harmonic decreases. This behavior is consistent with the
analytical expressions for the soft contact (Figure 1) [29,37].
When hard contact is reached in regime D, the contact force and
the amplitude of the first harmonic are high, whereas the ampli-
tude of the second harmonic is close to zero again. We note that
both regimes, A and D, have high amplitudes for the first
harmonic. This is quite different from the behavior in tapping-
mode AFM, in which the amplitude in regime A is typically
much larger than that in regime D [51]. In tapping-mode
AFM, the cantilever is intentionally actuated at its resonance
frequency to achieve a large cantilever amplitude. In FMM,
however, the actuation frequency is typically well below the
free resonance frequency, and the actuation amplitude is
selected to yield a small cantilever amplitude in contact.
Furthermore, as shown in Figure 2, AFM tip—surface interac-
tions should be kept in regime D to obtain a linear contact
response. This demand needs to be balanced by the need for low
applied forces that are required to image compliant samples
nondestructively. Consequently, the boundary between regimes
C and D determines the minimum applicable contact force for
which a sufficiently linear vibration response is obtained. To
demarcate the onset of regime D, we have chosen the ratio of
the first- to the second-harmonic amplitudes to be less than
0.1% (0.001). The first harmonic vibration amplitude increases
with increasing contact force in regimes C and D, indicating
that higher contact stiffness values (see Equation 2) cause
higher amplitudes. On the other hand, increasing the contact
stiffness decreases the phase response (Figure 2¢). As a conse-
quence, soft regions on the sample appear bright in the phase
images. Importantly, however, the higher phase observed on
softer areas reflects the convolution of the cantilever dynamics
and time-dependent contact stiffness, and is thus not a result of
the substrate viscoelasticity alone. The force, amplitude, and
phase measurements shown in Figure 2 were carried out on thin
gold surfaces whose apparent stiffness can be represented by a
simple spring. Even in this simple case, a quantitative descrip-
tion of the cantilever dynamics in aqueous solution is compli-
cated and not yet available. However, the measurements shown
in Figure 2 can help to understand how the cantilever responds
to changes in surface stiffness (for a given set of FMM imaging
parameters).

To account quantitatively for the viscoelastic mechanical prop-
erties of soft polymeric and biomolecular thin films, requires
the inclusion of a viscoelastic model, such as the Voigt model,
to explain the tip—sample interaction. Such an approach has
recently been shown for contact-resonance imaging in air [32].
However, as before, the cantilever dynamics, which depends
not only on fluid loading but also on the details of the applied
force (see above), needs to be captured adequately first, before a

meaningful deconvolution of the contact stiffness is possible.
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Another issue concerns the selection of the actuation frequency
in FMM. Force—distance curves recorded at different actuation
frequencies show that when actuation is above the free reso-
nance frequency of the cantilever, higher forces are required to
establish hard contact (regime D in Figure 2). This is due to the
fact that the contact of the tip with the surface changes the
cantilever dynamics and increase the resonance frequency.
Consequently, the cantilever modulation increases and contact
nonlinearity occurs. In this case, a simple correlation between
contact stiffness and first-harmonic amplitude can lead to
conflicting results [52]. To avoid this situation, one should
select an actuation frequency far below the free resonance
frequency of the cantilever.

FMM on patterned protein monolayers

Characterizing the dynamic mechanical properties of biomo-
lecular monolayers provides insight into the dynamics of bio-
molecules on surfaces and aids in the design of functional bio-
molecular micro- and nanostructures. Here, acoustic AFM
methods are promising tools since they enable sensitive
mapping of the contact-mechanical properties of samples by
introducing high-frequency modulation while imaging the
topography [53]. Although these methods have been used in air,
imaging of many polymers and biomolecules should take place
in an aqueous environment or under physiological conditions.
Here we show that FMM is able to provide high-contrast ampli-
tude and phase maps of micropatterned biomolecular thin films

in an aqueous environment.

pm
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The biological material of interest in our FMM experiments is
the IgG-binding domain of staphylococcal protein A. Protein A
is a surface protein found on the cell wall of staphylococcus
aureus bacteria and contains five domains for IgG-binding
(SpA-N). One of the domains is named the B-domain and its
structure and folding behavior have been well studied [54].
Specifically, we use FMM to image and map differences in the
elastic properties of micropatterned, end-tethered proteins
(constructs of five repeating SpA B-domains) on gold. The
topography, amplitude, and phase images were obtained
in PBS buffer at 35 kHz actuation frequency with 9 A
vibration amplitude and 8 nN contact force (Figure 3), which
leaves the cantilever and surface in hard contact (region D in
Figure 2).

The dark regions in the amplitude image indicate that the
contact stiffness (and thus largely the protein sample) is consid-
erably softer than the gold substrate. The FMM height image
(Figure 3a) shows that the protein layer is approximately 5 nm
thick. The corresponding amplitude image at an excitation
frequency of 35 kHz (Figure 3b) shows that protein regions
have about 17% lower amplitude than the gold substrate (as
shown in the cross-section). This suggests, as anticipated, that
the protein patterns are significantly softer than the gold sub-
strate. Force—distance curves on the gold and protein regions
showed that the adhesion force between the AFM probe and the
protein features is negligibly small. The adhesion force on gold
is around 0.3 nN, which is only about 3% of the static force
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Figure 3: FMM images of SpA-N B-domain protein patterns on a gold surface, with corresponding cross-section analysis along the red line in the
AFM images. (a) The height image shows a protein height of about 5 nm. (b) The amplitude and (c) phase images of the same area clearly show the

elastic difference between protein and the gold substrate.
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applied, while the adhesion force on the protein surface is
within the noise level of the measurement. This justifies the use

of a Hertzian contact mechanics model, as done here.

Our approach currently does not capture the viscoelasticity of
the protein or the response of the cantilever to a viscoelastic
contact in aqueous solution. Future work to quantify these
properties requires additional analytical models that capture
the interaction of the cantilever beam with the liquid environ-

ment.

FMM on patterned EG3-thiol monolayers

The properties and applications of alkanethiol self-assembled
monolayers (SAMs) on gold surfaces have been the subject of
interface science research for many years. The self-assembly of
alkane thiol molecules on gold surfaces is a two-step process.
The initial physisorption step on gold substrates is typically
slow and concentration-dependent [S5]. Once in contact, the
molecules adsorb on the gold substrate in a loosely packed con-
figuration, with the thiol end binding to gold and the carbon
chain aligning approximately parallel to the surface [56,57].
The persistence of this stage depends on the thiol concentration,
and thus on the initial packing density and order of the thiol
molecules on the surface. At low concentrations, this lying-
down phase can persist for hours. At high concentrations,
however, thiols can reorient into an upright conformation and
pack tightly on the surface within seconds. The adsorption
process has been studied with several surface-sensitive tech-
niques, including surface plasmon resonance (SPR) [58],
quartz-crystal microbalance (QCM) [59-61] and ellipsometry
[62]. These methods, however, do not resolve differences in the
grafting density and packing of the molecules with high spatial
resolution (micrometer or less). Here we show that FMM in
solution is able to distinguish subtle difference in the packing of
self-assembled thiol monolayers on surfaces, by mapping the
amplitude of the first harmonic of the cantilever vibration
amplitude.

Figure 4 shows a series of FMM images of patterned EG3-
thiols (triethylene glycol mono-11-mercaptoundecyl ether,
HO(CH,CH,0)3C;1H;,SH) obtained at 20 kHz. The patterns
were prepared by photolithography. Briefly, the sample was
prepared by immersing the developed photoresist pattern in a
10 uM thiol solution for 60 s, followed by stripping with
ethanol and washing with Milli-Q grade water (see Experi-
mental section for details). The sample was backfilled with thiol
molecules at high concentration for different lengths of time.
An EG3-thiol SAM is about 2.4 nm thick when thiols are in a
close-packed (\/gx\/g)R30° configuration, while the thick-
ness is only about 0.4 nm when the thiol chains lie flat on the
surface [63].

Beilstein J. Nanotechnol. 2012, 3, 464—-474.

The first row of FMM images in Figure 4a were obtained simul-
taneously on an EGj3-patterned sample. From left to right, the
images are height, lateral force, and amplitude and phase of the
first harmonic of the cantilever vibration, respectively. The
height of the EG3-thiol patterns is 1.7 + 1.1 nm, which suggests
that the thiol molecules are not close-packed, and have some
disorder in their arrangement on the surface. The contrast in the
lateral-force image shows a friction difference between the gold
surface and the EGj patterns that can be attributed to the
surface-energy difference between the ethylene glycol end
groups and the gold [64]. The low amplitude and high phase of
the first-harmonic signal on the thiol patterns indicate that the
regions covered by EG3 molecules are softer than the gold sub-
strate.

The first harmonic amplitude curves obtained from force—dis-
tance measurements, reflect the apparent stiffness of the EGj
layer (see Supporting Information File 1 for details) [65]. The
apparent Young’s modulus of the thiols on the surface is around
30 GPa, consistent with moduli of short alkanethiol chains
obtained by using SEM and nano-indentation [66,67]. The ap-
proach to deconvolute these Young’s moduli further to reflect
the layered systems of thiol SAMs on gold substrates has been
shown in the literature [68], but is beyond the scope of this
discussion.

The second row (Figure 4b) shows images obtained on a sample
first patterned by exposure to 10 uM EGj-thiol for 1 min,
followed by stripping off of the photoresist, and backfilling in
0.5 mM EGs-thiol for 1 h. Both height and friction images do
not show any pattern-related contrast, which suggests that the
molecules have a similar height and the same surface chemical
properties. Importantly, however, the original patterns become
clearly visible in the amplitude image, and somewhat less
clearly in the phase image. The contrast in the amplitude
image shows that the patterned areas are “softer” than
the likely more-ordered regions that are backfilled at high
thiol concentrations. This result suggests that FMM detects the
subtle elastic differences between the patterned and backfilled

regions.

We ascribe the contrast in the FMM amplitude and phase
images to differences in the packing order of the thiols on the
substrate surface. The thiol SAMs assembled in the second step
by backfilling with thiol solutions at high concentrations, form a
standing-up phase on bare gold almost immediately [56,69]. At
the same time, in areas that were previously self-assembled with
thiols, the reorientation of thiols is slower than that in the back-
filled areas, which would entail an overall less-ordered con-
formation. Our results not only illustrate the effect of grafting

density and molecular packing on the apparent layer stiffness,
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Figure 4: Schematic and FMM images of a series of EG3 patterns on gold. Height, lateral force, amplitude, and phase images were captured simulta-
neously. (a) Low-EG3-grafting-density areas patterned on a gold substrate. The height difference between EG3 and gold is about 1 nm. The lateral-
force image shows the chemical force difference between the areas. The contrast in the amplitude image demonstrates that the EG3 areas are signifi-
cantly softer than the gold background. (b) Low-EG3-grafting-density areas (squares) and high-grafting-density background. Height and lateral-force
images cannot resolve differences in the morphology and chemical force, while amplitude images differentiate between high- and low-grafting-density

regions (i.e., the original patterns are visible in the amplitude image). (c) Patterned surfaces imaged after overnight exposure to a thiol solution.
Height, chemical-force, and stiffness images are uniform. (d) Negative control: gold surface after photolithography and resist stripping shows no

surface residues.

but also demonstrate the high sensitivity of FMM in solution for
imaging self-assembled monolayers.

The third row (Figure 4c) shows images obtained on a sample
first patterned by exposure in 10 pM EGg3-thiol for 1 min, fol-
lowed by stripping of residue resist and overnight exposure to
0.5 mM EGgs-thiol. As shown previously, the packing of thiols
on a surface equilibrates to a well-ordered layer with overnight
thiol exposure [70,71]. Our data are in agreement with this
notion, as we did not observe any surface morphological or me-
chanical differences in the AFM images. The elimination of the
differences could be caused by the long-time equilibration,

which leaves the surface with a uniformly ordered layer of thiol
molecules. The last row (Figure 4d) shows FMM images
obtained on a control sample (bare gold, after photoresist strip-
ping), processed in parallel, but without thiol deposition. The
height, lateral force, and amplitude and phase images do not
show any difference in the morphology or the substrate me-
chanical properties, suggesting that the photoresist developing
and stripping steps did not change the surface properties.

Conclusion
We showed that force-modulation microscopy (FMM) can be

used to image organic thin films in aqueous environments with
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high spatial resolution and sensitivity to conformational details
that affect the contact mechanics. FMM generated high-contrast
amplitude and phase images of proteins end-grafted to gold
substrates, and reflects the expected (see Equation 1) differ-
ences in contact-stiffness on the sample. Furthermore, FMM
experiments on self-assembled thiol monolayers were highly
sensitive to differences in the surface elastic properties arising
from subtle differences in the molecular packing of the thiols on

the substrate surface.

Although previous FMM studies observed the contrast in ampli-
tude and phase images [9,37,38,72], the interpretation of the
results was inconsistent because the relation between the
contrast mechanism and the cantilever dynamics was not suffi-
ciently considered [38,48], particularly in aqueous environ-
ments. We thus developed a parameter-selection procedure that
allows for reliable interpretation of image data, and accounts for
the effect of contact force and actuation frequency on the
cantilever dynamics in FMM. More specifically, this procedure
determines the minimum contact force necessary, at a certain
excitation frequency, to establish a linear response in the

contact regime.

Experimental

FMM setup

A commercial AFM system (Asylum MFP-3D) was modified to
implement FMM [37,72] in liquid as shown in Figure 5. Like in
contact-mode imaging, the feedback controller of the AFM
keeps the tip—sample force constant during the surface scan. In
addition, however, a piezoelectric transducer in the cantilever
holder was used to excite the cantilever with a small amplitude,
off-resonance frequency. A lock-in amplifier (AMETEK model
7280) was used to monitor the amplitude and phase of the
resulting cantilever vibration at the actuation frequency.

All samples were imaged at a rate of 1 line/s and at a resolution
of 256 pixels per line. The actuation frequency of the cantilever
was kept higher than 8 kHz to avoid interference with the AFM
imaging feedback control. A cantilever in contact has contact
resonance modes [46] and the cantilever vibration amplitude is
amplified at the contact resonance frequency, which increases
with increasing surface stiffness. Contact resonances modes in
air have been used to quantify the stiffness of surfaces [31].
However, the quality factor of these modes decreases signifi-
cantly in solution and makes it difficult to interpret cantilever
vibrations around contact resonance modes. A proper probe for
FMM imaging in liquid should have a high resonance frequency
to simplify data analysis and at the same time it should be soft
to prevent destructive forces on compliant samples. Therefore
we used ScanAsyst-Fluid cantilevers (Bruker Probes) that have

0.7 N/m nominal spring constant and 50 kHz free resonance
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Figure 5: Schematic of the FMM setup. The AFM probe is kept at a
constant static contact force when scanning the sample in solution.
The signal generator actuates the cantilever probe with a single
frequency signal, and the cantilever response is monitored by a lock-in
amplifier.

frequency in solution. The deflection sensitivity of each
cantilever was determined from a force—displacement curve
taken before an FMM experiment. The spring constant of each
cantilever was calculated from the power spectral density of the
thermal noise fluctuations.

Since FMM is a modified contact mode AFM method, fric-
tional forces may affect the measurements. Friction leads to
lateral twisting of the cantilever, which may be coupled with the
actuation normal to the contact. To decrease the effect of fric-
tion on the amplitude and phase images of FMM, the slow scan
direction is selected perpendicular to the cantilever axis. Mean-
while, the use of triangular cantilevers minimizes the torsional

twisting of the cantilever.

Sample Preparation

Gold deposition

Silicon wafers (Virginia semiconductor, Part 3255119656) were
washed in acetone, ethanol and DI water, and completely dried
before use. A 45 nm gold layer with a 5 nm chromium adhe-
sion layer was deposited on the silicon surface by using an
e-beam thermal evaporator (Kurt Lesker PVD 75), and subse-
quently cleaned by ozone plasma ashing (Emitech K-1050X).

Protein monolayer

Five tandem B-domains of staphylococcal protein A were
expressed and purified from E. coli. The C-terminus of the
terminal protein was modified with cysteine to enable protein
binding to the gold surface. Protein patterns were prepared by
dry stamping of the tandem B-domains on to the gold substrate
surface, by using a polyurethane (pUA) stamp (15 um
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hexagon). The pUA stamp was UV cross-linked on a silicon
master with hexagonal pattern features and, before each use,
cleaned by UV—ozone exposure. For dry stamping, 100 uL of a
500 puM protein solution was inked on the pUA surface and in-
cubated for 10 min, followed by drying in a stream of nitrogen.
The stamp was then brought into contact with a cleaned gold
surface for 30 s. The patterned surface was subsequently soni-

cated and rinsed in deionized (DI) water followed by nitrogen

drying.

Patterned EG3-thiol monolayers

A 3 um thick layer of negative tone resist (NFR-016D2) was
spin-coated onto a freshly deposited and cleaned gold surface at
3000 rpm (Figure 6). A photolithography mask was then used to
create 8 x 8 pm? square patterns during UV exposure. Next, the
exposed photoresist was removed (Figure 6a), and the wafer
was then cut into 1 x 1 cm? squares, which were rinsed in 0.5%
SDS solution and DI water, and dried under N,. The substrate
chips were then exposed for 60 s to a solution of 10 uM EGg3-
thiol (triethylene glycol mono-11-mercaptoundecyl ether,
HO(CH,CH;0)3C1H2,SH) in 2% ethanol (Figure 6b), fol-
lowed by rinsing with copious amounts of DI water and drying
in a stream of nitrogen. This treatment produced EG3-thiol
patterns with low grafting density. Next, the remaining nega-
tive photoresist was stripped by acetone sonication for 1 min
and ethanol wash (Figure 6¢). The whole surface was then
exposed to 0.5 mM ethanolic EG3-thiol solution for different
lengths of time to generate different thiol packing densities on
the substrate surface (Figure 6d). Thiol adsorption on the bare
gold surfaces occurs at high solution concentrations, the thiol
grafting density is high, and the molecules are in an upright
conformation. With prolonged exposure to high thiol solution
concentrations, the grafting density and packing of the mole-
cules equilibrates by backfilling and exchange reactions, and

w TN

Mask (a) Resist

development

—_— (b) Thiol self-

assembly

| B
siiicon N [ Bl |

‘ (c) Strip
(e) Equilibrate 7777

- ]
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Figure 6: Schematic of the photolithography process for EGz-thiol
pattern deposition. (a) A micropatterned gold surface, covered with a
negative tone resist, is patterned by exposure to UV light through a
photomask. (b) Self-assembly of EGg thiols at low concentration
generates low-grafting-density patterns. (c) Residual negative resist is
stripped off by solvent washing. (d) Newly exposed gold surface is
covered by high-grafting-density EG3 thiol by backfilling. (e) Overnight
exposure to EG3 solution equilibrates the patterned-thiol SAM to a
uniform surface.
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becomes eventually indistinguishable from the background. By
varying the reaction time and thiol concentration in the solution
phase, thiol patterns with two different packing orientations
were generated on the gold substrate surface.

Supporting Information

The cantilever response in linear and nonlinear contact
regimes is derived in more detail.

Supporting Information File 1

Force modulation of the cantilever response.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-3-53-S1.pdf]
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Abstract

A rapid and cost-effective lithographic method, polymer blend lithography (PBL), is reported to produce patterned self-assembled
monolayers (SAM) on solid substrates featuring two or three different chemical functionalities. For the pattern generation we use
the phase separation of two immiscible polymers in a blend solution during a spin-coating process. By controlling the spin-coating
parameters and conditions, including the ambient atmosphere (humidity), the molar mass of the polystyrene (PS) and poly(methyl
methacrylate) (PMMA), and the mass ratio between the two polymers in the blend solution, the formation of a purely lateral
morphology (PS islands standing on the substrate while isolated in the PMMA matrix) can be reproducibly induced. Either of the
formed phases (PS or PMMA) can be selectively dissolved afterwards, and the remaining phase can be used as a lift-off mask for
the formation of a nanopatterned functional silane monolayer. This “monolayer copy” of the polymer phase morphology has a topo-
graphic contrast of about 1.3 nm. A demonstration of tuning of the PS island diameter is given by changing the molar mass of PS.
Moreover, polymer blend lithography can provide the possibility of fabricating a surface with three different chemical components:
This is demonstrated by inducing breath figures (evaporated condensed entity) at higher humidity during the spin-coating process.
Here we demonstrate the formation of a lateral pattern consisting of regions covered with 1H,1H,2H,2H-perfluorodecyltrichlorosi-
lane (FDTS) and (3-aminopropyl)triethoxysilane (APTES), and at the same time featuring regions of bare SiO,. The patterning
process could be applied even on meter-sized substrates with various functional SAM molecules, making this process suitable for
the rapid preparation of quasi two-dimensional nanopatterned functional substrates, e.g., for the template-controlled growth of ZnO

nanostructures [1].
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Introduction

Self-assembled monolayers (SAMs) are well-known and have
been intensively studied for many years, partly because of their
interesting properties and partly because of interesting perspec-
tives for potential applications as functional, ultrathin coatings
[2-5]. Due to their functionality SAMs play an important role
for the construction of sensors [6,7] or, e.g., the controlling of
cell adhesion [8]. Patterning of self-assembled monolayers on
the nanometer scale is easily performed by sequential litho-
graphic techniques that are well-established in the literature.

Electron beam lithography allows the desorption or destruction
of molecules of a SAM layer, line by line [9,10]. Advanced
scanning force microscopy (SFM) techniques allow not only the
imaging of the topography of surfaces but also the spatially
resolved study of surface properties, such as the electrical,
elastic, tribological and wear properties [11-23]. At the same
time, scanning-force-microscopy-based lithographic techniques
allow the structuring and patterning of surfaces with a lateral
resolution down to the nanometer scale [24-30]. The advantage
of techniques such as electron beam lithography or SFM-based
lithography is their high lateral resolution and their repro-
ducibility; their major disadvantage is the fact that they rely on
sequential writing processes, which are very time consuming
and require expensive equipment. For patterning larger areas on
the nanometer scale, e.g., for the fabrication of nanopatterned,
biofunctional templates, easy-to-use, cheap and fast techniques
allowing the parallel fabrication of billions of nanostructures are
required.

Phase separation of binary polymer blend solutions during a
spin-coating process produces nano- and micropatterns on large
areas in a fast and scalable fashion. This phase separation has
been intensively studied over the past two decades and allows
the formation of complex layered or lateral micro- or nanoscale
structures [31-38]. These structures can be used for many appli-
cations, such as antireflection coatings [39], photovoltaic
devices [40,41], organic light-emitting diodes (OLED) [42-44]
and more. Polymer phase separation in thin films can be
obtained by methods such as spin coating [31] and
Langmuir—Schaefer deposition [45]. In the case of the spin-
coating technique it is possible to guide the morphogenesis by
employing a prepatterned solid template in order to form
layout-defined structures [46-48]. However, so far there is no
direct way to use the resulting polymer blend film as a litho-
graphic mask, because the formed structure contains both lateral
and layered phase separations [49-51]. Special techniques, such
as UV curing have to be combined to make the film ready for
lithographic applications [52,53]. Zemla et al. [52] describe a
technique where after cross-linking one polymer, the other one

is removed, and a protein is adsorbed at the free surface areas.
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The second polymer, however, cannot be dissolved due to the
cross-linking and remains on the substrate. Kawamura et al.
[53] use the difference in resistance to photo-etching between
the two polymers in the blend to remove the component with
less stability under photo-irradiation. The remaining micropat-
terned polymer layer has a thickness of about 3 nm, albeit

without a well-defined surface chemistry.

Here, we are aiming for a lateral polymer phase morphology
that can be completely removed by a selective solvent to make
the substrate available for well-defined chemical surface modi-
fication. This can be achieved by inserting a silane SAM, which
then exposes a functional group. The preparation process of the
SAM should not affect the remaining polymer mask, such that it
can protect the substrate during the procedure and can be
removed afterwards. For the spin-coating of polymer blend
films, there are many parameters and conditions, such as the
concentration of the polymer solution, the spin rate, and the
surface property of the substrate, among others, that affect the
final morphology of the polymer blend film. Some examples of
both the influence of the substrate [54-56] and the solution para-
meters [49,54,57,58] can be found in the recent literature. We
found that the formed polymer blend structures in our case are
also strongly dependent upon the relative humidity during the
demixing. The relative humidity influences the interaction of
the two polymer phases and the affinity of the polymers to the
substrate [59]. This effect has to be distinguished from the for-
mation of so-called breath figures, which are formed at high
relative humidity (over 60%) due to water condensation on the
evaporatively cooled polymer solution [60,61]. The breath
figure technique can be applied to generate nearly hexagonal
arrays of holes [61] or for the fabrication of 3-D structures [62].
Water droplets are introduced into the polymer solution film
and leave behind holes after the film has solidified. These
breath figure structures can be found both in films of one-
polymer systems, such as PMMA in THF, and of polymer-

blend systems.

In this article we present a method to obtain a polymer-blend
film with a purely lateral phase morphology, which means that
the blend separates completely into two lateral phases. The
introduction of a small amount of water during the spin coating
process is crucial for obtaining this purely lateral morphology.
Either of the two different polymers can be dissolved indepen-
dently afterwards by using a selective solvent. The remaining
morphology is later on applied directly as a lithographic mask
to fabricate nanopatterned self-assembled-monolayer (SAM)
templates. Performed at higher humidity, our technique
combines polymer-blend phase separation with the breath-

figure formation. A three-phase lithographic mask is formed in
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one process step, giving the opportunity to produce a SAM

template with three different chemical functionalities.

Results and Discussion

Polymer-blend lithography

The polymer-blend lithography method is demonstrated
schematically in Figure 1. The most important prerequisite is to
have a polymer film consisting of two immiscible phases, which
are laterally separated on the substrate. Here the polymer-blend
solution is prepared with PS and PMMA dissolved in methyl
ethyl ketone (MEK). As schematically shown in Figure 1, it is
found that this system decays into a purely lateral phase
morphology during spin-casting of the solution at a moderate
humidity, which means that both phases extend from the free-
air interface down to the silicon oxide substrate. This is by far
not the common case. In most cases of polymer-blend solutions
a mixture of lateral structures and a vertical phase morphology
is formed. The result is also found for the PS + PMMA blend in
MEK, if spin cast in a dry atmosphere. Immiscibility allows the
possibility of selectively dissolving one component, which is on
one hand important if the other component is desired to be used
as a lift-off mask. The immiscibility, on the other hand, has the
consequence that one component has a higher affinity to the
substrate (hydrophilic) than the other one, which prefers the
free-air interface (hydrophobic). The resulting morphology is a
layered situation in which the hydrophilic polymer wets the
substrate while the hydrophobic most likely wets the free
polymer—air interface. The upper layer becomes unstable and
dewets such that droplets are formed. Therefore the final
morphology is usually one phase “floating” in a lake of the
other one. After the selective dissolution of the “floating” phase
there is still a thin film of the other polymer in every hole,
which is not the desired situation for polymer-blend lithog-
raphy.

Here we present a recipe for how to create a purely lateral
morphology without this drawback. The morphogenesis of this
structure will be the focus of a forthcoming publication. With
the structure generated by using the given recipe it is possible to
remove one component (e.g., PMMA) and to deposit a SAM on
the completely freed silicon oxide substrate areas with very
high reproducibility. After the silane molecules have bonded
covalently, the remaining polymer phase (PS) is removed. The
deposition of the SAM is performed by vapor-phase deposition
[54] in a vacuum desiccator (Figure 2). During deposition, the
samples are mounted face down on the lid of the desiccator.
After the SAM is formed, the sample is removed from the
vessel and the remaining polymer is removed by snow-jet treat-
ment. Consequently a “monolayer copy” of the original phase
morphology is left with a topographic contrast of the height of
the SAM, usually in the range of 1-2 nm, depending on the type
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Figure 1: Schematic drawing of the polymer-blend lithography
process. After spin-coating in a controlled atmosphere, a purely lateral
morphology of PS droplets (blue) in a PMMA matrix (red) is formed.
After the dissolution of PMMA in acetic acid, the PS droplets remain
and can be used as a mask for the deposition of a fluorine-terminated
SAM (FDTS/green). By a snow-jet treatment the PS droplets are selec-
tively removed, and a patterned SAM is formed.

Silicon Substrate
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SAM-Molecules
as a Droplet on
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Figure 2: Preparation of a densely packed SAM, performed in the
vapor phase within a desiccator.

of molecules used. By the choice of the SAM molecules the
desired chemical surface functionality (functional group) can be
defined.

Two-phase templates

By means of a spin-coating process of a polymer-blend solu-
tion at a humidity of 45%, a purely laterally phase-separated
film consisting of the two polymer components is produced
(Figure 3a). In Figure 3b an SEM image of a polymer-blend
mask rinsed in acetic acid is shown (the image was taken with a
tilted angle of around 45°). After this treatment only the PS
islands remain on the silicon substrate. The PMMA layer
(marked red in Figure 3a) has been completely removed. After
the deposition of the 1H,1H,2H,2H-perfluorodecyltrichlorosi-
lane (FDTS) SAM, the polymer islands were removed by a
snow-jet treatment. In Figure 3c an AFM topography image of
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Figure 3: Fabrication of a two-phase SAM template spin-cast at a humidity of 45%. (a) Schematic drawing of the process, silicon substrate (grey),
PMMA (red), PS (blue) and FDTS (green). (b) SEM image of a polymer blend mask rinsed with acetic acid. (c) AFM image (retrace image measured
in contact mode in liquid) of a two-phase SAM template. The cross section demonstrated is the average of the trace and the retrace images. The
depth of the holes is 1.3 nm, independent of the intensity and the duration of the snow-jet treatment.

the remaining FDTS-SAM template is shown. Each PS island
leaves behind a hole in the monomolecular layer. The average
diameter of these holes is about 400 nm. The film has a topo-
graphic contrast of 1.3 nm. The depth of the holes is inde-
pendent of the intensity and the duration of the snow-jet treat-
ment (see also Supporting Information File 1). This indicates
that the FDTS monolayer is well bound to the substrate and that
the lift-off of the PS islands is complete.

Island-size tailoring

The dependence of the PS island diameter upon the polymeriza-
tion degree of PS is shown in Figure 4. It can clearly be seen
that the average diameter and the width of the diameter distribu-
tion decrease with the reducing molar mass of the polymer.
When PS of 9.58 kg/mol is used, the average diameter of the
islands is about 90 nm, and a very narrow diameter distribution
from about 50 to 150 nm is obtained. For PS of 248 kg/mol an
average diameter of about 500 nm and a wider diameter distri-
bution from about 200 to 800 nm is found. A higher molar mass
of the polymer increases the viscosity of the solution and conse-
quently increases the film thickness and at the same time the
height of the PS islands. All of these islands are formed during
the spin-coating process in less than two seconds. The film

drying kinetics is measured by an in situ reflectometry tech-
nique performed with our laser setup as described elsewhere
[41]. Increased film thickness leads to a longer drying time, a
larger domain size, and a higher PS domain height, as clearly
seen in Figure 4b. This result shows that the molecular weight
can be used as a parameter to adjust the domain size in the
polymer-blend lithography method. Besides the main structure
size, which can be reliably controlled, there are always some
small structures observed. In the histograms shown in Figure 4c
there is a detectable tail down to 90 nm for all molecular
weights. This tail is most probably a signature of a secondary
phase separation during the complex structure-formation
process.

Three-phase templates

For a range of relative humidity from 50 to 65%, the resulting
phase morphology is different from the situation shown in
Figure 3 (45% humidity). As can be seen in Figure 5b, holes in
the polymer film can be observed directly after spin coating.
Besides these open holes, there are smaller depressions and
embedded PS droplets visible at the surface. Due to the rapid
evaporation of the solvent during the spin-coating process the
sample surface is cooled down. At this highly increased
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Figure 4: Dependence of the PS island diameter and height by varying the molar mass of PS. (a) AFM images of a polymer blend film formed from
various PS samples with molar masses of 9.58, 35.6, 96 and 248 kg/mol. The scan areas of all AFM images are 5 x 5 umZ2. (b) Height profiles of
selected PS islands of average size (height above the PMMA matrix level). (c) Distribution of the diameters of PS islands of various molar masses.

humidity the sample surface reaches the dew point. The result is
that water condenses and then forms droplets, which leave holes
in the polymer film after it is solidified. The small depressions
are most likely relics of smaller water droplets that did not
reach the silicon substrate. Hence, the result of the spin coating
process is a perforated PMMA layer with embedded PS
droplets. This provides the opportunity to design a three-phase
pattern as described below.

The (water) holes can directly be filled with a silane monolayer.
Here we used the (3-aminopropyl)triethoxysilane (APTES)
molecule exposing an amino-functional group. After removal of
the PMMA layer with acetic acid, the CF3-terminated FDTS-
SAM was deposited in the vapor phase. Next, we removed
polystyrene by snow-jet treatment as described before. The
FDTS as well as the APTES-SAMs withstand this cleaning
procedure without any detectable change at their surface, as can
be seen in Figure 5c. The three-phase SAM template consisting

of APTES, FDTS and silicon oxide pattern elements is fabri-
cated with a topographic contrast of approximately 1.3 nm. The
roughness of 0.2 nm remaining in the SiO, regions is in the
same range as the one of the original Si wafer. The height of the
APTES-SAM was found to be 0.7 nm, measured in contact-
mode AFM in liquid. Thus, the APTES regions look like half-
filled holes (Figure Sc).

Perspectives

These patterned two-phase or three-phase surfaces, which show
a high chemical contrast and at the same time an extremely flat
topography, make them an ideal template or platform for
constructive lithography [1], cell adhesion studies, or the study
of other template-induced phenomena. The FDTS-SAM could
be replaced by other silanes, such as octadecyltrichlorosilane
(OTS) or polyethylene glycol (PEG) silane, for desired applica-
tions [63,64]. The bare silicon surface at the bottom of the holes
could be functionalized with another silane for certain applica-
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Figure 5: Fabrication of a three-phase SAM template spin cast at the humidity of 65%. (a) Schematic drawing of the process, silicon substrate (grey),
PMMA (red), PS (blue), FDTS (green) and APTES (yellow). (b) SEM image of a polymer-blend mask with breath figures. (c) AFM images (both
retrace images) of a three-phase SAM template. The cross section shown here is the average of the trace and the retrace images. (d) Schematic
drawing of the AFM friction imaging. The first SAM that was deposited is APTES. Its height is half the height of the FDTS-SAM, which was comple-

mented after the PMMA mask had been removed. Finally, after the removal of the PS islands the remaining holes have a depth of 1.3 nm, which is
independent of the intensity and duration of the snow-jet treatment.
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tions. For example, in our recent publication the holes, filled
with APTES, were used for the growth of ZnO layers [1] by
chemical bath deposition. Structured and nonstructured ZnO
layers are used, e.g., in gas-sensor applications [65-67]. Silane-
based follow-up reactions can be used to produce silane multi-
layers [68], which only grow in the predefined areas. This type
of SAM template has also potential applications for the selec-
tive growth of titanium oxide or graphene on surfaces [69,70],
or in cell-adhesion studies [64]. Here without any further treat-
ment we have generated an amphiphilic surface, featuring at the
same time both hydrophobic (FDTS) and hydrophilic (APTES
or SiO,) areas. The versatile and fast preparation technique
makes this approach attractive for many applications of such

ultraflat nanopatterned surfaces.

Conclusion

Polymer-blend lithography (PBL) makes use of lateral structure
formation during the spin-coating process of a polymer-blend
film. The structures are transformed into a patterned SAM with
two or three different chemical functionalities by a lift-off
process. PBL starts with spin-casting of a polymer blend (e.g.,
PS/PMMA in MEK) onto a substrate at a defined relative
humidity. By selecting adequate conditions, a polymer blend
film with a purely lateral phase morphology is formed. After the
selective dissolution of one of the polymer components, the
remaining second polymer component can be directly used as a
lithographic mask. This lithographic mask, in turn, can be
removed by snow-jet lift-off after deposition of a silane mono-
layer (SAM) on the unprotected areas in the vapor phase.

For the examples demonstrated, the fabricated nanopatterned
template shows a chemical contrast between the functional
group of the silane SAM and the bare silicon oxide. This quasi
two-dimensional pattern has about 1 nm topography. The bare
silicon oxide surface can be filled with another silane SAM for
specific applications. The lateral structure size within the
nanoscale pattern is determined by the diameter of the PS
islands formed during the spin-coating process. The mean value
of the statistically distributed diameters of PS islands can be
varied between 90 and 500 nm by changing the molar mass of
the PS moiety. Combined with breath figures, this lithographic
method can even be used for the fabrication of three-compo-
nent templates. Here we use it for the patterning of the CF3-
terminated FDTS monolayer and the amino-terminated APTES
monolayer, and leave at the same time uncovered regions of

bare silicon oxide on the substrates.

The quasi two-dimensional chemical patterns open the poten-
tial for their application as templates for the subsequent self-
assembly of inorganic materials, for cell-adhesion studies, for

laterally controlled dewetting, or for constructive lithography.
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The extreme flatness (rms roughness below 0.5 nm) allows for a
highly sensitive monitoring of growth processes by AFM.
Together with the chemical variability, polymer-blend lithog-
raphy (PBL) can become an important tool for studying surface-
initiated processes.

Experimental

Polymer solution: Poly(methyl methacrylate) (PMMA, My, =
9.59 kg/mol, PDI = 1.05) and polystyrene (PS, M, = 96 kg/mol,
PDI = 1.04) were purchased from Polymer Standards Service
GmbH and dissolved directly in methyl ethyl ketone (MEK,
Aldrich). The total concentration of the two polymers was
15 mg/mL and the mass ratio between PS and PMMA was 3:7.
To demonstrate the tuning of the diameter of PS islands, a set of
polymer solutions were made with various PS molar masses,
i.e., 9.58, 35.6, 96 and 248 kg/mol. All other parameters were
kept constant.

Cleaning of Si substrates and SAM templates: Silicon
substrates were used as delivered with their native oxide layer.
The substrates and the SAM templates were cleaned by the
snow-jet method [71]: The wafers were exposed to a jet of CO,
ice crystals, which were produced by expanding CO, through a
nozzle (Snow Jet model K4-05, Tectra Frankfurt/Germany). In
this way, surface contaminants are removed either by mechani-

cal impact or by dissolution in CO,.

Preparation of a polymer-blend lithographic mask: The
polymer blend films were spin-cast at a speed of ca. 1500 rpm
onto silicon substrates cleaned by snow-jet treatment (at least
20 seconds for a 2 cm X 2 cm substrate). For the two-phase
SAM templates, the relative humidity was set to 45% during the
spin-coating process and for the three-phase templates to 65%.
The humidity was controlled by venting the chamber (about 1 L
volume) with a mixture of nitrogen and water-saturated nitrogen
(total flow rate approximately 40 sccm). The humidity in the
chamber was measured by a hygrometer (Testo 635).

Fabrication of SAM templates: For the two-phase template
the PMMA was selectively dissolved by acetic acid, as shown
in Figure 1a and Figure 1b. Samples were rinsed in the acid and
constantly moved for 30 s. The samples were then rinsed two
times with acetic acid and dried in a stream of nitrogen. The
silane SAM was deposited overnight in a desiccator containing
two droplets of 1H,1H,2H,2H-perfluorodecyltrichlorosilane
(FDTS, Aldrich) and evacuated to a pressure of 50 mbar. The
PS islands were later removed by snow-jet blasts. For sufficient
impact it is important that the CO, gas cylinder is at room
temperature and has a proper filling level. The polymer mask
can be alternatively dissolved in THF, following the protocol

described above for acetic acid. For the three-phase template the
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(3-aminopropyl)triethoxysilane (APTES, Aldrich) SAM was
deposited onto the silicon surface inside the holes of the litho-
graphic mask in the gas phase, shown in Figure 5a and
Figure 5Sb. The PMMA was removed by acetic acid, and the
freed silicon surface was covered then by a different silane
molecule, FDTS with the same deposition method as APTES.
The PS islands were removed by snow-jet treatment as well.
Instead of by using a snow jet, the polymer mask can also be

dissolved by an organic solvent, e.g., tetrahydrofuran.

Sample characterization: The polymer blend masks were
characterized by atomic force microscopy (AFM) and scanning
electron microscopy (SEM). The AFM images were made with
a commercial multimode system (DI Multimode I11a) in tapping
mode. The samples were scanned under ambient conditions
immediately after they had been removed from the solution.
SEM images were taken at 2 kV with a LEO 1530 SEM by
using a secondary electron detector. All AFM images of the
SAM templates were taken in contact mode in the liquid cell

filled with demineralized water (Bruker Dimension Icon-PT).

Supporting Information

Supporting Information File 1

Snow-jet treatment of FDTS-SAM.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-3-71-S1.pdf]
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Fibril structures are produced at a solvent—graphite interface by self-assembly of custom-designed symmetric and asymmetric

amphiphilic benzamide derivatives bearing C aliphatic chains. Scanning tunnelling microscopy (STM) studies reveal geometry-

dependent internal structures for the elementary fibrils of the two molecules that are distinctly different from known mesophase

bulk structures. The structures are described by building-block models based on hydrogen-bonded dimer and tetramer precursors of

hydrazines. The closure and growth in length of building units into fibrils takes place through van der Waals forces acting between

the dangling alkyl chains. The nanoscale morphology is a consequence of the basic molecular geometry, where it follows that a

closure to form a fibril is not always likely for the doubly substituted hydrazine. Therefore, we also observe crystallite formation.

Introduction

One-dimensional micro- and nanostructures of organic com-
pounds are important for solution-processable organic elec-
tronic devices [1-3], and electron transport through organic
molecules is also the basis for a large number of biological
processes [4]. Organogelators have a tendency to form
nanofibril structures in the bulk phase and, therefore, recently
aroused much interest in the context of nanoelectronics [5].
Except for biological systems, organogel structures are the only

synthetic self-organized linear entities, facilitating the construc-

tion of functional arrangements up to millimetre dimensions [6].
With suitable functional moieties, they can guide ions, elec-
trons or even photons and can serve as interconnects when inte-
grated into electronic or bioelectronic devices [1,5,7]. Further
progress in this area is mostly limited by low charge-carrier
mobility and the mostly amorphous local packing. Therefore, it
is essential to synthesize optimized materials, explore supra-
molecular routes towards new functional structures, and under-

stand processes of structure formation at interfaces [8,9].
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The knowledge about the internal structure of the columns
(fibres) in bulk columnar mesophases depends mostly on X-ray
techniques, which suffice for many purposes [7,10,11]. How-
ever, information in real space, as provided by scanning tunnel-
ling microscopy (STM), offers unparalleled advantages to the
synthesis chemist who strives to functionalize fibrils that are
one-dimensional structures with only a few nanometres in
diameter. The control of supramolecular self-assembly to
achieve functional nanostructures depends on careful design at
the molecular level, and elucidation of their internal structure is
important in aiding the design and to increase the sophistication
of the building units.

Many low-molecular-weight, wedge-shaped amphiphilic
molecules are known to form columnar mesophases [3,6]. X-ray
diffraction and scattering techniques have widely been used to
decipher their internal molecular arrangements, which general-
ly suggest a stacking of mesogenic “discs” leading to column
formation [7,12]. We investigate the self-assembled fibril struc-
tures of two custom-designed amphiphilic gelator molecules:
N,N'-bis[3,4-bis(decyloxy)benzoyl]hydrazine (2CHd-10) and
[4-(decyloxy)benzoyl]hydrazine (1CHn-10) on the graphite
(0001) surface (Figure 1 and Experimental section). As the
alkyl chain length is known to influence column formation in
the bulk, the length of alkyl chains for both molecules is kept
identical such that the focus of the study is solely on the
geometry/symmetry aspect [6]. In Figure 1, a wedge shape is
shown superimposed on the molecular structure, where the
amide moieties are at the tip of the wedge and the alkoxy chains
at the tail. In general, the molecular geometry of the mesogens
is decisive for the generation of columnar mesophases in the
bulk, i.e., the mesogens should be wedge-shaped. The wedges
can form a disc with their tips all directed to the centre; for
example, six such wedge pieces may lead to a hexagonal
columnar mesophase. Further stacking of discs in a face-to-face
configuration leads to columns [6,12,13].

To evaluate the possibilities of self-assembly of 2CHd-10 and
1CHn-10 molecules on HOPG, we note that their amide func-
tionalities can efficiently stabilize structures through inter-
molecular hydrogen bonds. On the other hand, the alkyl chains
are expected to promote self-assembly into extended structures
through interchain van der Waals interactions as well as adsorp-
tion on HOPG due to their epitaxial match with the C—C bonds
of graphite [16]. The structures produced, may, however, gener-
ally depend on a complex interplay of many weak interactions.
The molecules are prototypes for symmetric and asymmetric
hydrazine species, where 2CHd-10 represents two 2CHn-10
molecules linked together such that the amide functionality is
not a head group but a central part, which is expected and found

to have considerable influence on the self-assembly behaviour.
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Figure 1: Structure models of 2CHd-10 (inversion symmetry) and
1CHN-10 (asymmetric). The coloured region represents the "wedge"-
shaped nature of the molecules. The molecular dimensions given for
2CHd-10 are derived from [14,15].

We observe that the molecules self-assemble into one-dimen-
sional structures at the solution/HOPG interface, which are
distinctly different from those of the “disc-stacking” pattern in
the bulk. The structures of elementary fibrils are explained by
dimer or tetramer precursors followed by fibril formation
through van der Waals interactions between alkyl chains. The
molecular geometry plays a crucial role in deciding the type of
oligomer precursor: self-assembly is based on dimer building
blocks for 2CHd-10, but tetramer building blocks for 1CHn-10.
It appears that the large-scale morphologies result as a direct
consequence of the type of oligomer precursors they form.

As a substrate, highly oriented pyrolytic graphite (HOPG) is
favoured in STM studies due to its high electrical conductivity,
atomic flatness, chemical inertness and here also for its hydro-
phobic nature. Hydrophilic substrates could hinder the self-
assembling ability of the molecules by strongly interacting with
their amide functionalities and forcing them to lay flat on the
surface. To study adsorbate architecture on an electrically con-
ducting substrate in real space, scanning tunnelling microscopy
(STM) is the experimental technique of choice. Although STM
has been highly successful in atomic/submolecular probing of
planar structures [17,18] and their dynamics [19], when it
comes to one-dimensional structures, it has not shown the same
level of efficacy [20]. Particularly for high-resolution imaging
in an ambient/solution environment, data acquisition becomes

an exhausting and time-consuming process. Difficulties arise
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from the requirement of having single-digit nanometre-wide
isolated strands and locating them on a millimetre area sub-
strate; thermal drift; movement/perturbation induced by tip
motion and tip contamination [21]; the nonplanar nature of
components within individual fibril units; and the presence of
dangling alkyl chains. High-resolution STM imaging of 1-D
structures has been successful in studying films of strands [22-
24] and innate graphitic structures [25-27], but less so with isol-
ated organic strands. Some reports of STM imaging to obtain
high-quality images of strands include those of polypropylene
[28], molecular chains of magnetic molecules [29], silicon
nanowires [30], and DNA/biomolecules [31,32].

With regard to STM imaging of 1-D structures on HOPG, one
should be wary of innate graphitic artefacts and 1-D fibre-like
structures present on bare HOPG surface, mostly occurring as a
result of cleaving [25-27]. Although, graphitic artefacts may
show strikingly close resemblance to molecular fibrils, the two
species can be distinguished from each other. Care has been
practised at all stages during STM imaging as well as analysis
to establish the adsorbate origin of the reported structures
clearly. The ambiguity can be excluded due to the capability of
1CHn-10 and 2CHd-10 to produce fibrils (as evident from the
AFM images), the absence of grain boundaries and single/
multiple steps near the molecular wires [25] (which are the two
most important causes for their appearance), and the discrep-
ancy in periodicities between molecular structures and reported
innate graphitic fibril-like objects [25-27]. Further, we note that
all reported high-resolution graphitic strands exhibit a replica-
type arrangement with strands appearing as a replica of each
other with bright blobs aligned perfectly on a line against the
long axis, while for our molecular structures such a replica
pattern is not observed. We have extensively studied innate
planar and fibril-like graphitic artefacts at large scales (micro-
metres) as well as with high-resolution (few nanometres) and
found the graphitic structures to be similar to those reported
previously but different from the fibril structures reported here.

Experimental
STM/AFM imaging

For sample preparation, solutions of different concentrations for
each of the molecules were prepared by dissolving the
respective sample in 1,2,4-trichlorobenzene (C¢H3Cls, dielec-
tric constant 2.2, boiling point 214 °C, 99% pure, Sigma-
Aldrich Laborchemikalien GmbH, Seelze, Germany) in a dilu-
tion series in steps of 1/10. Higher concentrations often exhibit
a gel-like character. The solution was usually sonicated or oven-
heated to 45-50 °C for five to fifteen minutes before being
applied to a freshly cleaved sample of highly oriented pyrolytic
graphite (HOPG, ZYB grade, SPI supplies, West Chester, PA,
USA). First, a suitably dilute concentration for STM imaging
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was found that leaves fibrils on HOPG without much clustering
or bundling. Then, the particular concentration was repeatedly

used for obtaining high-resolution STM images.

STM images were taken in the constant current mode under
ambient conditions with a compact STM (Easyscan, Nanosurf
AG, Liestal, Switzerland). Mechanically sharpened Pt/Ir (80/20)
wires (Goodfellow Cambridge limited, Huntingdon, United
Kingdom) were used as tips. Prior to measurements on
molecular layers, the bare HOPG substrate was imaged to
ensure the quality of the STM tip and the cleanliness of the sub-
strate surface. By imaging the atomic structure of the bare
graphite, the scanner was calibrated at regular time intervals so
that the precision of measurements was solely limited by
thermal drift. The entire scan area was also imaged before
molecules were deposited, to check for graphite artefacts. The
ambient temperature was stabilized to be within 1.0 °C of
room temperature, and the scanner was always given time to
thermally equilibrate and mechanically relax, to reduce thermal
drift and piezo creep to a minimum during measurements.
Furthermore, images used for structural analysis were those
with minimal thermal drift, and a drift correction was done
whenever feasible.

For imaging of molecular structures, the tip was retracted
slightly, and a drop of the solution was applied onto the basal
plane of HOPG to form a meniscus between the tip and the
surface. Imaging was performed at the solution—solid interface
where typical operating conditions were V; = 1.3 V tunnelling
voltage and /; = 0.60 nA tunnelling current for the molecule and
0.05 V at 1.00 nA for imaging the bare graphite substrate. Occa-
sionally, another preparation method was used, i.e., a drop of
the solution was deposited on HOPG and imaging was started
after complete evaporation of the solvent. Similar results were
obtained by employing either preparation method, and once
formed, the structures remained stable for many hours to days.

Images represent raw data unless otherwise stated, and flat-
tening was done only for large area images, by using the WSxM
software [33]. A compact AFM (Easyscan, Nanosurf AG,
Liestal, Switzerland) in contact-mode was used to characterize
the nanoscale morphology. Silicon cantilevers (Nanosensors)
with force constants in the range from 0.2 to 0.4 N/m were
employed, and the images were taken under ambient conditions
at a scanning rate of 1-3 lines/second with a typical force
setpoint of 25 nN. Topographic data were recorded simultan-
eously in trace and retrace to check for scan artefacts. From
clear solutions, imaging was done after a complete evaporation
of the solvent. For concentrated solutions, solvent remained
partially trapped within the gel network of fibrils during

imaging.
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Chemical syntheses

Materials and techniques

Methyl 4-hydroxybenzoate (99%, Sigma Aldrich), methyl 3,4-
dihydroxybenzoate (97% Alfa Aesar) 1-bromodecane (98%,
Alfa Aesar), potassium iodide (99.5%, Fluka), potassium
carbonate (99%, Sigma Aldrich), potassium hydroxide
(85-100%, Sigma Aldrich), hydrochloric acid (37%, Sigma
Aldrich), thionylchloride (98%, Sigma Aldrich), hydrazine
monohydrate (98%, Alfa Aesar) were used for the chemical
syntheses. "H NMR (500 MHz) and '3C NMR (125 MHz) were
measured on a Bruker Avance DPX-250 spectrometer,
tetramethylsilane (TMS) was applied as an internal standard
in deuterated chloroform at 20 °C. Melting points were
measured on a Netzsch DSC 204 Phoenix differential scanning
calorimeter (DSC). About 10 mg of sample was used. In
all cases, the heating and cooling rates were 10 °C/min.
Indium and cyclohexane were used as calibration standards.
IR spectra were measured on a Bruker Vertex 70 FT
infrared spectrometer, equipped with a MVP Star ATR reflec-
tion device.

[4-(Decyloxy)benzoyllhydrazine (1CHn-10)

Synthesis of methyl 4-(decyloxy)benzoate (1): Methyl
4-hydroxybenzoate (15.215 g; 100 mmol) was dissolved in
500 mL cyclohexanone, and 24.3 g (110 mmol) 1-bromodec-
ane, 41.3 g (30 mmol) potassium carbonate, and 0.5 g potas-
sium iodide were added and heated under reflux for 5 h under a
nitrogen atmosphere. The reaction mixture was filtered hot and
concentrated on a rotary evaporator. After recrystallization from
600 mL MeOH/EtOH (2/1), a white wax-like solid was
obtained. Yield: 24.3 g (83%); mp 45 °C (lit.: 4445 °C);
'H NMR (CDCl3) & 0.916 (t, 3H, -CH3), 1.337 (m, 12H,
-CHj-), 1.458 (m, 2H, -CH,-CH,-CH;-0-), 1.812 (m, 2H,
-CH;-CH;,-0-), 3.896 (s, 3H,-COO-CH3), 4.019 (t, 3H, -CH,-
0-), 6.91 (d, 2H, aromatic), 8.0 (d, 2H, aromatic).

Synthesis of [4-(decyloxy)benzoyl]hydrazine (1CHn-10):
Compound 1 (10 g; 34 mmol) was dissolved in 20 g pentanol,
and 20 g hydrazine monohydrate was added and heated under
reflux at 180 °C for 6 h; the mixture was poured into 200 mL
cold MeOH and filtered. The precipitate was washed two times
with 50 mL cold MeOH. Afterwards recrystallization in MeOH,
5.3 g (53%) of a white solid was obtained. IR v: 3319, 3221,
3168, 3066, 3022, 2957, 2920, 2872, 2855, 1645, 1618, 1575,
1506, 1477, 1394, 1352, 1304, 1253, 1188, 1172, 1115, 1030,
987, 835, 652 cm™!; TH NMR (CDCl3) 8 0.88 (t, 3H, -CH3), 1.3
(m, 12H, -CHy-), 1.4 (m, 2H, -CH,-CH,-CH,-0O-), 1.75 (m, 6H,
-CH;,-CH,-0-), 2.25 (broad, 3H, -NH-NH,), 3.98 (t, 2H, -CH,-
0-), 6.88 (d, 2H, aromatic), 7.75 (d, 2H, aromatic). 1ICHn-10
has been mentioned as a synthetic intermediate in several
reports [34-36].
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N-N"-bis[3,4-bis(decyloxy)benzoyllhydrazine
(2CHd-10)

Synthesis of methyl 3,4-bis(decyloxy)benzoate (3): Methyl
3,4-dihydroxybenzoate (6.0 g; 32.94 mmol) was dissolved in
200 mL cyclohexanone, and 16.0284 g (72.468 mmol)
1-bromooctane, 13.658 g (98.82 mmol) potassium carbonate
and 0.2 g potassium iodide were added and heated under reflux
for 5 h under a nitrogen atmosphere. The reaction mixture was
filtered hot and concentrated on a rotary evaporator. After
recrystallization from 200 mL MeOH/EtOH (2/1), a white wax-
like solid was obtained. Yield: 11.3164 g (76.6%); Ry 0.56
(CH,Cly); '"H NMR (CDCls) 8 0.885 (t, 6H, -CH3), 1.28 (m,
24H, -CH,-), 1.48 (m, 4H, -CH,-CH;-CH,-0-), 1.83 (m, 4H,
-CH;,-CH;-0), 3.88 (s, 3H,-COO-CHj3), 4.04 (m, 4H, -CH,-O-),
6.885 (d, 1H, aromatic.), 7.593 (d, 1H, aromatic), 7.71 (d,1H,

aromatic).

Synthesis of 3,4-bis(decyloxy)benzoic acid (4): Compound 3
(8.0014 g; 17.8 mmol) was dissolved in 350 mL boiling EtOH,
and a solution of 11.2 g (200 mmol) KOH in 25 mL water was
added and heated under reflux for 4 h. The reaction mixture was
poured into 1 L distilled water, acidified with hydrochloric acid
to pH 1, and stirred for 1 h. Afterwards the precipitate was
filtered and recrystallized from acetone. White crystals
(7.6346 g; 98.7%) were obtained. TH NMR (CDCl3) & 0.885 (t,
6H, -CHj3), 1.319 (m, 24H, -CH,-), 1.481 (m, 4H, -CH,-CHj;-
CH,-0-), 1.84 (m, 4H, -CH,-CH,-0-), 4.051 (m, 4H, -CH,-O-
), 6.89 (d, 1H, aromatic.), 7.5935 (d, 1H, aromatic), 7.72 (d, 1H,
aromatic).

Synthesis of 3,4-bis(decyloxy)benzoyl chloride (5): Com-
pound 4 (5.0215 g; 11.55 mmol) was heated under reflux with
25 mL thionylchloride and 3 mL DMF for 2 h. The solvent was
evaporated in vacuum at 60 °C. Finally 2.279 g (43.36%) of
white crystals were obtained after recrystallization three times
in dry acetone. 'H NMR (CDCl3)  0.878 (t, 6H, -CH3), 1.282
(m, 24H, -CHj-), 1.463 (m, 4H, -CH,-CH,-CH,-0O-), 1.833 (m,
4H, -CH;,-CH;,-0-), 4.045 (m, 4H, -CH,-0-), 6.85 (d, 1H,
aromatic.), 7.582 (d, 1H, aromatic), 7.745 (d,1H, aromatic).

Synthesis of N-N'-bis[3,4-bis(decyloxy)benzoyl]hydrazine
(2CHd-10): Compound 5 (2.2644 g; 5 mmol) was dissolved in
50 mL dry dioxane, 20 mL dry THF and 2 mL benzene, then
0.25 g (5 mmol) hydrazine monohydrate was added and stirred
for 24 h. The precipitate was dissolved in 400 mL CHCl3 and
washed two times with 400 mL concentrated NaCOj3 in H,O
and also with H,O. The organic phase was concentrated on a
rotary evaporator and freeze dried from benzene. Yield:
1.9715 g (91.12%) white solid; "H NMR (CDCl3) & 0.893 (m,
12H, -CH3), 1.318 (m, 48H,-CH;-), 1.438 (m, 8H, -CH,-CH;-
CH,-0-), 1.82 (m, 8H, -CH,-CH,-0-), 4.011 (m, 8H, -CH,-O-
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), 6.85 (d, 2H, aromatic), 7.437 (d, 4H, aromatic.), 9.464 (broad,
2H, -NH). IR v: 3160, 2957, 2920, 2849, 1600, 1566, 1516,
1472, 1458, 1394, 1267, 1220, 1143, 1119, 1070, 1020, 990,
866, 746, 721, 63 cm™ !,

Results and Discussion

2CHd-10 is expected to facilitate column formation in the bulk
due to its partial disc-like design (Figure 1) already bestowed
upon synthesis. It is expected to self-assemble into a complete
disc and thereupon to a stacked arrangement of discs. It has
been reported that symmetrically substituted methyloxy-
3CHd-1 and ethyloxy-3CHd-2 form crystalline compounds that
melt above 177 °C, while 3CHd with longer chains as well as
2CHd-10 form a columnar, hexagonal, disordered (Cy,;) meso-
phase in the bulk [6]. AFM images in Figure 2 show the
morphology of 2CHd-10 and 1CHn-10 on HOPG after depos-
ition from high-concentration solutions: around 2.4 wt % for
2CHd-10 and 2.8 wt % for 1CHn-10. Albeit 2CHd-10
possessing a particularly favourable geometry for column for-
mation in the bulk, its morphology on the graphite surface is
that of fibrillar crystallites of varied lengths rather than pure
fibrils, as shown in Figure 2a.

Figure 2: AFM images of randomly oriented (a) 2CHd-10 crystallites
and (b) 1CHN-10 fibril bundles on HOPG obtained in high-concentra-
tion solutions.

Intrigued by the crystallite morphology of 2CHd-10, we
investigated its chain length variants, namely 2CHd-6 and
2CHd-14, by AFM imaging, which vindicates their fibrillar-
crystallite nature, with 2CHd-14 seeming to produce the
longest fibres amongst the three, as demonstrated in Figure 3.
On the other hand, 1CHn-10 deviates from the wedge-shape
due to having only one alkoxy chain, but optical microscopy
and AFM images reveal that 1CHn-10 is capable of forming
fibril assemblies extending up to several tens of micrometres, as
evident from Figure 2b. Note that 1ICHn-10, however, offers an
additional hydrogen-bonding site (believed to enhance column
ordering in the bulk). An explanation for this seemingly
contrasting behaviour of 1CHn-10 and 2CHd-10 critically
depends on the knowledge of the respective elementary fibril
structures.
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Figure 3: AFM images of (a) 2CHd-14 and (b) 2CHd-6 on HOPG
taken to demonstrate the capability of the 2CHd-n series to produce
fibrillar crystallites.

To investigate the structure formation of 2CHd-10 on HOPG at
a molecular scale, a drop of a dilute solution of 2CHd-10
(=0.24 wt %) dissolved in 1,2,4-trichlorobenzene (CcH3Cl3)
was deposited on HOPG and the liquid/solid interface searched
for the thinnest fibrils by STM. The use of dilute solutions for
STM studies is prompted by the requisite of locating isolated
elementary strands on the substrate. Fibre bundles are oriented
mostly randomly but isolated elementary fibrils follow low-
index graphite surface directions. Generally, the length of isol-
ated fibrils exceeds the scan range of the STM (=800 nm).
Figure 4a is a typical STM image showing a bundle consisting
of two elementary fibrils, while Figure 4d is a close-up of the
left fibril taken to reveal the internal structure and its dimen-

sions.

Having a width of 5.6 nm, the fibril consists of bright blobs
arranged side-by-side in a zigzag pattern that slightly varies
along the fibril. Bright blobs can sometimes be resolved into
two elliptical features that are about 1.4 nm long (arrows in
Figure 4d). Assuming that electron-rich delocalized n clouds of
the aromatic rings dominate the image contrast [37], the bright
blobs are interpreted as hydrogen-bonded dimers, as shown in
Figure 4b. Note that the distance between adjacent bright blobs
is 1.5 and 2.5 nm in directions perpendicular and parallel to the
fibril axis, which is much larger than the interstack distance of
0.35 nm observed in mesophase columns in the bulk [10]. This
means that the fibrils cannot be explained by a stacked struc-
ture stabilized by n* orbital overlap of adjacent aromatic rings.
The measured heights (brightness) of individual bright blobs in
a zigzag vary slightly, which could be a convolution of elec-
tronic and topographic effects implying the three-dimensional
nature of the structure hidden in the topographic image.

A structural model is proposed for the 2CHd-10 fibril based on
dimer precursors involving mainly hydrogen bonding along the
circumference and van der Waals bonding between interdigit-
ated dangling alkyl chains along the fibril axis, as shown in
Figure 5a as a “net” of the fibril. Note that the periodicity of the
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Figure 4: (a) STM image of two adjacent 2CHd-10 elementary fibrils
on HOPG. Imaging parameters are V; = 1.3 V and /; = 0.6 nA.

(b) Structure of a 2CHd-10 dimer. (c) Dimer arrangement in fibril.

(d) Magnified view of the left fibril from (a) revealing details of its
internal structure.

structure along the fibril axis, predicted by this model and the
molecular dimensions given in Figure 1, is in reasonable agree-
ment with the periodicity of 2.5 nm observed in experiments
(see Figure 4d). Figure 5b is a 3-D model in which individual
ellipsoids represent 2CHd-10 molecules. The ellipse repres-
enting the bright STM contrast feature defines the symmetry
axis of the molecule while the fibril axis is defined by the direc-
tion of the alkyl chains, as illustrated in Figure 4c. The tilt of
o = 9° between the molecular axis and the fibril axis is deter-
mined by aligning the alkyl chains while reducing their bending
with respect to the aromatic rings to a minimum.

One could construct a perfectly planar molecular layer of
surface-filling molecules based on the described construction
principles. However, zigzag structures result from defects intro-
duced by dimers flipped by 180° around the fibril axis (shaded
blue and green in Figure 4c). As evident from Figure 4c and
Figure 5a, such a flipped molecule can form only one hydrogen
bond with the neighbouring dimer and is tilted in the opposite
direction yielding a step in the molecular contour of the
hydrogen-bonded units. The loss of one hydrogen bond at
defect sites is partially compensated by additional interdimer
hydrogen bonds (see Figure 5a). Due to a perfect interdigitation
of alkyl chains, the fibril has only a weak interaction with the
substrate. We speculate that defects introduce internal stress

Figure 5: (a) Planar-sheet model (net) of a 2CHd-10 fibril section. The
dashed line is drawn parallel to the fibrillar axis. (b) 3-D representation
of a fibrillar fragment.

resulting in a small bending of the initially planar sheet. A fibril
fragment may result if the specific zigzag structure facilitates a
hydrogen-bond closure from open hydrogen bonds, as indi-
cated (unbonded H atoms at the top of the net and O atoms at
the bottom) in Figure Sa.

Fibril fragments can grow with different diameters depending
on the number of molecules in the sheet, while the detailed
zigzag structure determines whether a closure is possible or not.
Once a closed fragment is formed, the fibril can easily grow
along its axis by the attachment of more dimer units. Planar
fragments that are unable to close may still grow axially leading
to fibrillar crystallites, as the axial growth mechanism is basic-
ally the same as that for a closed net, i.e., through van der
Waals interactions. It can also be conjectured that a closure is
most plausible for nets with a small diameter, whereas large
nets may lie flat on the surface and grow as crystallites. It is
worth noting that the model described here displays striking
similarities with the bulk mesophase fibrils in its basic constitu-
tion. First, from X-ray data for the bulk mesophase fibrils, the
number of molecules per column (a disc) cross section is also
found to be two, i.e., a dimer [6]. Second, the periphery of the
fibril cross section in the columnar hexagonal disordered meso-
phase consists of six dimer units just as for the six-membered

dimer fibril cross section shown in Figure 5b.
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Figure 6: (a) STM image showing a single-strand and a three-strand fibril of 1CHn-10 on HOPG. Imaging parameters are V; = 1.29 V and
It = 0.69 nA. (b) Structure of a 1CHn-10 tetramer. (c) Model of the repeating unit of a three-strand fibril formed by four tetramers. (d) Magnified view of
the three-strand fibril section from (a) and the corresponding space-filling model based on the construction principle discussed in the text.

Next, we investigated the structure formation of 1CHn-10 on
HOPG at the molecular scale. Figure 6a shows an STM image
taken after a drop of a dilute solution of 1CHn-10 in 1,2,4-
trichlorobenzene (=0.29 wt %) had been deposited on HOPG.
Again fibrils with a length covering the entire STM scan range
are observed. Unlike for 2CHd-10, we observe single-strand
and three-strand fibrils (top view) as shown in Figure 6a. As
revealed by Figure 6d, the periodicity of bright blobs along the
fibril bundle as well as the lateral distance between strands is
2.1 nm. The individual bright blobs of about 1.5 nm appear as
rather elusive features in single-strand fibrils. We assume
hydrogen-bonded tetramers, as shown in Figure 6b, to be the
building blocks for the strand structure. The tiny single-strand
fibrils yielding only unstable STM contrast may simply be
linear arrangements of tetramers between overlapping alkyl

chains.

The three-strand geometry appears as a much more rigid struc-
ture, and a plausible repeating unit for it is illustrated in
Figure 6¢ in which four tetramer building blocks form a ring
stabilized by van der Waals interactions between dangling alkyl
chains. This ring is a highly symmetric unit in which the
tetramer aryl cores (assuming the tetramers to be planar) appear
pairwise parallel (tetramers 1 || 3 and 2 || 4), with 2 and 4
displaced from 1 and 3 by half the periodicity along the fibril
axis. In a projection perpendicular to tetramer 2, tetramer 4
appears precisely below tetramer 2, and 1 and 3 appear symmet-
rically at the sides of 2 where the connecting lines 1-2 and 2-3
enclose an angle of 120°. In such a ring unit, 8 of the 16 avail-
able alkyl chains are van der Waals bonded to each other while
four are dangling at one side of the ring and four at the other
side (two alkyl chains each from 2 and 4 are not shown in
Figure 6¢).

Unlike 2CHd-10, here no condition is to be met for the closure
of 1CHn-10 tetramers to form a ring. Due to the symmetry of
the ring unit, the dangling alkyl chains are at the right positions
to connect to alkyl chains of a following ring in the very same
manner the tetramers in a ring unit are bonded internally, i.e.,
through van der Waals interactions. This interaction between
subsequent tetramer rings leads to their growth into a linear
chain. Hence, a string of ring units yields a fibril with a well-
defined diameter and a saturation of all possible van der Waals
bonds between alkyl chains. Assuming the strand of tetramers
numbered 4 is lying flat on the HOPG surface, the fibril struc-
ture appears in the above-mentioned projection, and tetramers 1,
2 and 3 appear as bright blobs in the STM image of Figure 6d
ordered in a linear herringbone arrangement exhibiting the 120°
angle. A 3-D space-filling model for the fibril is shown in
Figure 6d, which is a periodic structure of the ring unit of
Figure 6¢ at a periodicity of 2.1 nm.

To visualise the structure of the 1CHn-10 fibril more clearly, a
simplified model is shown in Figure 7. The “net” in Figure 7a
(fibril dimensions are not drawn to scale for the 2-D representa-
tion) shows the interdigitation of alkyl chains between neigh-
bouring tetramers in which the tetramer building blocks are
represented by squares. The structure constituted by blocks 1, 2,
3 and 4 represents a repeating unit of the fibril. The aliphatic
chains of the subsequent tetramers interact through van der
Waals forces between the interdigitating chains. Thus, the
capability of 1CHn-10 to achieve a fibril structure is based on
its tendency to form tetramers, which is a crucial step in the
process. The closure of the “net” is facilitated by the coupling
between tetramers 3 and 3’ and tetramers 4 and 4' and similarly
all equivalent tetramers along the fibril, naturally defining the
unique diameter of the fibril.
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Figure 7: (a) Planar sheet (net) model (for representational purpose
only) of a 1CHn-10 fibril section. The dashed line is drawn parallel to
the fibril axis. (b) 3-D configuration for a three-strand fibril.

Conclusion

We describe hitherto unexplored routes for the formation of
mesophase-based, one-dimensional organic structures from
hydrogen-bonded dimer/tetramer motifs. Linear structures are
formed from planar molecular precursors by means of ring
closure aided by van der Waals interactions between alkyl
chains. The elementary fibrils of amphiphilic hydrazine deriva-
tives observed at the liquid/solid interface show a distinctly
different internal structure than the “disc-stacking” arrange-
ment observed in the bulk. The molecular geometry is decisive
in determining the precursors and eventually the structure of the
elementary strands: dimer precursors for 2CHd-10 and tetra-
mers for 1CHn-10. While the internal dimer structure of 2CHd-
10 fibrils allows fibrils of different diameters to be formed,
1CHn-10 fibrils are either simple linear chains of tetramers, or
tetramers interweaved to form tubes with a fixed diameter. It
follows that the large-scale morphologies at the liquid/solid
interface are determined at the molecular/precursor level.
Despite the compounds being specially designed as symmetric
and asymmetric molecules, no inference is immediately discern-
ible on the dependence of fibril structure on the symmetry, as it
can easily be seen that the asymmetry of 1CHn-10 is broken at
the precursor (tetramer) level. The precursor geometry rather
than molecular symmetry determines the disparate fibril struc-

tures observed for the two investigated molecules.
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Supporting Information

A large-scale STM image of the area in Figure 6 and the
height profile of the strands are available in the Supporting

Information.

Supporting Information File 1

Large-scale STM image and height profile.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-3-75-S1.pdf]
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