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The processes of dynamic aggregate transformations of micelles
at a mica surface were observed using high-speed atomic force
microscopy. We showed that salt concentration affects not only
the equilibrium state adsorbed structure but also the time
required to reach the equilibrium state on the mica surface.

Surfactant molecules containing long hydrophobic alkyl
chains and hydrophilic groups can organize into various
self-assemblies, both in bulk solution and at a solid interface.
Atomic force microscopy (AFM) has been employed to demon-
strate a strong correlation between the bulk self-assembly
structure and the morphology of adsorbed surfactant layers.'
Adsorbed layers comprised of globular and cylindrical aggregates
on hydrophilic substrates, of which mica is the most widely
studied, have been well-characterized.'“™ Micellar structures
of common cationic surfactants, such as hexadecyltrimethyl-
ammonium bromide (CTAB) and hexadecyltrimethylammonium
chloride (CTAC), adsorbed at the mica/liquid interface have
been directly observed by AFM.'¢ These ordered interfacial
aggregates have well-defined sizes and shapes that can be
controlled by the addition of metal halide salts." When a
higher concentration of competing cations is introduced, the
density of available lattice anions on the mica surface is
reduced, so that the spacings between surfactant headgroups
increase. In other words, the influence of the mica interface is
reduced by the introduction of the salt, and hence the surface
aggregated structure becomes more similar to the micellar
structure found in bulk solution.

Lamont and Ducker have shown that CsCl tends to increase
the curvature of CTAC aggregates on a mica surface due to
the transformation from cylinders to globules with variation
of the salt concentration.'“ However, these measurements were
performed at equilibrium conditions and no information was
gained regarding the initial aggregation dynamics, due to the
lack of available techniques for observing the dynamic behavior
of surfactant aggregates. Rapid acquisition of successive high-
resolution images of surfactant aggregates is required. The
scanning speeds of commercially-available AFMs are usually
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several minutes per frame, and are therefore too slow to
monitor many physicochemical processes in liquids that occur
at much faster rates. Recently, this limitation has been challenged
by the use of high-speed AFM,? which can capture images at a
frame rate of more than 30 frames s~'. Various imaging
studies have attempted to capture biological processes on
video at high imaging rates.” In this study, high-speed AFM
was used to observe the initial aggregate behavior of CTAC at
the mica—water interface, and provide new insights regarding
surfactant aggregation dynamics at a mica surface.

The muscovite mica used in this study was cleaved immediately
prior to use. Water was prepared using a Milli-Q system and
the resulting water had a conductivity of 18 M Q cm~'. CTAC
(>95%, TCI, Tokyo, Japan) was recrystallized three times
from ethanol. Analytical grade CsCl (99.9%, Wako, Tokyo,
Japan) was used as received. Observations of the CTAC
aggregates were performed in soft tapping mode using a
laboratory-built high-speed AFM. The cantilever (Olympus,
Tokyo, Japan) is 6-7 pm long, 2 pm wide, and 90 nm
thick with a spring constant of 0.1-0.2 N m~'. Its resonant
frequency in an aqueous solution is ~1 MHz. To achieve a
small tip-sample loading force, the free-oscillation peak-to-
peak amplitude of the cantilever (A4,) was set to ~1 nm and
the amplitude set point was set at more than 0.9 4y. The probe
tip was grown on the tip of a cantilever by electron beam
deposition and was further sharpened by argon plasma
etching. The tapping force estimated was less than 30 pN.
All observations were performed at room temperature (25 °C)
and at a surfactant concentration equal to twice the critical
micelle concentration (CMC) in the absence of salt. The
scan area was 200 x 200 nm? with 200 x 200 pixels. The
imaging rate was 1-2 frames s~'. The high-speed AFM used
in this study can be used to observe at a video rate of ca.
15-30 frames s ' for a scan range of ca. 250 nm under
feedback operation that is capable of preventing weak inter-
actions from being disturbed by the scanning tip. However,
high-resolution observations were necessary in this study, so
we measured at 1-2 frames s—'. High-speed AFM measure-
ments were recorded immediately after injection of CsCl
solutions including the CTAC. The diameters of the observed
globular or cylindrical micelles are approximately 9—11 nm.
Taking the tip radius into account, the true sizes of the micelles
are actually smaller than the observed diameters.® Their
heights are in fact approximately 5-6 nm.
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Fig. 1 Continuous high-speed AFM images of CTAC aggregates at
the interface between the mica surface. 0.0027 mol L~! CTAC. Images
are 200 x 200 nm> (a) At 10 s worm-like micelle shapes are evident,
while at (b) 20 s and at (c) 30 s cylindrical micelle shapes are observed,
and (d) at 300 s a flat bilayer is observed.

Fig. 1 shows continuous high-speed AFM images of the
CTAC aggregate structure at the mica surface. Interestingly,
for CTAC at twice the CMC, worm-like and cylindrical
structures were observed at 10 to 30 s, which then transformed
into a flat layer after approximately 300 s. It is known that
CTAC forms a bilayer at a mica surface.'® However, this
dynamic behavior shows that CTAC is not instantaneously
stabilized by binding to the mica surface, but gradually
changes into a bilayer over a few minutes. Mica has exchangeable
surface cations, and the density of charges on the mica
substrate (1 negative lattice charge per 0.48 nm?)* is such that
surfactants are adsorbed to the surface with their head-groups
closer together than that for equilibrium bulk separation
(the head-group area for CTAC in a micelle is 0.64 nm?).” It
is considered that this dynamic behavior leads to adsorbed
aggregates with a lower degree of curvature, such as a flat
bilayer, than the corresponding micelles in solution.

Fig. 2 and 3 show the structure of CTAC aggregates at the
mica surface for different CsCl concentrations and with a
constant CTAC concentration of 0.0027 mol L™'. When CTAC
was coexistent with a relatively low concentration of CsCl
(0.034 mol L"), a transformation from globular to cylindrical
micelles was observed after approximately 20 s, and an
equilibrium state with stable cylindrical structures was reached
after about 30 s (Fig. 2). When CTAC was coexistent with a
high concentration (0.1 mol L™') of CsCl, the adsorbed
structure formed globular micelles and no further transforma-
tion was observed, that is, an equilibrium state was reached
after 10 s (Fig. 3). These equilibrium states of CTAC aggregate
shapes on a mica surface with addition of CsCl have been
reported,'¢ and reported shapes are very similar to our results
at 300 s. Fig. 4 shows a schematic representation of the CTAC
aggregation states on the mica surface for different exposure

Fig. 2 Continuous high-speed AFM images of CTAC aggregates
at the interface between the mica surface. 0.0027 mol L' CTAC/
0.034 mol L™ CsCl Images are 200 x 200 nm> (a) At 10 s globular
micelle shapes are evident, (b) at 20 s and (c¢) 30 s globular to
cylindrical micelle shapes are observed, and (d) at 300 s cylindrical
micelle shapes are evident.

Fig. 3 Continuous high-speed AFM images of CTAC aggregates
at the interface between the mica surface. 0.0027 mol L~! CTAC/
0.1 mol L™" CsCI. Images are 200 x 200 nm>. (a) At 10 s globular
micelle shapes are evident, while at (b) 20, (¢) 30, and (d) 300 s,
no further transformation was observed.

times. It is known that CTAC forms cylindrical aggregates
at a mica surface at equilibrium state with the addition of
0.034 mol L™" CsClL;'¢ however, there have been no previous
reports of the change in shape from globular to cylindrical
aggregates. The initial globular structure is induced by the adsorp-
tion of Cs™ to negative sites of the mica lattice, which decreases
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Fig. 4 Schematic representation of CTAC aggregation states at the interface between the mica surface for different exposure times. (a) 0.0027 mol L™!
CTAC, (b) 0.0027 mol L™' CTAC/0.034 mol L™" CsCl, and (c) 0.0027 mol L™" CTAC/0.1 mol L™! CsClL

the number of adsorption sites available for CTAC, and it is
considered that the structural change of the aggregate shape is
caused by the slow exchange of CTA ions for potassium
ions in the mica lattice. These transformations occur in the
opposite order to that observed in bulk solution, indicating a
different mechanism for surfactant aggregation at a mica
interface.

We conclude that salt concentration affects not only the
equilibrium state adsorbed structure but also the time required
to reach the equilibrium state on the mica surface, which is a
new result that was previously unknown. In this study, we
directly observed the initial dynamics using a high-speed AFM
until an equilibrium state was reached. We observed the
gradual transformation of the adsorbed structures until an
equilibrium state was reached and clarified for the first time
that the addition of CsCl affects the time required to reach
an equilibrium state. Thus, we believe that it is important
to determine the time required for the adsorbed structure to
reach an equilibrium state in order to understand the nature of
various phenomena that take place at the interface.

The authors are grateful to Dr Katsumi Kita and Dr Tatsushi
Wakisaka for enlightening discussions, and to the Kao
Corporation for permission to publish this study.
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