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Abstract

The forces between a flat polystyrene film and a polystyrene sphere have been measured in water and solutions of KCI and KOH. All
force—distance curves show at distances >5-50 nm an electrical double-layer repulsion whose range and strength depend on the electrolyte
concentration. The electrical double-layer potential at the polystyrene surface coincides with its zeta potential. An attractive forceof variabl
range and strength dominates at shorter distances in water, KCI concentrations upNbai@ a 10°M KOH solution. We attribute it to
the existence of air nanobubbles on the polymer surface. It is not affected by the KCI concentration. In KOH concenttatibhg the
attraction disappears. Instead, an additional “soft” steric repulsion occurs at distances <5-20 nm.
© 2005 Published by Elsevier B.V.
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1. Introduction probe technique by Buftl6] and Ducker et al[17], the
atomic force microscope (AFM) has become the standard
Wetting and adhesion phenomena are strongly influencedtool for determining the forces between polymers. Colloid
by adsorption processes. The adsorption of surfactants angrobe technique means that the silicon or silicon nitride tip
polyelectrolytes from aqueous solutions is frequently used to of the AFM cantilever is replaced by a spherical colloidal par-
modify the surface properties of polymers and other materi- ticle. It allows not only the use of polymer particles as probes
als[1]. But also the adsorption of inorganic electrolyte ions but also a qualitative analysis of the data independently of
on unpolar surfaces due to dispersion forces influences manythe size of the particle.
phenomena in colloid and interface scieriggé Adsorbed Forces have been measured in different symmetric
electrolyte ions are, e.g. the origin of the zeta potential of pri- polymer—polymer systems: between polydimethylsiloxane
marily uncharged polymers in aqueous solutif$d]. They films [8], various polystyreng14,18-21] polypropylene
are able to modify the interactions of polymer surfaces in [5] and Teflon AF surface§22]. As intervening media,
solutions (e.g[3,5-7). water and electrolyte solutions of different concentration
In the last decade, the interaction forces between poly- [5,14,19-21]or various solvents of different polarify22]
mer surfaces in aqueous media have been the object of manhave been applied. A systematic investigation of the influ-
publications. They were investigated with the surface force ence of the electrolyte concentration was done by few authors
apparatus (SFAB-10]and the bimorph surface force appa- [15,19-21,23]In addition, there are studies on the influence
ratus (MASIF)[11-15] Since the introduction of the colloid  of the electrolyte concentration and the pH value on the forces
between polypropyleng@4] or Teflon AF[7] surfaces and a

_— . silica sphere.
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acting surfaces. It is caused by the formation of an electrical and silica spheres or silicon nitride AFM tips, it was found
double-layer (EDL) of ions adsorbed at the polymer surface. that KCl and NaCl had no influence on the attraction but
These generate an EDL potentigi, Between two planar  the increase of the KOH concentration or pH value or the
plates, v follows the one-dimensional Poisson—Boltzman addition of NgPOy reduces the attractive force significantly

equation 25,26} [3,6,7,24] Some scientists observed that the range of the

P attractive interaction can be reduced by degassing the solu-
" e (—Zietﬁ) tions[5,20]

- = L) ex 1 ) .

dx? €€ ;leloo P kT @) One origin of attractive forces is the van der Waals force.

It can be calculated for sphere—plane geometries using the
Here,x is the position between the platesthe elemental Hamaker equatiof25]:
chargeg andeg the relative permittivity of the solution and

the permittivity of vacuum, respectivelly, the Boltzmann E _ _A123 3)
constant,T the absolute temperature apgl, is the bulk R 6d?

number density of théth ion with a valencez. From the  Aj,3is the non-retarded Hamaker constant of the system, a
potential, v, the free interaction energy per unit ar&, specific material constant. For polymers, the van der Waals

can be derived as described in detail in R2%]. It decays  force decays within arange of 5-10 fif;7,18} An attractive

roughly exponentially with increasing distance between the force of this range was found in asymmetric systems when

surfaces. a hydrophobic polymer surface interacted with a hydrophilic
In AFM direct force measurements, the force between silica spherd7,24].

a flat surface and a colloidal sphere is measured. For this  |n symmetric hydrophobic polymer—polymer systems, the

geometry, the free interaction energy per unit akég,can attraction is usually stronger. An attractive interaction of

be derived from the forces, for each distance, between  widely varying range and strenght was frequently found

sphere and plane using the Derjaguin approximg@ait between hydrophobic surfaces. Therefore, it is called the
F(d) “hydrophobic interaction”[29]. Many scientists tried to

Vald) ® —= (2) explain the origin of this force. Some attribute it to a per-
2nR turbation in the ordering of water propagating through the

whereR s the radius of the colloidal probe. liquid [30] or to different kinds of electrostatic interactions

In the polymer systems, the EDL interaction is affected [12]. There is much evidence that it is in many cases due
by the electrolyte concentration. On one hand, the surfaceto the presence of sub-microscopic bubbles (nanobubbles)
charge and potential of the polymer is modified by adsorbed adhered to the surface. This proposal bases on the observa-
ions [7,15,19,20,23,24]In a recent paper, we showed that tion of steps or discontiuities in the force—distance curves
the surface potential of the polymer calculated from the when the probe was approached to the surface. The steps are
EDL interaction correlates with the zeta potential obtained interpreted as bridging of multiple bubbld£]. This assump-
by electrokinetic measuremerjfid. On the other hand, the tion is supported by the fact that the force can be reduced
exponential decay length of the EDL interaction, the so-called when the solutions are degas$g®0,31,32jnd is hot mea-
Debye length, is determined by the free ion density in the sured between surfaces that had never been exposed to air
solution[25]. [10,31,32] Bubble-like domains of 20—30nm height have

Near the surface, the force between hydrophobic polymersbeen visualized on hydrophobized silica surfaf2%-35]
is dominated by an attractive interaction. Its range reachesOn polystyrene, bubbles of 5-12 nm size have been detected
from 10 to 30 nm between polypropylene surfaces in NaCl whose number and size is reduced in degassed \\&gr
solutiong[5] and between polystyrene spheres in (degassed)Force measurements between silica spheres and air bubbles
water[14,18,20]up to 150 nm between polystyrene in hon- inaqueous solutiorf87—-40]showed that hydrophilic spheres
degassed watef20] and to even 500nm between very were repelled by the bubbles; hydrophobized or hydrophobi-
hydrophobic Teflon AF 1600 surfaces in non-degassed watercally contaminated spheres were attracted and penetrated the
[22]. No systematic influence of the electrolyte concentration bubbles. Polystyrene spheres were attracted by air bubbles
on the attractive force was observed. In some investigations[21].

[5,19], no effect of the electrolyte was observed. Consi-  The weakening of the attractive force in polymer systems
dine et al.[20] found that the attraction changes randomly at high pH values has been interpreted in terms of the prefer-
with increasing concentration, Kokkoli and Zukodq®3] ential adsorption of OHions[7] asrevealed by zeta potential

observed an increase of range and strength of the attractiormeasurement$,4,41]but could not be fully explained.

when the concentration of various electrolytes was raised. For practical purposes, it is of interest if changes in the
Vinogradova et alf21] revealed two types of force—distance interaction forces can be correlated to a variation of the inter-
curves between polystyrene surfaces in KCI solutions: one facial free energy at the solid-liquid interface that can be
with an attraction as described above and the other a puredetermined by measuring the liquid contact angle. Several
electrostatic repulsion. Both types occurred in KCI concen- authors[23,42—-45]found that the contact angle of unpolar
trations<10~“ M. In force measurements between polymers polymers or other hydrophobic surfaces without ionizable



A. Drechsler, K. Grundke / Colloids and Surfaces A: Physicochem. Eng. Aspects 264 (2005) 157-165 159

groups is not affected by simple ions or variation of the pH
value. Only Butkus and Graspt6] reported a slightincrease

in water contact angles on paraffin wax, PTFE and polyethy-
lene with increasing NaCl concentration.

As outlined above, the influence of electrolyte solutions on
the interactions between hydrophobic polymers has not bee
clarified sufficiently. In a first step, it is necessary to elu-
cidate relations between the adsorbability of the electrolyte
ions and the forces between the surfaces. In this work, direct
force measurements were performed between two equiva-Jis .
lent polymer surfaces and compared with the results of zetay oat 't" o H .h 10.0um'0 Datat o
potential and contact angle measurements providing infor- Tiae Yoot Zieres 2000 ®
mation about the adsorption of ions at the polymer/liquid
interface. We used the model polymer polystyrene becauserig. 1. AFM image of a 1qum x 10m area of the polystyrene film made
a lot of knowledge about the surface properties of this poly- in tapping mode: height image (left) and phase image (right).
mer is available and several direct force measurements with
contradictory results have been ddtié,18-21] This study
examines systematically the effect of differently adsorbing 2-2. Electrolyte solutions
ions as K, CI~ and OH". Of special interest is if there is a
“hydrophobic interaction” and how it is affected by the elec-  Electrolyte solutions have been prepared from KCI
trolytes. To reduce the influence of air bubbles, the solutions (Merck, 99.5%) and KOH (Fluka, 86%) with purified water

were degassed. During the measurement, air contact couldSPecific resistance 18.2®%cm) taken from a Milli-Q sys-
not be avoided completely. tem (Millipore GmbH). To minimize the influence of ions

dissolved from the atmosphere, the solutions were degassed
1h at 100 mbar and stored under nitrogen. Immediately

10.0 um

2. Experimental before they were filled into the AFM fluid cell, the solu-
tions were degassed again at 100 mbar for 30—60 min. During

2.1. Polymer surfaces the measurements, contact with air could, however, not be
avoided.

Homogeneous films of polystyrene were prepared by spin-
coating a 2% solution of polystyrene 148 H (BASF, Germany) 2.3. Preparation of the colloid probes
in THF (>99.5%, Fluka, Switzerland) onto silicon wafers
at room temperature with a spin rate of 4000 rpm for 15s. A Polystyrene microspheres DVB 1-pfh (Duke Scientific
commercial spin-coater P6708 (Speedline Technologies, IN, Corp., USA) have been glued onto tipless contact silicon can-
USA) was used. Prior to spin-coating, the wafers had beentilevers CSC12/tipless/50 (MikroMasch, Tallinn, Estonia) as
cleaned with chromosulphuric acid and hydrogen peroxide. described in detail in Ref7]. The spring constant of the
In some cases, they have been hydrophobized by exposurgantilevers was determined by the method of Cleveland et al.
to 1,1,1,3,3,3-hexamethyldisilazane (99.9%, Sigma-Aldrich [47]. For all cantilevers, itwas in the range of (&:8.2) N/m.
GmbH, Germany) vapor in order to improve the adhesion of The diameter of the spheres was estimated from scanning

the polymer films. This procedure did not affect the contact electron microscopy images. The surf f a polystyrene
angle of water on the polystyrene film. The advancing angles sphere im AFM using an UltraSharp silicon tip grat-

are in the range of 88—95the receding angles lie between ing TGT 01 (NT-MDT, Russia) is shown ifig. 2 (left part).

70° and 76. The film thickness determined by ellipsometry The cantilever deflection image (right part) shows that the
is (72+ 1.5) nm. An atomic force microscopy image of the Spheres have a low RMS roughness (1 nm).

polystyrene films made with a NanoScope Il (Digital Instru-

ments, Santa Barbara, USA) in the tapping mode is given in 2.4. Direct force measurements

Fig. 1(left part). It shows a very smooth surface with a RMS

roughness of 0.3nm covered with singular asperities of up  The surface force measurements were performed at room
to 800 nm width, up to 50 nm height and a mean distance temperature using a commercial atomic force microscope
of about 2Qum. Since the phase image of the cantilever MultiMode® (Digital Instruments, Santa Barbara, CA, USA)
oscillation Fig. 1, right part) did not reveal a contrast equipped with a standard fluid cell. Each measurement series
between the flat surface and the asperities they are assumestarted with a measurement in degassed purified water. Then,
to be particles or bubbles covered with polystyrene. In AFM the electrolyte concentration was increased stepwise by rins-
images of the polystyrene film made after exposure to water ing the cell with 15 ml of the freshly degassed solution with-
and electrolyte solutions, no change in the morphology was out intermediate air contact. Immediately after the cell had
observed. beenfilled, the cantilever was approached stepwise to the sur-
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face. During 60 min, a number of force curves was recorded

on different points of the surface to avoid artefacts caused by

asperities and possible damaging of the surface. i
A detailed description of force measurements with an 05 Foo

AFM is given, e.g. in Refd41,48] The raw data were con- 0 1o 20 _ 40 5060

verted to force—distance curves as described by Sed&gn distance [nm]

The def!ectlon measured aJF large dI_StanceS from the s_urfaceFig. 3. Interaction free energy per unit area curves measured on approach

was defined as zero deflection; the linear slope at the higheshetween a polystyrene sphere and a flat film in water and KCI solutions.

applied force in water was taken as the compliance region The solid lines give the experimentally measured curves, the dashed lines

to adjust the sensitivity of the detector and the point of zero the theoretical EDL and van der Waals interaction. The curves for different

distance. This assumption might cause errors because it cangoncentrations are shifted in vertical direction.

not be checked whether this slope represents truly a direct,ihe same measurement series. For each concentration, three
inelastic contact between the two surfaces. Forces were calyres have been selected that represent the variations that
culated by multiplying the deflection d by the spring constant ,ccrred in the large number of curves measured at differ-
k of the cantilever.

, ) ent times and surface points. The data are not averaged or
Since the attractive forces are affected by the approachgmqgthed. For clarity, the curves are shifted in vertical direc-

velocity of the sphere and the maximum applied load (cf. (o dotted lines give the zero point of the free interaction
[14,35), both values have usually been kept constant. energy. The vertical scale gives the data in terms of the free
interaction energy per unit aréd, in a logarithmic scalé/a
2.5. Contact angle measurements was calculated according to E@) using the sphere radius
R=4.5pmand a spring constant of the cantileker0.8 N/m.
Advancing and receding contact angles of water and elec- The uncertainties in the determination of the radius and the
trolyte solutions on the polystyrene films were determined spring constant (cf. Sectid®) cause a systematic error\df
using a sessile drop method based on a conventional goniomeef about 10% which is, however, for all curves the same.
ter technique (DSA 10, Kiss GmbH, Germany). The accu- Most of the force—distance curves measured in the same
racy of this technique is in the range£i2°. solution coincide for large distances (>30 nm). In water, no
force acts in this range. In 18 and 103 M KCI solutions,
a repulsive force is visible that grows exponentially with

2,0
1 water
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Fig. 2. AFMimage of a 3 mnx 3 mm area of a polystyrene sphere obtained g
with an ultrasharp silicon tip grating: height image (left) and cantilever s
deflection image (right). % 102 M KCl
£
(]
Y

3. Results and discussion decreasing distance between the sphere and the flat film. This
part of the curves has been modelled as a solution of the
3.1. Force measurements in KCI solutions Poisson—Boltzmann equation (E@d)). The dashed lines in

Fig. 3representthese model curves including the contribution
We did several series of force—distance measurementsof the van der Waals force. A good fit of the experimen-
between polystyrene spheres and flat polystyrene films eachtally determined curves was obtained using the zeta potential
starting in water and stepwise increasing the KCI concentra- of polystyrene measured by Zimmermaja®] as constant
tion from 1072 or 10~* to 10~2 M. In Fig. 3, force—distance  surface potentials in the modelling. The potential values are
curves are shown that have been measured with a sphergiven inTable 1 The zeta potential is the electric potential
of (9+ 1) nm diameter on approach in water and three dif- at the shear plane between the immobile and the mobile ion
ferent KCI solutions. All curves plotted iRig. 3 are from adsorption layer of a solid surfa¢é,26]. From the coinci-



A. Drechsler, K. Grundke / Colloids and Surfaces A: Physicochem. Eng. Aspects 264 (2005) 157-165 161

Table 1
Surface potential values used to fit the EDL interaction between polystyrene surfaces in KCl and KOH solutions and zeta potential of polystyRaie (from
[50])

Electrolyte concentration Surface potential Zeta potential Surface potential Zeta potential
(molfl) in KCI (mV) in KCI (mV) in KOH (mV) in KOH (mV)
1073 - - - -110

104 —60 —60 —-80 —95

1073 -50 -50 -70 -7

102 -28 —28

1.2x 1072 -52 -

@ Values extrapolated from the zeta potential curves in [3éf.

dence of the zeta potential and the surface potential obtainedirst, most pronounced jump-out and normalized mR20
by fitting our force—distance curves we conclude that the get the adhesion free energy per unit area. All data measured
repulsive force is an electrical double-layer (EDL) interac- in one series and one concentration were averagesdgim,
tion caused by the charging of the polystyrene surfaces bythese values are plotted. The data given by the solid squares
adsorbed ions. In T& M KCl solution, no repulsive interac-  correspond to the curves showfiig. 3. There are even larger
tion was observed at distances >10 nm. The model curve indifferences in the range and strength of the attractive inter-
Fig. 3for this concentration that was calculated assuming a action comparing the results of several measurement series.
surface potential of28 mV, shows that an EDL interaction  Within one measurement series, the jump-out distances are
would decay within arange of 10 nm because itis screened byscattered randomly within the range given by the error bars.
the free ions in the solution. In the experimentally measured No systematic effect of the KCI concentration on the adhe-
curve, in this distance range a strong negative, i.e. attractivesion force is visible. Such an unsystematic dependence of the
force dominates. jump-in distance on the electrolyte concentration has been
This attractive force has been observed in all KCI solu- observed also by other authdgs20].
tions. The superposition of the long-range repulsive EDL ~ What is the origin of this attractive force? The van der
interaction and a short-range attraction leads to a maximumWaals force calculated according to E8) using a Hamaker
ofthe interaction energy at a certain distance from the surface.constant of 0.95 1021 J[18,21]is included in the model
If in AFM force measurements the sphere crosses this repul-curves inFig. 3. It would cause a jump-in at a distance of
sive barrier, the tension of the cantilever spring caused by theabout 3 nm, i.e. 3—-10 times smaller than the jump-in distance
repulsive force leads to a mechanical instability, the sphere measured by us.
jumps into contact with the surface. Vice versa, if the sphere  The wide scattering of jump-in and jump-out distances
is retracted from the surface, it keeps adhered by the attrac-and the insensitivity to electrolyte concentration are typi-
tive force until the force applied by the cantilever exceeds the cal features of the “hydrophobic interaction” caused by air
adhesion force. Then, the sphere jumps suddenly out of con-nanobubbles or vapor cavities on the hydrophobic polymer
tact. The distance where the jump into contact happens, thesurface[29]. Air nanobubbles on polystyrene surfaces have
jump-in distance, is a measure for the range of the attractivebeen detected experimental86]. The stepwise approach to
force. From the jump-out distance, the adhesion force, i.e. thethe surface is another hint for their existefig2]. It is very
strength of the attraction, can be calculated by extrapolating
the jump-out line to the point of intersection with thexis, N
i.e. by multiplying the jump-out distance by the spring con-
stant of the cantilevgB5]. While the jump-in distance shows
the range of the attraction, the jump-out distance is a measure
for its strength.
As can be seen frofiRig. 3, in water and all KCI solutions
up to a concentration of 18 M a first jump-in occurs at a
distance between 10 and 35nm. Often not a straight jump
into contact was observed but a stepwise motion towards the
surface. This refers to several little jumps into intermedi-
ate force minima but not to one distinct adhesion force. The ]
differences between the jump-in distances measured in one 0 e . -_
solution are larger than the differences between those deter-
mined in various KCI concentrations. The same accounts for
the jump out of contact. It often occurred in several steps and Fig. 4. Average adhesion free energy per unit area measured between

differed widely in its Wi_dth- For comparison, small jJumps  poiystyrene spheres (spheres and squares: diamgter 8iangles: diame-
were neglected. Adhesion forces were calculated from theter 13um) and a flat polystyrene surface in KCI solutions.

[mJm?]

adhesion free energy per unit area

KCI concentration [mol/I]
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minimum in the approach curves, i.e. with increasing number

of contacts the attractive force becomes weaker but of longer
range. This indicates that during several approaches of the
colloidal sphere the bubbles may be divided into smaller ones
[12]. While at first contact the sphere penetrates one bubble
of 12 nm size, it enters in the later approaches a cluster of
small bubbles. Vice versa, the adhesion force directly in con-

tact with the surface becomes lower but there is a bridging

over a longer distance.

All these facts lead to the assumption that the attractive
force is most probably caused by air nanobubbles. Presum-

02 c e ably, the size of the nanobubbles changes incidentally but is
0 10 20 30 40 50 60 not affected by K or CI~ ions. Therefore, no influence of
distance [nm] the KCl concentration on range and strength of the attractive
Fig. 5. Interaction free energy per unit area curves measured during 10 suc force was found. The existence of bubbles of variable size
cegs.si\;e approaches betwegr)( golystyrene surfaces ThMKCI solutiogn. causes the a(_jhesmn force to be scattered randomly in a Wld_e
The numbered arrows denote the first jump-in the first, second, third, etc. range. The differences between the adhesions determined in
approach. various measurement series can be explained by the fact that
at the beginning of the experiment different amounts of air
likely that although the solutions were degassed, air bubbles@re attached to the surfaces. A slight increase of the adhesion
or a thin air layer have been kept attached to the hydrophobicduring a measurement series could be due to additional air
surface while the fluid cell was filled. brought into the cell with a new solution.

The bridging by nanobubbles is evident in the evolution ~If the polystyrene sphere is approached to a distance
of the force—distance curves during successive approaches<2Nm, & steep rise of the force is observed instead of a
Fig. 5shows 10 force—distance curves measured on the samé'ard-wall contact. This effect seems notto depend onthe elec-
point following each other in time intervals of 3s. On first trolyte concentration. It probably represents a steric repulsion
and second approach (1, 2), the sphere jumps at a distanc€aused by compression of the interacting surféslebut also
of 12 nm directly in contact with the surface. In the follow- the hysteresis of the piezo positioning system of the AFM
ing eight approaches, the distance of the first jump-in grows @nd an inaccurate arbitrary definition of the zero distance can
up to 35nm. The sphere jumps now in many small steps C@use such an effect.
towards the surface until contact is reached. The single steps
may be explained as formation of a new three-phase line 3-2. Force measurements in KOH solutions
between the polystyrene sphere, the solution and a bubble.

Interestingly, with increasing number of contacts andincreas- N water and KOH solutions, several series of direct force
ing jump-in distance (cFig. 5), the minimum of the adhesion ~ Measurements have been performed. They were all measured
force becomes less pronouncé&dy. 6 shows the adhesion with the same sphere as the curves in KCl presentEir8.

free energy per unit area measured on retraction after thene procedure wasthe same as described in Setldfig. 7
approaches shown iRig. 5. The decrease of the adhesion shows selected interaction free energy Y—distance curves

free energy coincides with the shrinking depth of the force from one measurement serié was calculated according
to EqQ.(2) using the sphere radili®= 4.5um and the approx-

imate spring constant of the cantilevier 0.8 N/m with a

free interaction energy per unit area
[mJm?

@ 2,9 S ] systematic error of 10% as described in Sec8dnFor each

% 281 o ] concentration, up to three characteristic curves have been
< - v ; selected. The data are not averaged or smoothed. For clarity,
g " v the curves are shifted in vertical direction.

5”'; 2v6—_ v v E The force curves measured in water show the features
2 5 2,59 v v E described in Sectior8.1: a slight repulsion at distances
;E 2,4_‘ v v ] >20nm and a stepwise increasing attraction at smaller
= 93] ] distances probably representing a bridging between the
§ " v polystyrene surface and the sphere by small air bubbles. The
§ 2,24 E steep rise of the force—distance curves at distances <2nm is

assumed to be caused by a deformation of the polystyrene
surfaces. When the KOH concentration is increased to
10->M, no significant change in the force—distance curves
Fig. 6. Average adhesion free energy per unit area measured on retractionlS 0bserved. This is in contradiction to the strong charging of
after the approaches shownfFig. 5. polystyrene in 10° M KOH shown in zeta potential measure-

T
o 1 2 3 4 5 6 7 8 9 10 11
number of approach
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mentg50]. Maybe, the OH ion concentration was decreased polystyrene extrapolated from literature dgié]. All poten-
in our experiments due to contact with air. tial values are given ifiable 1 For 10~* M KOH, the surface

Raising the KOH concentration to and above 4 8 leads potential from our fit is smaller than the zeta potential given
to a qualitative change of the curves. Now they are dominatedby Zimmermanr{50]. This might be caused by a contami-
by a strong repulsion; no jump into contact takes place. This nation of the solution by carbonate ions from air during the
change was found in all measurement series in KOH solu- measurement or by differences in the surface properties of
tions independently of the differences between the force andthe polystyrene film and the sphere. There might also be an
distance curves in the initial measurement in water. Vino- influence of the incertainty in the arbitrary definition of the
gradova et al[21] measured similar force—distance curves zero distance in the AFM force measurement.
between polystyrene surfaces in KCI solutions. They clas-  In addition to the EDL repulsion, a stronger repulsion at
sified the curves showing a weak repulsion and a strong distances <10 nmwas observed. Its steeprise indicates a steric
attraction as type 1, the purely repulsive curves as type 2.interaction. A similar “soft repulsion” has been observed
While we found curves of type 1 in water, all KCI concen- by Carambassis et a]51] between hydrophobic surfaces
trations and in 10° M KOH, and curves of type 2 always in  in NaCl solutions prior to their jump into contact. They
KOH concentrations-10~4 M, Vinogradova et al. observed  interpret it as a compression of an air nanobubble. Other
curves of type 2 only in KCI concentratiorsl0~4 M simul- authors[35,21] challenge this hypothesis but give no other
taneously with curves of type 1. Vinogradova attributes the explanation. From zeta potential measurements, it is known
attractive interaction of type 1 to nanobubbles but gives no that OH™ ions are adsorbed strongly to polymer surfaces as
explanation for the curves of type 2. polystyrene or fluorocarbon8,4]. Therefore, such a “soft”

For the curves of type 2, we modelled the EDL interac- Steric repulsion might be attributed to a hydrated layer of
tion as a solution of the Poisson—Boltzmann equation (Eq. OH™ and counterions attached to the surface. Since in our
(1)). Since no jump-in was observed, the van der Waals force measurements in water and KCl solutions air bubbles play
was not taken into account. The model curves are included inan essential role, we suppose that also in the systems show-
Fig. 7. They fitthe experimentally determined curves atlarger ing force—distance curves of type 2 nanobubbles are present.
distances (>20nm in 1@ M, >15nmin 103M and >3nm Fielden et al[40] reported that air bubbles are charged in
in 1.2x 10~2M). The surface potential used to fit the curves electrolyte solutions in a similar way as solid hydrophobic
in 10~3 M agrees with the approximate zeta potential value of surfaces. Therefore, we assume that the surface potential of

the nanobubbles creates a repulsive force that is high enough

2,5 to prevent penetration by the polystyrene sphere even if the
1 free interaction energy per unit area applied by the sphere
‘l’)":ft;; KOH exceeds 2 mJ/fbut that the air bubbles are compressed by
0 __ after KOH the applied force. _ _ _
2,0 e The retraction curves in KOH solutions did not show an
€ i abrupt change from attractive to purely repulsive behavior. As
£ J can be seen froiiig. 8 the mean values of the adhesion force
® | “ﬁ 10° M KOH from all measurement series decrease steadily with increas-
S 154 ing KOH concentration. But still in 10* and 1.2x 1072 M
S solutions often an adhesion of the sphere was found. It caused,
g
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Fig. 7. Interaction free energy per unit area curves measured on approach KOH concentration [mol/l]

between a polystyrene sphere and a flat film in water (before and after contact

with KOH) and KOH solutions. The solid lines give the experimentally mea- Fig. 8. Average adhesion free energy per unit area measured between a
sured curves, the dashed lines the theoretical EDL interaction. The curvespolystyrene sphere (diametep.n) and a flat polystyrene surface in KOH

for different concentrations are shifted in vertical direction. solutions (three measurement series).
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however, no distinct jump-out but a delay in the retraction of 100 prer—/ e
the sphere. ] advancing angle
The reduction of the attractive forces by KOH has already ~ 9°7 ¢ - i ! ]

been found in recent direct force measurements between 1 & 2 2 g ]
a Teflon AF surface and a silica sphdi@ and in former — ] ]
direct force measurements on polymers. The attractive force E 85 ]
between Teflon AF, polystyrene, polypropyldb&] and the % ] ]
fluoropolymer CHH41], and a silicon nitride tip was weak- 5 804 3
ened by addition of KOH but not affected by KCI. Meagher % ] receding angle ]
and Pashleyj24] observed a decrease of the jump-in dis-  © 757 é é % 8 % ]
tance between a polypropylene surface and a silica sphere ] ]

e ; . S ; . 70 .
withincreasing pH, i.e. with increasing concentration of OH ] ]
ions. Usually, a steady decrease of range and strength of the 54,

T

attraction was found instead of the sudden change observed H,0 10° 1(')“‘ 1(')-3 102
in the present study. KOH concentration [mol/l]
Weidenhammer and co-workel8,41] discussed the
decreasing attraction with growing OHtoncentration as a Fig. 9. Advancing and receding contact angles of water and KOH solutions
result of the competitive interaction between the electrolyte " Polystyrene films.
ions, the AFM probe and the polymer surface. The stronger
the ion—polymer interaction, the weaker is the probe—polymer ~ The marked influence of KOH solutions on the interaction
attraction. Since OH ions are adsorbed much stronger than forces recommends that it might influence also the wetting
K* or CI~ ions, they reduce the van der Waals interaction. behavior of polystyrene. To check this, we performed con-
Above a “critical” concentration no more net attractive inter- tact angle measurements with water and KOH solutions on
action is observed. polystyrene films prepared in the same way as those used in
This explanation can account for the polystyrene— the direct force measurements.
polystyrene system, too. The “critical” concentration is in  Fig. 9shows the advancing and receding contact angles of
our case above 16 M. Itis not clear, however, if the surface  water and KOH solutions on polystyrene films. For each con-
determining the interaction is the polystyrene surface or the centration, the results of at least three single droplets on dif-
surface of the air nanobubbles. The coincidence betweenferent polystyrene samples are given. The advancing angles
the surface potential obtained from the fits of our data and are in the range of 88-95the receding angles lie between
the zeta potential of polystyrene indicates an interaction 70° and 76. No influence of the KOH concentration is found
between two polystyrene surfaces. But air bubbles are within the limits of experimental error. This is in conformity
just as polystyrene charged negatively in neutral aqueousWwith the results of several other scientif28,42-45,54]We
solutiong/53]. In NaCl solutions, repulsive EDL forces were ~also measured the contact angles of polystyrene samples after
observed between silica spheres and bubbles being affectedhey had been used in force measurements in KOH solutions.
by changes of the electrolyte solutions in the same way asNo change was observed.
the forces measured between solid polynjé@$. Therefore,
the force contribution by air bubbles cannot be easily dis-
tinguished from that caused by solid hydrophobic surfaces. 4. Conclusions
The “soft” steric repulsion and the adhesion force seen on
retraction of the sphere suggest the presence of deformable The present study describes direct force measurements
nanobubbles attracting the polystyrene sphere in closebetween a polystyrene sphere and a flat polystyrene film
contact. in aqueous solutions of KCI and KOH. Two different
Totestthe reversibiliy of the OHadsorption, werecorded  types of force—distance curves have been observed. Type 1
some force—distance curves following the measurements inshows a weak electrical double-layer repulsion at distances
KOH solutions after rinsing the fluid cell extensively with >15-50 nm. This force contribution can be modelled as solu-
water. Some of these curves are shown as dashed lines irtion of the Poisson—Boltzmann equation. The surface poten-
the uppermost part dfig. 7. There is still a slight repulsion, tial used in the modelling coincides with the zeta potential
probably because the cell was not rinsed extensively enoughof polystyrene. At smaller distances it is superimposed by a
to remove all K and OH" ions. The attractive force is the strong attraction whose range and strength vary randomly but
same as in the initial water measurements. Thus, the qualita-are not affected systematically by addition of KCI. When the
tive change of the force curves is reversible; no modification sphere is retracted, adhesion free energies per unit area up
of the polystyrene surface occurred. In some measuremento 5mJ/n? are measured. We attribute this attraction to the
series, the attraction became even stronger than in the firseexistence of sub-microscopic air bubbles (nanobubbles) on
measurements in water. Probably during rinsing, additional the hydrophobic polystyrene surface. Force—distance curves
air bubbles were brought into the cell. of type 1 have been observed in water, all KCI solutions up
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to a concentration of & M and in a 10> M KOH solution. [17] W.A. Ducker, T.J. Senden, R.M. Pashley, Langmuir 8 (1992) 1831.
In KOH concentrationglo—“ M force—distance curves of [18] M.E. Karaman, L. Meagher, R.M. Pa;hley, Langmuir 9 (1993) 1220.
type 2 have been measured. They are composed of an eIectri[-19] 2(18535"62"73' Tao, J. Pan, A.A. Garcia, S.M. Lindsay. Langmuir 9
cal double-layer repulsion and a stronger, short-ranged “soft2q] rR.F. Considine, R.A. Hayes, R.G. Horn, Langmuir 15 (1999) 1657.
repulsion” acting at distances <5—20 nm. No jump-in as evi- [21] O.I. Vinogradova, G.E. Yakubov, H.-J. Butt, J. Chem. Phys. 114
dence for an attractive force occured. It is assumed that the  (2001) 8124.
soft repulsion represents the compression of air nanobubbles}22] R-F- Considine, C.J. Drummond, Langmuir 16 (2000) 631.
Probably both the nanobubbles and the polystyrene sphert{m] E. Kokkoll, C.F. Zukoski, Langmuir 14 (1998) 1189.

” 24] L. Meagher, R.M. Pashley, Langmuir 11 (1995) 4019.
are highly charged by an adsorbed layer of O&hd coun- [25] J.N. Israelachvili, Intermolecular and Surface Forces, Academic
terions. Therefore, they repel each other preventing a jump  Press, San Diego, 1991.
into contact. On retraction, an adhesion force was observed26] H.-J. Butt, K. Graf, M. Kappl, Physics and Chemistry of Interfaces,
which was, however, lower than 1 mF@and decreased with Wiley/VCH, Weinheim, 2003. _
increasing KOH concentration. Despite the significant influ- (271 ;422 Qggg"l;\ iSE;r'eChSIer’ K. Grundke, D.Y. Kwok, Colloids Surf. A
ence of KOH solutions on the interaction forces, no change [2g) B.v. Derjaguin, Kolloid-Zeitschr. 69 (1934) 155.
of the solution contact angle on polystyrene was observed[29] H.K. Christenson, P.M. Claesson, Adv. Colloid Interface Sci. 91

within the limits of experimental error. (2001) 391.
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