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Surfactant Aggregates at Rough Solié-Liquid Interfaces
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We demonstrate improved atomic force microscopic imaging of surfactant surface aggregates, featuring an
increase in the topography contrast by several hundred percent with respect to all previous studies. Surfactant
aggregates on rough gold surfaces, which could not be imaged previously because of low resolution, display
substantially different morphologies when compared with atomically smooth materials.

Introduction quality (16 pm root-mean-square roughness in a 50 xim
50 nm aredf have a direct influence on surfactant adsorption.

Thetadﬁorptllc)n ofllsutrfactantsdqt :jnte{fgclzes IS |mportantgor In order to be able to image surfactant aggregates on rough
many technical appiications and industria p'rocisses SUC aSqyrfaces, we use recently developed, soft AFM cantilevers with
detergency, froth flotatioh,boundary lubricatiod;* colloid

A . ; SR very sharp tips. Artifacts due to the size and shape of the tip
6 9 . . . .
;tab|||zat|on§ dlspers_|orf, and corrosion inhibitior. Intera_c that previously prevented micellar resolution on rough surfaces
tions of surfactants with metallic surfaces have become impor- are hence greatly reduced. Using these probes, we investigate
. . X 1 " . ,
tant in t_he produgtlon of nanoparticlés. Tradltlt_)nally, the ._aggregates of sodium dodecyl sulfate (SDS) surfactant on gold
adsorption behavior of sur_factants h"’?S been St_Ud'ed by CIeF)leuonsurfaces. Gold substrates can be rendered rough or atomically
method$®-18 and streaming potential techniqué€s? More

. ! . A flat, thus enabling us to compare the role of surface roughness
recently, experimental efforts applying ellipsomeity22 optical while keeping all other parameters fixed.
reflectometry?324 electrochemical methodsquartz crystal
microbalance$?® and Fourier transform infrared spectrosc#py ) .
have added information about the dynamic properties of EXPerimental Section
surfactant adsorption. Fluorescence deagutron reflectiors? Preparation of Samples and SolutionsWe prepared our
and ggazmg-made_nce small-angle neutron scattering t€Ch-gampjes by evaporating a 100 nm thick gold film directly onto
hiques® have provided general information about the length \nheated, freshly cleaved mica substrates. This was accom-
scales of the surface aggregates, and microcaloriffethhas  hjished using a Denton V-502A (Denton Vacuum, Moorestown,
been used to determine the corresponding heats of adsorptlonNJ) electron beam evaporator at pressures below tbar and
None of these techniques, however, provide high enough spatialy, ey aporation rate of 0.3 nm/s. The samples were either used
resolution to visualize surfactant adsorption at the molecular i, the rough surface obtained after this & treated further
level. ' ' ~torender the surfaces as smooth as possible. This was achieved
~ The best approach so far to obtain detailed morphological py annealing with a hydrogen flame, using a National 3H
information on surface aggregates at the nanometer level hasstainless steel hydrogen torch with an OX-3 tip (Premier
been to use liquid-cell atomic force microscopy (AFH! Industries, Blaine, MN). The hydrogen pressure was 400 mbar,
Pioneered by Manne and co-workers, this technique revealedang the torch regulator was adjusted to yield a flame about
that surfactants form surface aggregates in the shape & full 7 cm ong. The mica sheets were held in the flame for about
or half 33 cylinders or fulf® or half** spheres, as well as flat 10 s at a distance of about 5 cm from the torch tip. For both the
layers;®“°depending on the system under investigation. These yough and the annealed gold films, we confirmed that the (111)
findings have been confirmed by computational investigatféns.  p|anes were oriented parallel to the substrate surface by X-ray
AFM imaging of surfactant surface micelles, however, has been giffraction characterization and atomic resolution AFM lattice
limited to extremely flat substrates such as atomically smooth gcans, respectively. The annealed samples were used within
graphité>=3742"4% and mica’*““2Amorphous silica that forms  minytes after the annealing process to reduce contamination
as a native oxide on highly smooth silicon has been the third fom ajr as much as possible.

6,46 . X

most popular substrafe The surfactant solutions were prepared from solid SDS

We are interested in rough surfaces that are present in mos‘(BioChemika Ultra, grade= 99% (GC), Fluka, Buchs, Swit-
engineering applications. There have been speculdfiéitaat zerland) and water with a resistivity of 18®icm, deionized

even very small deviations from an atomically smooth surface ;i 5 Picopure 2 UV Plus system (Hydro Service and Supplies,
Inc., Durham, NC). The SDS solutions were always prepared

; Corresponding author. ____ fresh and used within a few hours in order to avoid the formation
Currently at Engineering Sciences Laboratory, Harvard University, . & 52
Cambridge, Massachusetts 02138. of dqdecanol via hydrolysig: _ The pH value of the surfactant
* Deceased, October 4, 2006. solutions was not further adjusted.
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Figure 1. (a) 200x 200 nm AFM scan of SDS aggregates on top of an annealed gold(111) film using a silicon nitride tip (SDS concentration:
10 mM). The gold surface is not perfectly flat but features several topography steps. (b) Cross section along the blue line in paneka. (c) 90
90 nm AFM scan of a flame-annealed gold surface immersed in a 10 mM SDS solution, using sharp silicon tips. (d) Cross section along the blue
line in panel b.

Atomic Force Microscopy. The images were acquired using color, dark in the center, brighter on the left and right sides,
a commercial MultiMode AFM (Veeco, Santa Barbara, CA) represent atomically smooth terraces of the annealed gold
with a NanoScope llla controller (software version v5.12r5), sample. All of these terraces are covered by close-packed,
equipped with an FC type contact-mode liquid cell. The AFM hemicylindrical micelles with a constant spacing of about
piezo scanner was calibrated using a 3D reference silicon grating5.1 nm, represented by the periodic topography modulations in
(Veeco, part number 498-000-026) with a 26 lateral pitch the shape of line%*®> Figure 1b features a cross section
and a step height of 100 nm. Two types of cantilevers were following the blue line in Figure 1a showing that the topography
applied: (i) NP-S type (Veeco) oxide-sharpened silicon nitride modulation induced by the micellar aggregates is-@2 nm.
tips with a reflective gold coating on the back side and a nominal The vertical spacing between the hexagonal layers of gold that
spring constant and tip radius of curvature of 0.06 N/m and form the terraces is known to be 0.235 Afrsuggesting that
20 nm, respectively and (i) PointProbe Plus P3| (Nanosen-  the topography steps between the terraces in Figure 1a are one
sors, Neuchatel, Switzerland) highly doped silicon cantilevers to four atomic layers high.
with tip radii below 7 nm and a nominal spring constant of When we image the same system with one of the sharper
0.05 N/m without reflective coatings. All tips were cleaned in silicon (PPP-BSI) tips, a much higher contrast is achieved as
an ozone chamber (UVOCS, Montgomeryville, PA) for 60 min shown in the topography image and the corresponding cross
prior to the experiment. The fluid cell (volume: 0.5 mL) was section in Figure 1c,d, respectively. The topography modulation
flushed with 5 mL of surfactant solution before the experiment induced by the micellar surface aggregates is now on the order
was started. All images were taken at line frequencies-of 2 of as much as 1.2 nm. This represents an improvement of about
7 Hz and the highest possible integral and proportional gains 1,000% in modulation with respect to what we typically get
(typically ~5) to achieve imaging at the lowest possible forces with silicon nitride tips. The image now displays the surfactant
and to get the most accurate representation of the sample. Foeggregates in much greater detail.
imaging the micellar aggregates, the sample was approached Rough Gold SurfacesImages acquired with a i, tip on
with the smallest possible force set point. Once the tip was rough gold surfaces are shown in Figure 2. For a reference
within a few nanometers of the surface, the force set point was characterization of the surface, Figure 2a was taken in deionized

optimized for best contrast. water only. The image shows the grainy gold surface with grain
diameters of 36100 nm3® The grains are typically 37 nm
Results and Discussion high. If surfactant is added to the solution (10 mM SDS), the

AFM image (Figure 2b) only shows very subtle changes. If
Atomically Smooth Gold Surfaces A topography image of directly compared with Figure 2a, small ripples on the grains
surface micelles on a flame-annealed gold surface in an aqueougan be observed. At this point, one can only suspect that these
10 mM SDS solution (just above the SDS critical micelle ripples indicate the presence of surface micelles. It is, however,
concentration of 8.1 mM}-53 obtained with a silicon nitride  impossible to identify individual micelles or even recognize their
(NP-S) tip is shown in Figure 1a. The large areas of different shapes.
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Figure 2. AFM deflection images acquired with a standard silicon <
nitride tip taken on a rough gold surface immersed in (a) water only 0.0 . . . . . : .
and (b) a 10 mM SDS solution. 0 5 10 15 20 25 30 35 40

Figure 3. (a) AFM deflection image of surfactant aggregates on a 12 nm 8 nm
rough gold film in contact with a 10 mM SDS solution taken with a

sharp silicon AFM tip. (b) Calculated mean curvature of the surface Figure 4. (a) When the AFM tip (idealized by a sphere of radivp
shown in panel a. Larger areas with low curvature (dark color) on top IS larger than the imaged micelles (idealized by hemicylinders of radius
of the grains are highlighted by green, dashed lines. The same lines"m and with an intermittent gap of widdy, the topography modulation
are shown in panel a to illustrate the correlation between low substrate IS refatively small. By assuming that the tip is in hard contact with the
curvature and elongated micelle morphology. sample and all bodies are incompressible, we can calculate the
modulationAz as a function ofr, as shown in the plotr( = 1.9 nm,
. - . g = 1.3 nm). (b) Topography image of an evaporated gold film in a
In contrast, applying the sharp PPBSI tips t,O Image 10 mM SDS solution taken with a sharp AFM probe, featuring a high
surfactant aggregates on rough surfaces, we achieved a breakppography contrast. (c) When asSis tip is applied on a similar
through. As the deflection image in a 10 mM SDS solution sample, the topography contrast is extremely weak.

(Figure 3a) shows, the entire gold surface is indeed covered
with micellar surface aggregates. The geometry of each surface(|x| < 5um™1) on top of the grains (dark areas, highlighted by
micelle is clearly revealed: The micelles are wormlike, featuring green, dashed lines) generally correlate with the areas that
similar diameters of 59 nm, but with a large variety of lengths.  accommodate elongated micelles, while the brighter, ochre and
In comparison to the AFM images acquired on smooth gold blue areas typically host shorter or odd-shaped aggregates. One
(Figure 1c), the micelles on rough gold surfaces display very possible explanation for this behavior is that bending elongated
different micelle morphologies (Figure 3a). The micelles on micelles is energetically less favorable than forming several
smooth gold are very long, parallel, and equidistant, in agree- shorter micelles that are bent to a lesser degree. This is in line
ment with previously reported resufsywhere their orientation  with the fact that we do not observe any micelles spanning two
has been shown to be dictated by the gold lattice. On rough or more grains, which would also require a significant amount
gold, in contrast, they are quite curved and exhibit a considerable of bending due to the sample topography.
range of lengths. The shortest ones are of almost hemispherical Importance of the AFM Probe Size. The aggregates of
shape; the larger ones are more than 50 nm in length. Wemany commonly studied surfactants on smooth surfaces are
observe that the longer micelles on top of larger grains display close-packed micelles of cylindrical, hemicylindrical, or spheri-
a rather flat topography, while the shorter ones are located oncal shape with typical center-to-center distances-e7 iim36
small grains that are curved more strongly. A definitive relation We aim to estimate the influence of the size of the AFM probe
to the gold lattice structure is not yet established. on the obtained image of such samples, which proves relatively
To analyze these images more quantitatively, we computed difficult. The micellar aggregates are soft structures that are
a color-coded surface curvature map (Figure 3b) of the arearemoved from the surface by energies as little as 2@ kJ/
shown in Figure 3a. We first applied a low-pass filter to the mol.32 The interactions between the tip and the sample are very
corresponding topography data to suppress features of micellarcomplex and include electrostatic repulsiSnjan der Waals
size or smaller; then, we calculated the mean curvaturat attraction, hydrophobic interactions, and steric fof®eBur-
each point. The peak values correspond to radii of curvd®ure thermore, the manufacturing process of AFM prébessubject
= 1/ of £20 nm, where we use negative numbers and blue to fluctuations, making their exact geometries at the nanometer
colors for concave areas (such as in the grooves between thescale unknown.
grains) and positive numbers and ochre colors for convex areas We use a much simplified, geometric model for our estimate,
(typically on the sides of the grains). The analysis confirms our as illustrated in Figure 4a. We idealize the tip by a sphere of
observation expressed above: the larger areas of low curvaturaadiusr; the micelles are simplified by identical hemicylinders
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or hemispheres of radiug placed on a perfectly flat substrate. invisible in the topography signal. To explain this weak
Further, we consider a gap of widgtbetween the micell€%4555 performance, we suggest the following mechanism. When the
due to electrostatic repulsion between the head groups of thelateral extent of the interaction zone between the tip and the
ionic surfactants. We assume that the tip and the micelles aresurface is larger than the width of one micelle, the image is
incompressible and that the tip is in hard contact with the effectively averaged over two or more micelles. On a flat
micelles while imaging. Consequently, the tip follows the sample, where the micellar pattern is periodic, the image is still
wiggled, brown line in Figure 4a, featuring a vertical modulation likely to reproduce this periodicity. On the rough surface, in
Az as it slides across the micelle-covered surface. We further contrast, where the micelles are disordered (Figure 3a), this
estimate the micelle radius, to be equal to the length of a  averaging process further diminishes the micelle-induced to-
fully stretched SDS moleculery = 1.9 nm8! Using the pography contrast.

measured center-to-center distartce= 5.1 nm between the )

micelles, we determing via the relationshig =d — 2ry = Conclusions

1.3 nm, a value that is backed by experimental evidéh@n We improved the AFM imaging contrast of close-packed SDS
the basis of these assumptions, we computed the topographysyrfactant surface aggregates on gold surfaces from- 0.1
contrastAz as a function of the tip radiusr (brown curve in 9.2 nm to about 1.2 nm by using silicon AFM cantilevers with
Figure 4a). We assume no population of the anionic surfactantyery low spring constants and sharp tips. Imaging the morphol-
at the AFM t|p§5 Wh|Ch are made out Of EIther SI|ICO!’1 or SI|ICOﬂ ogy of surfactant surface aggregates on rough Surfaces thus
nitride (SgN4). Both materials develop a negative surface pecame possible for the first time. Similar to what is found on
Chal’géz in neutral pH as they form an oxide |ayel‘ at the SUrface, smooth Surfacesy SDS surfactant aggregates on rough go|d
so that repulsion between tip and surfactants is expected.  surfaces are primarily of hemicylindrical shape. More work is

For a tip radius of 15 nm, our model suggestazof about necessary to study the relationship between substrate structure
0.2 nm, slowly decreasing when the tip radius is increased and micelle morphology. Generally, we find that the micelle
(Figure 4a). For tip radii of 10 nm and less, there is a relatively length depends strongly on the surface curvature. The less
steep increase of the contrast as the tip radius is decreased. lcurved areas support the formation of longer, hemicylindrical
the majority of previous AFM studies of these structuresNsi micelles; in areas of higher curvature, the aggregates are shorter,
cantilevers with tip radii of 20 nm and above were used. In a approaching a hemispherical morphology.
few studies’”38silicon probes with a tip of around 15 nm were
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