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In this study, we applied the force curve mode confocal laser scanning/atomic force microscope (CLSM/
AFM) to detect solvent properties in the contact area with the simultaneous force measurement. Two
experimental approaches were carried out. First, we performed an adhesion force measurement between a
carboxylated polystyrene microbead and the substrate surface that has the terminus g of —CF;

at various pH by the traditional AFM measurement. The results revealed that the hydrophobic interaction and
hydrogen bonding force operates when the microbead is brought into contact withClheand —NH,

surface, respectively. Next, the solvent molecules between solid surfaces were detected with the simultaneous
adhesion force measurement by the CLSM/AFM system. The results revealed that the fluorescence intensity
of fluorescein was decreased only when the hydrophobic interaction worked. It was due to the removal of
solvent molecules in the contact area, and the hydrophobic surfaces stabilize each other by making the contact
area hydrophobic. On the other hand, when the hydrophilic interaction, such as hydrogen bonding, operates,
the solvent molecules exist in the contact area.

1. Introduction the pKa measurement of the terminal groups on the surface can

be carried out with great sensitivity by the adhesion force
easurement with the variation of the pH. For example, it has
een reported that th&kpvalue of an amino group on a surface

In the field of physics, it is important to measure the
interaction between various molecules and surfaces and to reve

the basic theory underlying this interaction. There are various is approximately 4.0, whereas it is between 9 and 10 in a bulk
types of interactions between surfaces in liquids, such as thesolution It has al.so’ been reported that thé, palue of a
diffuse electric double layer force, hydrophobic interaction, and —COOH group is approximately 6%6.Such Iarage Ka shifts

1. a

structural force by regulating the solyent mo_lec&léhus, many  occur because of (1) the presence of a low dielectric permittivity
researchers have measured the interactions between Var'ou?egion surrounding the acidic or basic group, (2) the changes
surfaces in liquids, and a substantial number of experimental in the number of degrees of freedom of the imr’nobilized species,

resultir;a/e b((ejen rep;orte? that havea%qsg_lqhatomm folicehmlcros-and (3) the excess electrostatic free energy of the supporting
copy ( ) and a surface force apparatusThese results have surface and change in the dielectric constant of the solution in

ig;ﬁ:??jﬁ:gﬁrsfg(l:\;e?ér%r:piﬁ]yow ﬂ;igﬁ n;srcf;z;e?o'rscglsostﬂé/the vicinity of the charged surfa¢é.These shifts have been
) 9 X Hﬂeasured with contact angle experimefits8

adhesion force has been studied well because it can be detecte ) .
As mentioned above, adhesion force measurements between

with high sensitivity2=24 Various adhesion force experiments i i liaui i h

have been carried out with the variation of the surface property S© 'd, §urfaces n iquids are important, a_nd these forces are

by modification with self-assembled monolay&ts?* These sensitive to various solvent molecules, ionic strengths, pH, and
gurface compositions. Therefore, it is important to discuss the

results reveal that the adhesion force has a dependence on th . . .
surface composition and solvent property. Hydrogen bonding relation between the adhesion force and solvent property in the

force, hydrophobic interaction, and electrostatic force operate CONtact area. Thus far, surface force measurements have been
mainly between the surfaces and depend on the ionization statd?€'formed by varying the aqueous conditions in order to
of the functional groups. Furthermore, some applications of the d€termine the relation between the solvent property and the
adhesion force measurement have been reported. It has recentijurface forces. However, it was difficult to carry out “direct

been applied to map the spatial arrangement of the Chemica|mea§urements of the solvent property in the contact area with
functional groups on a sample surface by the detection of the classical force measurement methods. Therefore, we proposed
differences in the adhesion or frictional forée43 In addition, a “direct” method to observe the solvent property in the contact
area by the simultaneous adhesion force measurement using a
* Author to whom correspondence should be addressed. E-mail: tkodama@forCe curve mode co_nfocal Iaéer scanning miCroscope (CLSM)/
bio.titech.ac.jp. AFM system (see Figure £j732 This enables us to measure
lStanfOfd University. o . the fluorescence spectra in the contact area with a simultaneous
Ted?neoﬁgg‘.‘em of Biomolecular Engineering, Tokyo Institute of force curve measurement. If the solvent property in the contact
SNIMS. area can be determined simultaneously, this method will become

' Department of Life Science, Tokyo Institute of Technology. a powerful technique for revealing the fundamental physics
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Figure 1. Schematic diagram of the force curve measurement mode for the CLSM/AFM system. The force curve measurement was performed
with a simultaneous measurement of the solvent property in the contact area of an AFM probe when a microbead was attached to the end of the
probe.

as additional information to the standard AFM measurement
data. Thus, this technique can be applied to various AFM
measurements.

In this study, as an initial trial, we applied the force curve
mode CLSM/AFM technique to observe the water molecules
between a polystyrene microbead, which is attached to the end
of an AFM tip, and hydrophilic or hydrophobic surfaces.
Fluorescein-5-maleimide (FLU) was used as the fluorescent
probe for the detection of the solvent properties. FLU is a pH-
sensitive fluorophore, and its chemical structures are shown in
Figure 2a. Furthermore, the pH-dependence of the absorption
and fluorescence spectra is shown in Figure 2, panels b and c(b) 60x10'3
respectively. FLU has two types of ionizable groupsCOOH
and aromatic-OH. The Kj's of these groups are approximately 50
3 and 7, respectively. It is well-known that FLU is more
fluorescent in the H-dissociated form than in the *Hundis-
sociated form. Therefore, it cannot emit intense fluorescence 2 30
when it is in the hydrophobic condition. By applying this optical
property, FLU was introduced onto the surface of an AFM 20
probe, and the fluorescence intensity change was measured wher 10
the AFM probe was brought into contact with the hydrophilic orT
or hvdrophoble surfaces. 20{).’ 420 3;10 460 4E|!0 50 520-
2. Materials and Methods Wave | ength/nm

involved. Furthermore, the spectroscopic data can be provided (a)
HO.

2.1. Preparation of the SampleA carboxylated polystyrene (c)
microbead (Polybead Carboxylate Microsphenes;s 5 um,
Polysciences, Warrington, PA) was attached to the end of an
AFM cantilever (NP-S, spring constart= 0.12 N/m, Digital
Instruments, Santa Barbara, CA) using micro manipulators
(MMN-1, MMO-202ND, and MN-153, Narisige, Japan) to
increase the number of dye molecules in the contac2tr®a
for better spectroscopic measurement. FLU (FLU, Molecular
probes, Eugene, OR) was used as the fluorescent probe in
identifying the solvent properties. It was covalently cross-linked
to the carboxylated surface of the microbead, as described below. : . : -
After the attachment of the microbead to the AFM cantilever, 500 520 540 560 580 600
the condensation Qf' the carboxyl group of the bead and Wave length/nm
NThydroxysglfosuccml_mlde (Sulfo-NHS, Plerce,__chkford, IL) Figure 2. Properties of the fluorescent probe (a). Chemical structures
with 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydro- — | (b). (c) Absorption and fluorescence spectra of FLU molecules
chloride (EDC, Pierce, Rockford, IL) produced an active gt various pH. The blue, red, yellow, light green, dark green, brown,
intermediateé®® which upon reaction with a cysteine formed an  gray, and black line represent the spectra obtained at pH 2.4, 4.6, 6.0,
—SH terminated residue. TheSH group was used for the 7.6, 8.2, 8.6, 9.2, and 10.3, respectively. The wavelength of the
introduction of FLU. excitation light in panel c is 488 nm.

Cover glass was used as the substrate after the modification
with 3-(diethoxymethylsilyl)propylamine (APDS) or dimethoxym-  of an inverted CLSM (Nanofinder, Tokyo Instruments, Tokyo,
ethyl(3,3,3-trifluoropropyl)silane (FPDS) (Sigma, St. Louis, Japan) and an AFM (Smena liquid head, NWIDT, Moscow,

MO) by the silane coupling methc#:3” Russia) inserted in the open space above the CLSM. The

2.2. Experimental Equipment.Figure 1 shows a schematic  excitation light source is an Arlaser (488 nm, Nippon Laser,
diagram of the measurement systé&ithis system is composed  Japan). The optical spectra of the samples are measured with a

Intensity in A U.




7100 J. Phys. Chem. C, Vol. 111, No. 19, 2007 Kodama et al.

40 40
(a) pH 5.9 pH 10.4
20 \ bead: ~GOOH 20+ bead: ~GOO"
substrate:~CF3 substrate:~CF;
= 0 = 0 w; -
< : £ s
g -20- g -20r T,
£ o400 £ 40
-601- -60
—80 L ."""---....--1..........:..-.--. ) -80 L 1 1 i
400 800 1200 0 100 200 300 400
(b) Relative Distance/nm Relative Distance/nm
20+ pH 6.1 20 pH 10.4
10 e 2000 107\ ubstate N
E 0 N : E 0
8 10+ 8 -10-
2 -20- & -20
=30+ ; 30
-40 7 1 1 ....-. .VE 1 1 -40 ] 1 1 1 1
0 100 200 300 400 0 100 200 300 400
Relative Distance/nm Relative Distance/nm

Figure 3. Typical force distance curve when the AFM probe to which a polystyrene microbead was attached was brought into contact with the
modified glass surface in a liquid. The vertical and horizontal axes represent the applied force and the relative displacement of the piezo element,
respectively. The solid and dotted lines represent the approach and the retract curves, respectively. The velocity of the AFM probe was adjusted to
2 um/s. (a) The force distance curves obtained when the AFM probe was brought into contact witbRerminated surface at pH 5.9 and 10.4.

(b) The force distance curves obtained when the AFM probe was brought into contact witiNtheterminated surface at pH 6.1 and 10.4.

cooled CCD camera (Andor Technology, Belfast, Northern detection of the solvent molecules in the contact area by the
Ireland) equipped with a spectrogragi=56 cm, 200 grooves/  force curve mode CLSM/AFM. Finally, the two methods were
mm grating). This CLSM is equipped with a pin hole (6t compared.

diameter) for improving the spatial resolution. The AFM status  First, we performed the adhesion force measurement without
information during the force curve measurement can be col- the modification of the microbead surface with FLU molecules.
lected, and the optical spectrum can be synchronously measuredrherefore, the surface of the AFM probe had both a polystyrene
by using a CLSM/AFM controller built by us. All of the  syrface and-COOH groups. The cover glass modified with
experiments were performed according to the following procedure: APDS has a hydrophilic surface because of the terminal
%0 The AFM probe was brought into contact with the substrate functional groups-NH.. The cover glass modified with FPDS
surface, and the substrate was fixed. The measurement point ohas the functional groups-CFs; therefore, its surface is
the CLSM was fixed after adjusting it to correspond with the hydrophobic. Both surfaces have elastic properties similar to
contact area of the AFM probe. A force curve measurement that of the unmodified glass surface because the thickness of
was performed by the AFM. Only the AFM probe was moved each modification layer is small. The representative data of the
vertically above the substrate surface. Spectroscopic measureforce distance curve are shown in Figure 3. The adhesion forces
ments were performed at arbitrary AFM probe positions, petween the AFM probe and sample surface are observed in
maintaining the exposure time and input power of the excitation the retract phase of each curve. It is clearly seen that the
light source constant. We recorded the vertical positions of the adhesion force measured at pH 5.9 was larger than that measured
AFM probe at which the spectra were measured and plotted at pH 10.44 when the AFM probe was brought into contact

them in the obtained foreedistance curve. with the —CF; surface. In contrast, when the AFM probe was
2.3. Experimental Conditions.In all of the experiments, the  brought into contact with the-NH; surface, the adhesion force
input power of the excitation light was adjusted ta®/. The measured at pH 6.1 was larger than that measured at pH 10.4.

exposure time of CCD was adjusted to 1 s. The pH of the liquid Further, the adhesion force on th€F; surface was larger than
phase was varied from 3 to 11 using buffer solutions. We used that on the —NH, surface. The variation in the observed
citrate buffered saline, phosphate buffered saline, and carbonatedhesion forces was because of fluctuation of the contact area
buffered saline appropriately. The ionic strength was kept between the microbead and substrate surface. Therefore, we
constant in all the experiments by adjusting the concentration performed the adhesion force measurements several times in

of the buffer solution to 100 mM. order to obtain the static value and repeated these measurements
at various pH levels to investigate the phenomenon in detail.
3. Results and Discussion The titration curve is shown in Figure 4. On th€CF; surface,

the adhesion force varied dramatically around pH 7, and a strong
In this study, two experimental approaches were used to adhesion force of 200300 nN was observed below this pH.

measure the surface force between a carboxylated polystyrenéHowever, the adhesion force was diminished above this pH; it
microbead and a substrate surface. First, the surface force wasvas approximately 20 nN. It is considered that the decrease
measured by the traditional AFM measurement; measurementsand elimination of the adhesion force are consistent with the
were made in a liquid at various pH, titration curves were deprotonation of the carboxyl groups on the bead surface
obtained, and the relation between the surface force and thebecause the-CF; surface did not have protonated groups. As
functional group on the surfaces was discussed. Next, the surfacalescribed above, thelg of the protonated groups bound to the
force measurements were carried out with the simultaneoussurface is remarkably different from the bulk value. In addition,
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Figure 4. Titration curve of the adhesion forces observed between an Figure 5. Titration curve of the adhesion forces observed between a

unmodified carboxylated polystyrene microbead and the modified carboxylated polystyrene microbead and modified substrate surfaces
substrate surfaces. All of the averaged adhesion force values werewhen ELU molecules were introduced onto the surface of the

determined from the histogram of the adhesion values obtained from carboxylated microbead. All of the averaged adhesion force values were
at least 50 individual force distance curves, and the error bar was addeddetermined from the histogram of the adhesion values obtained from
to each value. The vertical and horizontal axes correspond to the at least 50 individual force distance curves, and the error bar was added
averaged adhesion force and pH, respectively. (a) The average adhesiogy each value. The vertical and horizontal axes correspond to the
values obtained when the AFM probe was brought into contact with averaged adhesion force and the pH, respectively. (a) The averaged
the —CF terminated surface and the unmodified glass surface at various adhesion values obtained when the AFM probe was brought into contact
pH. The solid squares and the open circles represent the adhesion valuegith the —CF; terminated surface at various pH. The solid squares
observed on the-CF; terminated surface and unmodified glass surface, represent the adhesion values observed with #@F; terminated
respectively. (b) The average adhesion values obtained when the AFMsurface. (b) The averaged adhesion values obtained when the AFM
probe was brought into contact with theNH, surface at various pH.  probe was brought into contact with theNH, terminated surface at
The solid squares represent the adhesion values observed eftie various pH. The solid squares represent the adhesion values observed
surface. on the—NH, terminated surface.

it has been reported that thé&pof —COOH groups on the  the reported valué When the pH was below 4.5, most of the
surface is approximately-23 pKj, units higher than the bulk  amino groups were ionized-(NHz™) and most of the carboxy!
valuel® In the present experiments, thijwas approximately groups on the bead surface were protonate@QOH); when

7, which is slightly higher than the reported value. It is between 4.5 and 7, most of the amino groups were in their
considered that the presence of a low dielectric permittivity neutral form NH,) and most of the carboxyl groups were
region surrounding the acidic or basic groups affects #ig p  also protonated{COOH); and when above 7, most amino
shift. The material of a microbead is polystyrene, which is groups were in their neutral form—(NH,) and most of the
hydrophobic. The—CF; surface is also hydrophobic, and carboxyl groups were ionized-COQO™). Therefore, because
hydrogen bonding or electrostatic interaction might not occur. (1) both the amino and carboxyl groups were not ionized, (2)
Therefore, the observed large adhesion force at low pH the substrate surface was hydrophilic, and (3) the observed
originates from the hydrophobic interaction between-ti@&; adhesion force was smaller than that when it was brought into
surface and bead surface. Hydrophobic interactions generallycontact with the—CF; surface, the adhesion force observed
act between hydrophobic surfaces in aqueous solution. The beadetween the pH of 4.5 and 7 originates from a hydrogen bonding
surface has the hydrophilieCOOH groups and the hydrophobic  force between the neutratNH, and —COOH groups. In
polystyrene surface. It is assumed that (1) the density of the contrast, the hydrogen bonding force diminished below pH 4.5
—COOH group is not high enough to make the surface and above pH 7.0 because either the amino or carboxyl groups
hydrophilic or (2) the surface has a surface roughness and thewere ionized. Moreover, when the AFM probe was brought into
polystyrene surface may be exposed. Further, it is consideredcontact with an unmodified glass surface, no adhesion was
that the deprotonated carboxyl groupqGOQ~) is more hydro- observed (see Figure 4a). The bead surface did not adhere to
philic than the protonated formHCOOH) because it is ionized.  the glass surface because the glass surface had a negative charge

Thus, the ionized carboxyl groups-COO~) diminish the in the experimental condition.
adhesion force. Figure 4b shows the titration curve obtained Next, we performed the same pH-dependence measurement
when the AFM probe was brought into contact with thiH, for the adhesion force when FLU was attached to the bead

surface. The observed adhesion force value was approximatelysurface. The obtained titration curve is shown in Figure 5. As
one-fifth that on the—CF; surface. In addition, the adhesion compared to the data obtained with the unmodified microbead
force dramatically varied at around pH 4.5 and pH 7. It is (see Figure 4), the adhesion force is observed to decrease slightly
considered that the adhesion force above pH 7 decreased because both cases. Further, it is clearly seen that thg pf the

of the ionization of the-~COOH groups on the bead surface. —COOH groups on the bead surface shifted slightly to the
Further, it is considered that the decrease in the adhesion forcealkaline side and that the change in the adhesion force is gradual.
below pH 4.5 is consistent with the ionization of the amino It is considered as follows: the COOH groups on the bead
groups NH3") on the substrate surface. It has been reported surface were used for the introduction of FLU molecules to the
that the K, of the —NH, groups on the surface is significantly —surface. However, cysteine molecules also poss€S®0H
lower than the bulk value. The obtainel4of 4.5 is similar to groups, and FLU has both-aCOOH group and an ionizable
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Figure 6. Force-distance curves and fluorescence spectra of the ) 310 (c)
contact area. Panels a and b show the results for-thie, and —CF; : glass
terminated surfaces, respectively. The spectra shown by solid and dotted - 2l
lines were taken at the distances shown by solid and open circles in -
the force-distance curve, respectively. The baselines of these spectra b
were defined as the noise including the dark current of the detector § 1
and stray light from outside the experimental system. The background €
level (such as fluorescence of the unmodified bead etc.) is indicated O v
by the thin line in Figure 6a. 1 23466 7 8 9101112

Exper imental Number
aromatic —OH group. Thus, the density of the ionizable Figure 7. Integrated fluorescence intensity of fluorescein (5600
groups on the bead surface increased, and this might have shiftechm) on the surface of an AFM probe. Paneiscashow the typical
the K, to the alkaline side. In addition, theKp of the aro- results for the measurements on thiBlH, terminated surfaces;CR;
matic —OH groups in FLU is slightly higher than that of the terminated surfaces, and glass surfaces, respectively. In this figure, solid
—COOH groups. Thus, the properties of both t:l6OOH and and open circles represent the data obtained when the AFM probe was

tic —OH imult v ob d in th in contact with the surface by applying a load of 5 nN and when the
aromatic groups were simuftaneously observead In the e was separated from the surface (within approximately 200 nm),
curve.

respectively. The solid line is the photobleaching curve created on the
In summary, the AFM measurement revealed that the basis of an open circle. In addition, the broken line in panel b shows
hydrophobic interaction operates when the carboxylated poly- the temporal change in the fluorescence intensity. The error bars were
styrene microbead is brought into contact with #@F; surface, st_atistically calculated by inte_grating (56600 nm) the data measured
and the hydrogen bonding force, when the microbead is in With only the background noise.
contact with the—NH, surface. Next, the adhesion force
measurement was carried out with the simultaneous detectionprobe was in contact with an unmodified surface. The fluores-
of solvent molecules by the force curve mode CLSM/AFM.  cence intensity ordinarily decreased because of the photobleach-
We measured the change in the fluorescence spectra of theng of the fluorescent dye. In addition, the observed fluorescence
fluorophore that was attached to the bead surface and simulta-changes fluctuated because of the fluctuation of the contact area
neously measured the adhesion force between the bead and theetween the microbead and the substrate surface. Therefore, in
sample surface in an aqueous solution (pH 9.5, 100 mM order to discuss this issue qualitatively and quantitatively, the
carbonate buffered salin)The reason why the measurements fluorescence spectra of the contact area were measured with
were performed at pH 9.5 is that most fluorescein molecules the application of a fixed load of approximately 5 nN, and same
become the H-dissociated form at the aqueous condition. The measurements were performed by alternately repeating contact
representative data are shown in Figure 6. The solid lines in and noncontact (within approximately 200 nm above the
Figure 6, panels a and b, show the fluorescence spectra of thesubstrate) condition®.The integrated fluorescence intensity in
contact area; these spectra were obtained when the AFM probehe 500-600 nm region is summarized in Figure 7. Figure-¢a
was in contact with the substrate surfaces that had terminalshows the typical results for the measurements of-tiH,
groups—NH; and —CF;, respectively. The vertical positions surfaces,—CF; surfaces, and unmodified glass surfaces, re-
of the AFM are indicated by solid circles in the figure. The spectively. In this figure, the vertical axis shows the integrated
dotted line shows the fluorescence spectrum obtained when thefluorescence intensity and the horizontal axis corresponds to
probe was in the noncontact condition. Here, the positions of the sequential numbering of the spectroscopic measurements
the AFM probe are indicated by open circles. A large adhesion starting from 1 (exposure time 1 s, input power of excitation
force was observed when the AFM probe was brought into light 5 ¢W). In Figure 7, solid and open circles represent the
contact with the-CF; surface. However, no adhesion force was data obtained when the AFM probe was in the contact and
observed when it was brought into contact with th&lH, noncontact conditions, respectively. The measured fluorescence
surface. These results show that the FLU in the contact areaintensity decreased in both cases because of the photobleaching
was not quenched by theNH surface but by the-CF; surface. of the dyes. These photobleaching curves exhibited different
Background light such as fluorescence from the unmodified beadtemporal profiles from one another. The difference between the
or the modified glass surface was not observed in thesetwo photobleaching curves in Figure 7 is not due to the
experimental conditions (see Figure 6a; thin line). Furthermore, background noise or difference in the modified surface but due
no change in the fluorescence intensity was observed when theto the difference in the effect of oxygen on the degradation of
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the dyes. Thus, we alternately measured the fluorescence Therefore, the theoretical contact area can be estimated from
intensity in the contact and noncontact conditions and consideredthe observed adhesion force with the following equation:
the difference between them. Although the fluorescence intensity

is not significantly different in either the contact or noncontact
conditions for the—NH, surfaces and the unmodified glass
surface, Figure 7b shows that for theCF; surfaces the
fluorescence intensity in the contact condition was remarkably

weaker than that in noncontact. As a result, it can be confirmed

that the quenching of the fluorescence is not due to the
photobleaching but the contact of the probe with the hydro-

phobic surface. The fluorescence spectra in Figure 6 were
measured when the fluorescence of the dye molecules was stabl
against the photobleaching; thus, Figure 6 represents an exampl

of the perfect quenching of the fluorescence. However, the
efficiency of this quenching always fluctuated. If the substrate

surface has a high compliance, the contact area should increas%

with the compression forc®. However, since both the poly-
styrene microbeads and the glass substrates are fairly hard, it

considered that the contact area between the microbead and th
glass surfaces is smaller than the region monitored by the

CLSM. Therefore, the fluorescence from the dyes in bulk was
also measured in a manner similar to that of our previous
experimental result®-32

The diameter of the microbead is 1L0n, and the substrate

surface is a monolayer. Actually, the surface roughness of the
substrate surface was observed with the atomic force micro-

scope. It was<1l nm. On the other hand, although it is

hard to estimate the density of the carboxyl groups and the
roughness on the microbead, our group previously observed th
surface of the microbead with a scanning electron microsgope.
As a result, the microbead could be observed as a sphere an

the remarkable roughness structure, such as a projection or a
hole, was not observed. Furthermore, it has been reported

that the adhesion force affects other parameters, such as th
solvent viscosity, when the material is soft like a biopoly-
mer3? However, the forcedistance curves in Figure 3 show
that the compression or the extension of the materials could

not be observed. Therefore, we assumed that the material i

quite hard, the surface roughness was negligible, and the
microbead was approximated to a sphere. The adhesion force

was theoretically estimated using JKR theory, which is given
by the following?

Faa= 1.97RW3, 1)
whereR is the radius of a tip andiVis, is work of adhesion
between solid surface 1 and solid surface 2 in medium 3. The
JKR theory considers that only short-range interfacial forces
are operative and that a finite contact area exists upon rupture
The contact area of an AFM probe was defined in JKR theory
as follows:

1.5nR2W132)1’3 o

e

wherea is the radius of the contact area adds the effective
elastic modulus of the microcontact, which is given by the

following:
a-) [a-+)
( E, ) i ( E

whereE is the Young's modulus and is the Poisson ratio of
the tip and sample material.

®3)

1.3
K 4

€

S

= (4)

(RFa d)l/S
a=|—-—
where the radius of the contact area is denoted.byhus, the
contact area is equal tea?. Thus, it is directly proportional to
the two-third power of the adhesion force. It should be noted
that the titration curves in Figure 5 indicate that the averaged
adhesion force on the CF; surfaces is approximately twice as
?arge as that on the-NH, surfaces at pH 9.5. Therefore, the
Rontact area between the bead surface and-tbk; surface is

2213 = 1,5874 times larger than that between the bead and the
NH, surface. However, similar experiments were repeated,
nd the ratio of the intensity of the contact spectra to that of

. the noncontact spectra was statistically calculated to be 70%
Séﬂ:ZO). If the FLU molecules in contact area were perfectly

uenched, the fluorescence quenching ratio shows the ratio of
the contact area to the area of the measurement region. If they
were also quenched when in contact with thidH, surface, it
is considered that we could detect the fluorescence change
because the difference in the contact areas was small. Therefore,
the fluorescence change observed when in contact with the
—CF; surface is not due to the difference in the contact areas
between them.

The previous titration measurement revealed that the observed
adhesion force between the microbead and-t@; surface
originated from the hydrophobic interaction. Further, it has been
etermined that the hydrogen bonding force operates when the
FM probe is in contact with the-NH, surface. On the basis
f these results, we consider the following (see Figure 7). The
microbead has both the hydrophobic polystyrene surface and

She hydrophilic surface that has ionized groups. When the

hydrophobic interaction operates between solid surfaces, the
solvent molecules between them are removed, and the surfaces
strongly adhere to each other. Although the groups in the H
dissociated form are generally more stable than those in the
H*-undissociated form at pH 9.5, the charged groups are
compulsorily altered to their neutral forms in the contact area
because they are unstable in the hydrophobic condition. FLU
is more fluorescent in the Hdissociated form than in the ™
undissociated form. Therefore, the FLU molecules in the contact
condition were quenched. However, on thBlH, surface, the
adhesion originates from hydrogen bonding, which is an
interaction between hydrophilic surfaces. Therefore, the fluo-
rescence intensity was not changed when the AFM probe was
brought into contact with the surface.

These experimental results are in good agreement with the
classical theory. It indicates that the force curve mode CLSM/
AFM measurement enables us to detect the solvent molecules
in the contact area and conduct simultaneous force measure-
ments. Although only the applied force and the relative distance
of an AFM probe can generally be acquired by the conventional
AFM system, the spectroscopic data can be provided as
additional information along with the standard AFM measure-
ment data using this technique. This implies that the observed
adhesion force can be identified separately.

4. Conclusion

In this study, we attempted to observe the water molecules
in the contact area using the force curve mode CLSM/AFM
technique. As the results, the detection of the water molecules
in the contact was successful. When the hydrophobic interaction
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operates, the solvent molecules are removed and the hydropho- (11) Miyatani, T.; Horii, M.; Rosa, A.; Fujihira, MAppl. Phys. Lett.
bic surfaces stabilize each other by making the contact areal99% 71 2632.

hydrophobic. However, when the hydrophilic interaction such

as hydrogen bonding operates, the solvent molecules exist in

(12) Noy, A.; Sanders, C. H.; Vezenov, D. V.; Wong, S. S.; Lieber, C.
M. Langmuir1998 14, 1508.
(13) Schneider, M.; Zhu, M.; Papastavrou, G.; Akari, S:;hviald, H.

the contact area. To the best of our knowledge, nobody hasLangmuir2002 18, 602.

reported such experimental results obtained by the direct
observation of the solvent property and by the simultaneous

measurement of the adhesion force using an AFM system.
In the future, it is expected that more valuable information

(14) He, H. X.; Li, C. Z,; Song, J. Q.; Mu, T.; Wang, L.; Zhang, H. L,;
Liu, Z. F. Mol. Cryst. Liq. Cryst.1997, 294, 99.

(15) He, H. X,; Li, C. Z,; Wang, J. M.; Xu, X. J.; Liu, Z. FActa. Phys.
Chim. Sin.1997, 13, 293.

(16) Vezenov, D. V.; Noy, A.; Rozsnyai, L. F.; Lieber, C. NIl. Am.

will be obtained from the proposed simultaneous measurementChem. Soc1997 119, 2006.

by using different types of sensitive dyes having fluorescence
wavelengths dependent on the permittivity of the solvent around
them. Furthermore, more quantitative data will be able to be

(17) Van der Vegte, E. W.; Hadziioannou, G.Phys. Chem. B997,
101, 9563.

(18) Van der Vegte, E. W.; Hadziioannou, Gangmuir1997, 13, 4357.

(19) Zhang, H.; He, H.-X.; Mu, T; Liu, Z.- FThin. Solid. Films1998

obtained by the improvement of the spatial resolution of the 327-329 778.

integrated system.
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