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Chemical force microscopy (CFM) was applied for the lateral force microscopic imaging of micropatterned orga-
nosilane monolayer surfaces with oppositely charged phases using chemically modified cantilever tips. Chemically
modified cantilever tips with oxidized mercaptosilane, aminosilane, and unmodified cantilever tip were employed as
a tip for CFM. Lateral force imaging of the micropatterned surface with opposite charge was successfully achieved
by controlling the pH of the aqueous solution in consideration of the electrostatic condition of functional groups on
the cantilever tip and substrate surface.

Over the past decade, a direct estimation technique of sur-
face physicochemical properties has been expected to obtain
useful information for various materials functionality, such
as biocompatibility1 and wettability.2 It is well known that
scanning force microscopy (SFM) has an advantage over opti-
cal and electron microscopy for investigating the physico-
chemical properties of materials surfaces by direct detection
of the material surface information, such as frictional proper-
ties3 and adhesive properties.4

Information about the surface functional groups is necessary
in order to understand the relationship between the chemical
composition of the material surface and those surface function-
al properties. Therefore, a chemical force microscope (CFM),
which is one of the SFM family, has attracted much attention
as an excellent technique for a direct determination of the spe-
cific chemical interaction between a cantilever tip surface
modified with functional groups and a material surface as pull
off force and lateral force.5–19 In a CFM study, objective func-
tional groups were identified by detecting any difference of the
observed interactive force, such as a hydrophobic interaction
and hydrogen bonds, in a region that is greater than that in
the other regions. Lieber et al.9–12 and Fujihira et al.13–17 have
reported that the two-dimensional distribution of different ter-
minal functional groups of the monolayer surface can be im-
aged as a magnitude of lateral force or pull off force by using
CFM through a hydrophobic interaction or a chemical interac-
tion due to the hydrogen bonds.

In the case of ionized material surfaces, the intensity of the
electrostatic interaction between the cantilever tip and the sub-
strate surface strongly depends on the ionization state on both
charged materials surfaces. Some studies have reported the
sensing and imaging of an electrostatic interaction between
the cantilever tip and the substrate surface. Hadziioannou et
al.20,21 have investigated the identification of the surface distri-
bution of ionizable functional groups through an LFM obser-
vation. In this CFM study, the recognition of the relative dif-
ference of the electrostatic condition was a key to distinguish
each micropatterned phase. Furthermore, Lieber et al.11 have

also reported a pH dependence of the electrostatic condition
of a substrate surface modified with ionizable functional
groups based on the pull off force measurement. However, pre-
vious studies have not considered how to detect the electrostat-
ic attractive force among the surface of the cantilever tip and
an ionized surface because of the pH-dependent contribution
of the tip functionality to the tip-substrate attractive force.

In the present paper, the authors report on the imaging of
negatively and positively charged phases in a micropatterned
surface by LFM to detect a specific electrostatic interaction us-
ing a cantilever tip with negatively and positively chargeable
surface modifiers. The pH dependence of the sensitivity in
LFM measurements is also discussed in acidic aqueous solu-
tion and pure water.

Experimental

Materials. Organosilane compounds (butyltrimethoxysilane
[CH3(CH2)3Si(OCH3)3, BTMS], [3-(2-aminoethylamino)propyl]-
(dimethoxy)methylsilane [H2N(CH2)2NH(CH2)3SiCH3(OCH3)2,
AEAPDMS], 3-mercaptopropyltrimethoxysilane [HS(CH2)3Si-
(OCH3)3, MTS], and octadecyltrichlorosilane [CH3(CH2)17SiCl3,
OTS]) were used as surface modifiers. The OTS was purified by
vacuum distillation. Toluene (Nacalai Tesque, Inc.) was refluxed
with sodium for 6 h and distilled, and bicyclohexyl (Tokyo Kasei,
Co., Ltd.) was dried with molecular sieves. The BTMS,
AEAPDMS, MTS, and ethanol (Wako Pure Chemical Industries,
Co., Ltd.), concentrated H2SO4 (Nacalai Tesque, Inc.), and 30%
H2O2 (Santoku Chemical Industries, Co., Ltd.) were used as re-
ceived without any further purification. Water for the CFM and
contact angle measurements was purified with the NanoPure Wa-
ter system (Millipore, Inc.). HCl aq was used to adjust the pH of
an aqueous solution using CFM measurements. The substrates
used in this study were Si-wafers from the Sumitomo Mitsubishi
Silicon Corporation, Co., Ltd. (one side polished, thickness of
0.5 mm). Aluminum substrates were purchased from Nilaco Co.,
Ltd.

Sample Preparation. The Si-wafers were soaked in a mixed
solution of concentrated H2SO4 and 30% H2O2 (70/30, v/v) at
363 K for 1 h.22 The treated Si-wafers were then rinsed with dis-
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tilled water and ethanol. After they were dried in vacuo, the sub-
strates were irradiated to clean by a vacuum ultraviolet ray (VUV,
� ¼ 172 nm, a Xe excimer lamp, Ushio Electric, UER20-172) for
10 min at a pressure of 15 mmHg in order to remove any organic
contamination.23–31 The aluminum substrate was also cleaned by
irradiation with a VUV-ray before surface modification.

The BTMS, AEAPDMS, and MTS monolayers were prepared
by the chemical vapor adsorption (CVA) method.23–31 The sub-
strates were placed together with a 0.2 mL of BTMS or a 0.42
mL of 0.125 vol% AEAPDMS or MTS toluene solution into a
65 mL of Teflon� container in a N2 atmosphere. The container
was then sealed with a cap and another stainless container. The
stainless container was placed in an oven that was maintained at
373 K for 2 h. After a heating treatment, the substrates were taken
from the container and immediately rinsed with ethanol (for
BTMS) or toluene (for AEAPDMS and MTS). Finally, the sub-
strates were dried in vacuo.

The MTS modified surface was irradiated by a UV-ray
(� ¼ 254 nm, Spectronics Co., Ltd., ENF-240 C/J) for over 10
h in air in order to transform terminal mercapto groups on the
MTS monolayer into sulfonic acid groups by photooxidation.27,32

The OTS monolayer was prepared onto the Si-wafer substrate
from a 5 mM OTS bicyclohexyl solution using the chemisorption
method in a N2 atmosphere at room temperature for 1 h.33,34 The
Si-wafer substrate was rinsed with the bicyclohexyl, toluene, and
ethanol. Finally, the samples were dried in vacuo.

Micropatterned samples were prepared using a combination of
the photolithography method and the CVA method.23–31 Figure 1
shows the fabrication process of a micropatterned organosilane
monolayer. Table 1 gives the composition of the multicomponent
organosilane monolayers used in this paper. Organosilane mono-
layers with lower reactive terminal groups were prepared early.
First, an organosilane monolayer [BTMS, Oxidized MTS, or
OTS] prepared on a Si-wafer surface was placed in an evacuated
vacuum chamber. The sample was then covered with a photomask

(Toyo Precision Parts MFG. Co., Ltd., 20 mm � 20 mm square,
4 mm width Cr pattern, 2 mm width slit with a 20 mm line length)
to prepare for irradiation by VUV-rays. A cylindrical stainless-
steel weight was put on the photomask to achieve contact of the
photomask to the sample surface. The samples were irradiated
for 30 min with VUV-rays generated by a Xe excimer lamp in
order to photodecompose the first organosilane monolayer. The
patterned sample was sonicated for 5 min in ethanol and then
dried in vacuo. A second organosilane monolayer [Oxidized
MTS or AEAPDMS] was immobilized on the photodecomposed
area, which was coated by silanol groups as a residue of a photo-
decomposed organosilane monolayer. Furthermore, a third orga-
nosilane monolayer [AEAPDMS] was prepared on the photo-
decomposed area by a photolithography method, resulting in
crossline micropatterns on the substrate’s surface. Finally, the
obtained micropatterned organosilane monolayer with first and
second organosilane monolayer phases were rinsed in toluene
and ethanol, and then dried in vacuo.

X-ray Photoelectron Spectroscopy. The formation of the sul-
fonic acid groups on the MTS monolayer after the irradiation of a
UV-ray was identified by X-ray photoelectron spectroscopy (XPS)
with the Phi ESCA 5800 system (Physical Electronics Inc.). The
XPS measurement was performed with a monochromatized AlK�
X-ray source at 14 kV and 24 mA. The emission angle of photo-
electrons was set to be 45 deg. The aluminum substrate irradiated
with VUV-rays was used instead of a Si-wafer for the XPS mea-
surement in order to remove the background derived from the Si2p
peak overlapped with the S2p peak.

Contact Angle Measurement. In order to identify the forma-
tion of sulfonic acid groups on the MTS monolayer, and to esti-
mate the surface free energy of the organosilane monolayer, static
contact angle measurements were carried out using water and
diiodomethane as a probe liquid. Calculation of surface free ener-
gy was conducted based on Owens and Wendt’s method.35 The
static contact angles of the monolayers against water and methyl-

Fig. 1. The fabrication process of a micropatterned organosilane monolayer.

Table 1. The Composition of the Multicomponent Organosilane Monolayers

Sample
First organosilane
monolayer

Second organosilane
monolayer

Third organosilane
monolayer

BTMS/Oxidized MTS BTMS Oxidized MTS
BTMS/AEAPDMS BTMS AEAPDMS
Oxidized MTS/AEAPDMS Oxidized MTS AEAPDMS
OTS/Oxidized MTS/AEAPDMS OTS Oxidized MTS AEAPDMS
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ene iodide were measured by a home-made system at room tem-
perature.

Lateral Force Imaging with a Chemically Modified Canti-
lever Tip. Lateral force measurements for identifying of the mi-
cropatterned functional groups were conducted by atomic force
microscopy (AFM, SPA-400, SII NanoTechnology Inc.). A 100
mm � 100 mm scanner and a Si3N4 tip on a cantilever with a
spring constant of 0.09 Nm�1 were used. The Si3N4 cantilever
tip with a radius R of curvature smaller than 20 nm was used in
this study. The scan rate of the lateral force measurement was
10.0 mm s�1, and the tip loads were 1.0 nN.

The SiO2 layer of the cantilever’s surface was chemically modi-
fied with either oxidized MTS or AEAPDMS by using the CVA
method. Unmodified cantilever tips were also used in this study.
The advantage of the CVA method is that it inflicts less damage
on the cantilever tips due to the capillary force during handling
compared with the chemisorption method in the solution phase.
The cantilever surface can be uniformly modified with the organo-
silane monolayer, because the organosilane monolayer prepared
by the CVA method has few aggregations and defects on their sur-
face.29 The cantilever tips were cleaned by irradiation with VUV-
rays before modification. The CFM observation was carried out
based on the electrostatic interaction between the monolayer sur-
face and the cantilever tip surface. Figure 2 is a schematic drawing
of the electrostatic interaction between a micropatterned surface
with opposite charge and a chemically modified cantilever tip.
All CFM measurements were carried out in the pH-controlled
aqueous solutions (pH ¼ 2:9 HCl aq and pH ¼ 7:3 water). One
hundred lateral force data were collected in order to calculate
the lateral force value as a number average.

Results and Discussion

Identification of Oxidation of Terminal Mercapto
Groups. The monolayers prepared from organosilane com-
pounds are very stable against mechanical, thermal, and envi-
ronmental change, and show no exchange reaction, unlike in
the case of alkanethiol monolayer, because the organosilane
compounds were immobilized onto the material surface with
hydroxyl groups by a covalent bond and multiple hydrogen
bonds.36,37 Therefore, the organosilane compounds have at-
tracted much attention as a surface modifier for a cantilever
tip. The surface modification of a cantilever tip by an organo-
silane compound was carried out through the CVA method.
The CVA method has been expected as surface modification

technique for the microscopic structure because the vapor is
easy to penetrate into the nanoscale gap compared with a solu-
tion.38 If we consider the interaction between monolayer sur-
face and a liquid, a gold-coated layer influences the wetting
behavior of the liquid because of the large Hamaker constant,
A, of the gold-coated surface (AAu/alkanethiol monolayer-air ¼
�1:1� 10�19 J) compared with that of a SiO2 surface
(ASiO2/alkylsilane monolayer-air ¼ �1:0� 10�20 J).39 For example,
Abbott et al. reported that the influence of the van der Waals
force from a gold-coated surface is larger than that originating
from a SiO2 surface.

39 The large van der Waals force originat-
ed from gold might influence the tip-surface interaction. Thus,
the direct coating of organosilane compounds on a Si3N4

cantilever tip can avoid this strong interaction compared with
a gold-coated cantilever tip modified with alkanethiol com-
pounds.

The formation of a sulfonic acid group on a MTS monolayer
surface was also identified by XPS and contact angle measure-
ments. The transformation of terminal mercapto groups into
sulfonic acid groups was estimated by XPS measurements.
Figure 3 shows the XPS S2p spectra of a MTS monolayer pre-
pared on an aluminum substrate surface before and after the ir-
radiation of UV-rays. In Fig. 3, the S2p peaks originating from
mercapto groups and sulfonic acid groups were observed at
163.3 and 169.0 eV, respectively.27,32 The oxidation of mer-
capto groups before the irradiation of UV-rays can be attribut-
ed to natural oxidation by oxygen in air and light. On the other
hand, the S2p peak derived from mercapto groups completely
disappeared after the irradiation of UV-rays. In other words,
almost all mercapto groups were converted into sulfonic acid
groups. In the XPS measurement, the C1s peak of the function-
al groups derived from the oxidation of CH2 groups could not
be observed in the MTS monolayer after the irradiation of UV-
ray. Therefore, it is expected that the MTS monolayer did not
suffer any serious damage by the irradiation of UV-rays.

The formation of sulfonic acid groups was also evaluated by
contact angle measurements. The contact angle of water drop-
lets on a MTS monolayer surface prepared on a Si-wafer sub-
strate decreased after the irradiation of UV-rays (� ¼ 254 nm)

Fig. 2. Schematic drawing of the electrostatic interaction
between a micropatterned surface with opposite charge
and a chemically modified cantilever tip. This is a case
in which the cantilever tip surface is covered with nega-
tively charged functional groups.

Fig. 3. The XPS S2p spectra of a MTS monolayer prepared
on an aluminum substrate surface before and after the
irradiation of a UV-rays (� ¼ 254 nm).
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due to the formation of sulfonic acid groups. The water contact
angle became constant after the irradiation of UV-rays for
over 9.5 h (before irradiation) 71.8 deg; after irradiation for
over 9.5 h (31.7 deg).

Electrostatic Condition of Surface Functional Groups.
Lieber et al.,11 Hadziioannou et al.,20,21 and the authors27 have
reported that pKa of surface functional groups in an organic ul-
trathin film shifts compared with free functional groups. This
is due to stabilization by hydrogen bonds among the neighbor-
ing condensed functional groups,11,20,21,28,40 and the shielding
of functional groups by hydrophobic methylene groups from
protons in aqueous media.27 The pKa of surface functional
groups was estimated by evaluating the pH dependence of
the pull off force between the cantilever tip surface and the
substrate surface modified with the same functional groups
in a pH-controlled aqueous solution.11,20,21,27 We have previ-
ously reported that the pKa of amino groups on the AEAPDMS
surface is ca. 4.0.27 In the case of amino groups in an
AEAPDMS monolayer, we could estimate the degrees of the
ionization state, f, by using

pH ¼ pKa þ log½ð1� f Þ= f �: ð1Þ

In the case of f � 0, it is assumed that the surface amino
groups are not protonated at all. In the case of f � 1, it is pre-
sumed that almost all of the surface amino groups are protonat-
ed. When pKa is ca. 4.0, the degree of the ionization state of
the amino groups in the AEAPDMS monolayer is approxi-
mately 80% at pH ¼ 2:9, and almost 0% at pH ¼ 7:3.

The authors also estimated the pKa value of sulfonic acid
groups on an oxidized MTS monolayer by a similar method;
however, a large variation of the pull off force could not be de-
tected at pH ¼ 1:5{8:0. This is probably due to an electrostatic
repulsive force among highly ionized sulfonic acid groups in
aqueous solutions. Therefore, it is expected that the surface
sulfonic acid groups on the oxidized MTS monolayer are al-
most 100% ionized at pH ¼ 2:9 and pH ¼ 7:3.

The ionization state of an unmodified cantilever tip surface
with silanol groups was estimated based on a reported value.
The electrostatic condition of silanol groups depends on their
zero-point of charge (ZPC). Parks41 has reported that the
ZPC of silanol groups on a quartz surface is below 2.4 at
298 K under atmospheric pressure. Therefore, it is considered

that the silanol groups on an unmodified cantilever tip surface
were electrically almost neutral at pH ¼ 2:9 and ca. 100% neg-
atively charged at pH ¼ 7:3. Table 2 summarizes the schemat-
ic representation of the ionization state of surface amino,
sulfonic acid, and silanol groups on the AEAPDMS, oxidized
MTS monolayer, and an unmodified cantilever tip surface,
respectively.

Number of Interacting Molecules between the Tip and
the Sample Surface. In order to discuss the influence of
the terminal functional groups on the observed lateral force,
it is important to clarify the number of interacted functional
groups between the cantilever tip and the substrate surface.
Therefore, we estimated the number of interacted organosilane
molecules from the area of contact A. The area of contact
A between the tip and sample surface was estimated by the
Johnson–Kendall–Roberts (JKR) model.13,42,43 According to
the JKR model, the contact area between the tip and the
sample, A, is given by

A ¼ ðR=KÞ2=3ðFN þ 3�RW12

þ ½6�W12RFN þ ð3�RW12Þ2�1=2Þ;
ð2Þ

where R is the radius of the cantilever tip (20 nm), FN is the
normal load force, which is the same as the tip loads in this
paper, K is the elastic modulus of the contacting materials
[K ¼ 4=f3�ðk1 þ k2Þg]. k1 and k2 are the elastic constants of
the tip and the sample surfaces, that is

ki ¼ ð1� �2i Þ=�Ei i ¼ 1; 2; ð3Þ

where �i is the Poisson ratio and Ei is Young’s modulus of the
tip and the sample material. W12 is the work of pull off for sep-
arating the sample and tip. The work of pull off can be estimat-
ed by

W12 ¼ �s þ � t � �st; ð4Þ

where �s and � t are the surface free energies of the sample and
tip, respectively, and �st is the interfacial free energy of the
two contacting surfaces. If we consider the sample and tip
combinations that have the same surface functional groups
(for example, SO3H/SO3H and NH2/NH2 pairs), then �st ¼
0 and �s ¼ � t, and it is possible to simplify Eq. 4 to
Wst ¼ 2�, where � in our case corresponds to the free energy
of the surface in equilibrium with the solvent. For example, the

Table 2. Schematic Representation of the Ionization State of Surface Amino, Sulfonic Acid, and Silanol Groups on
the AEAPDMS, oxidized MTS, and an Unmodified Cantilever Tip Surface

Amino groups on
AEAPDMS monolayer surface

Sulfonic acid groups on
oxidized MTS monolayer surface

Silanol groups on
unmodified cantilever tip surface

pH = 2.9 HCI aq

80% Positively charged state

ca. 100% Negatively charged state

Electrically almost neutral state

pH = 7.3 Water

Uncharged state

ca. 100% Negatively charged state

ca. 100% Negatively charged state
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� values of the oxidized MTS monolayer and AEAPDMS
monolayer surface, estimated by a static contact angle mea-
surement, were 59.4 and 48.5 mJm�2, respectively. The re-
ported Poisson ratio, � and Young’s modulus, E, of the Si3N4

cantilever tip, and the Si-wafer substrate surface (SiO2) were
0.27, 0.17 and 294, and 70 GPa, respectively.44,45 Thus, the
area, A, of contact between the tip and the sample modified
with same functional groups could be calculated as shown in
Fig. 4. The FN value was 1.0 nN in this study; thus, the areas
of contact between the tip and the sample surface were 16.33
nm2 (SO3H/SO3H) and 14.39 nm2 (NH2/NH2), respectively.
The number of interacting molecules between the tip and the
sample surface was estimated from area occupied by each
organosilane molecules on the material surface. Kojio et al.
reported that the area occupied by organosilane molecules in
the OTS monolayer with a hexagonal crystalline phase pre-
pared by the Langmuir–Blodgett method was ca. 0.20 nm2

molecules�1.46 Therefore, the estimated numbers of interacting
molecules between the tip and the Si-wafer surface were ca. 82
(SO3H/SO3H) and ca. 72 (NH2/NH2), respectively, by assum-
ing that the area occupied by oxidized MTS and AEAPDMS
molecules in the monolayer was the almost same value esti-
mated by Kojio et al. The number of interacting MTS mole-
cules was almost equal to that of interacted AEAPDMS mole-
cules. Thus, it is considered that the difference of CFM mea-
surement in this study was mainly due to the difference of
the terminal functional groups. However, we have reported
that the organosilane monolayer prepared by the CVA method
has a low molecular density compared with the crystalline
OTS monolayer.29 Thus, the actual number of interacting
molecules between the tip and the Si-wafer surface was small-
er than that estimated based on the area occupied by the orga-
nosilane molecules in the crystalline OTS monolayer.

CFM Imaging of a (Alkyl Groups/Sulfonic Acid Groups)
Micropatterned Surface. In order to investigate the recogni-
tion of the attractive and repulsive forces, the lateral force be-

tween the cantilevers modified with AEAPDMS or oxidized
MTS and (BTMS/oxidized MTS) micropatterned surface
was estimated. There is no difference between the BTMS
monolayer and the oxidized MTS monolayer from the view
point of the chemical structure, except for the terminal func-
tional groups. Therefore, it is considered that the influence
of the difference in the terminal functional groups can be in-
vestigated. Figure 5 shows (a), (c) LFM images and (b), (d)
histograms of lateral force observed on the (BTMS/oxidized
MTS) micropatterned surface in pH ¼ 7:3 water [(a) and (b);
with oxidized MTS modified cantilever tip, (c) and (d); with
AEAPDMS modified cantilever tip]. In Figs. 5(a) and (b), a
clear difference of magnitude of the lateral force was observed.
The bright and dark areas in Fig. 5(a) correspond to the BTMS
and the oxidized MTS monolayer phases, respectively. The au-
thors reported that the sulfonic acid groups on oxidized MTS
monolayer surface are negatively charged above pH ¼ 1:5.27

Conversely, the sulfonic acid groups on the substrate and the
cantilever tip surface were negatively charged at pH ¼ 7:3.
Therefore, it is considered that the observed difference of the
lateral force on the (BTMS/oxidized MTS) patterned surface
is derived from the repulsive force between the cantilever tip
and the micropatterned phases modified with sulfonic acid
groups. On the other hand, in Figs. 5(c) and (d), the contrast
in the LFM image was reversed by using the cantilever tip
modified with AEAPDMS. The pKa of amino groups on the
AEAPDMS monolayer surface has been reported to be approx-
imately ca. 4.0.20 Thus, amino groups of AEAPDMS mono-
layer are not protonated at pH ¼ 7:3. The observed difference
of the lateral force on the (BTMS/oxidized MTS) surface is
derived from the attractive force originating from the weak
electrostatic attractive force between the unprotonated amino
groups on the cantilever tip and the negatively charged sulfon-
ic acid groups on the Si-wafer surface.

pH Dependent LFM Imaging of an Oppositely Charged
Surface. Figure 6 shows LFM images of an (oxidized MTS/
AEAPDMS) micropatterned monolayer surface in pH ¼ 2:9
HCl aq [(a); with the cantilever tip modified with oxidized
MTS, (b); with the cantilever tip modified with AEAPDMS,
(c); unmodified cantilever tip]. In Figs. 6(a) and (b), a clear
difference of the lateral force between the oxidized MTS phase
and the AEAPDMS one can be observed on the (oxidized
MTS/AEAPDMS) micropatterned surface. In pH ¼ 2:9 HCl
aq, the sulfonic acid groups of oxidized MTS and the amino
groups of AEAPDMS were negatively and positively charged,
respectively. Therefore, this result apparently indicated that
a clear contrast in the LFM image of the (oxidized MTS/
AEAPDMS) micropatterned surface is due to the contribution
of (1) the electrostatic attractive force among oppositely charg-
ed functional groups on the Si-wafer substrate and the canti-
lever tip surface; and (2) the electrostatic repulsive force
among the ionized functional groups with the same charge
on the Si-wafer substrate and the cantilever tip surface. On
the other hand, a clear LFM image was not be obtained by
an unmodified cantilever tip [Fig. 6(c)]. In consideration of
Table 2, the silanol groups on the unmodified cantilever tip
surface were electrically almost neutral at pH ¼ 2:9. There-
fore, the difference in the observed lateral force was not large
with the unmodified cantilever tip due to the lack of an electro-

Fig. 4. The imaging repulsive force, which corresponds to
the contact load, (FN) dependent calculated contact area
A of oxidized MTS cantilever tip/oxidized MTS phase
pair (open square) and AEAPDMS modified cantilever
tip/AEAPDMS phase pair (filled square) based on JKR
model.
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static interaction between the unmodified cantilever tip and the
ionized (oxidized MTS/AEAPDMS) micropatterned surface.

By using the cantilever tip modified with ionizable function-
al groups, relative differences in the lateral force could be
changed by controlling the pH of the aqueous media.
Figure 7 shows histograms of the lateral force observed on
the (oxidized MTS/AEAPDMS) monolayer surface by using
the cantilever tip modified with AEAPDMS in (a) pH ¼ 2:9
HCl aq and (b) pH ¼ 7:3 water. The data in Fig. 7(a) corre-
spond to the LFM image of Fig. 6b. In the case of the canti-
lever tip modified with AEAPDMS, there was no large
difference in the histograms of the lateral force at pH ¼ 7:3
[Fig. 7(b)]. In pH ¼ 7:3 water, almost all amino groups of
the AEAPDMS monolayer were not protonated. Thus, the re-
pulsive force due to the positive charge of amino groups was
not observed between the cantilever tip and the micropatterned
phase modified with AEAPDMS at pH ¼ 7:3. Therefore, the
difference of the lateral force between the oxidized MTS phase

and the AEAPDMS one was too small to be observed.
A Multi-Component Micropatterned Surface with Op-

positely Charges and Hydrophobic Phase. A multi-compo-
nent micropatterned surface with charge could also be imaged
using CFM. Figure 8 shows (a) an LFM image and (b) the his-
tograms of the observed lateral force on the (OTS/oxidized
MTS/AEAPDMS) monolayer surface, which has three phases
with different surface chemistry, in pH ¼ 7:3 water by the can-
tilever tip modified with oxidized MTS. As shown in Fig. 8,
three different monolayer phases were clearly identified. The
AEAPDMS phases are the brightest among three monolayer
phases due to the weak electrostatic attractive force between
the AEAPDMS monolayer and the cantilever surface modified
with oxidized MTS. The origin of the difference of the lateral
force value among the OTS phase and the oxidized MTS phase
was explainable by the following two reasons. The first reason
is the electrostatic repulsive force among a negatively charged
cantilever tip modified with oxidized MTS and the negatively

Fig. 5. (a), (c) LFM images and (b), (d) histograms of the lateral force observed on the (BTMS/oxidized MTS) micropatterned
surface in pH ¼ 7:3 water. [(a) and (b); with the cantilever tip modified with oxidized MTS, (c) and (d); with the cantilever
tip modified with AEAPDMS.]

Fig. 6. LFM images of an (oxidized MTS/AEAPDMS) micropatterned surface in pH ¼ 2:9 HCl solution. [(a) by cantilever tip
modified with oxidized MTS, (b) by cantilever tip modified with AEAPDMS, (c) by unmodified cantilever tip.]
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charged sulfonic acid groups on the oxidized MTS phase. The
second reason is the difference in the aggregation state of or-
ganosilane monolayers. Kojio et al. has reported that the ob-
served lateral force on the organosilane monolayers with long
alkyl chains depends on their molecular packing density and
thermal molecular motion.47,48 Thus, a large lateral force
was observed on the crystalline organosilane monolayer with
long alkyl chains, such as an OTS monolayer prepared by
the chemisorption method from solution phase, because of
the large shear strength due to their tightly packed alkyl chains
and a decrease of the thermal molecular motion.48 Taking into
account the high molecular packing density and less-active
thermal molecular motion of the alkyl chains of the OTS
phase, the difference in the lateral force between the OTS
phases and the oxidized MTS phases originated from the elec-
trostatic repulsive force between the oxidized MTS phases and
the cantilever tip surface modified with oxidized MTS, and the
difference in the shear strength of long alkyl chains in the OTS
phase due to the tightly packed molecular density and the
small thermal molecular motion of the octadecyl groups.

Conclusion

The imaging of micropatterned charged monolayer surfaces
was successfully achieved by using a lateral force measure-

ment with a cantilever tip modified with oxidized MTS or
AEAPDMS. This technique is based on the detection of an
electrostatic attractive or repulsive force between the terminal
functional groups of the monolayer surface and the cantilever
surface. The magnitude of the lateral force could be controlled
by optimizing the electrostatic condition of the terminal func-
tional groups. It is expected that the CFM imaging technique
based on the electrostatic interaction will become a powerful
tool to understand the surface behavior of various charged ma-
terial surfaces, such as biocompatible materials and template
materials to area-selectively assemble and align the protein,
microparticle, and polymer ultrathin films. Also, the CFM
technique using an electrostatic interaction conducted in aque-
ous media is expected to make it possible to investigate the
surface of biologically active materials, such as proteins and
cells, because one can directly investigate the surface behavior
of biomaterials alive under mild aqueous conditions.
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Fig. 7. Histograms of observed lateral force on the (oxidized MTS/AEAPDMS) micropatterned surface with cantilever tip modi-
fied with AEAPDMS in (a) pH ¼ 2:9 HCl aq, (b) pH ¼ 7:3 water.

Fig. 8. (a) an LFM image and (b) histograms of the observed lateral force on the (OTS/oxidized MTS/AEAPDMS) monolayer
surface by the cantilever tip modified with oxidized MTS in pH ¼ 7:3 water.
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