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Abstract

Force curves collected using an atomic force microscope (AFM) in the presence of adsorbed
surfactants are often used to draw conclusions about adsorbed film packing, rigidity and thickness.
However, some noteworthy features of such force curve characteristics have yet to be thoroughly
investigated and explained. In this work, we collected force curves from
tetradecyltrimethylammonium bromide (TTAB) films adsorbed on highly ordered pyrolytic
graphite (HOPG), silica, and silica that had been hydrophobized by functionalization with
dichlorodimethyl silane. Break-through events in the force curves from several different trials were
compared to show that the break-through distance, often reported as the adsorbed film thickness,
increased with concentration below the critical micelle concentration (CMC) but was
approximately 3.5 nm on all surfaces between 2x and 10x CMC; an unexpected result because of
the different surface chemistries for the three surfaces. We employed an AFM probe with a
different force constant (k) value as well as a colloidal probe and the break-through distance
remained approximately 3.5 nm in all cases. Gradient mapping, a variant of force mapping, was
also implemented on the three surfaces and resulted in a new technique for visualizing adsorbed

surfactant in situ. The resulting maps showed patches of adsorbed surfactant below the CMC and



revealed that with increasing concentration, the size of the patches increased resulting in full
coverage near and above the CMC. These results are, to our knowledge, the first time force
mapping has been used to spatially track patches of adsorbed surfactant. Finally, layers of
surfactants on an AFM tip were investigated by collecting a force map on a single AFM tip using
the tip of a separate AFM probe. A break-through event was observed between the tips, indicating

a layer of surfactant was present on at least one, if not both tips.



Introduction
Advances in the field of surfactant research have led to apparatuses that can probe several

different properties of surfactant layers adsorbed to a variety of surfaces. Techniques include
gravimetric analysis such as the quartz crystal microbalance (QCM)*, reflectivity (neutron
reflectivity, optical reflectometry, ellipsometry)®°®, surface or interfacial tension (dynamic
contact angle, drop shape analysis, bubble pressure tensiometry)’, electrostatics (zeta potential)®®
and force interaction (atomic force microscopy, surface force apparatus). The use of the atomic
force microscope (AFM) in surfactant research has made significant contributions to the
understanding of adsorbed surfactant morphologies, dimensions, and orientation. Of specific
interest to this study are soft contact imaging and force curves that are used to explore the
characteristics of surfactant layers.%-14

Early seminal papers in AFM studies of adsorbed surfactants concerned surfactants
adsorbed on highly-ordered pyrolytic graphite (HOPG) explored by Manne et al.*>!*® These
studies were possible due to the production of an electrical double-layer (EDL) at the surface
generated by the surfactants and counter ions adsorbed to the surface. This type of imaging,
known as “soft contact imaging”, is accomplished by increasing the force applied by the AFM
tip until it begins to register a response due to the presence of the adsorbed micelle layer. At this
point, any lateral variations in the morphology of the aggregates become distinct. These
variations are used to determine the morphology of the adsorbed surfactant aggregates before the
tip breaks through the layer and images the underlying substrate. However, this technique lacks
accurate information regarding the surfactant layer in the z-direction because it does not contact
the surface beneath the surfactant during imaging. Therefore, the initial publication of Manne et

al. included a force vs. distance curve and a thorough explanation of the details of such curves,



which was necessary to achieve the required mechanical stability over the adsorbed surfactant
necessary for sustained imaging.

Others have imaged surfactants and supported lipid bilayers adsorbed on a variety of
substrates using soft contact imaging and force curves with a spectrum of pH, ionic strengths,
and temperatures.'17-22 The force curves initially used to determine the required force for
imaging are now also used to study other aspects of the surface and adsorbed species, such as the
stability and electrostatic nature of the adsorbed surfactant and lipid layers.>1%232° Typical
properties obtained from force curves are the break-through force, break-through distance, and
adhesion force. The break-through force is the force at which the probe will penetrate the micelle
layer to the underlying substrate during scanning; it is manifested as an instability point in the
force curve. The break-through distance is the distance between this instability and the point of
contact with the underlying surface, and is often taken to represent the thickness of the adsorbed
film 1132022242631 However, this assumption is questionable since compression is occurring
during the measurement and some have assumed that the distance where the force curve deviates
from zero is a more accurate representation of the adsorbed film thickness.!® The number of
publications which utilize the break-through distance as well as the much higher degree of
accuracy in the automated determination of the instability point was the reason that the break-
through distance is investigated here. Lastly, the adhesion force is the force required to pull the
AFM tip off the surface during retraction of the probe.

These properties (although primarily the break-through force) were used by Pera, Franz,
Butt, Loi, and others to develop and test theories related to the energetic interactions between the
approaching AFM tip and an adsorbed lipid DOTAP or DOPS layer.2532-3* The events leading to

the instability are thought to start at the point the AFM tip begins to interact with the repulsive



portion of the EDL, giving the curve its initial exponential increase with decreasing separation.
At a certain distance the tip physically contacts the micelle layer; with increasing force surfactant
is displaced from beneath the tip, and the film ruptures. Kiinneke et al. expanded on these studies
and correlated topography, stiffness and the adhesion force, and did so using the enhanced data
collection method known as pulsed force mode (PFM), which increased the speed at which force
curves could be collected.?

The histogram-based analysis implemented by these and other authors has since been
used with several different adsorbed layers of lipids and surfactants, including
cetyltrimethylammonium bromide (CTAB), tetratrimethylammonium bromide (TTAB), sodium
dodecylsulfate (SDS), and biological lipid layers with varying pH, concentrations of added
surfactant and tail lengths.?22427:3537 From this short overview it is clear that many
investigations use the break-through and adhesion forces primarily, while the break-through
distance values are commented on but are less used in analysis. If these distance values are
mentioned or shown in force curves, they are often very similar (normally around 3.5-4 nm),
even for different surfactants or concentrations, and there has yet to be a substantial investigation
into their comparability and physical origin.11:2224.26-29

As the prevalence of combination instruments implementing AFM continues to grow
(e.g. combination AFM/ellipsometer and AFM/quartz crystal microbalance), the use of force
curves to verify thickness models could become more and more useful, making the determination
and understanding of the break-through distance more necessary. However, there seems to be
some discrepancy in the literature as to whether force curves obtained on adsorbed layers
includes some compression distance prior to the instability point and whether the AFM tip used

during force curve collection is ‘naked’, in the sense that adsorbed layer thicknesses can be



found without considering if there is surfactant adsorbed on the tip. Regardless, there have been
seemingly few in-depth studies performed to determine the effects of the tip or probe used to
collect the force curves as opposed to the number of studies that make use of break-through
events.

In this work, force mapping was used to gather break-through distance, break-through
force, and adhesion force values using different surfaces, AFM probes, surfactant concentrations,
and surfactant introduction methods. The identity of the break-through distance was then
investigated and compared to the trends observed in the break-through force and adhesion force
values, and the utility of AFM in collecting and analyzing this and other properties is reviewed.
The implementation of the techniques described here requires little more experience than that of

the average AFM user and can be done with any AFM with force curve mapping capability.

Experimental Procedures

Surfactant Preparation
Tetradecyltrimethylammonium bromide (TTAB) was obtained from Sigma-Aldrich and

recrystallized three times from ethanol before use. The critical micelle concentration (CMC) was
found to be 3.52+0.43 mM using pendant drop shape analysis. No minimum was detected in
surface tension, which indicates a relatively pure surfactant. This surfactant was used over the
more commonly studied CTAB due to a lower Krafft point (0°C for TTAB versus ~23°C for

CTAB), which made working around room temperature less likely to induce a phase change.®

AFM Probes and Probe Cleaning
Two types of probes were used throughout the investigation: PPP-BSI (NanoAndMore)

and MSCT “f” probe (Bruker). The PPP-BSI probe had a nominal force constant of 0.1 N/m, a



resonant frequency of 28 kHz and tip radius of less than 10 nm and the MSCT probe “f” had a
nominal force constant of 0.6 N/m, resonant frequency of 125 kHz, and tip radius of 10 nm. Prior

to use, the probes were cleaned in a UV Ozone chamber for 30 minutes.

Colloidal Probe Preparation
The colloidal probe, which was an AFM probe with a spherical glass bead on the end,

was prepared by first taking a clean microscope slide and applying a small drop of UV curing
glue and using a disposable needle to create glue streaks that were thinner than the initial drop.
Around 25 mm away on the same side of the same microscope slide, a small quantity of glass
beads (Polysciences, Inc.) were added by quickly inverting and righting the closed bottle
containing the beads, removing the cap and tapping it on the glass slide. This procedure provided
an array of separated glass beads from which to choose. A PPP-BSI AFM probe was loaded onto
the JPK Nanowizard 111 AFM head and the laser was aligned on the back side. The head was
moved towards the surface of the microscope slide using coarse steps until a streak of the UV
curing glue was in roughly the same focus as the cantilever of the probe. Using the AFM as a
micromanipulator, the AFM tip was moved over the glue streak (using the optical microscope)
and then lowered in small increments (5 pum or less) until the deflection moved away from
center. If contact with the glue was made, then retracting the probe from the surface would not
occur until a few retraction steps were taken because the glue caused the probe to deflect
adhesively.

Once the glue was applied to the cantilever/AFM tip, the tip was moved to a glass bead,
chosen based on visual inspection of cleanliness and separation from other beads. The cantilever
was lowered using small steps until the deflection deviated from zero and in some instances one

additional approach step was taken to ensure good contact. A blue handheld laser with a



wavelength of 405+10 nm and a max output lower than 5 mW was then directed towards the
AFM probe covered in UV curing glue which was now in contact with the chosen glass bead.
The light for the optical microscope used on the AFM was turned off and the blue laser was
turned on and positioned so that the reflection of the blue laser could be clearly seen on the
viewing screen attached to the optical microscope indicating that the laser was in the right spot to
cure the glue. The laser was held here for 1 min and then the optical microscope light was turned
back on and the AFM probe retracted 50 um. If the glass bead went out of focus with the AFM
probe then it was successfully attached, otherwise glue was reapplied to the AFM probe and a
new bead was found. In most instances, between 1 and 3 attempts were necessary; this lack of
consistency likely resulted from the limited contact area of the cantilever tip, which may inhibit

effective sticking of the bead. Use of tip-less cantilevers would likely alleviate this issue.

Surface Preparation
Force maps were obtained on highly oriented pyrolytic graphite (HOPG), UV ozone

treated silica, and silica reacted with dichlorodimethyl silane (DCDMS). HOPG surfaces were
obtained by cleaving the upper layer of a ZYH-grade planchet from Momentive Performance
(Strongsville, OH) using double-sided tape. No further cleaning treatment was performed to this
surface.

The silica used was cleaved into 1cm x 1 cm surfaces from a 4-inch diameter
ellipsometry standard (J.A. Woolam) with a 60 nm thermally grown oxide layer using a diamond
tipped scribe. The cleaved surfaces were then cleaned using a methanol soak with sonication to
remove any particles present on the surface from the cleaving procedure. DI water was used to
rinse the samples, which were then dried in a nitrogen stream. Next, the silica surfaces were

placed in a Harrick Plasma Cleaner (PDC-32G) and cleaned using the ‘medium’ setting (10.5 W



applied to RF coil) under vacuum for 10 minutes. The surfaces were then transferred to an 80°C
RCA-1 cleaning solution (1:1:5 solution of NH4OH:H20.: Milli-Q H20) for 25 minutes in a
Teflon® sample holder. Next, the surfaces, removed from the solution, were rinsed individually
with Milli-Q H20 and dried under a nitrogen stream. Then they were immediately moved to the
plasma cleaner for 5 minutes on the ‘low’ setting (6.8 W applied to RF coil) and finally removed
to fluoroware for storage until use. Before a silica surface was used from storage it was exposed
to UV ozone for 45 minutes and then placed at the bottom of the dish before adding surfactant
solution.

To obtain a silanated silica surface, a silica surface cleaned in the manner described
above was exposed to dichlorodimethyl silane vapor post UV ozone treatment by holding the
silica surface inverted in the mouth of the silane bottle for 30 seconds. No further cleaning

treatment was performed on the silanated surface.

The contact angles of Table 1
water on the three surfaces post Silanated Silica 96.1
HOPG 62.0
treatment were measured using the [y Ozone Silica ~0 (completely wetted)

sessile drop method and are given ~ Table 1. Contact angle of 18 MQ water on silanated
silica, HOPG and UV Ozone cleaned silica.

in Table 1. The results agree well

with literature values using the same surfaces.3*4° The results showed that the silanated silica had

the most hydrophobic character of the three surfaces used followed by HOPG. The UV ozone

cleaned silica sample was completely wetted by water and was therefore the most hydrophilic.

Surfactant Soft Contact Imaging
Soft contact imaging on HOPG and silica was performed using a JPK Nanowizard 111

(Berlin, Germany) AFM and PPP-BSI probes. To image surfactant assemblies on these surfaces

the probe was approached and then image collection begun. The setpoint was decreased during



scanning until the tip came fully away from the surface, overcoming adhesion forces, and then
the setpoint was increased until surfactant was observed. An easy verification that surfactant is
being imaged and is not an artifact is by changing the scan angle and size. If changing these
parameters produces no apparent variation in the image, then the image features are most likely

either artifacts or caused by feedback due to inaccurate tuning parameters.

Concentration and Probe Switching Methods

Batch Method
The simple setup of the batch method (a dish and surfactant solution) and the potential

for combining data from several trials makes the batch method an attractive means of collecting
force curve data with surfactants. The surface was placed (double-sided tape was only used in the
case of HOPG) at the bottom of a clean glass dish large enough to accommodate the AFM head
and then the surfactant solution at the proper concentration of surfactant was added. The probe
then approached the surface and force maps were collected. Then the probe was retracted and the
solution and submersed surface were removed before a separate dish with a separate surface in a
separate aliquot of the surfactant solution was put in its place. The probe was also removed from
the AFM head, UV Ozone cleaned and then put back in the AFM head (or a different probe also

UV Ozone cleaned was placed in the AFM head) before approaching.

Perfusion Method
The perfusion method, although having a more complicated setup than the batch method,

ensures the collection of data from the same location between trials and removes the effects of
tip cleaning and concentration switching. The perfusion method was carried out using the same
glass dishes as used in the batch method, but syringes connected to Teflon® tubing were used to
inject the solutions into the cell on one side of the dish and withdraw it from the other, removing
the need to move the AFM tip laterally allowing for force maps and imaging to be performed in

the same exact spot at different surfactant concentrations. First, water was injected into the cell



and force maps were collected before retracting the AFM probe by 5 pum. Then the syringes
placed in the dish were used to remove the solution in the dish at the same rate that the new
solution, in this case 0.2xCMC TTAB, was injected. When twice the volume of the dish had
been perfused, the system was left unperturbed for 10 minutes to allow for equilibration and then
the AFM tip was approached and mapping or imaging was performed. Each map took
approximately 20 minutes to collect and in some cases a map was collected immediately
following another map. Comparing subsequently collected maps allowed for following the time
evolution of adsorption or location of specific patches of surfactant. This procedure was repeated
for the whole concentration series, which began with water and was increased by 0.2xCMC until
0.8xCMC and then the concentration was further increased to 2xCMC and then 5xCMC and

finally 10xCMC.

Force Mapping on Various Surfaces
The force mapping feature of the Nanowizard software was used to obtain a 32x32 grid

of force curves in desired areas with varying map sizes on HOPG, silica, and silanated silica
using both the PPP-BSI probes and the “f” cantilever on a MSCT probe. Before use, each probe
was calibrated to determine the deflection sensitivity and the force constant by obtaining a force
curve on a clean microscope slide and fitting the gradient (slope) of the line where the probe was
in contact and then by using the thermal method, respectively.

The probes were used only if the measured force constant fell within the specification
parameters (~ 5 percent of the probes did not meet this criterion). The deflection sensitivity was
measured again in solution on the substrate prior to any other measurements. Note that the
cantilever shape for the PPP-BSI probe is rectangular while the MSCT cantilever is triangular;

although this could cause a difference in the lateral bending of the cantilever, we are only using



the vertical deflection for analysis and therefore the difference in shape should not be an issue if

the force constants are known.

The curves in Figure 1 show the 1
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through force while the distance between

the instability point and the substrate is taken to be the break-through distance. Each force curve
within a force map was obtained with a tip velocity of 700 nm/s and over a range of 500 nm. The
relative force setpoint (the force at which extension of the probe was stopped and retraction
begun) was varied based on the force required to obtain a sufficient number of points post break-

through, usually between 3 nN and 8 nN.



Once the probe reached this setpoint, it was retracted from the surface. Due to adhesive
forces between the surface and the probe there was a distance during which the probe remained
on the surface past the point of zero deflection. A snap-off the surface occurred once the force
necessary to overcome adhesion was applied and resulted in a minimum in the force curve,
which was taken as the adhesion force. In a force curve, a negative force is attractive, however,
we will discuss both the break-through force and adhesion force as positive values given the

conventions typically used for both forces.

Automated Analysis Post Collection (Python and Gaussian Fitting)
Post collection, the JPK data processing software was used to convert the gathered

deflection and distance data into force and tip—sample separation before exporting each curve as
a separate text file. The force curves were then analyzed using scripts developed in Python,
which first separated the data into approach (extend) and retract curves and then identified the
break-through points to obtain break-through distance, break-through force, and adhesion force.
The data obtained from each force map was used to create histograms, which summarize the
break-through distance, break-through force and adhesion force acquired from the force maps.
Our analysis operates under the assumptions outlined by Butt and Franz, specifically that there is
a probability distribution which describes the point at which the tip will break through the
surfactant layer, and therefore a range of values are possible for any trial.?® The histograms were
then fit to a normal distribution using equation 1, where A is the normal distribution peak

maximum and p and o are the mean and standard deviation respectively.

(x—u)z)

y=A-exp (— e eq.l

The fitted values were then compared using a variety of concentrations, surfactants and

surfaces. In the event of multiple peaks, equation 2, which uses the same variable designations



as equation 1, was used to fit the histogram data,

y=A1-exp(—M)+A2-exp(—M) eq. 2

2:042 2:0,2

Results and Discussion

AFEM Force Mapping of an AEM Tip
Unless explicitly stated, throughout this paper the terms monolayer and bilayer refer to the

number of layers forming the structures on the surface (e.g. monolayer refers to flat monolayers
as well as hemi-cylinders and hemi-spheres, while bilayer refers to a flat bilayers as well as full
cylinders and spheres). We have no reason to believe that our methods can distinguish the various
types of single-layer type structures from one another, nor the various types of multilayer-type
structures from one another.

Many previous publications interpret the break-through distance as the thickness of the
adsorbed surfactant layer directly, which assumes there is no surfactant adsorbed to the probe.
However, Ducker et al. investigated the surfactant adsorbed to the tip by collecting force curves,
however without collecting a force map, on a silicon nitride surface using a silicon nitride probe
with the zwitterionic surfactant dodecyl dimethyl ammoniopropanesulfonate.*! They assumed that
using the same material would yield similar structures on both the tip and the surface and
determined that the thickness measured using force curves was based on the applied load. The
latter conclusion is a result of designating thickness as any point between the point of initial
increase in force and the instability point and not the break-through distance. In our work, this
method of using a probe and surface of the same material is taken a step further by mapping an
AFM tip using another AFM tip in 10xCMC TTAB solution, which provides not only the same

material, but also the same surface geometry. Only single force curves could be obtained at the tip-



tip interaction as compared to 1024 curves we could obtain for flat surfaces; therefore, similarly
robust statistical data-sets were not possible. However, our data demonstrate the concept of force
mapping on an AFM tip, and they permit to draw conclusions based on the presence and
appearance of break-through phenomena.

The mapping probe was positioned over the to-be-mapped probe using a top-down
optical microscope. The to-be-mapped probe was prevented from deflecting away from the
mapping probe by positioning it over the chip portion of a separate AFM probe (see Figure 2a),
which, by design, was at the same height as the underside of the AFM cantilever. Prior to
mapping the tip, a 32x32 force map was collected on the cantilever of the probe being mapped.
This was obtained as a benchmark comparison to a flat surface of the same material at the same
time and with the same probe being used to map the tip surface. The break-through distance,
break-through force, and adhesion force were found to be 3.39 nm £ 0.61 nm, 0.33 nN £ 0.04 nN
and 0.05 nN = 0.007 nN on the cantilever, respectively.

Next, the tip itself was mapped using a 16x16 force mapping grid. The smaller grid size

was used on the tip because a 32x32 grid experienced significant drift during the experiment.



Even with the smaller map there
was still a fair amount of drift,
likely due to mechanical coupling

within the complex arrangement of
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The break-through distances, break-through forces,
and adhesion forces for the three maps were found
to be (3.3 nm, 0.28 nN, and 4.76 nN), (4.29 nm,
0.18 nN, and 2.23 nN), and (5.05 nm, 0.65 nN, and
0.33 nN), respectively.

Although there is substantial variation in
these measurements, our results indicate that there
is adsorbed surfactant with some thickness present.
The symmetry of the system strongly supports the
possibility of an adsorbed layer on both tips. This
layer is assumed to be a monolayer, since it has
been previously stated that AFM tips should be
incapable of supporting the formation of a bilayer
without chemical modification.*? To investigate
surfactant adsorbed to a different type of probe, a

colloidal probe was used on a flat HOPG surface.

Colloidal Probe Trials
A 58-um colloidal sphere attached to PPP-

BSI AFM tip was used and the results of a 32x32
force map obtained in 10xCMC TTAB using this
colloidal probe on the TTAB layer on HOPG are
shown in Figure 3. The force curve shown,

Figure 3a, had a low gradient region at 3 nN, which

was taken to be the break-through event. The break-
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through force was found to be ~3 nN in this curve and the retraction curve had noticeable
bowing leading up to a flat region at 6 nN. This flat region was caused by the measured value
exceeding the limit of the measurable deflection (12 V, which corresponds to 6 nN after
accounting for deflection sensitivity). The break-through distance obtained from the histogram in
Figure 3b was 3.57 nm + 0.17 nm, which is in the same range as values found in literature using
various surface geometries. 1134 As with the force curve, the histograms in Figure 3¢ and
Figure 3d demonstrate how the measurable deflection limit affected the break-through force.
Below the instrument limit of 5 nN the break-through force histogram shows what appears to be
half of a normal Gaussian curve.

The low gradient at the break-through event resembles the curves found by Donaldson et
al. when using a surface force apparatus (SFA) to study azo-TAB on mica.** In their work, there
was a distinct difference in the appearance of the force curve and the break-through force for a
light-switchable surfactant monolayer or bilayer. In the case of the bilayer, the break-through
force was greater, and the force curves had a much lower gradient at the break-through event.
Compared to the force curves found here, there is a resemblance between our colloidal probe
curve profile and the azo-TAB bilayer, which would suggest hemifusion is occurring here, as
was concluded in theirs and other work.*

Hemifusion, represented in the scheme given in Figure 4, describes what happens when
two hydrophilic surfaces, each supporting a bilayer, come into close contact. The repulsive
forces generated by the bulk-facing headgroups lead to disruption of the opposing bilayers,

resulting in the compression and rearrangement of the two separate aggregate layers to form a
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Hemifusion also implies that adsorbed surfactant morphologies may change through interaction
with another surface (two bilayers initially and one bilayer after interaction). Visual inspection of
the force curves presented in the work of Donaldson et al. suggests a break-through distance
(jJump-in), which is approximately equal to the hemifusion distance, suggesting the possibility
that the break-through distance represents the hemifusion distance rather than the surfactant layer
thickness. However, previous work differs substantially from the work described in this section.
Since HOPG has been shown to support the formation of a monolayer surfactant structure; i.e.
instead of two bilayers with two mica SFA surfaces the expected situation with HOPG and our
colloidal probe is a monolayer and a bilayer. However, the measured break-through distance is
characteristic of bilayer thickness, not monolayer plus bilayer. To further investigate the identity

of the break-through distance, force maps were collected on HOPG using regular AFM probes.



Flat Surfaces Sampled with Reqular AFM Probe

HOPG Above the CMC
The data shown in

Figure 5 represent the break-
through event parameters for
10xCMC of TTAB on HOPG
from a force map with side
lengths of 500x500 nm. The
mean and standard deviation
from fitting the break-through
distance, break-through force
and adhesion force histograms
were found to be

3.25+0.31 nm, 1.18+0.18 nN
and 2.49+0.2 nN, respectively.
Imaging at this concentration
showed parallel rows of
surfactant arranged in different
orientations caused by grain
boundaries on the HOPG
surface, which agrees with

imaging found in previous
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Figure 5. Histograms with Gaussian fitting results (red dotted
line) and soft contact image of 10xCMC TTAB on HOPG with
PPP-BSI probe

investigations.® The parallel alignment and even spacing of the rows are due to the surfactant

adsorbing conformally with the symmetry axes of the graphite substrate.*>* Fast Fourier



Transform (FFT) analysis (overlay in the lower left of the soft contact image in Figure 5) was

used to determine the period (rationalized as the sum of the width of a micellar aggregate and

distance between aggregates), which was 4.7 nm, matching values found in the literature.®

Comparison of several surfactant break-through distance values on HOPG shows a

similar range of values as observed in our work, suggesting that a future force

mapping/histogram study involving surfactants of various chain length and headgroup charge

would be beneficial in
verifying the nature
of the break-through
diStanCE.14’15‘3l'41’4g
For the
purposes of this
paper, it is noted that
the HOPG break-
through values
obtained using the
regular AFM probe
here are like those
found on HOPG
using a colloidal
probe discussed

above. Itis well
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Figure 6. Histograms of break-through distance, break-through force and
adhesion force of 0.5xCMC TTAB on HOPG along with the Gaussian fit
results (red dotted line) and an example force curve (with split y-axis).
Below are the error (left) and lateral deflection (right) images at the same
concentration. In these images the scan direction is from bottom to top.

accepted that ionic surfactants form monolayers or hemi-spheres/hemi-cylinders on hydrophobic



surfaces (e.g. HOPG) and bilayer or full sphere/cylinder aggregates on form on hydrophilic
surfaces.>13%%°1 Therefore, this agreement is surprising; for the case of a colloidal probe and
HOPG a bilayer and a monolayer are expected while in the case of an AFM tip and HOPG a
monolayer and a monolayer are expected. Therefore, we expected a greater break-through
distance for the colloidal probe vs. the normal AFM tip. This curious discrepancy will be

elaborated upon in the “further discussion” section.

HOPG below the CMC
Adsorption of 0.5xCMC TTAB on HOPG was investigated using a 500x500 nm side

length force map and soft contact imaging, and the results are given in Figure 6. The mean
break-through distance, break-through force, and adhesion force were found to be 3.88+0.37 nm,
0.09+£0.012 nN, and 1.06+0.17 nN, respectively. The break-through distance obtained at
0.5xCMC is about 0.5 nm higher than that obtained at 10xCMC TTAB, while the break-through
force is 10% that obtained at 10xCMC. The large difference in break-through force was
expected, given that SFA experiments showed a drop in break-through force below the CMC to
15% of the value measured above the CMC.%" Given the patchy nature of adsorption that will be
proven later in this paper, the low break-through force is likely a result of surfactant being more
easily moved by an approaching AFM tip.

With soft contact imaging, scanning ‘above’ the surfactant layer without breaking
through to the underlying substrate was difficult below the CMC. The typical indication of
break-through during scanning was the disappearance of surfactant from the image (either in
height or error signals) mid-scan, or a sudden change in the lateral deflection signal (i.e.,
increased friction once the probe contacts the surface). Also, there was very little resolution of

surfactant in the height or error images until post break-through, after which the parallel lines of



surfactant are observable, albeit with rougher edges between the rows of surfactant when
compared to images obtained above the CMC.

The ability to image surfactant aggregates below the CMC indicated that the surface
concentration where cooperative interactions are responsible for adsorption of TTAB was less
than 0.5xCMC, which is not surprising given that SDS has been imaged at 1/3 of its CMC.*° As
the surfactant assemblies on the surface are patchy below the CMC, the approach of an AFM tip
could cause dynamic surface reconfiguration, a process which is expected to be much faster than
scanning timescales (individual surfactant adsorption-desorption times tend to be on the order of
milliseconds). Therefore, a probe at the hard surface could be scanning within the micelle layer,

which could yield a variation in the friction
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imaging in the friction signal post break-through
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remaining between 2.8 nm and 3.4 nm. Ignoring the data at 0.7xCMC, the break-through force
does seem to increase with concentration through the CMC. This result differs from a previous
SFA investigation for lipid bilayers, in which the break-through forces below the CMC varied
and achieved a plateau above the CMC.3" However, the behavior of the break-through force with
concentration was also measured with different results in perfusion experiments, which will be
detailed later. Comparing different concentrations in perfusion experiments is expected to yield
better results vs. comparing different concentrations in batch experiments as will be discussed
more completely below.

The clear difference in break-through force and adhesion force values for trials 1 and 2 of
the 0.5xCMC and 0.7xCMC indicates a variation not previously reported in the literature. This
difference in break-through force between different trials using conventional AFM probes with
nominally the same characteristics is attributed to differences in probe geometry at the
nanometer scale, a conclusion supported by the fact that the break-through forces obtained with
the colloidal probe were substantially different not only in value but also in appearance (a very
low positive gradient in the force vs. distance curve, which was instead high when using the
regular AFM probes). However, the break-through distance values between a regular AFM probe
and a colloidal probe were unchanged which indicates that the probe shape and size had no effect
on the break-through distance measurements. The effects of using a probe with a different force

constant on the break-through values were investigated next.

MSCT Probe “f” Trials
To study the effect of probe characteristics on break-through behavior, an f probe of the

MSCT cantilever which had a stiffness ~6 times greater than the PPP-BSI probes was used. The

results from force maps obtained using the PPP-BSI probe and the f probe of the MSCT



cantilever for HOPG, silica and silanated silica in 10xCMC TTAB are shown in Figure 8. Break-

through distances did vary moderately beyond experimental error for some samples, but the

unvarying nature was maintained between all surfaces and probes used.

Comparison of break-through force and
adhesion force shows more substantial
variations between surfaces and between
distinct types of probes. It was found that the
MSCT probe yields higher values in all cases,
except for the adhesion force on silica.
However, no consistent proportional
relationship between the data collected with the
different probes was observed. Overall, these
results support our conclusion that the
cantilever type does not strongly affect the
measurement of the break-through distance; the
average values of all three surfaces is about

3.65 nm for both probes. Conversely, both the
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break-through force and adhesion force are strongly probe/cantilever dependent.




Perfusion Experiments
HOPG

During perfusion experiments the same area of adsorption can be studied as the
concentration varies, reducing the opportunity for any change in the cantilever properties to
occur. Our results are described below, starting from a discussion on the qualitative features of
the micrographs. Discussion of the break-through force, adhesion force and break-through

distance will follow.
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Figure 9. TTAB on HOPG-32x32 gradient maps. (a) Water (b)0.2XxCMC (c) 0.2XCMC Scan 2
(d) 0.4xCMC (e) 0.6xCMC (f) 0.8xCMC (g) 2xCMC (h) 5%xCMC (i) 10xCMC. All images are
5um x 5 um. The force curves explain the difference between the areas of high absolute (i.e.
more negative) gradient (light color on gradient map) and low absolute gradient (dark color on
gradient map).

Figure 9 shows the results of perfusion experiments for pure water and TTAB at
concentrations between 0.2 and 10xCMC of TTAB on HOPG. In the bottom right of Figure 9
are shown force curves, which differ from those shown previously in that there is no adjustment

for deflection of the AFM cantilever and therefore the trace does not become vertical at zero on



the x-axis. By calculating gradient values in the approach curve between ~ zero on the x-axis and
the maximum value before retraction was begun, it was possible to distinguish force map indices
with and without break-through events during map collection. The light-colored areas in panels
b—e are those in which a small or no break-through force was detected (the absolute value of the
gradient is high) while the darker areas have yielded larger break-through forces (lower absolute
gradient). The former is representative of little or no surfactant adsorption while the latter is
representative of significant surfactant adsorption. Speckle patterns indicate insignificant
variation in break-through force across the entire area of the image and are representative of little
or no surfactant adsorption over the entire imaged area or a surface fully covered with surfactant
(a and f-i, respectively).

In pure water (Figure 9a) the gradient image has no values that stand out appreciably
from any of the others. When the surface is exposed to 0.2xCMC TTAB (Figure 9b), areas of
largely differing gradient appear. The presence of areas of varying gradient suggests patchy
adsorption of TTAB on HOPG. The map collected using 0.2xCMC was repeated immediately
and the second dataset is shown in Figure 9c. A similar patchy structure was observed, but
additional patches appear in the second scan suggesting either additional adsorption over the
course of one scan (20 min.) on areas previously without break-through events or rearrangement
of already adsorbed surfactant (i.e. adsorbed surfactant outside the field of view moving to inside
the field of view). A more in-depth kinetic argument will be provided later in this section.

The height and lateral deflection maps (not shown) displayed no correlation with the
gradient map, indicating that the break-through force heterogeneity was not caused by surface
topography. As the bulk surfactant concentration was increased, the area of surface covered with

high break-through forces also increased, as can be seen at 0.4 and 0.6xCMC (Figure 9d and



Figure 9e, respectively). When 0.8xCMC was reached, Figure 9Figure 9f, almost all the force
curves displayed a break-through event which caused only small differences in gradient
throughout the 5x5 um region, resulting in the same speckle pattern noted previously, indicating
the layer was complete in the observed region. Further increases in surfactant concentration,
Figure 9g-i, do not change the appearance of the layer, supporting the conclusion that the layer

was complete and unchanged above the CMC.

o 741 niium 21.33 nNjum
0 nMNfum 0 nidum
ul

39.7 nNium

:

0 nNm

Silica

4.378 nMium

F

0 nMm

34.14 nNium

ﬂ

0 nMNfum

53.21 nNfum

ﬂ

0 nMNfum

14.7 mv

[nm]

4.88 N

:

0 nMium

3432 nlim

0omv

13.45 nhium

H Figure 10. TTAB on Silica-32x32 gradient maps. (a) Water (b)0.2xCMC (c)
0.4xCMC (d) 0.4xCMC Scan 2 (e) 0.6xCMC (f) 0.8xCMC (g) 2xCMC (h)

5%XCMC (i) 10xCMC. All maps are 5 um x 5 pm. (j) 500 x 500 nm soft contact

image of 2xCMC TTAB on silica (obtained separately using batch method).

Despite the difference in surface chemistry and wettability, the gradient maps obtained on

silica (results shown in Figure 10) were like those observed on HOPG. For both pure water and



0.2xCMC TTAB, the appearance of the gradient maps (Figure 10a and Figure 10b, respectively)
is the random speckle pattern, indicative of no variation in adsorption across the area of the
surface. At 0.4xCMC, shown in Figure 10c and Figure 10d, small dark areas indicative of
surfactant patches began to appear between subsequent scans. The fractional area covered by
these patches increased between Scan 1 and Scan 2, although in this case the size of the patches
was relatively constant with time. Conversely, on HOPG the size of the patches increased
without an increase in their number. In fact, on HOPG the nucleation probability seems to be
much less than the growth rate (compare 10c, 10d and 10e vs. 9b and 9c). Such a result is not
surprising given the templating effect of the bottom layer of adsorption on HOPG. Larger
patches of adsorbed surfactant appeared upon increasing the concentration to 0.6xCMC on silica,
Figure 10e. Increasing the concentration to 0.8xCMC, Figure 10g, further increased the surface
coverage to completeness, which remained complete for concentrations above the CMC.

None of the temporal experiments showed a lower fraction of patch-covered area with
increasing time, indicating that increases in the fraction of covered area with increasing time are
primarily due to increases in adsorbed amounts. In fact, our quantitative results for the fraction of
covered area suggest that AFM images could be used to quantitatively measure adsorption
isotherms.

Soft contact imaging of 2xCMC TTAB on silica was performed to investigate the
structure of the adsorbed aggregates. The image in Figure 10j was scanned from bottom to top
and the force set-point was increased until disorganized bundles of wormlike micelles became
visible at around the 150 nm mark. Some difficulty occurred in acquiring images of these
surfactant aggregates on silica as the probe did not remain stably above them long enough to

obtain complete images, despite the several attempts we made. The reason for this difficulty is



thought to be that the force required to image the surfactant aggregates was too close to the

break-through force to allow for sustained soft contact imaging.

Silanated Silica

Figure 11. TTAB on Silanated Silica-32x32 force maps.
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Gradient maps obtained on the silanated silica surface are shown in Figure 11. Although

no break-through events were observed in the force curves obtained in water (Figure 11a), there
was some variability across the map, likely caused by a bubble on the surface. Introduction of
0.2xCMC TTAB also displayed some differences in the gradient of the curves over the 5 um
area investigated, which again were likely caused by a bubble present on the surface, which
moved during the collection of the force map. Surprisingly, increasing the concentration to

0.4xCMC showed a featureless surface, which appeared unchanged even when exposed to



0.6xCMC, as seen in Figure 11c and Figure 11d, respectively. However, the second 0.6xCMC
map shown in Figure 11e did show two areas with break-through events in areas previously
without such a feature (upper and lower right corners).

To investigate these low gradient areas further, the map size was increased to 50 pm for
the two subsequent maps shown in Figure 11f and Figure 11g. Acquiring these datasets
correspond to adsorption times of 70 minutes and 90 minutes at the end of each scan,
respectively. The maps we collected showed non-uniform patterns, which were dynamic, as
demonstrated by the slight differences in appearance between the two maps. The fractional area
covered by surfactant corresponding to Figures 11f and 11g were not statistically different,
indicating that the different patterns were due to slight rearrangement of the patches. The
resolution of the observed area was increased by decreasing the map side length to 15 pum for
Figure 11h and Figure 11i, which were also collected immediately following the map in Figure
11g and hence correspond to adsorption times of 110 and 130 minutes, respectively. Again,
differences between the two maps are present, which establish the dynamic nature of the features
displayed in the maps and supporting the conclusion that these were patches of adsorbed
surfactant.

It was also noted from Figure 11h and Figure 11i that the distance from the left most
edge of the map to the left most edge of the patch in Figure 11h is larger than the distance
between the two patches in Figure 11i, by ~2 map indices. In our opinion, this result not only
supports the conclusion that the changes observed between maps are not caused by the lower
resolution of the larger maps, but also that the appearance of movement by the surfactant patches
is not caused by AFM drift. Our reasoning is that if the apparent movement of the patches was

caused by drift of the area being mapped then the distance between the two patches would not



change between maps. Furthermore, since all movement of the AFM probe near the surface is
vertical, the changes with time and concentration noted here are almost certainly not caused by
lateral migration induced by the AFM probe.

The concentration was increased to 0.8xCMC and two subsequent scans were acquired
with a size of 50 um, shown in Figure 11j and Figure 11k. The area of lower gradient has grown
to include almost the entire map area and the size of the only remaining area without an elevated
break-through force shrinks from the first to the second scan, as can also been seen in Figure 111
and Figure 11m. Further, the relative change in the fraction of covered area at 30 and 50 minutes
is smaller at higher concentrations as would be expected. Further increasing the concentration to
2, 5 and 10xCMC, displayed in Figure 11n, Figure 110 and Figure 11p, led to the disappearance
of the areas with lower break-through forces, again supporting the conclusion of a fully
developed layer at concentrations above the CMC.

The data displayed on HOPG, silica and silanated silica in the perfusion experiments
clearly demonstrate patchy adsorption (patchy adsorption was not imaged in batch experiments
because the image area was much smaller in those experiments), which has been commented on
in literature, usually as a part of an overall adsorption scheme involving multiple regions.>? At
low concentrations, adsorption occurs via electrostatic interactions and the fraction of surface
coverage begins to rise linearly, analogous to Henry’s law used with gas adsorption. Further
increases in concentration yield continued adsorption to the substrate, and lateral interactions
between adsorbed molecules begins to occur, promoting the aggregation of adsorbed molecules
and adsorption has a dependence on the concentration. Finally, near the CMC, adsorption begins
to reduce its dependency on concentration and eventually plateaus as an equilibrium between

adsorption and desorption from the surface is reached.



The data obtained in this work agrees well with this phenomenological description, in
that low concentrations displayed the expected patchy adsorption and those patches appear to
grow with increasing concentration. Slightly below and above the CMC the maps become
featureless which denotes the final region. We believe that this transition from patchy to
featureless adsorption as concentration increases is the first time AFM force mapping has been
used to show this behavior.

A Kkinetic argument can be used to determine whether changes in the maps on silica are
due to adsorbing surfactant or to the migration of already adsorbed surfactant. Prior
investigations studied the rate at which the similar cationic surfactant CTAB adsorbs to silica at
different concentrations.®>**® These studies agree that for concentrations above the CMC,
adsorption reaches equilibrium within 30 seconds. Below the CMC the kinetics are varied, with
reports of equilibrium being reached in seconds at concentrations below 0.5xCMC and the rate
slowing significantly at concentrations near 0.6 mM (0.67xCMC). Both Pagac et al. and Atkin et
al. observed equilibrium requiring between 11 and 3 hours at concentrations of 0.56xCMC and
0.67xCMC, respectively. As the concentration was further increased to 0.9xCMC, 90% of
equilibrium was reached in only 25 minutes. In other words, the rate began decreasing at
~0.5xCMC and then increased as it was raised above 0.6xCMC.

Therefore, if we assume that TTAB behaves similarly to CTAB, we can infer that at low
concentrations changes between maps are caused by surfactant migration rather than continued
adsorption because each individual map was begun at least 10 minutes after surfactant was added
and according to literature equilibrium is reached much more quickly. At 0.6xCMC, because
equilibrium may not be reached for several hours, we cannot discriminate whether changes

between maps were caused by surfactant migration or continued adsorption (although because



the differences are in patch shape and not patch size, migration is more likely). At 0.8xCMC,
changes were most likely due to migration rather than adsorption since 25 minutes were required
for equilibrium for CTAB at 0.9xCMC in literature. For concentrations above the CMC,
equilibrium should have been reached long before the maps were begun. Unfortunately, to our
knowledge, no detailed kinetic studies have been reported on HOPG with a

tetramethylammonium surfactant.

Histogram Analysis of Perfusion Experiments
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_ _ dotted line) for 0.6XxCMC TTAB on silanated silica (Figure 11f,
areas. Equation 2 was used to fit  map shown here for reference).

the two means and standard deviations for the break-through distance and break-through force,
and these values are given in Table 2. Note the break-through distances in batch experiments
only showed one break-through distance and force peak because only areas with surfactant that

could be soft contact imaged were mapped.



The presence of two Break-Through Distance | Break-Through Force
L . Peak 1 Peak 2 Peak 1 Peak 2
distinct peakS in the u 3.48 5.62 0.08 091
o 0.17 0.73 0.03 0.13

histograms and areas in the
Table 2. Break-through distance and break-through force means

gradient maps are and standard deviations for two peak fitting for 0.6xCMC TTAB
on silanated silica (Figure 11f)

consistent with the dark
areas (low gradient) being those with a surfactant layer capable of resisting the probe while the
light areas (high gradient) have a layer which repulses the probe very little or not at all. Because
the break-through force in these areas was not zero (as it was for force curves in water) the
presence of an adsorbed surfactant layer adsorbed in a flat configuration was considered.
However, a flat layer does not make sense with a break-through distance larger than 3.48 nm
because the break-through distance should be very small (i.e. the width of a surfactant molecule).
The small break-through force could result from the surfactant present on the tip generating a
weak and long-ranged electrostatic double layer. Although force interactions between surfactant
on a tip and a lightly-covered surface has not been shown before, a weak, long-ranged
electrostatic double-layer would explain the small repulsive force between the tip and the
substrate in areas with large break-through distances and makes more sense than a surface
without some surfactant adsorbed.

The adhesion histogram had one main peak with mean 0.32+0.05 nN, which represents
the dark (surfactant-rich) areas in the gradient map. Looking carefully at the adhesion force in
Figure 12, the adhesion force in the light areas is represented by a spread of adhesion values

greater than the main peak, demonstrated by the histogram bins between 0.4 nN and 0.65 nN.



This spread of values occurs due to the
fewer number of points in the areas
without a substantial break-through
force being spread out compared to the
main peak, indicating the adhesion
force was more uniform in the dark
areas compared to the light areas.
Qualitatively, the adhesion force plots
for the other two surfaces resembled
those in Figure 12, as did the break-
through distance and break-through
force.

Using histogram analysis, the
break-through distances, break-through
forces and adhesion forces for the dark
regions of the maps below the CMC
and the entire map area above the CMC
in Figures 9-11 were obtained and
plotted in Figure 13. Values for the
adhesion and break-through forces
obtained across the three different
surfaces should not be compared

qualitatively because the same probes
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were not used. However, information obtained on one surface will be discussed as a function of
surfactant concentration, as the tip was the same during each of these experiments.

The trend of the data on each surface shows that the break-through distances increased
with increasing concentration until the CMC and then plateaued between 3.5 and 4 nm. The error
associated with each value was greater below the CMC and decreased above the CMC, which we
interpret as indicative of the micelle layer becoming more tightly packed above the CMC. We
note that although isotherms in literature have also reported reaching the plateau region below
the CMC, by far the most common result is that the start of the plateau region corresponds to the
CMC. 2%

Break-through forces increased with increasing concentration until just below the CMC,
where the values then decreased to a plateau for each surface. This is not the first time that the
break-through force has been shown to increase using AFM force curves. Liu et al., Lokar et al.
and Rabinovich et al. demonstrated increases in break-through force, with Liu et al. observing
these increases over time at a constant concentration and the other groups observing these results
using with mixed surfactant systems, 585

In our work, a temporal explanation for the increase is less likely as the values showed
no increasing trend over the course of a single map. However, the latter works suggests that
adding a second component to a surfactant solution led to the changes in break-through force,
which lends support to the theory of adsorbed impurities as the cause for the increase in the
break-through force seen here. Such impurities would adsorb below the CMC and then above the
CMC partition to micelles; hence a larger break-through force just below the CMC. QCM results

in our laboratory demonstrated the same qualitative type of behavior that were also caused by



impurities at a very small level. Similar synergistic adsorption has been noted by Shi et al., who
demonstrated increased adsorption and packing by using a co-solute.®°

Above the CMC, for HOPG and silanated silica adhesion values were constant above the
CMC with an increase of approximately 0.5 nN for the silica sample between 5xCMC and

10xCMC. We do not know the source of the increase.

Further discussion
Break-through distances between 3.5 and 4 nm are often found in literature using AFM

and these values agree well with bilayer thicknesses found using other techniques such as
neutron reflectivity and ellipsometry.>®1161 Soft contact imaging has revealed spherical or
cylindrical micelles on silica both here and in other publications and as previously mentioned it
is accepted that monolayer thickness structures (monolayers and hemi-cylinders/spheres) form
on hydrophobic surfaces and bilayer thickness structures (bilayers and full cylinders/spheres)
form on hydrophilic surfaces. 1%12242% \Why then do the break-through distances differ only
slightly between the hydrophilic and hydrophobic surfaces? Compression via the AFM probe
was considered as to why the break-through distance values are so similar. However, using
compression to explain the equivalence seems unlikely because other techniques involving no
physical contact have been used to show a difference in the thickness of adsorbed surfactant

when AFM could not, even when using similar surfaces.>4°



While our Figure 14. (Upper) Two AFM tips
each with an adsorbed monolayer
results alone are not interacting and hemifusing to make a
bilayer break-through distance.
(Lower) AFM tip with adsorbed
monolayer interacting with cylindrical
layer on hydrophilic silica surface.
Hemifusion between the upper part of
] the cylinder and the layer on the probe
through distance of a leas to bilayer break-through distance.

irrefutable proof, the

fact that the break-

surfactant layer on an

AFM tip was found to

be like those found on
flat surfaces using
colloidal and regular

AFM probes increases

the doubt that the

break-through distance is a reliable measure of surface adsorbed surfactant layer thickness.
Rephrasing our question, why is the break-through distance the same for two hydrophobic
surfaces, two hydrophilic surfaces or one hydrophobic and one hydrophilic surface? Figure 14
addresses these some of these points.

First, we take the case of two monolayers, such as would be found between two AFM tips
or between an AFM tip and a hydrophobic surface. In the case of an AFM tip, little is known
about the orientation/packing of this layer, but we hypothesize that due to geometry and surface
conditions the layer is not well packed and there are possibly molecules adsorbed in multiple
orientations (although a majority will be tail down). As the two surfaces come into contact, there

will be repulsion from molecules whose headgroups are facing the layer on the other surface and



once the layers are in contact the tip breaks through both layers simultaneously to yield a bilayer
thickness break-through distance.

Second, we consider the cases which have a bilayer present. Figure 4 and the associated
discussion describes what happens when two bilayers are present as determined via SFA studies;
the upper layers from each bilayer diffuse to the surrounding solution or reorient so that the tails
of the surface adsorbed layers may interact and again a bilayer break-through distance results.

Next, the situation visualized in Figure 14, wherein a hydrophilic silica surface, which
would have a bilayer, is approached by an AFM tip with an adsorbed monolayer. Reorientation
of the bilayer (or perhaps desorption of surfactant from the tip given the likely disordered nature
of the monolayer on the tip) results in a single bilayer between the probe and the surface prior to
break-through. The same argument can be made in the case for a colloidal probe (adsorbed
bilayer) and HOPG (hydrophobic flat surface); however, complete desorption of surfactant from
HOPG seems unlikely as literature has shown that the monolayer on HOPG is irreversibly
adsorbed due to the strong interaction between the tails of the surfactant and the graphene rings
of HOPG.%?

We were surprised in the case of one bilayer and one monolayer that the break-through
distance matched that of a single bilayer because of the difficulties suggested by Figure 14. If
correct, then this hypothesis would explain why bilayers measured using contact free methods
agree so closely with surfactant layers measured using AFM. It would be interesting to use a
chemically-modified tip such as Pera et al. used to study lipid bilayers using force curves.®* In
their work, if the tip or surface were independently modified (so that only one bilayer was
present) there was only one break-through event. However, if both the tip and the surface were

modified then two break-through events were observed. Their chemical modification was



thought to strengthen the adsorption of the lipid and produce bilayers on their AFM tips, which,
along with the typical differences between adsorbed layers of lipid and surfactant, is most likely
why we saw no double break-through events in our work.

The ability to distinguish adsorbed patches using AFM gradient mapping has several
implications for future research. For example, surface chemistry could be varied in a regular
manner and adsorption as a function of surface chemistry could be measured. Once this is
accomplished, the dimensions of the surface variation could be altered. Such a study would allow
one to determine the length scale over which surface chemistry variation is important. This type
of study would have relevance for corrosion since non-adsorption of a corrosion inhibitor at a
very local area could be distinguished. As another example, we plan to publish studies using the
techniques in this paper to examine how adsorption changes on the flat tops of pillars where the
area of the top varies. Real surfaces are very rarely molecularly smooth or chemically
homogeneous; the techniques described in this paper are ideal for exploring how variations in
topology or surface chemistry affect adsorption, providing experimental validation for recent

simulation results.5364

Conclusions

Force mapping between two AFM tips verified a surfactant layer on an AFM tip using a
set-up which did not use a flat surface. Results from force mapping with a colloidal probe and a
probe with a different force constant demonstrated that the probe geometry and force constant
influenced the break-through force and adhesion force but not break-through distance. Very
slight differences, such as tip cleaning between trials, can alter force data values.

Gradient mapping was performed on flat HOPG, silica and silanated silica surfaces and

the data showed patches of adsorbed surfactant below the CMC. While the results are consistent



with others available in the literature, this is the first time AFM force curves with mapping are
used to observe adsorbed surfactants at different times, which in turn gives information about the
spatial nature of adsorption. Evidence of changing adsorption density with time is reported. Even
at long times, where adsorption density did not change, spatial distribution of adsorbed surfactant
patches continued to shift shape/position. With increasing concentration below the CMC, the
break-through distance and break-through force increased while the adhesion force decreased.
Break-through force was maximum at the CMC, which was attributed to the well-known
impurity effect found in some surface tension plots although further studies would be needed to
confirm this conclusion. Very surprisingly, above the CMC the break-through distance did not
depend on whether the surface was hydrophilic or hydrophobic. A qualitative phenomenological
theory was developed analogous to a theory previously developed to explain surface force
apparatus results from two hydrophilic surfaces. Based on our interpretation, break-through
events can be interpreted as a measure of the coverage or stability of the adsorbed layer;
however, the break-through distance does not necessarily represent the thickness of an adsorbed

bilayer due to hemifusion/convolution by an adsorbed layer on the AFM probe.
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