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in the iron-containing samples. In all samples, some oxide for-
mation was detected by the appearance of an Fe-Fe shell at 3.01
Á. The particle size of these clusters is estimated to be at least
6 Á; thus, it is very likely that they are located in the supercages
rather than sodalite units. This could eliminate the site-directing
effect of the second transition metal on the position of the Pd
phases, and the effect on the reducibility is expected to be minimal.

This analysis shows that the interplay of metals in bimetallic
zeolite catalyst is not easily predictable and is strongly dependent
on the chemistry of each constituent. EXAFS is a valuable
technique for structure determination of these complex systems
by probing the ligand spheres of each component separately. On

the basis of subtle changes in zeolite oxygen coordination of the
metal, it is demonstrated that EXAFS is also very sensitive for
the analysis of intrazeolite reduction degrees.
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Aqueous micellar solutions were investigated by the electrophoretic light scattering method. The electrophoretic mobilities
of (2-4) X 10“1 234 cm2 V"1 s"1 were obtained for charged micelles of tetradecyl- and hexadecyltrimethylammonium salicylates
(C14TASal, C!6TASal) and partly protonated tetradecyl- and oleyldimethylamine oxides (C14DAO and ODAO).

Introduction
Electrophoretic light scattering is a beneficial method in which

the electrophoretic mobility and the mutual diffusion coefficient
can be measured simultaneously. Since the initial development
of theory and experimental procedures by Ware and Flygare,1
the technique has been applied to solutions of biomolecules,
biomicelles, and polyelectrolytes and to suspensions of polymer
latex particles and mineral colloidal particles.1"6 However, ap-
plications to surfactant micelle colloidal systems have not been
achieved as yet.

In the present paper, electrophoretic light scattering mea-
surements were carried out for aqueous micellar solutions of
C14TASal, C16TASal and partly protonated C,4DAO and ODAO.
The electrophoretic mobilities of charged micelles are obtained
together with their mutual diffusion coefficients.

Experimental Section

Samples of C14TASal and C16TASal were prepared by reacting
the corresponding alkyltrimethylammonium halides with sodium
salicylate in water. The preparation will be described in detail
in a subsequent paper.7 89Samples of C14DAO and ODAO are
the same as those previously prepared and used.8,9 C14DAO and
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ODAO are weak bases and are partly protonated in the presence
of HC1.

The electrophoretic mobility and the mutual diffusion coefficient
were measured at 25 °C on Otsuka Electronics electrophoretic
light scattering spectrophotometer, ELS-800. He-Ne laser light
at 632.8 nm was used. The electrophoretic rectangular cell of
2 x 10 X 17 mm is separated by cellulose semipermeable mem-
branes from the electrode chambers, which hold the Pt electrodes
coated with Pt-black.

The electric field, which is perpendicular to the incident ra-
diation, is applied in 1-s pulses that are reversed on each successive
application. The sign of the electrophoretic mobility was deter-
mined by modulating the frequency of the reference light. The
autocorrelation function of the dynamic light scattering was an-

alyzed by a fast Fourier transform routine.

Results
When the electric field, E, is applied to aqueous solutions of

charged particles, the particles are moved by an electrophoretic
drift velocity of v. Then, the electrophoretic mobility, U, is de-
scribed as the velocity per unit electric field, that is

U = v/E (1)
On the basis of the photon correlation method by the heterodyne

mixing mode, the first-order autocorrelation power spectrum,
Ffp,w), of the light scattered from the moving particles in solutions
under the external electric field applied perpendicularly to the
incident radiation is written by

(N) µ2 
  (  + µ· )2 + {µ2 )2

(2)

and

µ·  = µ  cos (6/2) (3)
where µ and µ are the scattering vector and its magnitude, re-

spectively;   is the angular frequency; (TV) is the average number
of scatterers; D is the mutual diffusion coefficient; and 6 is a

scattering angle. The power spectrum exhibits a Lorentzian peak
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Figure 1. Power spectrum of aqueous C]4DAO solutions at a surfactant
concentration of 0.305 X 10~2 g cm'3 with 0.005 N HC1 and 0.05 M
NaCl at 25 °C represented as a function of the Doppler frequency:  
= 10°; E = 31.7 V cm'1.

cell depth (arb. units)

Figure 2. Cell depth dependence of the apparent mobility for aqueous
CmDAO solutions at a surfactant concentration of 0.305 X 10'2 g cm'3
with 0.005 N HC1 and 0.05 M NaCl at 25 °C: 6 = 10°; E = 31.7 V
cm'1; ···, fitting curve; stationary level.

TABLE I: Electrophoretic Light Scattering Data of Charged
Micelles at 25 °C

102c,
g cm'3

 ,
deg

E, 102u, 10 *U,
V cm'1 cm s'1 cm2 V'1 s

107D,
~l cm2 s'1 nm

0.188 10
C14TASal in Water

3.35 7.3
0.388 10 90 2.26 2.51 3.75 6.6
0.774 10 89 1.84 2.07 5.17 4.8

0.055 10
C16TASal in Water

49.8 2.16 4.34 0.370 66.1

0.305
C14
10

DAO in 0.005 N HC1 and 0.05
31.7 0.74 2.33

M NaCl
0.972 25.2

0.303
C,4
10

DAO in 0.005 N HBr and 0.01
47.8 1.32 2.75

M NaBr
1.16 21.1

0.118 5

ODAO in 0.001 N HC1
64.6 2.47 3.83 0.766 32.1

0.118
ODAO in 0.001 N HC1 and 0.01
10 45.2 1.43 3.17

M NaCl
0.412 61.0
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Figure 3. Models of the electric surface structure of charged micelles:
left, smooth-surface model; right, rough-surface model;  , thickness of
Stern layer; 1 /k, Debye length.

with a half-width,   ^2 = µ2  at half-height, the maximum of
which is Doppler-shifted by   $1 ]   = µ  cos (6/2) from the
spectrum peak obtained when the electric field is not applied.

The power spectrum of aqueous C14DAO solutions at a sur-
factant concentration, c, of 0.305 X 10"2g cm'3 with 0.005 N HC1
and 0.05 M NaCl at 25 °C is represented as a function of the
Doppler frequency in hertz,    =   /2  , in Figure 1. The
spectrum, which was measured at a scattering angle of 10° under
the electric field of 31.7 V cm'1, displays a single peak, but the
peak position or the apparent mobility changes with a cell depth,
as seen in Figure 2. This observation is due to the effect of the
electroosmosis caused by the electric charge on the wall of the
electrophoretic quartz cell.

Although correction for electroosmosis has not been firmly
established in earlier work,1'3·5 it is clear from Figure 2 that
electroosmosis may become a dominant phenomenon in electro-
phoresis experiments. Thus, in order to correct this effect, the
apparent mobilities, t/app, were measured at different positions
along the depth axis of the cell wall, and the true mobility at the
stationary level was evaluated, by fitting the observed data to the
theoretical equation of Mori and Okamoto.10 A mobility value
of 2.33 X 10'4 cm2 V'1 s'1 was obtained for aqueous C]4DAO
solutions described above.

The same procedure was applied to other systems examined
in this paper, and the obtained numerical values of the electro-
phoretic mobilities are listed in Table I with experimental con-
ditions and numerical values of other parameters. The electro-
phoretic mobilities of (2-4) X 10"4 cm2 V'1 s'1 were obtained for
charged micelles of C14TASal, C16TASal, C14DAO, and ODAO.

Table I also includes numerical values of the mutual diffusion
coefficient, D, and the apparent hydrodynamic radius, RH. which
were evaluated by cumulant analysis on the dynamic light scat-
tering measurement of homodyne mode without the electric field.
Since the apparent hydrodynamic radii are larger than the radii
of spherical micelles,11 rodlike micelles must be formed in aqueous

(10) Mori, S.; Okamoto, H. Floatation 1980, 27, 117.

surfactant solutions examined here. The formation of rodlike
micelles of C,4TASal and C16TASal in water and of ODAO in
0.001 N HC1 and in 0.001 N HC1 + 0.01 M NaCl was already
confirmed.9·12 It should be noted that the electrophoretic mobility
is not necessarily related to the apparent hydrodynamic radius.

Discussion

Stigter et al.13,14 suggested that the surface of charged micelles
is not smooth but rough. The electric surface structure of micelles
as represented in Figure 3 is characterized by the electrostatic
potentials at the micelle surface and at the Stern layer surface,
which are related to the surface charge and the degree of ioni-
zation, while the electrophoretic mobility is concerned with the
f potential at the sliding plane, which is sometimes approximated
to be· the potential at the surface of the Stern layer.

The electrophoretic mobility of surfactant micelles was mea-
sured by a tracer electrophoretic method,13·15 its modification,16
and a Schlieren electrophoretic method.17'19 The mobilities of
charged micelles of sodium dodecyl sulfate, alkylammonium
chlorides, alkyltrimethylammomum salts, dodecylpolyoxyethylene
sulfate salts, dodecyldimethylamine oxide, and ((V-dodecyl-/3-
amino)propionic acid were affected by salt concentration, tem-
perature, the counterion species, the added-salt species, and pH.

Although the surface potentials, the surface charge, and the
degree of ionization of charged spherical micelles were evaluated
and discussed, by use of the observed electrophoretic mobili-

(11) Imae, T. J. Colloid Interface Sci. 1989, 127, 256.
(12) Rehage, H.; Hoffmann, H. Faraday Discuss. Chem. Soc. 1983, 76,

363.
(13) Stigter, D.; Mysels, K. J. J. Phys. Chem. 1955, 59, 45.
(14) Stigter, D. ./. Phys. Chem. 1964, 68, 3603.
(15) Hoyer, H. W.; Greenfield, A. J. Phys. Chem. 1957, 61, 735.
(16) Sepulveda, L.; Cortés, J. J. Phys. Chem. 1985, 89, 5322.
(17) Nakagawa, T.; Inoue, H. Nippon Kagaku Zasshi 1957, 78, 636.
(18) Tokiwa, F. J. Phys. Chem. 1968, 72, 4331; Nippon Kagaku Zasshi

1969, 90, 1057.
(19) Tokiwa, F.; Ohki, K. Bull. Chem. Soc. Jpn. 1968, 41, 2828; Bull.

Chem. Soc. Jpn. 1969, 42, 1216.
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^13,14,16-19 the procedure was based on the theory for spherical
particles. Such a procedure is not valid for the rodlike micelles
concerned in this paper. If the precise theory is applied and the
numerical values of appropriate parameters are evaluated, the
electric surface properties of charged rodlike micelles will be

elucidated and then they may be compared with those of spherical
micelles.

Registry No. C14TASal, 86996-35-2; C16TASal, 61482-44-8; C14DA-
O, 3332-27-2; ODAO, 14351-50-9.
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The solubilization of tributyrin by rodlike diheptanoylphosphatidylcholine (diheptanoyl-PC) micelles has been studied by
small-angle neutron-scattering techniques. A rod to sphere transition is observed from the measured angular distribution
of neutron-scattering intensities. The transition is from the rodlike micelle to a globular mixed micelle which has tributyrin
molecules at the core surrounded by an outer shell of diheptanoyl-PC molecules. When the molar ratio of tributyrin to
diheptanoyl-PC is increased beyond 0.18, all rodlike diheptanoyl-PC micelles are transformed into globular mixed micelles.
The size of these globular mixed micelles increases with increasing tributyrin concentration in the simple micelle region up
to the solubility limit. The small-angle neutron scattering data were analyzed to obtain the structural parameters of the
mixed micelles. It is found that the growth of the mixed micelles does not follow a constant available surface area model
or a constant palisade layer thickness model. If the model is modified to include tributyrin molecules at the surface of the
mixed micelle, the growth behavior can be explained. For the tributyrin/diheptanoyl-PC molar ratio less than 0.18, rodlike
micelles are found to coexist with globular mixed micelles. By fitting the neutron scattering data in the middle Q range,
it is possible to determine the size and number density of the mixed micelles in the coexistence region. The results of analyzing
the small-angle neutron scattering data in the coexistence region show that some tributyrin molecules are solubilized by the
rodlike dipheptanoyl-PC micelles and only part of the added tributyrin forms globular micelles. These globular mixed micelles,
in coexistence with rodlike micelles, do not grow with increasing tributyrin concentration, in contrast to the results found
in the simple mixed micelle region.

Introduction
Short-chain lecithins (with 12-16 carbons in the fatty acyl

chains) form micelles in aqueous solutions.1 The size distribution
of these particles depends on the fatty acyl chain length. Di-
hexanoylphosphatidylcholine (dihexanoyl-PC) forms globular
micelles with a critical micellar concentration of about 15 mM.2
The size and structure of dihexanoyl-PC micelles are unchanged
over a large concentration range.2,3 Diheptanoylphosphatidyl-
choline (diheptanoyl-PC), which has an additional methylene
group on each chain, has a cmc of 1.5 mM and forms rodlike
micelles at relatively low concentrations.4 The average length
of the rodlike diheptanoyl-PC micelles increases rapidly with
increasing lipid concentration. The size distribution of these
polydisperse micelles at a given concentration has been charac-
terized by small-angle neutron scattering techniques.4 Asymmetric
linear short-chain lecithins also form polydisperse rodlike micelles.5
A thermodynamic model has been presented to explain the for-
mation and growth of the rodlike micelles.4 Globular micelles
can grow into rodlike micelles only when the gain in free energy
upon incorporating an additional monomer overcomes the unfa-
vorable decrease in entropy. The gain in free energy comes from
the fact that the rodlike micelles have smaller surface area per
molecule in contact with water as compared with the case of
globular micelles. .
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Solubilization of oil by micellar surfactant solutions has been
an important area of research with applications in a wide variety
of fields.6 *"9

10As a specific example in the area of biochemistry,
micelles of short-chain lecithins have been shown to solubilize
relatively large amounts of triglycerides.8,10 The mixed micelles
produced are biological models for lipoproteins and excellent
substrates for a variety of water-soluble lipases.8,10 It has been
suggested by quasi-elastic light-scattering (QELS) measurements
that rodlike lecithin micelles can be transformed into globular
mixed micelles by solubilization of additives, which are typically
apolar or only weakly hydrophilic.8 It was observed that when
the additive reaches a certain concentration, all the rodlike micelles
are transformed into globular mixed micelles. The maximum
amount of additive that can be solubilized by a given amount of
surfactant depends on both the specific type of additive as well
as the surfactant system. For diheptanoyl-PC micelles, the
maximum amount of tributyrin that can be solubilized is 36 mol
% of the PC concentration.8 It was proposed that, at low tri-
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