
Introduction

Surfactants spontaneously aggregate to form micro-
structures (hemimicelles) at solid-solution interfaces in
a manner analogous to micellization in bulk solution.
The existence of these hemimicelles was first proposed
by Fuerstenau in 1955 [1, 2]. Recently, Atomic Force
Microscopy (AFM) has provided a new insight into the
structures of the micellar aggregates at solid-solution
interfaces [3, 4, 5]. Reviews of the micellar aggregates at
solid/solution interfaces are given in [6, 7]. Manne et al
[3] and Ducker et al [5] demonstrated the direct obser-
vation of hemimicelles at the graphite(crystalline
hydrophobic surface)-solution interface by means of

AFM. The AFM studies indicated that the dominant
aggregate structures at the graphite-solution interface
were hemicylinders. Cationic, anionic, zwitterionic and
nonionic surfactants with alkyl chains of twelve carbons
or more all form hemicylindrical aggregates on graphite
[5, 6, 7, 8, 9, 10, 11], in contrast to micellar aggregates at
mica-solution interfaces [6, 7, 8]. It has been reported
that the graphite surface templates the formation of
hemicylindrical aggregates due to a good fit between the
surfactant alkylchain length and the graphite lattice
[3, 12, 13]. The horizontal adsorbed monolayer on the
graphite surface has a head-to-head and tail-to-tail
arrangement, which templates further adsorption and
finally leads to the hemicylindrical aggregate on the
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Abstract pH-induced transforma-
tion between a hemicylindrical
aggregate and a laterally homoge-
neous layer at the graphite-solution
interface was demonstrated in
micellar aggregates of dodecyldim-
ethylamine oxide (C12DMAO)
using atomic force microscopy
(AFM). Nonionic C12DMAO
(pH�8) and fully-ionized cationic
C12DMAO (pH�1.5) both formed
hemicylindrical aggregates on
graphite, similar to aggregates
formed by many other ionic (or
nonionic) surfactants on graphite.
However, a laterally homogeneous
layer was observed in the case of
nearly half-ionized C12DMAO
around pH�4 (a 1:1 mixture of the
nonionic and the cationic species).
These results indicated that the sur-
face curvature of the C12DMAO

aggregates on graphite was the
smallest around the degree of ioni-
zation a=0.5, despite charging up
the nonionic hemicylindrical aggre-
gates. Using AFM images and the
corresponding force curves, the
transformation between the hemicy-
lindrical aggregate and the laterally
homogeneous layer was found to be
reversible via a change in pH. The
formation of the laterally homoge-
neous layer of nearly half-ionized
C12DMAO is explained by hydro-
gen bond formation between the
nonionic and the cationic head-
groups.
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graphite. This process is supported by a thermodynamic
analysis of calorimetric enthalpies and adsorption iso-
therms [13]. It is known that the surfactants generally
have a minimum required surfactant tail length (typi-
cally dodecyl group length) to self-assemble as hemi-
cylinders on graphite; below the dodecyl group length
they form a laterally homogeneous layer on graphite
[6, 7, 12]. As is the case for relatively smooth amorphous
hydrophobic surfaces, several surfactants formed glob-
ular structures [15] or laterally unstructured layers [12,
14] at the hydrophobic solid-solution interface. In
addition to the AFM studies, hemicylindrical aggregates
at the graphite-solution interface have been studied by
theoretical modeling [16, 17]. The AFM studies men-
tioned above show that the micellar aggregates at the
graphite-solution interface are hemicylinders or laterally
homogeneous layers. As yet, there have been no reports
about the reversible structural transitions of the micellar
aggregates at the graphite-solution interface, between
the hemicylinder and the laterally homogeneous layer.

Alkyldimethylamine oxide (CnDMAO) solutions
are mixtures of the nonionic [CnH2n+1(CH3)2N fi O]
and the ionized (protonated) cationic species
[CnH2n+1(CH3)2N

+OH]. The composition am (the
degree of ionization) of the micelle is determined by the
pH for a given ionic strength. It has been reported that
mixtures of the protonated and the unprotonated species
show an extremely strong synergism in micellar solu-
tions as well as the solid state [18, 19, 20, 21, 22, 23,
24, 25, 26, 27, 28, 29, 30], which may originate from
hydrogen bonds between the cationic and nonionic
headgroups (-N+-OHÆÆO-N-) [24, 25, 28]. Here, we are
concerned with how the protonation in the CnDMAO
surfactant system affects the aggregate structures at the
solid-solution interface. In a previous paper, we reported
the effect of ionization (pH) on the aggregate structures
of tetradecyldimethylamine oxide (C14DMAO) surfac-
tants at the graphite-solution interface, as well as at the
mica-solution interface, via AFM [31]. At the mica-
solution interface, C14DMAO formed aggregates with
decreasing curvature as the degree of ionization of
C14DMAO was increased. Nonionic C14DMAO
formed short cylindrical aggregates on mica, while flat
bilayers on mica were observed for the half-ionized
C14DMAO and the fully ionized C14DMAO. The for-
mation of flat bilayers emphasizes the higher packing
parameter character of the C14DMAO surfactant,
compared to the cationic quaternary ammonium sur-
factant with a single tetradecyl tail, which forms the
cylindrical aggregate on mica [8]. The suggested reason
for this lower curvature of the C14DMAO aggregate
was the hydrogen bonds between the headgroups in the
flat bilayer. Contrary to the micellar aggregates on mica,
the dominant structures of C14DMAO on graphite were
hemicylinders, irrespective of the ionization. The ioni-
zation increased the distances between the hemicylin-

drical aggregates due to the electrostatic repulsion
between the aggregates, rather than inducing a change in
the aggregate structure. The weak dependence of the
aggregate structures on the ionization was suggested to
be due to the dominant attractive interaction between
the graphite surface and the tetradecyl group.

In this work, we investigated the effect of proton-
ation on the aggregate structures of dodecyldimethyl
amine oxide (C12DMAO) surfactants at graphite-
solution interfaces via AFM. Compared to the case of
C14DMAO, the attractive interaction between the
dodecyl group of C12DMAO and the graphite surface
is weaker due to the shorter surfactant tail. As a result,
the interaction between the headgroups would be the
main factor in determining the shape of the
C12DMAO aggregate on graphite. In the present
study, we show the pH-induced transformation of the
micellar aggregates between the hemicylinder and the
laterally homogeneous layer at the graphite-solution
interface. The reversibility of the pH-induced trans-
formation is also examined by the AFM images and
the corresponding force curves.

Experimental

Sample preparation

Water was prepared by distillation and then passed
through an ultrapure water system consisting of an ion
exchange, an activated carbon cartridge, and a 0.2 lm
filter (Branstead Co.). The resulting water has a con-
ductivity of 18 MW)1 cm)1 at 25 �C. Dodecyldimethyl-
ammine oxide (C12DMAO) (Gerbu Co.) was
recrystallized three times from hot acetone. After
recrystallization, there was a single peak in the high
performance liquid chromatography (HPLC) chroma-
tograms produced by a ODS-120T (Tosoh Co., Japan)
column (MeOH/H2O=7/3). Oleydimethylamine oxide
(OleyDMAO) was obtained from oleyldimethylamine
(Lion Ako) via oxidation in ethanol by hydrogen per-
oxide following, in most part, the procedure similar to
that used for other alkyldimethylamine oxides, and
purified by the extraction of the unreacted amine by
hexane [30].

The degree of ionization for the C12DMAO aggre-
gates on the solid at a given pH in the present study is
not clear. However, we defined that the degree of ioni-
zation at the interface is that of the micelle in bulk
solution a [31], although there may be some difference in
composition between the surface aggregates and the
bulk micelles [32]. The intrinsic proton dissociation
constant of the amine oxide micelle, p KM, is 5.9 for
C12DAO spherical micelles and 6.3 for C14DAO rod-
like micelles [25, 33]. For the oleydimetylamine oxide
surfactant, the electric surface properties of the worm-
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like micelles and the vesicles are found to be very similar,
despite a large difference in shape between them [34].
Therefore, in the case of the C12DMAO, there may a
small difference in the ionizations (at a given pH) be-
tween the bulk spherical micelle and the hemicylindrical
aggregates on graphite due to slightly different curva-
tures between the two kinds of aggregates. The pH
values of the solutions were adjusted using HCl or
NaOH.

Microscopy

AFM images were captured with a SPA 400 (Seiko
Instruments Co., JAPAN) instrument, using silicon
nitride tips (OLYMPUS Co., JAPAN) with a nominal
spring constant of 0.09 N m)1 and a fluid cell. Crystal-
line graphite was glued to the microscope slides using
epoxy glue of a low melting temperature, and then
freshly cleaved with adhesive tape in laminar flow. Prior
to use, the cantilevers were irradiated in laminar flow
with ultraviolet light (8 mW cm)2 at 253.7 nm) for
about 20 min and then washed with distilled ethanol.
The surfactant was adsorbed onto the surface of the
freshly cleaved graphite by immersing the substrate in
the surfactant solutions of desired composition for at
least 24 h. AFM imagings were performed for the sub-
strates in the surfactant solutions at 25±2 �C. Deflec-
tion images (showing the error in the feedback signal)
were collected with scan rates of 5–10 Hz. No filtering of
images was performed other than that inherent in the
feedback loop. Zero distance in the force curves is where
a constant high gradient of force is measured and it is
assumed to be where the tip is touching the substrates.
AFM imagings were performed at a repulsive force from
the adsorbed films with the tip separated from the sub-
strates by about 1–3 nm (so called soft contact imaging)
[35].

Results and discussion

The pH-induced morphological changes of the micellar
aggregates of C12DMAO on graphite

Figure 1 shows the AFM images of the micellar aggre-
gates on graphite for nonionic C12DMAO (a=0,
pH 8.0±0.1) and cationic C12DMAO (a=1,
pH 1.3±0.1). The surfactant concentration was fixed to
be about twice of the bulk critical micellar concentration
(cmc). The AFM images at a=0 and at a=1 both show
parallel stripe structures, suggesting the formation of
hemicylindrical aggregates. The formation of hemicy-
lindrical aggregates on graphite for both nonionic and
cationic C12DMAO is in general agreement with re-
ported observations for many other ionic and nonionic
surfactants where the surfactant tail is longer than a
decyl group, which also formed hemicylindrical aggre-
gates on graphite [5, 8, 9, 10, 11].

To see the ionization effect on the aggregate struc-
tures of C12DMAO at the graphite-solution interface,
we examined the aggregate structures at various a values
(pH values). Figure 2 shows the AFM images at
a=0.05, 0.15, 0.25, 0.37, 0.47, 0.55, 0.8, and 0.9 in the
surfactant solutions of about twice cmc. The hemicy-
lindrical aggregates are formed at the graphite-solution
interface below a=0.25 (Figs. 2a,b,c). As the ionization
increases from a=0.25–0.37, the aggregate structure on
graphite changes from the hemicylindrical aggregate
(Fig. 2c) to a laterally homogeneous layer (Fig. 2d).
Increasing the ionization further induces another trans-
formation, from the laterally homogeneous layer at
a=0.47 (Fig. 2e) back to the hemicylindrical aggregates
above a=0.55 (Figs. 2f,g,h). These pH-induced mor-
phological changes of the C12DMAO aggregate take
place over a narrow range of pH: hemicylinder (pH‡5),
to laterally homogeneous layer (4.53pH34), to hemi-

Fig. 1a–b AFM images show-
ing the aggregate structure of
nonionic C12DMAQ and cat-
ionic C12DMAO at the graph-
ite-solution interface (100·
100 nm2). The surfactant con-
centration Cd was fixed to be
about twice cmc. a a=0,
pH 8.0±0.1, Cd=3 mM;
b a=1, pH 1.3±0.1, Cd=
10 mM
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cylinder (pH23.7). The above results show the pH-in-
duced transformation of the micellar aggregate of
C12DMAO on graphite between the hemicylinder and
the laterally homogeneous layer, in contrast to the
behavior of C14DMAO [31]. It would be interesting to
know how the structures of the C12DMAO aggregate
transform between the hemicylinder and the laterally
homogeneous layer upon changing pH, but since our
AFM images were from tip deflection mode [5, 9], and
the change in measured height across an aggregate
during imaging was typically about 0.1–0.2 nm, they
could not give a detailed picture of the cross-section of
the adsorbed aggregate on graphite. However, the AFM
images do reveal the repeat unit, or the period of the
aggregate structures. Therefore, we focused upon the pH
dependence of the periodic structure of the hemicylin-
drical aggregates in this study. It has been suggested that
the period of the structure of the hemicylindrical
aggregates is equal to the diameter of a hemicylindrical
aggregate plus the intermicellar distance (ND) [5, 9], as
shown in Fig. 3. The ND values can be obtained from a
clear maximum in the period of the Fourier transform of
the AFM image. Figure 3 shows the ionization depen-
dence of the ND values for the hemicylindrical aggregate
of C12DMAO. Except for a=1, the ND values are
weakly dependent on the a value within the experimental
error, and they are 5±0.5 nm. The ND values are about
twice the length of a C12DMAO molecule (�2 nm),
which is consistent with the length expected from the
hemicylindrical structure. The ND value at a=1 is the
most smallest, which may be partially due to the high
ionic strength of the solution at a=1 (the lowest pH
value is �1.3), leading to the screening of the electro-
static forces between the hemicylindrical aggregates
(in other words to a decrease in the ND value). The
result that remains unexplained is the observation that
the ND values are weakly dependent on the a values.
The lack of dependence on the ionization implies either
that the repulsive electrostatic forces are not strong en-
ough, or that another effect cancels out this contribution
(such as a change in the diameter of the hemicylindrical
aggregate). There may be some difference in the degree
of ionization between the surface aggregates and the
bulk micelles, or the effective surface charge density of
the surface aggregate may be weakly dependent on the a
values due to significant counterion binding to the sur-
face aggregates. It is important to obtain information
about the layer thickness of the film adsorbed onto the
graphite in order to be able to investigate the layer
structure. As the tip approaches the sample, the short-
range repulsive force appears in the force curve and then
there is a point at which the tip moves into the substrate
discontinuously (in other words there is mechanical
instability at this position). This mechanical instability is
considered to be due to the displacement or peeling off
of the surfactant layer on graphite. The distance at

Fig. 2a–h AFM images showing the effect of the ionization on the
aggregate structures of C12DMAO at the graphite-solution inter-
face (100·100 nm2). The surfactant concentration Cd was fixed to
be about twice cmc. a a=0.05, pH 6±0.2, Cd=3 mM; b a=0.15,
pH 5.5±0.1, Cd=3 mM; c a=0.25, pH 5±0.1, Cd=5 mM;
d a=0.37, pH 4.5±0.1, Cd=10 mM; e a=0.47, pH 4.0±0.1,
Cd=10 mM; f a=0.55, pH 3.7±0.1, Cd=15 mM; g a=0.8,
pH 2.8 ±0.1, Cd=15 mM; h a=0.9, pH 2.3±0.1, Cd=15 mM. In
(g), the 200·200 nm2 AFM image shows the hemicylindrical
aggregates oriented at 60� to each other (white lines)
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which the mechanical instability occurs in the force
curve has been assigned to the adsorbed layer thickness
between the tip and the substrate [9, 13, 33, 36]. In the
case of C12DMAO aggregates on graphite, the distances
at the mechanical instabilities occur are almost identical
for the laterally homogeneous layer (2.1±0.3 nm) and
the half-cylindrical aggregate (1.9±0.3 nm), as shown in
Fig. 4, suggesting that the two adsorbed films on
graphite have almost the same layer thickness. This in
turn suggests that the laterally homogeneous layer has a
monolayer structure. The observation of a long-range
double-layer repulsive force in the force curve for the
laterally homogeneous layer indicates that the cationic
headgroups of the monolayer face the solution.

Reversible transformation between the laterally
homogeneous layer and the hemicylindrical
aggregate on graphite via changes in pH

Our results suggest a pH-induced transformation of the
C12DMAO micellar aggregate between a hemicylindri-
cal aggregate and the laterally homogeneous layer at
the graphite-solution interface. The reversibility of the
transformation between the hemicylindrical aggregate
(pH 8, a=0) and the laterally homogeneous layer (pH 4,
a�0.5) was also examined using force curves (Fig. 4)
and AFM images (Fig. 5) in this study.

Hemicylindrical aggregate (pH 8) to laterally
homogeneous layer (pH 4)

A sample was first equilibrated (for 24 h) and then the
pH of the solution was changed by adding a small
amount of HCl solution. At pH 8, before the injection of

HCl solution, the C12DMAO forms hemicylindrical
aggregates on graphite, as shown in Fig. 5a. In the
corresponding force curve, there is no sign of a long-
range repulsive force, but a short range repulsive force
(<3 nm) is observed (filled circles, Fig. 4). This indi-
cates the existence of adsorbed surfactants of nonionic
C12DMAO on graphite. The repulsive force may orig-
inate from the hydration or the protrusion force of the
headgroups of the adsorbed surfactants on graphite.
After the HCl solution was injected into the cell in order
to change the pH of the solution from pH 8 to pH 4, the
short-range repulsive barrier disappeared and a double-
layer repulsive force was clearly observed after less than
5 min (unfilled triangles), suggesting that protonation of
the adsorbed films on graphite occurs immediately after
the injection. After about 20 min, the short-range
repulsive barrier appeared again (filled triangles), but its
value (about 1 nN) is smaller than that for a=0 before
the pH jump (about 2 nN). This force curve after about
20 min was in good agreement with those after 60 min
(not shown), suggesting the completion of the transfor-
mation from the hemicylinder to the laterally homoge-
neous layer. The observation of a featureless AFM
image after about 25 min supports the formation of a
laterally homogeneous layer (Fig. 5b).

Laterally homogeneous layer (pH 4) to hemicylindrical
aggregate (pH 8)

Next we added NaOH solution into the cell in order to
restore the pH of the solution from pH 4 to pH 8.

Fig. 4 Force between a silicon nitride tip and the graphite in the
C12DMAO solution as a function of time for a pH jump of pH 8
(hemicylindrical aggregate) to pH 4 (laterally homogeneous layer).
The force curves were obtained with the same tip and the same
graphite, so that the relative magnitudes could be compared. Filled
circles: pH 8 (before pH jump); unfilled triangles: 5 min after the
injection of the HCI solution (pH jump from pH 8 to pH 4); filled
triangles: 20 min after the injection of the HCI solution (pH jump
from pH 8 to pH 4); unfilled circles: 20 min after the injection of
the NaOH solution (pH jump from pH 4 to pH 8)

Fig. 3 Nearest-neighboring spacing (ND) of the hemicylindrical
aggregates at the graphite-solution interface as a function of
the degree of ionization a. HM: hemicylindrical aggregates; FL:
laterally homogeneous layer
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20 min after the injection of NaOH solution, the force of
the repulsive barrier in the force curve (unfilled circles in
Fig. 4, about 2 nN) recovered to almost the same as for
a=0 before the pH jump (filled circles in Fig. 4, about
2 nN), and the double-layer repulsive force simulta-
neously disappeared. The AFM image after about
25 min indicates the formation of the hemicylindrical
aggregate (Fig. 5c). This suggests the completion of the
transformation from the laterally homogeneous layer to
the hemicylinder.

The above results strongly suggest that the transfor-
mation between the hemicylindrical aggregate and the
laterally homogeneous layer is reversible with respect to
a pH change:

hemicylindrical aggregate (pH 8)
, laterally homogeneous layer (pH 4)

By estimating the ND values obtained from the
Fourier transforms of the two AFM images (Figs. 5a,c),

and comparing them, we confirmed this reversible
transformation of the micellar aggregates. If the for-
mation of the hemicylindrical aggregates is truly
reversible, they should be of comparable size. We found
that the ND values obtained from the two AFM images
were consistent with each other (ND=5.3±0.3 nm from
the AFM image of Fig. 5a, and ND=5.2±0.3 nm from
the AFM image of Fig. 5c), suggesting that the two
hemicylindrical aggregates are in a comparable size. This
provides further evidence for the reversible transforma-
tion between the hemicylindrical aggregate and the lat-
erally homogeneous layer via a change in pH. It should
be noted that the pH-induced transformation between
the hemicylindrical aggregate and the laterally homo-
geneous layer may occur with a timescale �20 min,
since it took about 10 min to equilibrate the pH after the
injection of the NaOH solution or the HCl solution in
this experiment.

It should also be added that the force curves de-
pend on the solution medium (the ionic strength and
the concentrations of the sodium cation or the chlo-
ride anion) as well as the layer structure on graphite.
The ionic strength of the solution medium differed
between the force curves at pH 8 (unfilled and filled
circles in Fig. 4) due to the sodium chloride salt of
7.5 mM produced in the neutralization process.
However, we consider that the sodium chloride salts
produced have a minor effect on these force curves,
since the C12DMAO layers consist of the nonionic
surfactants at pH 8. The short-range repulsive barriers
originated from the layer structure on graphite (the
hydration or the protrusion force of the headgroups of
the adsorbed surfactants on graphite) are considered
to be almost independent of the produced salts.
It may therefore be possible to use the short-range
repulsive barrier of the force curves at pH 8 as one of
the criterions for the restoration of the C12DMAO
hemicylindrical aggregates.

In the kinetic process of the transformation from the
laterally homogeneous layer to the hemicylinder (the pH
jump of the solution from pH 4 to pH 8), we observed a
region where the hemicylindrical aggregates occur in a
different orientation to each other (Fig. 5d), but finally
the oriented hemicylindrical aggregates disappeared and
a single type of hemicylindrical structure covered the
sample region uniformly (Fig. 5c).

It is not easy to interpret the observations made in
this study. However, note that the hemicylindrical
aggregates shown in Fig. 5d are oriented at about 50� to
each other. This angle (shown by the white lines) is
different to that of the equilibrium hemicylindrical
aggregate on graphite, which occurs in only three ori-
entations at 60� to each other [3, 4, 5, 9]. It has been
suggested that the surfactant tail is oriented parallel to
the three equivalent symmetry axes of the graphite basal
plane in the horizontal adsorbed monolayer, resulting in

Fig. 5a–d AFM images (200·200 nm2) of the aggregate structure
of C12DMAO at the graphite-solution interface for a pH jump
from pH 8 (hemicylindrical aggregate) to pH 4 (laterally homoge-
neous layer). The surfactant concentration was 15 mM. a pH 8
(before pH jump); b 25 min after the injection of the HCI solution
(pH jump from pH 8 to pH 4); c 25 min after the injection
of the NaOH solution (pH jump from pH 4 to pH 8); d 15 min
after the injection of the NaOH solution (pH jump from pH 4 to
pH 8). The AFM image (d) shows the hemicylindrical aggregates
oriented at 50� to each other (white lines); the gray line represents
the boundary. The AFM image in Figs. 5c,d were taken at the same
sample position. The AFM images in Figs. 5a,b,c were taken at
different sample positions, but we made sure that the whole sample
was covered uniformly by one type of structure when capturing
each of these AFM images
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the formation of the hemicylindrical aggregate in three
orientations at 60� to each other [3, 4, 5, 9]. Recent
observations using a scanning tunneling microscope
(STM) provide direct support for this model [37]. Sim-
ilar hemicylindrical aggregates orientated at 60� were
also observed for the equilibrium hemicylindrical
aggregates of C12DMAO, as shown in Fig. 2g (white
lines). The hemicylindrical aggregates oriented at about
50� might be metastable due to some kinetic mismatch
between the flat-lying alkyl skeleton and the graphite
lattice in the horizontal monolayer.

Formation of the laterally homogeneous layer
at the graphite-solution interface in the C12DMAO
surfactant system

In the C12DMAO aggregates on graphite, when the
degree of ionization a was increased the following
transition was observed: hemicylinder (0 2a20.25), to
the laterally homogeneous layer (0.37 2a20.47), to
hemicylinder (0.552a21). These results indicate that
the mean curvature of the surface aggregate of
C12DMAO on graphite minimizes at a�0.5. To our
knowledge, the only reported exception to the formation
of hemicylindrical aggregates on graphite by ionic surf-
actants with tails longer than a decyl group occurs for
the sodium dodecylsulfate-dodecanol system imaged at a
graphite-solution interface [33], where the coexistence of
hemicylinders with the laterally homogeneous layers was
only observed below the cmc. From the viewpoint of the
packing parameter argument of the surfactant [38], we
would expect that the ionization of C12DMAO induces
aggregates with a higher curvature due to the electro-
static repulsion between the headgroups. In the terms of
the electrostatic repulsion between the headgroups only,
therefore, the transformation from the hemicylindrical
aggregate to the laterally homogeneous layer by charg-
ing up the aggregate cannot be understood. Some
additional forces should exist in the half-ionized
C12DMAO to overcome the free-energy barrier to the
formation of the laterally homogeneous layers on
graphite. There may be two possible contributions to the
formation of the laterally homogeneous layer around
a=0.5:

1. The laterally homogeneous layer on graphite is sta-
bilized by the hydrogen bond between the cationic-
nonionic headgroups (-N+-OHÆÆO-N-), as strongly
suggested for the soluble monolayer of C12DMAO
[24, 25] and the insoluble monolayer of C22DMAO
[39] at the air/water interface. Spectroscopic evidence
for the hydrogen bond between the headgroups on the
cationic-nonionic pair has been also reported for the
half-ionized C12DMAO in the lyotropic hexagonal
phase and the micellar solution, as well as that in the
solid state using a Fourier transform infrared spec-

trophotometer (FT-IR) [28, 40]. Due to the hydrogen
bond between the headgroups, the area per headgroup
decreases, leading to the higher packing parameter
character of the aggregates on graphite for the half-
ionized C12DMAO. The free energy of the hydrogen
bond between the cationic-nonionic headgroups has
been reported to be 2.3 kT for C12DMAO via
hydrogen ion titration of the micelles in bulk solution
[24, 25]. In the case of surfactants with twelve-
hydrocarbons, it has been reported that there is a free
energy difference of roughly 2–3 kT between the
unfavorable vertical monolayer and the hemicylin-
drical aggregate at the hydrophobic solid-solution
interface on the basis of thermodynamic modeling
[17]. The free energy gain of the hydrogen bond may
compensate for the free energy penalty of forming the
unfavorable laterally homogeneous layer on graphite
in the case of the half-ionized C12DMAO. As the
electrostatic repulsion between the headgroups gets
stronger as the ionization is increased beyond a=0.5,
it is likely that the hydrogen bond contribution is
overwhelmed by the increased electrostatic interac-
tion, leading to the formation of the hemicylindrical
aggregate with a higher curvature above a=0.55.

2. In the case of C12DMAO with a=0.5, there might
be low ordering for the horizontal monolayer on
graphite surface due to the mismatch between the
pseudo-double-tailed surfactant of the C12DMAO by
the hydrogen bonding and the graphite lattice, lead-
ing to disturbed formation of the hemicylindrical
aggregates on graphite for C12DMAO around
a=0.5. As for the hemicylindrical aggregates of the
C12DMAO at a=0 and a=1, we sometimes observed
parallel stripe structures even if the applied force is
increased beyond the force at the mechanical insta-
bility, where the displacement of the surfactant
aggregate occurs. The parallel stripe structures seen
for force beyond the mechanical instability may cor-
respond to the horizontal monolayer lying parallel to
the graphite surface under the hemicylindrical aggre-
gates [41, 42, 43]. For the laterally homogeneous layer
of the C12DMAO around a=0.5, on the other hand,
we have never observed the parallel stripe structures
beyond the force at the mechanical instability,
implying the disturbance of the horizontal monolayer
on graphite. In our previous paper, we reported that
all structures of C14DMAO on graphite were hemi-
cylinders, irrespective of the ionization [31]. For the
C14DMAO surfactant, the attractive interaction be-
tween the hydrocarbon chain and the graphite surface
is stronger than that of the C12DMAO surfactant. As
a result, the dominant attractive interaction between
the tetradecyl group and the graphite surface may
overcome the contribution from the hydrogen bonds
between the headgroups of C14DMAO, in contrast to
the case of C12DMAO.
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Conclusions

The effect of ionization on the surface aggregate of
dodecyldimethylamine oxide (C12DMAO) at the
graphite-solution interface was investigated via atomic
force microscopy (AFM). We have demonstrated the
pH-induced transformation of the micellar aggregates
on graphite between a hemicylinder and a laterally
homogeneous layer. Nonionic C12DMAO and fully
ionized cationic C12DMAO both formed hemicylindri-
cal aggregates at graphite-solution interfaces, which are
in good agreement with those observed for many other
ionic (or nonionic) surfactants on graphite. For nearly
half-ionized C12DMAO (a 1:1 mixture of the nonionic
and the cationic species), however, the laterally homo-
geneous layer with monolayer structure was observed.
The results indicate that the surface curvature of the
C12DMAO aggregates on graphite is the lowest at a
degree of ionization a�0.5. It is likely that the laterally
homogeneous layer on graphite originates from the
hydrogen bonding between the cationic-nonionic head-
groups.

The pH-induced morphological transition takes place
over a narrow range of pH: hemicylinder (pH35), to
laterally homogeneous layer (4.53pH34), to hemicyl-
inder (pH23.7). By interpreting AFM images and the
force curves, the transformation between the hemicy-
lindrical aggregate and the laterally homogeneous layer
was found to be reversible with respect to a pH change.

During the kinetic process of the transformation
from the laterally homogeneous layer to the hemicylin-
der (the pH jump of the solution from pH 4 to pH 8), we
observed a region where the hemicylindrical aggregates
are oriented at 50� to each other, which may indicate a
metastable structure. This orientation angle was differ-
ent from that of the equilibrium hemicylindrical aggre-
gates, which were oriented at about 60� to each other.
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