
Introduction

Dodecyldimethylamine oxide (DDAO) exists as either a
nonionic or a cationic (protonated form) species de-
pending on the pH of the aqueous solution and various
solution properties vary with pH [1±16]. We have found
that the aggregation number of DDAO exhibits a
maximum around the half-ionized state when the degree
of ionization of the micelle, aM, is varied [11]. The
interactions giving rise to this characteristic dependence
were correlated with the characteristic pH dependences
of the critical micelle concentrations (cmc), as shown
by Rathman and Christian [7] and Maeda et al. [12].
General correlation of this kind has been discussed

extensively by Ho�mann [17]. Surface excess at the
air±water interface was a maximum in the range of aM

near 0.5 [12, 13]. In the hydrogen ion titrations the
intrinsic dissociation constant of the amine oxide group
on the micelle surface is known to be smaller than that
of the monomer [3, 4]. These characteristic properties
have been interpreted in terms of hydrogen-bond
formation between the nonionic and the cationic pair
[13]. Our later study [14] on the e�ects of ionic strength
on the cmc of DDAO revealed an interesting result that
the cmc of the cationic species is lower than that of the
nonionic one at high ionic strengths (higher than 0.2 M
NaCl). A hydrogen bond for the cationic±cationic pair is
suggested.
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Abstract Small-angle neutron scat-
tering (SANS) measurements were
carried out at 25 °C on dodecyldi-
methylamine oxide solutions under
di�erent conditions. In media with
no added salt, the micelle aggrega-
tion number remained nearly con-
stant (70±78) over the range of the
degree of ionization, aM, between 0
and 0.73 in contrast with the sharp
critical micelle concentration in-
crease in a narrow range of aM from
0.35 to 0.40. This characteristic aM

dependence that deviates markedly
from the prediction of the regular
solution approach is thus shown to
take place without a considerable
change with respect to micelle size
and shape. The surface electric
potential employed to calculate the
intermicellar repulsion under the
Debye±HuÈ ckel approximation was

found to be much lower than the
actual surface potential determined
from hydrogen ion titration. This
inconsistency was solved by intro-
ducing a rescaled particle size for the
hard-sphere interaction part. The
surface potential from SANS was
rather similar to the zeta potential
determined by electrophoretic light
scattering. In the range of NaCl
concentrations higher than about
0.2 M, micelle growth was observed
for both the hemihydrochloride (1:1
complex) and the cationic species
and the growth into a cylindrical
shape was con®rmed.
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Small-angle neutron scattering (SANS) has been
successfully applied to elucidating the microstructure
and the interparticle interaction of surfactant micelles
and their liquid-crystalline phases [18±20]. In most of the
previous SANS studies on amine oxides, the e�ect of
protonation has been neglected [21, 22]. Tetradecyldi-
methylamine oxides form rodlike micelles even in the
nonionic state [22]. In the present study, we have
examined DDAO micelles by means of SANS and
electrophoretic light scattering (ELS) with particular
attention to the e�ect of protonation.

Experimental
DDAO used in this study was the same sample as used previously
[12, 14]. The micelle compositions were very close to the overall one
in the present study but they were examined on the basis of the
apparent pH obtained with a glass electrode in D2O solutions after
due corrections.

SANS measurements were performed on the ``MURN'' time-of-
¯ight, SANS spectrometer of the IBR-2 pulsed reactor at FLNP
JINR, Dubna, Russia. The spectrum of the incoming thermal
neutrons is characterized by the Maxwell distribution and an
average wavelength of 1.1 AÊ . The samples were placed in quartz
cells (Helma) with a 1-mm path; a 1-cm2 area was illuminated by
the neutron beam. The systematic errors of the neutron scattering
cross section values did not exceed 5% [23]. Incoherent scattering
backgrounds were subtracted using the measured equivalent of
H2O/D2O solutions. The scattering vector range was from 0.008 to

0.4 AÊ )1. The measurements were repeated twice (12 h between
experiments) and no changes between scattering curves were
observed. Throughout the data analysis, corrections were made
for instrumental smearing [24].

ELS measurements were carried out with a Photal ELS-800
(Otsuka Electronics Co.) with a He±Ne laser as a light source on
solutions with no added salt and the surfactant concentration was
30 mM. A rectangular quartz cell (internal dimensions: 2 mm in
height, 10 mm in width and 17 mm in length) separated a pair of
Pt/Pt black electrode chambers connected through semipermeable
membranes. The temperature of the cell was maintained at 25 °C
by circulation of thermostated water through the mounting block
of the cell. Sample solutions were introduced into the cell by a
peristaltic pump after being ®ltered with a Millipore membrane

(pore size 0.2 lm). The electrophoretic mobility, u, was determined
from the electro-osmotic plots of six or seven points in the cell for
each sample. For each point 30±100 transients were accumulated
to obtain correlation functions of good quality. The di�usion
constants of the micelles were obtained from measurements of the
homodyne mode.

Results

SANS of the solutions with no added salt

Neutron scattering curves of aqueous solution of
DDAO in the absence of added salt at varying degrees
of ionization are showed in Fig. 1. The scattering curve
of the solution with zero degree of ionization (Fig. 1A)
represents the scattering of an ensemble of noninterac-
tive aggregates. The scattering from other solutions
(Fig. 1B) exhibits an interference maximum suggesting a
long-range interaction among aggregates in the system
which can be connected with the electrical charge of the
aggregates. The further analysis of the scattering results
involves the modelling of the solution by an ensemble of
particles (two-shell ellipsoid) with a screened Coulomb
potential.

In the case of monodisperse spheres of number
density n, the expression for the di�erential cross
sections of neutron scattering per unit volume, dS(q)/
dW, versus the scattering vector q = 4psin h/k (2h is the
scattering angle and k is the wavelength) can be written
as follows [25]

dR�q�=dX � nP 2�q�S�q� ; �1�

Fig. 1A, B Neutron scattering curves of dodecyldimethylamine oxide
(DDAO) in solutions with no added salt at di�erent micelle
compositions. The micelle composition was given as the mole fraction
of the cationic species or the degree of ionization, aM. Surfactant
concentration cD = 20±21 mM. A Nonionic micelle (aM = 0). B
Nonionic±cationic mixed micelles: aM � 0:29�(�, 0:37�D�, 0:52�r�,
0:79(s). The solid curves represent the ®tting curves
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where the form factor P 2�q�, which expresses the
scattering cross section of one particle, is

P 2�q� �
Z
�q�r� ÿ qs� exp�iqr� dv

� �2
; �2�

where q�r� is the scattering-length density of a particle
with radius r, and qs is the scattering-length density of
the solvent. The structure factor S�q� is de®ned by

S�q� � 1� V ÿ1
Z
�g�r� ÿ 1� exp�iqr� dv ; �3�

where g�r� is the radial distribution function of the
particles and V is the volume of the solution per particle.

In the case of polydisperse or nonspherical particles,
dR �q�=dX can be written as

dR �q�=dX � n�hjP �q�ji2S�q� � �hjP�q�j2i ÿ hjP �q�ji2�� :
�4�

The decoupling approximation [26], that there is no
correlation between interparticle separation and particle
size and that there is no correlation between the
separation of the particles and their orientation, could
be used to calculate the second term of Eq. (4).

In the present study, the micelles are assumed to
be monodisperse, prolate two-shell ellipsoids of volume
V2 with semiaxes a, b and b. The inner shell is the
hydrocarbon core of volume V1 with a scattering length
density q1; the outer shell is volume of V2 ÿ V1� � with
scattering length density q2. The de®nition of the single-
particle scattering function is given by

P 2�q� �
Zp=2
0

q1 ÿ q2� �V1F �q;R1� � q2 ÿ qs� ��

� V2 ÿ V1� �F �q;R2��2 sin�l�dl ; �5�
where F �q;Ri� � 3�sin�x� ÿ x cos�x��=�x�3; x � qRi,
Ri�l� � bi�1� l2f ai=bi� �2ÿ1g�1=2 with l denoting the
cosine of the angle between the q vector and the long
axis a.

The volumes and radii are calculated by assuming
that each micelle consists of m (mean aggregation
number) surfactant molecules. The hydrocarbon core
volume V1 was calculated according to Tanford [27].
The volume V2 is de®ned as follows:

V2 ÿ V1 � m m NO CH3� �2H
� �� -HGm D2O� ��

�h m�Clÿ� � -Clm D2O� �� �g : �6�
In Eq. (6), m NO CH3� �2H

� �
, m�Clÿ�, and m D2O� � are the

volumes of the head group, chloride ion and D2O,
respectively. The hydration number of the head groups
of DDAO, -HG, was approximated as a constant
irrespective of the micelle composition. -Cl stands for
the hydration number of the chloride ion and h is the

degree of chloride counterion binding. The numerical
values of the volumes and of the hydration numbers
-HG � 5 and -Cl � 5� � were taken from Ref. [28].
The interaction potential between spherical macro-

ions with a screened Coulomb potential is given as
follows [29]:

Vc�r� � pee0hdi2w2
0 exp�ÿj�r ÿ hdi��=r; r > hdi �7�

where hdi is the rescaled diameter of the particle, r is the
interionic centre-to-centre distance, w0 is the e�ective
surface potential, e0 is the permeability of free space and
e is the dielectric constant of the solvent medium. Here,
j is the usual Debye±HuÈ ckel inverse screening length,
determined by the ionic strength of the solution. The
monomers of the cationic species play the role of a salt
in the present study. Under the assumption leading to
Eq. (7), the surface potential is related to the e�ective
charge ze0 on the micelle by Eq. (8).

w0 � ze0=�pee0hdi�2� jhdi�� : �8�
We used the rescaled mean spherical approximation
structure factor for dilute charged colloidal dispersions
calculated by Hansen and Hayter [30]. For the ®tting
procedure, we used a FORTRAN program written by
Hayter.

The ®tting parameters were the aggregation number,
the degree of counterion binding, h, the residual
background, the normalization parameter, and then
micellar radius, charge and potential were calculated.
The number of ®tting parameters corresponds to the
information content of the scattering patterns [31]. The
model describes the experimental data satisfactorily
(Figs. 1, 4). In our case, the ®t resulted in a good
approximation to the experimental points in the region
of the scattering vector (q < 0:3 ÊA

ÿ1
), which corresponds

to the spacing and mean size of the micelles. We used
the values of the mean aggregation number and the
electrical charge of the micelles. The value of the axial
ratio did not exceed 2.5, and the residual background
was less than 0.01 cm)1. The values of the ®tting
parameters are presented in Table 1.

In Fig. 2 the mean aggregation numbers obtained
from the SANS study scarcely depend on the micelle
composition in contrast with the marked dependence in
media of moderate ionic strength (a maximum near
1:1 composition) [11]. The cmc values in the solutions
without added salt, taken from Ref. [15], are also shown
in Fig. 2. The observed composition dependence of the
cmc di�ers markedly from the prediction of the regular
solution approximation [32, 33] as shown in Fig. 3. It is
not surprising that the regular solution approach does
not work in the case of the ionic micelles in media of
low ionic strength as encountered in the present study.
Nevertheless, various ionic/nonionic mixed micelles in
solutions with no added salt have been reported to be
well-described by the regular solution approximation
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with more negative interaction parameter values, b, than
those at moderate-to-high ionic strengths [33]. It is to be
noted, however, that in most previous studies only the
dependence on the monomer composition, a1, has been

examined. Also in the present case, the plot (cmc versus
a1) does not show a marked deviation and the data
could be ®tted with b = 0±0.9. The failure of the regular
solution approximation becomes evident only when the
dependence on the micelle composition is examined. It
should be stressed that amine oxides are rare surfactants
in the sense that both compositions, aM and a1, can be
determined experimentally by hydrogen ion titration. In
contrast with this rather unusual cmc behaviour, the size
of the micelle scarcely changes with aM. The aggregation
numbers of about 78 in Fig. 2 are comparable with that
of 70 for nonionic micelles in solutions with no added
salt [1] and with those in 0.1 M and 0.2 M NaCl
solutions: about 70 from static light scattering and 90
and 80 from the ¯uorescence probe method [11].

The degree of counterion binding, h, related to z as
h � 1ÿ z=�m aM�. The results were in fair agreement
with those from the counterion activity: 0.72, 0.62, 0.52,
0.55, 0.32, 0.52, 0.23 for aM of 0.79, 0.69, 0.47, 0.43,
0.34, 0.26 and 0.19, respectively [15]. This counterion
binding is taken into account in the evaluation of the
surface potentials, w0, appearing in Eqs. (7) and (8).
Values of w0 were 50±70 mV and are given in Table 1
together with h values.

E�ects of salt concentration on the scattering curves

The addition of salt gives rise to scattering in both cases
of the cationic (Fig. 4A) and the 1:1 composition
(Fig. 4B) but the e�ect is more signi®cant for the
cationic species. We did not observe interference in the
scattering curves and one can assume that the salt
screens the electrical interaction completely. At a salt
concentration, cs, of 3 M, phase separation took place
for both solutions. The shapes of the scattering curves
are similar for both the cationic and the 1:1 composition
with salt addition. In a low q region one can observe the
cylindrical signature

dR�q�=dX � qÿ1 exp�ÿR2
cq

2=4� ; �9�
where Rc is the radius of gyration of the cross section of
the cylinder. This analysis gave a value of Rc approx-
imately equal to 12 ÊA or R in the homogenous approx-
imation is equal to 17 ÊA. The experimental curves are
analyzed in terms of the assumed cylindrical micelles in

Fig. 2 Dependence of the aggregation number, m, from small-angle
neutron scattering (SANS) and the critical micelle concentration (cmc)
on the micelle composition, aM. (s): The cmc values taken from Ref.
[15]; (d): the aggregation number

Table 1 E�ects of the micelle composition (aM) on the aggregation number of micelles (m), the apparent electrical charge (ze0), the degree
of counterion binding (h), the e�ective surface potential (w0) and the semiaxes (a, b) of the ellipsoid of rotation

aM m z h w0/mV b/A a/A hdi/A
0 78 � 2 0 0 0 20 � 2 46 � 3
0.29 � 0.01 77 � 2 10 � 1 0.55 � 0.02 50 � 2 21 � 2 38 � 2 105 � 5
0.37 � 0.01 74 � 2 14 � 1 0.49 � 0.02 64 � 2 21 � 2 37 � 2 118 � 8
0.52 � 0.01 70 � 2 17 � 2 0.53 � 0.02 70 � 3 21 � 2 35 � 2 115 � 8
0.73 � 0.01 73 � 2 17 � 2 0.68 � 0.03 68 � 3 21 � 2 36 � 2 113 � 8

Fig. 3 Composition dependence of the cmc compared with the
regular solution model. Experimental cmc values are plotted against
the micelle composition, aM, (d) and the monomer composition, a1,
(s). Calculated dependence from the regular solution model: solid and
broken curves refer to the cases of b = 0.9 and b = 0, respectively
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the solution. In this case we used the form factor for a
cylinder, Eq. (10), as the F function in Eq. (5) to model
the scattering from separate particles.

F �q;Ri� � sin�qL=2 cos b�2 J1�qRi sin b�
�qL=2 cosb��qRi sin b� ; �10�

where L is the length of the cylinder, R1 � Rin and
R2 � Rout are the inner and outer radii of the cylinder,
J1 is the ®rst-order Bessel function and b is the angle
between the q vector and the axis of the cylinder. The
volumes of the inner and the outer parts of cylinder were
calculated using Eq. (6) with assumption that h � 1.

To model the interaction among aggregates we used
the structure factor of a hard-sphere ¯uid calculated in
the Percus±Yevick closure of the correlation function
[34]. In this case, S�q� can be written as

S�q� � �1� 24gG�y�=y�ÿ1 ; �11�
with y � 2qRhs. Rhs is the radius of the hard-sphere
interaction which is calculated by Rhs � �0:75R2

outL�1=3.

g is the volume fraction of hard spheres. The function
G�y� is given explicitly in Ref. [35]. The di�erential cross
section of neutron scattering dS(q)/dW is calculated in
the decoupling approximation Eq. (4).

The ®tting parameters are the aggregation number,
the volume of the hard-sphere interaction, the hydration
number, the residual background and the normalization
parameter. The radius of inner part was ®xed at 11.6 AÊ .
The parameters obtained are presented in Table 2.

As shown in Table 2, the micelles of both the cationic
and the 1:1 composition grow with NaCl concentration
between 0.22 and 0.55 M, while very little change is seen
between 0.55 and 1.09 M. The size of the micelles of 1:1
composition is greater than that of the cationic compo-
sition, and this is consistent with previous ®ndings [11];
at a high cs of 1 M they become similar. The present
results clearly indicate that the previously suggested
micelle growth takes place by the transformation into
rodlike micelles.

ELS from solutions with no added salt

To examine further the properties of the solutions with
no added salt, we performed ELS measurements. The

Fig. 4A, B E�ects of NaCl concentration, cs, on the SANS of DDAO
solutions. Surfactant concentration cD = 50±55 mM. NaCl concen-
tration cs/M: 0.22 (r), 0.55 ((), 1.1 (D) and 3 (s). Micelle
compositions: A cationic micelle (aM = 1) and B 1:1 composition
(aM = 0.5). Solid curves represent the ®tting curves

Table 2 Dependence on NaCl concentration (cs) of the aggregation number of micelles (m), the hydration number (Nhyd), the length (L)
and outer radius (Rout) of a model cylinder, and the volume of the hard-sphere interaction (g)

Micelle
composition

aM cs/M m Nhyd L/A Rout/A g/10)2

1:1 0.50 0.22 670 � 30 5.0 � 1.0 560 � 20 22.2 � 1.2 2.0 � 0.3
1:1 0.50 0.55 900 � 40 5.3 � 1.0 750 � 20 23.2 � 1.2 a

1:1 0.50 1.1 910 � 40 5.6 � 1.0 760 � 20 23.7 � 1.3 a

Cationic 1.0 0.22 160 � 10 3.0 � 0.5 130 � 7 20.0 � 1.0 6.2 � 0.5
Cationic 1.0 0.55 820 � 30 5.0 � 1.0 670 � 20 22.0 � 1.0 5.0 � 0.5
Cationic 1.0 1.1 920 � 40 5.5 � 1.0 760 � 20 23.5 � 1.2 a

a Below the detection limit
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values of the electrophoretic mobility, u, and the zeta
potential, f, are given in Table 3. From SANS measure-
ment (Table 1), a rough estimate of the radius, a, of the
equivalent sphere is in the range 2.5±3 nm. As shown in
Fig. 2, on the other hand, the cmc varies between 2 and
7 mM and hence ja is about unity or less for the present
measurements. This means the Henry function takes
values close to unity and therefore we used the HuÈ ckel
equation rather than the Smoluchowski equation to
evaluate the zeta potentials. The values obtained could
be taken as the upper bound. The zeta potentials were in
the range 35±96 mV. It is to be noted that the relaxation
e�ect is ignored in the present evaluation. It is also to be
noted that the applied electric ®eld may alter the pH of
the solutions and hence aM. To examine the properties
with no added salt, however, we did not employ any
bu�er to avoid an increase in the ionic strength.

From the dynamic light scattering (DCS) measure-
ments, we obtained the hydrodynamic radius of the
equivalent sphere (RH) as shown in Table 3. The RH

values remain essentially constant (1.8 � 0.5 nm) inde-
pendent of aM. This relative independence of aM

is consistent with the SANS results. Aside from
the composition dependence, the magnitude of RH

(1.8 � 0.5 nm) will be discussed here. Since the DLS
measurements were made in media of rather low ionic
strength, there remains the question of whether the
observed di�usion constant, Dapp, can be approximated
by the self-di�usion constant of the micelles, Dm. For
macroion solutions of low ionic strength, considerable
coupling of motion is expected between macroions and
small ions. On the other hand, we also measured Dapp

for the nonionic species (aM = 0) and RH was about
1.5 nm which is rather similar to RH values in Table 3.
This result suggests that the coupling between micelle
ions and Cl counterions is not signi®cant and that the
RH values given in Table 3 are not far from the correct
values.

Discussion

Intermicelle interactions

As shown in Table 1, the SANS measurements gave
the e�ective surface potential, w0, responsible for the
intermicelle interaction in the solutions with no added

salt. On the other hand, we have determined the actual
surface potentials, wH

0 , by hydrogen ion titration [15].
w0 and wH

0 are compared in Fig. 5 and w0 is seen to be
much smaller that wH

0 . We cannot use the linearization
approximation, Eqs. (7) and (8), if we put w0 � wH

0 ,
however, the mutual electric repulsion between the
micelles is so great that we can approximate the
interaction with the equivalent hard sphere carrying
the e�ective number of charges, instead of elaborating
the intermicelle electric interaction without the linear
approximation. The diameter hdi in Eqs. (7) and (8)
should be much larger than what is expected from the
actual prolate particles characterized with the semiaxes a
and b given in Table 1. To compare hdi with the distance
at the slipping plane, it is interesting to compare w0 with
the zeta potential from ELS as shown in Fig. 5, they are
in fair agreement with each other. We thus ®nd that
the potential operating in the electric repulsion between
the micelles is rather close to the zeta potential. The
agreement suggests the dimension of the e�ective hard
sphere is close to the distance between the slipping plane
and the centre of the micelle.

Table 3 Summary of the elec-
trophoretic light scattering on
the solutions with no added
salt. Dodecyldimethylamine
oxide concentration: 30 mM

aM u/10)4 cm2 V)1 s)1 Zeta potential/mV Dapp/10
)6 cm2 s)1 RH,app/nm

0.20 � 0.1 1.8 � 0.1 35 � 2 0.69 � 0.02 3.6 � 0.2
0.39 � 0.1 2.1 � 0.1 41 � 2 1.89 � 0.05 1.3 � 0.1
0.60 � 0.1 3.3 � 0.1 63 � 3 1.10 � 0.03 2.2 � 0.2
0.76 � 0.1 5.0 � 0.2 96 � 5 1.53 � 0.05 1.6 � 0.1
0.81 � 0.1 4.2 � 0.1 81 � 5 1.62 � 0.05 1.5 � 0.1

Fig. 5 Comparison of three surface potentials of the micelles at
di�erent micelle compositions, aM. (�) The actual surface potentials
determined from hydrogen ion titration [15]. (s) The e�ective surface
potentials from SANS. (d) The zeta potentials from electrophoretic
light scattering
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The smaller dimension of the aggregates
and the molecular structure

In the present study, we employed two shell prolates and
two shell cylinders for the micelles. The smaller dimen-
sion of these models, either b or Rout, is expected to be
closely related to the molecular structure of amine oxide.

According to Tanford [27], the length of the hydro-
carbon chain lc for a dodecyl group is in the range 1.54
(fully extended)±1.16 nm (¯exible). The length of the
surfactant molecule with a desolvated head group is
lc � 0:49 nm in the present case. Since the radius of
hydrated chloride counterions is 0.33 nm, we can expect
b or Rout to range from lc � 0:49 (without counterion
binding) to lc � 1:15 nm (with a bound counterion). It is
to be noted that the hydration of the polar head group is
not taken into account in these estimates. From Table 1,

values of b are in the range 2.0±2.1 nm. This suggests
that lc is close to 1.16 nm and the hydrocarbon chains
are ¯exible, which is consistent with the generally
accepted picture of the liquidlike nature of the interior
of the micelles. So, in the analyses of the salt e�ect, we
set lc to 1.16 nm. The results for Rout given in Table 2
fall in the range 2.0±2.4 nm. These values are quite
reasonable in light of the previous discussion. SANS
studies on surfactants sometimes report aggregate sizes
inconsistent with the molecular parameters given here.
This may re¯ect the roughness of micelle surfaces.
However, in the present study we obtained dimensions
consistent with the molecular structure.
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