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We measured and formulated dielectric exchange forces between adsorbed layers of self-assembled
surfactant films and atomic-force microscope tips in water. The dielectric exchange-force model is
in agreement with the observation that the surfactant-layer rupture fdtigeapplied force
necessary to obtain tip/substrate contace smaller in the thickest layers, where the compactness

of the adsorbed film results in the smallest values of the dielectric permittivity. Within experimental
accuracy, a dielectric permittivity value of4 for bilayers and of-36 for monolayers is found.

© 2001 American Institute of Physic§DOI: 10.1063/1.1358369

The structural and dynamical properties of adsorbed mosic silylamine[secondary and/or primary amines, though the
lecular thin films are of both fundamental and applied inter-latter is rapidly hydrolyzeHsurface group$,at pH~ 6, with
est in diverse areas such as the statistical mechanics of come added electrolyte the $8l, surface is eithezwitterionic
plex fluids, thin-film boundary lubrication, and coatings, and(zero net chargeor slightly negatively charged;conse-
have been the subject of recent experimental and theoreticguently, we assumed that the surface charge density in the tip
investigations—3 An intermolecular surfactant interaction in orip<owica. Platinum-coated tipseg~=) were also used.
solution leads to a variety of self-assembled liquid-When the mica basal plane is placed within water the mecha-
crystalline structures that have been well studied. At an inhism for the formation of the double layer is assumed to be
terface, however, the normal self-assembly process is pethe dissolution of K ions as well as ion exchanging of 'K
turbed by competing surfactant—surface and solvent—surfad®y H' or H;O" ions. When CTAB is added to water'Kons
interactions. are also substituted by;@H35(CHz)sN™.

We explored the surfactant adsorbed structure by mea- AFM images clearly show that upon extended exposure
suring the force acting on the tip when immersed in self-that the CTAB molecules aggregate to form islands on the
assemblies of cationic surfactant films at the interface beMica surfacé. Figure 1 shows different aggregate sizes ad-
tween an aqueous solution and a substrate. For this purpc,§grbed at the interface. In_order to_determine the.film thick-
atomic-force microscopg AFM) topographic views and N€SS, force curves at the islan@sgion ) and outS|d<_a(re— _
force curves were used to characterize structurally differen@ion 1) were measured. In these curves the vertical axis
adsorbed layers. represents the force acting between the tip and the sample

Surfactant adsorption was accomplished merely by intro-
ducing an aqueous solution 0#5L0"°>M CTAB [cetyltrim-
ethylammonium  bromide, {gH33(CH3)sN*Br~, cmc
=0.9 mM] into the fluid cell and allowing the tip and freshly
cleaved mica to stand in this solution before operation.
CTAB was used as supplied, without further purification;
solutions made of wate(Milli-Q Plus quality, resistivity
~15MQ/cm) were introduced into the cell after the sub-
strate was mounted on theyz translator of the AFM. All
force curves and images were obtained in water or surfactant
solutions by a commercial AFM TopoMetrix TMX2000 at
room temperature, 25°C, above the Krafft temperature of
the surfactant. Both unmodified silicon nitride {ISj) tips
(e7=7.4) and tips etched in 50% w/w HF solutions for 10 :
min before operation were used. The surface of;&l Slip in 0 pm ' 25 um 5 pm

aqueous solution is composed of amphoteric silanol and ba-

FIG. 1. AFM image of a CTAB adsorbed layer on mica itx 50" °M
CTAB solutions. The islandgatches, )l indicate higher structures than the
3E|ectronic mail: oteschke@ifi.unicamp.br backgroundll).
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FIG. 3. Same as shown in Fig. 2. The dielectric exchange force acting on
the tip when immersed in the surfactant layer, calculated for a tip with a
spherical end wittR~5 nm, indicated by the dotted linéa) background
region(curve Il) and(b) islands(curve |). Point 1 corresponds to the com-
pression force measured by the tip associated with the presence of the
weakly adsorbed surfactant molecules in the tip/substrate interaction region.

FIG. 2. Force vs absolute distantseparatioh curves for CTAB adsorbed
layers on mica in 5% 10~°> M CTAB solutions for the regions shown in Fig.
1 [curve I (O and ¢, for v=1 and 5um/s, respectivelyand curve II(A
and V, for v=0.1 and 1um/s, respectively. The inset shows the fitted
values calculated by Eq@1) to the experimental points. All curves show an
exponential profile as a function of separatidrfor H>1 nm.

surface. The horizontal axis represents the distance tH'® surfactant layer is removed from the space between the

sample is moved up and down by tkgz translator. In this P E:E%Ii;?:r esr:JtrE(r:fé curve is observed at regiofclnvess
curve repulsive and attractive forces act between tip ancgm d o in Figs. 2 and @)]. The large re u?sive deviation
sample before contact. Hence, when the sample approach{argm the exgoﬁential comioonent sqcarting at (4011) nm
the tip, the cantilever bends upwards. At a certain point tht?r !

i is attracted to th f Finallv. movina th mple still om contact, is followed by an attractive regime, when the
p IS atlracted lo the surface. Finally, moving the sample sk, .o achieves-0.3 nN, observed when the tip approaches

further causes a dgflection of the cantilev'er by the SaMG e interface(~ 3.2 nm, which corresponds to the thickness
amount the sample is moved. The approaching force curve ig¢ 5 pijayey. The attractive regime indicates that the layer
a plot of the change in cantilever deflectionX) versus  compression is followed by an attraction of the tip by the
sample displacement\(X). On a hard nondeformable sur- |ayer present between the tip and substrate. Molecules form-
face,AY is proportional toAX while the tip and the sample  jng thin layers should be easier to push away from the con-
are in contact. Rather than using sample positis, (it is  tact zone when compared to the ones forming thick layers,
more useful to use an absolute distanig that is relative to  put the opposite is observed.
the separation between the tip and the sample surface. The Let us now concentrate on the control experiment that
correction to produce a force-separation curve uses the relgras performed in pure watee£80) in order to characterize
tionshipH=AX+AY.’ The following force curves show the the mica interface in the absence of adsorption layiexset
force versus separatiofabsolute distangeplots. The two  of Fig. 2, ¢). A simple analytical expression for the electro-
different regions show distinct force versus separation curvestatic force was previously derivetf for a tip immersed in
[curve | (O and ¢ for v=0.1 and 1um/s, respectivelyand the mica double layer in water. The tip was defined to have a
curve Il (A andV for v=1 and um/s, respectivelj{®*®in  sharpened conical shape with a cone anrgtel18° and a flat
Fig. 2. Therefore, the adsorbed layer film is formed by twoend with radiusR (microlever type-B Park tip The dis-
different molecular arrangements of surfactant molecules. placement vector is assumed to have an exponential spatial
Control experiment curves were performed using\Ngi  dependenc®(z) =D, exp(—«2z/2), whereD is determined
and platinum tips immersed in the Milli-Q Plus water mica Py the ionic charge distribution at the mica surface by using
double layer. One of the force versus separation controf?@uss’ Law. The elemental volume() of the tip immersed

curves, performed using a8, tip, is shown by the « sym- N the double-layer region is given bydv=m[R
bol in the inset of Fig. 2. + (tana)z]>dz, where z is the integration variable of the

In Fig. 2, curves | and Il show that in surfactant solu- trapezoidal volume anHl is the distance between the surface

tions the attractive and repulsive long-range components afd'd the end of the tip. The change in the electric energy

displaced by the surfactant laver extend indicate nd involved in the exchange of the dielectric permittivity of the
W, pwhen cc))/mpared to the Cuzve in wat@nset, 9 (X\?é 3 double layer by that of the tip is calculated by integrating the
1l y Y. .

+0.1) nm from the surface in region [[€urves/A andV in energy expressi_on over the 'Fip—immersed volume in the
Figs. 2 and &)], there is a rapid change in force with a small double-layer region. The force is obtained by the gradient of

change in tip/surface separation. The value of the overaﬁhe energy expression, i.é,= —gradAE, where
thickness of this layer is consistent with the formation of

monolayergthe length of the fully extended molecule being AE= 1 1°K71‘H{ 1 1 D2(7) dv (1
about 2.2 nm At sufficient large applied force~0.8 nN) ~ 2e0Jo lep(2)  erpl” T
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The force curves for water using 58l, tips were bilayer formation presented in this work at region | is con-
matched by assuming a dielectric spatial variafiep, (H)]  clusive, since the measured thickness before rupture is 3.2
at the interface, due to the effect of the mica interfacialnm and the dielectric permittivity value af~4 was mea-
charges on the orientation of the water molecdles. sured. Thus, at region | the adsorbed layer film is formed by

The measured force versus separation curves foa highly compact molecular arrangement; these aggregates
platinum-coated tipgnot presented in this letteshow a dif- have fused sufficiently to form intercalated bilayer struc-
ferent behavior when compared with those observed fotures.

SizN, tips. This is the result of the fact that conductors have  The measured value of the thin regigwhich corre-

an infinite static permittivity, which corresponds to a null sponds to the monolayedielectric permittivity, e~ 36, in-
electric field inside the tip and, consequently, zero electridicates that there is a significant fraction of water in the
energy stored inside the tip volume. The corresponding forcéayers? associated with its high value of dielectric constant.
on the tip is then attractive since the immersion of the tip inForce versus separation curves are then particularly useful
the double-layer electric field minimizes the total energy offor discriminating between monolayer and bilayer formation,

the configuration. since both thickness and dielectric permittivity of the struc-
In order to explain the unexpected result that thin surfacture are simultaneously measured.
tant layers (background, region JI show higher rupture At sufficiently large applied force, the surfactant layer is

forces than thick layer@slands, region), we propose that a squeezed from the space between the tip and the surface.
distinct force componenfattractive or repulsiveis present This value is defined as the film rupture force and it is equal
when the tip is immersed in thin or thick layers and its valueto ~0.8 nN for the background region and0.3 nN for the
is associated with its dielectric constant. To support ouiislands. Previous results identify this rupture force with steric
claims the force component when the tip is immersed in théimitations imposed by the immobilization of CTAB and by
surfactant layer was calculated using Eb).assuming a half- the location of the CTAB binding site at the mica surfice.
spherical shape for the lower tip surface, since only itsThe results shown in the previous paragraphs demonstrate
spherical part, with elemental volumelv==[R?2—(R that the DEF accounts for the difference in the rupture force
—2)2]dz, is immersed in the surfactant layers. The effect ofof the two layers with different thicknesses and dielectric
the dielectric exchange forc€DEF) when the tip is im-  permittivities.
mersed in the region covered by a layer forming the back- In summary, using AFM, we have investigated the ad-
ground will be discussed first. The energy spent by apsorbate structure formed by a cationic surfact&FtAB) on
proaching the tip to the interface corresponds to the area hydrophilic surfacémica) in contact with an aqueous sur-
covered by the triangl€0-1-2) in Fig. 3(@); part of this en- factant solution. The electrostatic force component associ-
ergy will be fitted to the calculated energy associated withated with the immersion of the tip witla; in a surfactant
the force involved in the tip immersion in the surfactant lay-layer with e5 is a determining factor in the amplitude of its
ers with an adjustable value of dielectric permittivity. The rupture force. The measured microscopic properties of the
result is shown by the dotted line in Fig(aB, indicated as adsorbed layer may help to build a clear picture of the ad-
“DE repulsion.” This energy component is subtracted from sorbed CTAB molecular configuration on mica surfaces im-
the experimental curve and the result is shown by the linanersed in water.
3-4. The value ot that best fitted this region is~36. This
value is in agreement with the published ones for the dielec-  1he authors are grateful to J. R. Castro and L. O.
tric permittivity of CTAB solutions at cmé&! The energy Bonugli for technical assistance and acknowledge economi-
associated with the immersion of the tip in the thick layer is¢@ support from CNPq Grant No. 523.268/95-5 and
shown by the arefFig. 3(b)], indicated by “DE attraction,” FAPESP Grant No. 98/14769-2.
in the lower part of the force versus separation curve. If this
component is subtracted from the original measured curve,lJ-__P- Rabe, irINa_nostructures Bgsed_on Molecular Materigslited by W.
we obtain a curve similar to the one measured when the tip isz\?O&Elﬂ:.nll\j/l.Cs-jllggifsr\]/sc:ﬁdwglTe':llfgé:’-%?EPhyS. CHtn178 (1980,
immersed in the thin layer, indicating that our fitting of the 3p__G. de Gennes and P. Pincus, J. Pkijeance Lett. 44, L241 (1983.
experimental curve is a reasonable calculated value of théL. Bergstrom and E. Bostedt, Colloids Surf.,48, 183(1990.
attractive component. Consequently, the DEF gives a consis:C: J: Drummond and T. J. Senden, Colloids Surf8A 217 (1994.

.. .. . O. Teschke, G. Ceotto, and E. F. de Souza, J. Vac. Sci. Technt$, B
tent description of the distinct force versus separation curves ;;,, (2000
measured when the tip is immersed in a surfactant layer byw. A. Ducker, T. J. Senden, and R. A. Pashley, Langr8uit831(1992);
assuming a thick layer with a dielectric permittivity4 and H.-J. Butt, M. Jaschke, and W. A. Ducker, Bioelectrochem. Bioer8g.
a thin Ia_yer Wlth.6%36' . . . . 8I:\L/Ig.:LVE/:FQIRE’)l?t.Iand and J. L. Parker, Langmuif, 1110(1994.
As in previous studies, mica surfaces immersed iNeq Teschke, G. Ceotto, and E. F. de Souza, Chem. Phys. 3261328
10 °M CTAB concentration solutions were found not to be (2000.
completely covered, lending support to the idea that absorpi-(l’Q Teschke and E. F. Souza, Appl. Phys. L@4, 1755(1999. _
tion is in the form of aggregatésThese aggregates or is- fl Bz.?fé);(rlsgcz)né C. J. Drummond, P. J. Scales, and S. Nishimura, Langmuir
lands have a 3.2 nm overall thickness and strongly resembteg’ Fragneto, R. K. Thomas, A. R. Rennie, and J. Penfold, Langiiyir
bilayer fragments, as previously reportédhe evidence for ~ 6036(1996.



