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Molecular arrangements of self-assembled surfactant films:
Characterization from atomic force microscopy data
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The adsorbed surfactant film molecular arrangement with thickness5ohm is determined by measure-
ments of the film dielectric permittivity. Before the advent of atomic force microscopy the dielectric permit-
tivity was a macroscopic parameter, appropriate only for describing uniform environments since its profile was
difficult to measure for local intermolecular interactions and its spatial distribution was frequently settled
without experimental justification. Here, we show that atomic force microscopy made it possible to measure
the dielectric permittivity profile in a scale below 5 nm for adsorbed layers of self-assembled surfactant films
in water. The measured values of the film’'s dielectric permittivity and the film’s thickness determine the
compactness of the adsorbed film and consequently the presence of water molecules in the film and the
conformal structure of the adsorbed molecules.
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I. INTRODUCTION So far, however, little is known because traditional sur-
face techniques are incapable of providing much information
The structural and dynamic properties of adsorbed moen the problem of determining the orientation and conforma-
lecular films are of both fundamental and applied interest injon of the surfactant adsorbed molecu[@$]. Among the
diverse areas, such as statistical mechanics of CompleX ﬂuiQéchniqueS recenﬂy used is the infrared-visible sum-
and thin-film boundary lubrication and coatings, and haverequency vibrational spectroscopy which was used to obtain
been the subject of recent experimental and theoretical inVe$sformation about the orientation and conformation of dio-

tigations[1-3]. A large number of molecular processes in ciagecyl dimethyl ammonium chloride surfactant adsorbed at
chemical, physical, and biological related systems occur alolid surfaces [6]. Monolayers of sodium big-

;(;Iidf/liquig orbliquid/Liquid tinterfzgei.hTZe pre;enlcbe r?f an ethylhexy)sulfosucccinate are studied by neutron reflectiv-
interface has been shown to modify the dynamical be awor&y, and from this data the authors proposed the head group

of molecules relative to their bulk propertigd]. These ; . .
modifications influence reaction kinetics and photochemicai"“.1d the hydrocarbon chains thicknesses which are compared

processes. When properties of these systems are measurdy the theoretical moleculgr lengfi14) Tec;hmqugs such
within distances comparable with molecular lengths, funda®S fluorescent probes or ellipsometry provide evidences for

mental differences between the response of the liquid unddP€ existence of molecular aggregates on solid substrates,
geometrical restriction and the bulk are obserf&H although they are not able to directly determine the geometry
Clearly, how an adsorbed surfactant molecule modifie®f these aggregatg45]. _ _ _ _
the surface properties of a substrate is a subject of great Imaging hard samples with atomic resolution requires a
importance, and it certainly must depend on the orientatiofProbe with atomic dimensions. The atomic force microscope
and conformation of the surfactant adsorbed moleci8gs (AFM) obtains its topographical information from short-
Understanding the adsorption mechanism of surfactant moFange repulsion resulting from the overlap of electronic
ecules at the solid/liquid interface is an important step toshells between tip and samglEs]. However, the presence of
ward modeling industrial processes which use surfactants olong-range interactions such as the double layer electrostatic
a large scale, such as detergency, water purification, oil reforce [17—21] when scanning soft samples in liquid media
covery, and ore refinement by flotatipii]. An intermolecu- leads to a very different imaging scenario.
lar interaction in bulk solution leads to a variety of surfactant In this work, we explore the surfactant adsorbed structure
self-assembled structures such as micelles which have be@mthe interfacial region by measuring the force acting on the
well studied[8]. At an interface, however, the normal self- tip when immersed in self-assemblies of surfactant films at
assembly process is perturbed by competing surfactanthe interface between an aqueous solution and a substrate.
surface and solvent-surface interactid®4. Over the past For this purpose, AFM topographic views and force curves
few decades, the adsorption characteristics of a wide varietywere used to characterize structurally different adsorbed lay-
of surfactant-solvent-substrate systems have been investrs. The contributions of surfactant and surface charges, hy-
gated, traditionally by adsorption isotherft0] and more  drophobic tail, and water dipoles located within the interface
recently by fluorescence decg¥l] and neutron reflection to the effective electrostatic interaction energy and the effect
[12]. of the dielectric permittivity gradient on local interfacial
electrostatics are described. The molecular structural distri-
bution is based on the calculated dielectric permittivity pro-
*Electronic address: oteschke@ifi.unicamp.br file within the surfactant layer.
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Previous interfacial force measurements using lowing surfactants were used: dioctadecyl dimethyl ammo-
atomic force microscopy nium bromide (2G@DAB), hexadecy! trimethyl ammonium
romide (G¢TAB), tetradecyl trimethyl ammonium bromide
Ci4TAB), dodecyl trimethyl ammonium bromide
(C,TAB), and hexadecyl piridinium bromidéCPBr). Sur-
factants were purchased from Aldrich and used as supplied,
without further purification; solutions made of waferilli- Q

Previous force vs distance measurements by AFM usin
tips made of silicon nitride (§N,) and mica substrate have
been reviewed by Capella and Diethgg2]. Calibration,
noise, and systematic errors are discussed in d&aijl The

first results were obtained by BUi4], then by Weisenhorn gradient quality, resistivity~18.2 MQ/cm, total organic

et al.[25], and later by Atkins and Pashl¢26]. In order to o .
eliminate the problem of the unknown shape of the tip, vari-.Carbon(TOC) <5 ppb (parts per billiog] were introduced

ous studieg22] have used modified cantilevers with tips of into the cell after the substrate was m°“."“ed on xiye
known geometry. Measurements of colloidal forces usin rgnslator of the A'.:M' Sur_factant adsorption was accom-
AFM were reported by Duckeet al. [27]. Later Jaschke lished by. merely m}roducmg an aqueous solution of the
et al. [28] used AFM to study surface properties. Adsorbedsqrfaotant mto_the.ﬂwd cgll and allowmg the freshly cleaved
layer structure of surfactants on quartz was investigated b ica tg stand in this solu.tl'on for' z.approm'm.ateiyl h before
Schulz et al. [29]. Fleming and WanlesE30] outlined the peration. Both unmodified silicon nitride 68l,) tips

soft imaging techniques to characterize the adsorption of sur%gT:7'.4) ‘an tips etCh?.d in 50% wiw g”: I\s/lolutlons fort
factants and polymers at the solid/liquid interface. min before opeération were used. easurements

Therefore early studies were unable to explore the microStarted—15 min after the tip was immersed in the solution.

structure of surface aggregates. In the past few years, AFI\)I_he surface (?f a .§N4 tip In aqueous S.°'““°T‘ is composed
was used to directly visualize the structure of aggregategf amphof[erlc sﬂanpl and basic sHyIammésec_:ondary
formed on a variety of surfaces and under various solutioft'd/0r primary amines, though the latter is rapidly
conditions. For instance, AFM images of surfactants ad_hydrolyzed surface group$42],_at pH~6. .W'th no added
sorbed in hydrophobic graphite were interpreted to be lowf!ectrolyte, the SN, surface is eitherzwitterionic (zero
surface density adsorbed monolayers with the surfactarftét charge or slightly negatively charge@43]; Lin et al.
molecules oriented such that only tails are in contact with thé€Ported that the surface potential of thesNsi tip is
surface or also more elaborated geometrical forms such dary zero atpH=6.0 [44]; consequently, we assumed
hemicylinders or mixtures of hemicylinders and lamellaethat the surface charge density in the @fip<owmica-
[20,31-35. AFM experiments with hydrophilic surfaces When the mica _basal plane is placed in Wate_r, the mechanism
such as silica and mica have shown structures such as fffr the formation of the double layer is assumed to
spheres, full cylinders, and bilayers. But the AFM studiesbe+ the d+|ssolut|o:1 of K ions as well as the exchange of
mentioned above were all conducted at surfactant concentr DY H™ or HsO " ions. When surfactant is added to water,
tions well above the bulk critical micellar concentration K~ ions are also substituted by {§i57),(CHs) N
(CMC), while the critical aggregate concentratigBAC)  10nS_in  (2GgDAB) solutions, (GeHsa)(CHs)sN™ in
corresponding to the formation of surface aggregates is typitCi6TAB) = solutions, (GzH,5)(CH3)sN™ i (C,,TAB)
cally one to four orders of magnitude lower than the bulkSOIUtions, (GaHas)(CHg)oN™ in (Cy,TAB) solutions and
CMC. Therefore, it is possible that the equilibrium aggre-(CiH3a (CsHgN ™) in CPBr solutions. The concentrations
gates which exist on the surface at concentration near cAdsed in this work are lower than the critical micellar concen-
can have microstructures that deviate significantly fromiration(CMC) (see Table)l but also at concentrations much
those seen via AFM at high surfactant concentrations. In faciower than CMC there is adsorption at the solid/liquid inter-
Johnson and Nagaraj&6] used the calculated equilibrium face and the formation of premicelles detected by electrical
free energy for the formation of a given structure to modelconductivity measurements.

the self-assembly of surfactants at hydrophilic solid/liquid

interface and showed that the formation of monolayers and Ill. EXPERIMENTAL RESULTS

bilayers were favored. In both cases, the monolayers or the _ ) )
inner layer of a bilayer, the surfactant molecules of are ori- Fi9uré 1 shows different sizes of adsorbed aggregates

ented such that their head groups are in contact with th{Prming islands, agreeing with reported results that upon ex-
hydrophilic surface. Composite structures such as hemicyliniénded exposure CTAB molecules aggregate to form islands

drical or hemispherical patterns on the hydrophobic mono®n the mica surfacg4S]. In order to determine the film

layer assembled over the hydrophobic surface are only oghickness, force vs separation curves at backgrawegion
tained as the surfactant concentration is incre43&H ) and islands(region 1) were measured. The results are
shown in Fig. 2 where two different regiofisand 1l) show

distinct force vs separation curvesirve W measured at the
background (A for v=1 um/s) and curve |y measured at
With the advent of SN, supertips, the tip/substrate inter- the islands [d for v=1 um/s), wherev is the tip/substrate
action configuration was radically altered. The details of theapproach velocity
interaction[38] and the experimental setup was described Control experiment curves were measured usingNSi
previously[39—41]. Images were obtained in surfactant so-tips immersed in the millQ plus water-mica double layer.
lutions at room temperature~25°C) by a commercial One of the force vs separation control curves is shown by
AFM (TopoMetrix TMX2000, ThermoMicroscopeThe fol-  curve O in the inset of Fig. £a). Also in Fig. 2, curved\,

II. EXPERIMENT
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TABLE I. Surfactant molecules adsorbed layer properties.

Calculated Measured
molecular Calculated Measured rupture
CMC length thickness  thickness force

Surfactant (M) n (nm) (nm) (nm) (nN) e?
C1,TAB bilayer 1.46<1072" 12 15 3.0 2.90.01 0.2£0.03 2+05
Cy14TAB bilayer 3.54x 10,3: 14 1.8 3.6 3.30.01 0.5:0.03 2+05
C16TAB monolayer 8.%10°4 16 2.0 2.0 2.30.01 0.8:0.03 36-0.5
C16TAB bilayer 8.9x 10‘4f 16 2.0 4.1 36001 0.3:0.03 4+05
2C,gDAB monolayer  1.x107° 18 2.3 25 2.50.01 0.7£0.03 2*£0.5
CPBr bilayer | 6. K 10‘43 3.1+0.01 0.5£0.03 3.3:05
CPBr bilayer 11 6.%10°4 3.1+x0.01 0.3:0.03 2.6:0.5
CPBr Uncovered region

@Dielectric constant value estimated using the values reported for other surfactant moje@rdbook of
Chemistry and Physi¢c$6th ed.(CRC Press, Boca Raton, 198&-52.

bV. Mosquera, J.M. del Rio, D. Attwoood, M. Garcia, M.N. Jones, G. Prieto, M.J. Suarez and F. Sarmiento,
J. Colloid. Interface Sci206, 66 (1998.

‘R. Zielinski, S. Ikeda, H. Nomura, and S. Kato, J. Chem. Soc. Faraday Tra4s.151(1989.

d43.N. Phillips, Trans. Faraday Sd&l, 561 (1955.

€H.V. Tartar, J. Colloid Scil4, 115(1959.

'P. Mukerjee and K.J. Mysels, ifiritical Micelle Concentrations of Aqueous Surfactant Systevas. Bur.
Stand. Ser. No. 36U.S. GPO, Washington, D.C., 1971

9N.M. Van Os, J.R. Haak, and L.A.M. RupeRhysico-Chemical Properties of Selected Anionic, Cationic
and Nonionic SurfactantéElsevier, Amsterdam, 1993

PD.F. Evans and P.J. Wightman, J. Colloid Interface 86j.515 (1982.

'Monolayer, unmarked bilayers.

and W,, show that in 510 °M C,sTAB surfactant solu- ©of overall thickness of this layer is consistent with the for-
tions, the attraction and repulsion long-range components af@ation of monolayersthe length of the fully extended mol-
displaced by the surfactant layer thicknesses indicated/py €cule being about 2.2 nmWith sufficiently large applied
andW,, when compared to the curve in wafeurve O in  force (~0.8 nN), the surfactant layer is removed from the
the inset of Fig. 23)]. At (2.3+0.1) nm from the surface in space between the tip and the surface.

region | [curve A in Fig. 2@)], there is a rapid change in A different force curve is observed at regiorf Hig. 2(b)].
force with a small change in tip/surface separation. The valudhe large repulsive deviation from the exponential compo-

2pm

1pm

0pm

Opm

nent, starting at (4#0.1) nm from contact, is followed by
an attraction regime at 3.2 nm, which corresponds to the
thickness of a bilayer.

Molecules forming thin layers are expected to be easily
pushed away from the contact zone compared to the ones
forming thick layers, but the opposite is obsenfedmpare
Figs. 2a) and 2Zb)].

The adsorbed layer thicknesses of surfactant$AB
(wheren corresponds to the number of carbon atoms in the
hydrophobic tail with various hydrophobic tail lengths were
measured. The measured bilayer thicknesses and the calcu-
lated extended molecular lengths using the expressiQp
~(0.15+0.126%) [8], wheren is the number of carbon at-
oms, are shown in Table I.

Analogous to G¢TAB adsorbed layer images, adsorbed
2C,gDAB images show that molecules aggregate to form
islands on the mica surface. In order to determine the film
thicknesses, force vs separation curves at the islands and

1 um 2um

FIG. 1. AFM image of a GTAB adsorbed layer on mica in Outside were measured. The measured curve shows that, in

5% 107°M C;4TAB solutions. The island@atches, region Jlindi- ~ 2C;gDAB surfactant solutions, at 2.5 nm from the surface,
cate higher structures than the backgrodregjion |) in agreement  there is a rapid change in force with a small change in tip/
with the standard contrast shown by AFM images. surface separation. The thickness of this layer is consistent
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FIG. 3. Force vs separation curves measured for the CPBr ad-
0.6 sorbed layers on mica in>10 *M solutions: region@) is indi-
- cated byO and region(b) is indicated by®.
z
8 0.2 IV. DIELECTRIC EXCHANGE FORCE MODEL.:
8 i WATER/MICA INTERFACE
s : E%
| O OO0 O00D0MOoogog o .
00 Let us now concentrate on the control experiment that
) T was performed in pure watdwith a dielectric permittivity
e€~80 in the bulk in order to characterize the mica interface
03 . in the absence of adsorption layers. Forces acting on the tip
- 0 4 3 when immersed in the region close to interfacarve O in
Separation (nm) the inset of Fig. 2a)] were previously discussef®23]. A

simple analytical expression for the electrostatic force was

FIG. 2. Force vs separation curves measured for thfAB  previously derived 38,46 for a tip immersed in the mica
adsorbed layer on mica in>510"°M solutions. (a) Background  double layer in water. The tip was defined to have a sharp-
region andb) islands. The DEF acting on the tip when immersed in aned conical shape with a cone angle 18° and a flat end
surfactan_t Ia_lyer, calculated for a tip with a spherical end V&th  \yith radius R (microlever typeB park. The displacement
~5 nm, indicated by the dotted line. vector is assumed to have an exponential spatial dependence

D(z)=Dg exp(—«z/2), whereD, is determined by the ionic

with the formation of monolayergthe length of the fully charge distribution at the mica surface by using Gauss’ Law.
extended molecule being about 2.3 )niRorce vs separation The elemental volumedp) of the tip immersed in the
curves observed at the region outside the islands are identicépuble layer region is given bylv=n[R+ztana]? dz,
to the control experiment measured curves performed usingherez is the integration variable of the trapezoidal volume
mica in water. So in 2GDAB solutions the surface is cov- andH is the distance between the surface and the end of the
ered only by monolayers and part of the surface is uncovlip- The elegtnc energy variation involved in the exchange of
ered: no bilayers of 2GDAB were observed. t_he_ dielectric perm|_tt|V|ty o_f the double layer by t_hat of the

Figure 3 shows measured force vs separation curves ifP 1S calculgted by Integrating the energy expression over the
5% 10-M CPBr surfactant solutions. The repulsive long- |mm§rsed tip volume_m the double layer reglon..The.force is
range component lengttDebye length is substantially re- obtaln_ed by the gradient of the energy expression, i.e.,
duced due to the high concentration of the surfactant solution Fz=~(0lz)AE, where
when compared to curves measured in @ solutions. The
surfactant layer thickness is indicated W ; curvesO and 1 1oK—1H[ 1

@ were measured at two different regions of the covered AE:Z_eO . D¥z)dv. (1)

. . €ip €pL(2)
surface. The value of overall thickness of these layers is

consistent with the formation of monolaye(the length of

the fully extended molecule being about 2.2)nit suffi- In the London dispersion account describing the intermo-
ciently large applied forces~0.6 nN and ~0.4 nN for lecular interaction, a frequency-dependent isotropic polariz-
curvesO and @, respectively, the surfactant layer is re- ability a(w) is calculated. Here we phenomenologically

moved from the space between the tip and the surface. have assumed a spatially variable dielectric permittivity

031401-4



MOLECULAR ARRANGEMENTS OF SELF-ASSEMBLED . .. PHYSICAL REVIEW E8, 031401 (2003

€(z), which is calculated by adjusting tle¢H) profile to the  permittivity ~4 and a thin layer withe~36.
force vs separation curve close to the interfas€l00 nm) At a sufficiently large applied force, the surfactant layer is
using Eq.(1). squeezed from the space between the tip and the surface.
To compare experiments with calculations, we have fittedl'his value is defined as the film rupture force and it is equal
the repulsive part of the force vs separation curves with théo ~0.8 nN for the background region ard0.3 nN for the
gradient of Eq.(1). Initially, by substitutingep, for €pyx, islands. The results shown in the previous paragraphs dem-
we fitted the repulsive part of the curve where the adjustmendnstrate that the DEF accounts for the difference in the rup-
parametersc— ! andD, are determined. Then, by adjusting ture force of the two layers with different thicknesses and
the parameters in they, expression it is possible to fit the dielectric permittivities.
attraction part of the curve. The pure water dielectric permit- What is then the structure of the surfactant near the mica/
tivity value at the mica interface that results in the best fittingsurfactant solution boundary? As the tip and mica surfaces
of the experimental cureO in the inset of Fig. 2a)] is ~4, separated by a water layer were pushed together, fluid
in agreement with the value of 4.2 given in Rf7] and in  drained smoothly until forces of alternate repulsion and at-
our work [48]. traction were first detected at thickness4.6 nm. These
forces arise from the tendency of the surfactant to form lay-
ers on the surface. Does this response reflect a static structure
V. DIELECTRIC EXCHANGE FORCE MODEL: perhaps induced by the walls or by molecular packing or was
WATER/SURFACTANT/MICA INTERFACE it induced by shearing? Although shearing may have contrib-
In order to explain the unexpected result that thin surfacuted, it is experimentally clear that we have identified two
tant layers(background, region | in Fig.)ishow higher rup- ~qualitatively different responses to the tip approach of these
ture forces than thick layefgslands, region Il in Fig. ), we  surfactant film’s patches or aggregates and background. Our
have proposed that a distinct force component than the forc@sults also show that patchésilayers are formed at mica
associated with steric limitations imposed by the immobili-Sites with a concentration as low ax80™°M.
zation of GgTAB and by the location of GGTAB binding site

at the mica surfacf45] acts on the tip when it is immersed V1. ADSORBED MOLECULAR ARRANGEMENT
in the surfactant layer. Attraction or repulsion present WhemlheTERMINATION BY THE DIELECTRIC PERMITTIVITY
the tip is immersed in thin or thick surfactant layers is asso- PROFILE AND FILM THICKNESS

ciated with dielectric permittivity of the surfactant layer and
tip. To support our claims, the force component, when the tip This work describes the force acting on AFM tips when
is immersed in the surfactant layer, was calculated using Eqmmersed in the surfactant adsorbed layer. Measurements
(1), assuming a half-spherical shape for the lower tip surfaceyith a spatial resolution of-0.01 nm determine the magni-
since only its spherical part, with elemental volurde tude of the relative dielectric permittivity valugg ati,e With
=7[R?+ (R—2)?]dz, is immersed in the surfactant layers resolution+0.5. This task is accomplished by modeling the
for R~5 nm andW~3 nm. force acting on the tip during its immersion in the surfactant
The effect of the dielectric exchange for@@EF) when layer by the DEF. This force calculation assumes a variable
the tip is immersed in the region covered by a layer formingdielectric permittivity of the adsorbed layer. The dielectric
the background will be discussed first. The energy spent bpermittivity measured value is compared to the value mea-
approaching the tip to the interface corresponds to the aresured at CMC and the dielectric permittivity of water around
covered by the triangl€0-1-2) in Fig. 2(a); part of this en- e€~80. More compact configuration implies in a measured
ergy will be fitted to the calculated energy associated withvalue close tae~2, while less compact structures will con-
the force involved in the tip immersion in the surfactant layertain water molecules and the value ofis substantially in-
with an adjustable value of the dielectric permittivity. The creased. The combination of the measured values of the di-
result is shown by the dotted line in Fig(a2, indicated as electric permittivity with a resolution ofAe~0.5 and the
“DE repulsion.” This energy component is subtracted from film thickness with a resolution of 0.01 nm indicates the
the experimental curve and the result is shown by the lineonformal structure of the adsorbed molecules. AFM images
3-4. The value ofe that best fitted this region iss36. This  are also capable of revealing the topology of the surfactant/
value agrees with the published ones for the dielectric persolution interface and the distance from that interface to the
mittivity of C,¢TAB solutions at CM(49]. solid surface, which are comparable to the surfactants mo-
The energy associated with the immersion of the tip in thdecular lengths.
thick layer is shown by the area indicated by “DE attrac- The surfactant molecular arrangement fqgTAB deter-
tion,” in the lower part of the force vs separation cuffeg.  mination is as follows. By comparing the extended length of
2(b)]. If this negative component is added to the originalthe surfactant molecules to the measured thickness of the
measured curve, we obtain a curve similar to the one meadsorbed layers and knowing that the substrate is charged, it
sured when the tip is immersed in the thin layer, indicatingis possible to determine the spatial distribution of the mol-
that our fitting of the experimental curve is a reasonablyecules in the direction normal to the substrate, for example
calculated value of the attraction component. Consequentlghe monolayer shown in Fig.(d or bilayer shown in Fig.
the DEF gives a consistent description of the distinct force vel(a). By measuring the dielectric permittivity, it is possible to
separation curves measured when the tip is immersed in determine the compactness of the layer, for example, the
surfactant layer by assuming a thick layer with a dielectricamount of water the layer contains or how close is the mol-
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FIG. 5. Probable 2GDAB molecular configuration at an inter-
face showing an adsorbed monolayer.

before rupture is 3.2 nm and a dielectric permittivity value of
e~4 was measured. Thus, at region Il the adsorbed layer
film is formed by a more compact molecular arrangement;
these aggregates have extended sufficiently to form bilayer
structures shown in Fig.(d), and the molecular configura-
tion before rupture is shown in Fig(l3).

The measured value of the dielectric permittivity of
~ 36 for the thin adsorbed layer regiéwhich correspond to
the monolayerindicates that there is a significant fraction of
water in this layer, associated with the high value of the
dielectric constant. The probable configuration of the surfac-
tant molecules in this layer is shown in Figich Force vs
separation curves are then particularly useful for discriminat-
ing between monolayer and bilayer formation, since both the
thickness and dielectric permittivity of the structure are si-
multaneously measured.

Dielectric permittivity was also calculated by fitting the
force vs distance curves to the DEF expression foiT&B
and G4TAB surfactant layers. The value of dielectric permit-
tivity that best fitted the experimental curvesis 2 for both
C,TAB and C,TAB.

The next surfactant molecular structure that will discussed
is formed by 2GgDAB molecules which have two hydro-
phobic tails. Patches are formed on the surface, similar to the
adsorbed structure formed when mica is immersed in a
C,5TAB solution. Fitting the force vs separation curve to Eq.

layer on a mica surfaceéa) Tip/surfactant/substrate interaction re- (1) for_ the covered region gives the value that results in the
gion, where a tip with a sphere end and a radis immersed in befSt fitting for the attraCt_'on componest=2, for a layer
the surfactant layer regiorz, is the integration variable of the el- thickness of~2.4 nm. Th|§ correspond to a very compact
emental volume with a width z, andd is the distance between the layer of surfactant and since the surfactant molecule ex-
surface and the end of the tip. The highly compact molecular arfended length is~2.3 nm, it correspond to a monolayer.
rangement with a measured dielectric permittivity equat-#and  Since the layer thickness corresponds to a monolayereand
a thickness of 4.4 nm(b) The probable molecular structure of the ~2, the most probable molecular configuration is shown in
adsorbed GTAB layer before rupture with a measured thickness of Fig. 5 which depicts the possible arrangement of the
~3.2 nm. (c) Monolayer withe~36 and a thickness of 2.3 nm.  2C;gDAB molecules in a mica/water interface. Contrary to
the pattern formed by {GTAB adsorbed molecules,
ecule with its neighbors as shown in Figdaand Gb). 2C,;gDAB adsorbed molecules do not form bilayers.
Lower values of the measured dielectric permittivity imply
in more compact layers, as shown by the comparison of Figs
6(a) and @b).

As in previous studies, mica surfaces immersed in 5
X 10°M C,¢TAB concentrations solutions were found to be ~ Figure 6 shows the force vs separation curves for mica
not completely covered, lending support to the idea that abimmersed in 510" °M CPBr solutions. Two different force
sorption is in the form of aggregates. These aggregates ™s separation curves were observed and are shown in Figs.
islands have a 3.2 nm overall thickness before rupture anél(a) and &b). Observe that the width of the repulsion layers
strongly resemble bilayer fragments, as previously reporteds equal and corresponds to the thickness of an adsorbed
[50]. The evidence for bilayer formation presented in thisbilayer. Consequently in CPBr solutions, we have observed
work at region Il is conclusive, since the measured thicknessnly bilayer patches on the surface and an uncovered region.

FIG. 4. Bilayer molecular structure of the adsorbegiT&B

VII. MOLECULAR ARRANGEMENT CORRESPONDING
TO ADSORBED CPBR
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1.0 = VIII. DISCUSSION OF THE TECHNIQUE

The adsorption characteristics of a wide variety of
surfactant-solvent-substrate systems have been investigated,
traditionally by adsorption isotherfilO] and more recently
by fluorescence decd{t1] and neutron reflectiofil2]. Laser
and synchrotron radiation measurements probe the details of
the structure at the interface averaging measurements in an
area corresponding to the beam area. The detected roughning
of the interface by thermal fluctuations limits the resolution
DE attraction of surfactant thickness measurements. A similar limitation is
present with neutron reflectivity measurements. Here we
(@) have probed~5x5 nn? area of the surfactant layer which
0.5 T ' T y p) corresponds to the contact surface of the tip with the surfac-

Separation (nm) tant layer. o
These techniques do not show the same resolution in ad-
sorbed layer thickness measurements as the force vs separa-
tion curves shown in this work. The AFM is the most ad-
equate equipment available for measuring interfacial force
with a spatial resolution of few angstroms in the scanned
plane and 0.01 nrthickness resolution measurempeintthe
normal direction. If we use soft cantilevers with a spring
constant of 0.03 N/m, the force resolution in the normal di-
rection to the scanned plane is 0.03 N{0.1x 1019 m)
=0.3 pN and by using the dielectric exchange force model it
is possible to measure variations in the dielectric permittivity
as the one shown in the preceding paragrapéy=0.5.
; (b) The adsorbed surfactant film molecular arrangement with
05 ' - A . g thlckness o_f~5 nm |_s_determ|ned by measurements of the
Separation () f|Ir_n dielectric permittivity. Befor_e_the advent of atomic fprce
microscopy the dielectric permittivity was a macroscopic pa-

FIG. 6. Force vs separation curve measuredi® 3M CPBr  rameter, appropriate only for describing uniform environ-
solutions. The DEF acting on the tip when immersed in the surfacinents since its profile was difficult to measure for local in-
tant layer, calculated for a tip with a spherical end wik:5 nm  termolecular interactions and its spatial distribution was
and using Eq(1), indicated by the dotted linéa) for e~3.3. Inset:  frequently settled without experimental justification. Here,
Probable molecular configuration of the CPBr adsorbed layer at theve show that atomic force microscopy made it possible to
mica interface andb) the same as i) for e~2.6 measure the dielectric permittivity profile in a scale below 5
nm for adsorbed layers of self-assembled surfactant films in

However, the two regions show different rupture forces, in-Water- The DEF models the force acting on the tip during its
dicating that a similar molecular distribution with the Sameapprqa_ch to the_ |_nterface by assuming a variable Q|electr|c
layer width (3.4 nm) but distinct dielectric permittivities is permittivity specific to surfactanF adsorbed layers. Since the
present at the interface. The probable surfactant layer Coqc_ompactness of the adsorbed film and.the conformgl struc-
figurations are schematically shown in the inset of Fige) 6 ure of the adsorbed molecules, determine the film dielectric

L . permittivity for each pair of values of the layer thickness and
and €b); the molecular arrangement bars indicate aromati y P Y

. . ; . . ielectric permittivity corresponds only one molecular con-
rings. The inset of Fig. & shows the configuration corre- figuration P y P y

sponding to a distribution where the aromatic rings occupy a Modeling the force acting on the tip during its immersion

larger area per molecule than the one shown in the inset Gf, the surfactant layer allows the calculation of the dielectric
Fig. 6b). The molecular arrangement that results in a verypermjttivity at very low frequenciesf(-0) where all polar-
packed configuration is shown in Fig(t§ and corresponds j,ation components are present.

to a measured value ef=2.6. These arrangements are based
on the fact that in configuration shown in Figabthe repul-

sion betweenr electrons in the aromatic rings is minimized
since nearest neighbor rings are at 90° from each other, con-
sequently the configuration is more compact than the one In summary, using AFM, we have investigated the ad-
shown in Fig. §a). We also have assumed that the less comsorbed structure formed by various cationic surfactants:
pact arrangement in Fig.(& may reorient the molecular C;gTAB, C14TAB, C;,TAB, 2C;gDAB, and CPBr adsorbed
arrangement more easily than the more compact one in Figan hydrophilic surfaceémica) immersed in aqueous surfac-
6(b), resulting in different values of dielectric permittivity tant solutions. The DEF expression fitted to the force vs
for the two configurations. separation curve, measured when the tip is immersed in the

£e=3.3

™,

o‘cm%_é,%x

00 + Nl ity

0.5 g 2

Force (nN)

———=2.6
05

Force (nN)

DE attraction
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adsorbed layer, determines the dielectric permittivity profile  Our results, then, show distinct molecular configurations
with a resolution~0.1 nm. Force measurements were per-in the adsorbed layers as follows) C,;sTAB surfactant lay-
formed in a scale below 5 nm, the molecular nature of theers’ patches formed by a bilayer and a background of mono-
interactions has to be considered. Since the molecular alayers;(b) 2C;sDAB patches formed by monolayers and an
rangement determines the value of the measured dielectrimcovered region; antt) CPBr bilayers with two different
permittivity of the surfactant film, we were able to obtain packing densities that result in different dielectric permittivi-
direct information about them. ties.

The sensitivity of the technique allows the determination
of differences in sur_factant molec_ules’ arrangements such as ACKNOWLEDGMENTS
the one measured in CPBr solutions, which corresponds to
different compactness of the adsorbed layer associated to the The authors are grateful to J. R. Castro and L. O. Bonugli
different arrangement of the surfactant molecule aromatidor technical assistance and acknowledge financial support
ring. from FAPESP Grant No. 98/14769-2.

[1] J.P. Rabe, iMNanostructures Based on Molecular Materials [23] O. Teschke, G. Ceotto, and E.F. de Souza, Phys. Ré4, E

edited by W. Gpel and C. ZiegléWCH, Weinheim, 1992 011605(2001).
[2] J.M.H.M. Scheutjens and G.J. Fleer, J. Phys. Chesn.178  [24] H.J. Butt, Biophys. J60, 1438(1991J.

(1980. [25] A.L. Weisenhorn, P. Maivald, H.J. Butt, and P.K. Hansma,
[3] P.G. de Gennes and P. Pincus, J. Pliyarig, Lett. 44, L241 Phys. Rev. B45, 11 226(1992.

(1983. [26] D.T. Atkins and R.M. Pashley, Langmu; 2232(1993.

[4] J. Klafter, J.M. Drake, R. Kopelman, and D.D. Awschalon, in [27] W.A. Ducker, T.J. Senden, and R.M. Pashley, Natuwandon
Dynamics in Small Confining Systeradited by J.M. Drake, J. 353 239(1991.
Klafter, R. Kopelman, and D.D. AwschalorfMaterial Re- [28] M. Jaschke, H.J. Butt, S. Manne, H.E. Gaub, O. Hasemann, F.
search Society, Pittsburgh, 1993 Krinphove, and E.K. Wolff, Biosens. Bioelectrordl, 601
[5] J. Klafter and M. Urbakh, J. Photochem. Photobiol13®, 29 (1996.

(1996. [29] J.C. Schulz, G.G. Warr, P.D. Butler, and W.A. Hamilton, Phys.
[6] P.B. Miranda, V. Pflumio, H. Saijo, and Y.R. Shen, Chem. Rev. E63, 041604(2001).

Phys. Lett.264, 387 (1997. [30] B.D. Fleming and E.J. Wanless, Microsc. Microangl.104
[7] A.W. Adamson,Physical Chemistry of Surface®viley, New (2000.

York, 1990, Chap. XIII. [31] S. Manne and G.G. Warr, iSsuppramolecular Structure in
[8] J.N. Israelachvililntermolecular and Surface Forcegnd ed. Confined Geometrigsedited by S. Manne and G.G. Warr

(Academic Press, London, 1992 [ACS Symp. Ser736, 2 (1999].
[9] AM. Gaudin and D.W. Fuerstenau, Trans. AIMID2 958 [32] S. Manne and H.E. Gaub, Scien2@é0, 1480(1995.

(1955. [33] S. Manne, Prog. Colloid Polym. Sci03 226 (1997.

[10] J.J. Kipling, Adsorption from Solution of Non-Electrolytes [34] E.J. Wanless and W.A. Ducker, J. Phys. Cheti0, 3207

(Academic Press, London, 1965 (1996.

[11] P. Chandar, P. Somasundaran, and N.J. Turro, J. Colloid Intef35] E.J. Wanless, T.W. Davey, and W.A. Ducker, Langmig;

face Sci.31, 117(1987). 4223(1997.

[12] D.C. McDermott, J. McCarney, R.K. Thomas, and A.R. Ren-[36] R.A. Johnson and R. Nagarajan, Colloids Surf. 187, 31

nie, J. Colloid Interface Scil62, 304 (1994. (2000.

[13] Y.R. Shen, Surf. Sci551, 299 (1994). [37] R.A. Johnson and R. Nagarajan, Colloids Surf. 187, 21
[14] Z.X. Li, J.R. Lu, G. Fragneto, R.K. Thomas, B.P. Blinks, P.D.I. (2000.

Fletcher, and J. Pentfold, Colloids Surf.,185 277 (1998. [38] O. Teschke and E.F. Souza, Appl. Phys. Lé#.1755(1999.
[15] H.N. Patrick and G.G. Warr, Colloids Surf.,62, 149(2000. [39] Thermomicroscopes, 1171, Borregas Avenue, Sunnyvale,
[16] F.V. Giesseibl, Phys. Rev. B5, 13 815(1992. CA 94089, USA.

[17] O. Teschke and E.F. de Souza, Appl. Phys. Lé&&. 1755 [40] O. Teschke, R.A. Douglas, and T.A. Prolla, Appl. Phys. Lett.

(1999. 70, 1977(1997.

[18] O. Teschke and E.F. de Souza, Rev. Sci. Instr68.3588  [41] R.M. Sassaki, R.A. Douglas, M.U. Kleinke, and O. Teschke, J.

(1998. Vac. Sci. Technol. Bl4, 2432(1996.

[19] LY. Sokolov, G.S. Henderson, F.J. Wicks, and G.A. Ozin,[42] L. Bergstrom and E. Bostedt, Colloids Surf.48, 183(1990.

Appl. Phys. Lett.70, 844 (1997). [43] C.J. Drummond and T.J. Senden, Colloids Surf.8A 217
[20] S. Manne, J.P. Cleveland, H.E. Gaub, G.D. Stucky, and P.K. (1994.

Hansma, Langmuif0, 4409(1994). [44] X.Y. Lin, F. Creuzet, and H. Arribart, J. Phys. Che®7, 7272
[21] W.A. Ducker, T.J. Senden, and R.M. Pashley, Langn@jir (1993.

1831(1992. [45] P. Kekicheff, H. Christenson, and B.W. Ninham, Colloids Surf.
[22] B. Capella and G. Diether, Surf. Sci. Regat, 1 (1999. 40, 31 (1989.

031401-8



MOLECULAR ARRANGEMENTS OF SELF-ASSEMBLED . .. PHYSICAL REVIEW E8, 031401 (2003

[46] O. Teschke, G. Ceotto, and E.F. de Souza, Chem. Phys. Letf49] S.B. Johnson, C.J. Drummond, P.J. Scales, and S. Nishimura,
326, 328(2000. Langmuir11, 2367(1995.
[47] U. Kaatze, J. Solution Chen26, 1049(1997. [50] G. Fragneto, R.K. Thomas, A.R. Rennie, and J. Penfold, Lang-
[48] O. Teschke, G. Ceotto, and E.F. de Souza, Phys. Chem. Chem. muir 12, 6036(1996.
Phys.3, 3761(200)).

031401-9



