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A Bilayer Formed by Soluble Amphiphiles with Single Chain
at the Mica—Solution Interface
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We investigated the aggregate morphologies of tetradecyl-
dimethylamine oxide hemihydrochloride (C14DAO-1/2HCI) on
mica surface in the surfactant solutions by Atomic Force
Microscopy (AFM). C14DAO-1/2HCI forms a flat bilayer on
mica. This morphology is different from spheres or cylinders
which have been reported for other cationic surfactants with a
single tetradecyl tail. The reason for this lower curvature of the
C14DAO0-1/2HCI aggregate on mica is discussed in terms of
the hydrogen bond between the headgroups.

At solidHiquid interfaces, surfactants spontaneously aggre-
gate to form a variety of microstructures. The Atomic Force
Microscopy (AFM) has been recently applied to the surface
aggregates of quaternary ammonium surfactants on mica in
solution.t The AFM images of the aggregates showed a variety
of morphologies on mica : spheres, cylinders and a flat bilay-
er.2 The aggregate morphologies have been found to be
closely related to the surfactant packing parameter® as it doesiin
bulk solutions.

Alkyldimethylamine oxide(CnDAO) solutions are mixtures
of the nonionic [CH,,,1(CH3),N—0O] and the protonated
cationic species [C,Hy,,1(CH;3),N*—OH]. The composition (
the degree of ionization o) is determined by pH under a given
ionic strength. On dodecyldimethylamine oxide (C12DAO) at
o = 0.5, the characteristic properties have been found with
respect to the micelle size and the micelle stability(the critical
micelle concentration, cmc).8 These characteristic behaviors at
o = 0.5 have been interpreted in terms of a hydrogen bond
between the headgroups on the micelle surface, the
nonionic—cationic pairs (-N*—OH---O«-N-). The hydrogen
bond is expected to affect the morphology of adsorbed aggre-
gates of CnDAO on mica surface because the formation of non-
ionic—cationic complex is expected to increase the packing
parameter of the surfactant. In this paper, we report the aggre-
gate morphology of tetradecyldimethylamine oxide hemihy-
drochloride (C14DAO-1/2HCI) (i.e., oo = 0.5) on mica in the
surfactant solution at pH 5 by AFM.

Water was twice distilled from a glass still and then filtered
through a Millipore filter (0.2 um). Tetradecyldimethylamine
oxide (GERBU Co.) and cethyltrimethylammonium bromide
(C16TABr) (NACALAI TESQUE Co.) were recrystallized
three times from hot acetone. AFM images were captured with
SPA 400 (Seiko Instruments, JAPAN) at 25 + 1 °C, using sili-
con nitride tips (OLYMPUS Co., JAPAN) with a nominal
spring constant of 0.09 Nm=. The mica was freshly cleaved
just before use. The surfactant was adsorbed on the surface of a
freshly cleaved mica by immersing the mica in the surfactant
solution for at least 12 h. Imaging force was adjusted to as
small value as possible, typically between 100 and 800 pN
under a repulsive force. No filtering of images was performed

other than that inherent in the feed back loop.

The surface acid dissociation exponent of mica and the sur-
face isoelectric point of the Si;N, AFM tip have been reported
to be 5.6 £ 0.2 7 and 6.2 + 0.2 8, respectively. According to
these results, the surface charges for the mica and the AFM tip
in water at pH 5 have opposite signs (i.e., negative charge for
the mica and positive charge for the AFM tip). As might be
expected, we observed the electrical double layer attraction
between bare mica and the tip in water at pH 5 (not shown). In
the C14DAO0-1/2HCI solutions of 102 M without added salt, on
the other hand, the exponential long-range repulsion force
appears at moderate separations (Figure 1A). The exponential
decay length becomes smaller in the presence of 0.1 M NaCl.
This indicates that the longer repulsive force originates from the
electrical double layer repulsion between the AFM tip and the
sample. Since the AFM tip has positive charges, the cationic
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Figure 1. (a) Force curves for C14DAO-1/2HCI
surfactans adsorbed on mica in  the surfactant
solutions at pH 5. The insert shows the force
curve  for 1 mM CI14DAO-1/2HCl in the
presence of 0.1 M NaCl. O : 1 mM C14DAC-
1/2HCL. @ : 1 mM C14DAO-1/2HCI + 0.1 M
NaCl. (b) The AFM image of C14DAO-1/2HCI
aggregates at the mica - the surfactant solution of
1 mM interface at pH 5 without added salt.
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headgroups of the aggregate on mica should face the bulk solu-
tion. This is expected if a bilayer is formed on the mica. A
steep repulsion (i.e., a force barrier ) is observed at a separation
of about 2.5-3 nm in the presence of 0.1 M NaCl( J in the insert
of Figure 1A), which has been assigned to the adsorbed layer
thickness.* From this force barrier, we infer that the thickness
of the C14DAO-1/2HCI film on mica is about 2.5-3 nm. This
thickness is close to the thickness of the compressed bilayer of
C16TABr adsorbed on mica (3.1-3.5 nm) by the surface force
measurements.® Figure 1B shows the AFM image of the
C14DAO-1/2HCI aggregates in the surfactant solution of 1073
M without added salt. The featureless of the AFM image indi-
cates a flat surface of the aggregate on mica. The above results
on the C14DAO-1/2HCI aggregates : (1) the positively charged
flat surface and (2) the bilayer thickness of the surfactant film
on mica, they strongly suggest that the C14DAO-1/2HCI forms
a flat bilayer on mica in the surfactant solution.

In the aqueous surfactant solutions of 10 M and 1075 M,
the AFM images on mica showed patches of different sizes
which may be surfactant aggregates (not shown). The surface
coverage of the surfactant aggregates increased with the con-
centration up to 10~ M, and then the featureless of the AFM
images were observed in the concentration range between 5 x
10 M and 102 M (cmc ~ 1.5 x 10 M at pH 5 without added
salt). This suggests that the flat bilayer on mica above 5 x 10~
M reaches the saturated adsorption.

We have measured the force curves of the
C14DAO-1/2HCI and the C16TABr without added salt in this
study. These force curves were obtained with the same tip in
this study, so the relative magnitude is comparable. It is found
that the force barrier of the C14DAO-1/2HCI is larger than that
of C16TABr which has been reported to form a flat bilayer on
mica (i.e., 4-6 nN for the C14DAO-1/2HCl at 102 M, 1.5-2 nN
for the C16TABr at 2 x 102 M). The greater force barrier of
C14DAO-1/2HCI suggests that the surfactant film on mica is
mechanically more stable than that of CL6TABr. Some addi-
tional cohesive force should exist in the C14DAO-1/2HCI
aggregates on mica.

It is instructive to consider why the C14DAO-1/2HCI
forms a flat bilayer on mica, but not other cationic surfactant
with a single tetradecyl chain (e.g., cylinders for tetrade-
cyltrimethylammonium chloride)?, in spite of similar headgroup
structures each other. Flat bilayers on mica have been reported
for quaternary ammonium surfactants with two dodecyl chains
(e.g., didodecyldimethylammonium and the symmetric gemini
surfactant with quaternary ammonium headgroups)? and
C16TABr . The flat bilayer of the C14DAO-1/2HCI suggests
the higher packing parameter character of the
C14DAO0-1/2HCI, compared with quaternary ammonium sur-
factants of the same hydrocarbon chain. It may be interpreted
that the higher packing parameter character arises from the
complex formed by a hydrogen bond between the nonionic and
the cationic headgroup on the aggregate surface
(-N*—OH---O«-N-). Due to the hydrogen bond, the area per
headgroup decreases. The complex is expected to behave as the
surfactant with double chains, leading to the higher packing
parameter character. Recently, we found that the OH stretching
band assigned to the hydrated OH group appeared around 2700
cm! for the cationic C12DAO-HCI (i.e., o = 1) in the lyotropic
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hexagonal phase, while this band disappeared for the
C14DAO0-1/2HCI in the lyotropic hexagonal phase.l® This
strongly suggests that the OH group of the C12DAO-1/2HCI
forms the hydrogen bond to the neighboring headgroup on the
micelle surface but not to water molecules. It is thus likely that
the C14DAO0O-1/2HCI forms the hydrogen bond in the flat bilay-
er on mica. It is interesting to compare C14DAO-1/2HCI with
nonionic C14DAO since the proposed hydrogen bond cannot be
formed for nonionic C14DAO. We have found that the nonion-
ic C14DAO at 103 M (cmc: 2.7 x 10™* M) does not form a
flat bilayer, but it forms many stripe structures of about 5 nm
scale on mica, as shown in the AFM image (Figure 2). The lat-
ter structure is consistent with that of the other cationic surfac-
tants with a C14 chain.

Figure 2. nonionic

AFM image of
C14DAO at the mica - the surfactnat
solution interface at pH 8 ; ImM nonionic
C14DAO + 10 mM tris(hydroxymethy)
aminomethane buffer solution.

References

1 S.Manne and H. E. Gaub, Science, 270, 1480 (1995).

2 S. Manne, T. E. Scaffer, Q. Huo, P. K. Hansma, D. E.
Morse, G. Stucky, and I. A. Aksay, Langmuir, 13, 6382
(1997).

3 E. L. Reuben and W. A. Ducker, J. Am. Chem. Soc., 120,
7602(1998).

4 H. N. Patrick, G. G. Warr, S. Manne, and I. A. Aksay,
Langmuir, 15, 1685 (1999).

5 J. N. Israelachvili, D. J. Mitchel, B. W. Ninham, J. Chem.
Soc., Faraday Trans. 2, 72, 1525 (1976).

6 H. Kaimoto, K. Shoho, S. Sasaki and H. Maeda, J. Phys.
Chem., 98, 10243 (1994).

7  P.J.Scales, F. Grieser, and T. W. Healy, Langmuir, 6, 582,
(1990).

8 X-Y.Lin, F. Creuzet, and H. Arribart, J. Phys. Chem., 97,
7272 (1993).

9 P. Kekicheff, H. K. Christenson, and B. W. Ninham,
Colloids Surf., 40, 31 (1981).

10 H. Kawasaki and H. Maeda, manuscript in preparation.

11 K. W. Herrmann, J. Phys. Chem., 69, 295 (1962).



