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Change in Characteristics of Wormlike Micelles of Hexaoxyethylene
Tetradecyl and Decyl Ethers (C14E¢ and CioE¢) with Uptake

of n-Dodecane

By Marina OCHI, Sayaka MATSUE, and Yoshiyuki EINAGA™

Wormlike micelles of the surfactant hexaoxyethylene tetradecyl and decyl ethers C14E¢ and C;oE¢ were characterized by
static (SLS) and dynamic light scattering (DLS) experiments to examine effects of uptake of n-dodecane on the micellar
characteristics. The SLS results have been successfully analyzed by the light scattering theory for micelle solutions to yield
the molar mass My,(c) as a function of concentration ¢ along with the cross-sectional diameter d of the micelle. The apparent
hydrodynamic radius Ry app(c) determined by DLS as a function of ¢ has also been successfully analyzed by the fuzzy
cylinder theory which takes into account the hydrodynamic and direct collision interactions among micelles, providing us
with the values of the stiffness parameter A~!. It has been found that although the micellar length L, increases with
increasing surfactant mass concentration ¢ and the d and 2 ~! values increase with increasing n-dodecane content wy, as in the
case of various C;E; micelles containing n-alcohol, the values of My, Ly, and Ry pp for all the micelles examined decrease or
hardly vary with increasing wy contrary to the micelles containing n-alcohol. This finding may reflect the fact that the
addition of n-dodecane into the micelles weakens hydrophilic interactions among polyoxyethylene chains of the surfactant
molecules and water, making the micelles unstable, and then leading to collapse them into micelles of the smaller size.
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In this series of work on micelle solutions of nonionic
surfactant polyoxyethylene alkyl ethers H(CH,);(OCH,CH,);-
OH (abbreviated C,E;), we have characterized the wormlike
C,E; micelles with various i and j containing n-alcohols, n-
dodecanol or n-octanol,'= and n-dodecane® by static (SLS) and
dynamic light scattering (DLS) measurements in order to
explore effects of uptake of n-alcohol or n-dodecane into the
micelles on the micellar characteristics. It has been demon-
strated that the SLS results (the excess Rayleigh ratio) as a
function of surfactant concentration c¢ are successfully analyzed
by a molecular thermodynamic theory’® formulated with the
wormlike spherocylinder model to provide us with molar mass
My(c) of the micelle at a specified ¢ along with the cross-
sectional diameter d of the spherocylinder, as in the case of the
micelle solutions of pure C;E; and binary C;E; mixtures.*"!®
The DLS results have been also successfully analyzed in a
similar fashion to the micelle solutions of pure C;E; and their
binary mixtures with the aid of the fuzzy cylinder theory,'7-2°
thereby yielding the concentration-dependent micellar growth
by separating contributions of the enhancement of hydro-
dynamic interactions among micelles with increasing concen-
tration to the apparent hydrodynamic radius Ry app, Which is
directly obtained from DLS experiment. The analyses have
yielded the values of the stiffness parameter A~! and shown
that the molar mass M,, dependence of the hydrodynamic
radius Ry is quantitatively represented by the hydrodynamic
theory based on the wormlike spherocylinder models.?!-23

It has been found for the micelles of C|,Eq, CioEs, Ci2Es,

CioEs, and Cy4E¢ that the values of the micellar length L, d,
and 1~! become larger as the n-dodecanol or n-octanol content
in the micelles increases.' On the other hand, the values of
My, Ly, and Ry 4 for the micelles of C,Es, Ci,E¢, and Ci2E;
containing n-dodecane decrease with increasing n-dodecane
content contrary to the micelles containing n-alcohol,® although
the micellar length L, increases with increasing surfactant
mass concentration c and the values of d and 1! increase with
increasing n-dodecane content wy, as in the case of the micelles
containing n-alcohol. This finding may be attributed to the fact
that the addition of n-dodecane into the micelles weakens
hydrophilic interactions among polyoxyethylene chains of the
surfactant molecules and water, making the micelles unstable,
and then leading to collapse them into micelles of the smaller
size.

In this work, we have studied on the micelles in the
Ci4E¢ + n-dodecane + water and C;oE¢ + n-dodecane +
water systems by SLS and DLS measurements in order to
investigate effects of uptake of n-alcane on the variation of the
micellar characteristics such as the micellar length, cross-
sectional diameter, and stiffness in comparison with the case of
uptake of n-alcohol. In particular, variation of the effects with
the alkyl chain length i of the surfactants C;E¢ (i = 10, 12, and
14) is examined, while in the previous work,® variation with the
oxyethylene chain length j of the surfactants C\,E; (j =5, 6,
and 7) has been investigated. To this end, our previous
results'® for the Cj,E¢ + n-dodecane micelles are reproduced
in this paper for comparison. We follow the technique
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mentioned above to characterize “isolated” micelles at finite ¢
by separate evaluation of the thermodynamic and hydro-
dynamic interactions among micelles.

EXPERIMENTAL

Materials

The surfactant C4E¢ and CioE¢ samples and n-dodecane
were purchased from Nikko Chemicals Co. Ltd. and Nakarai-
tesque Co., respectively, and used without further purification.
The solvent water used was high purity (ultrapure) water
prepared with Simpli Lab water purification system of Milli-
pore Co.

Cloud Point

Cloud-point temperature of a given micelle solution was
determined as the temperature at which the intensity of the
laser light transmitted through the solution abruptly decreased
when temperature was gradually raised.

Ci4E¢ and CjoE¢ micelle solutions were prepared by
dissolving Cj4E¢ or CjgE¢ in water with adding appropriate
amount of n-dodecane with a microliter syringe (Hamilton).
Complete mixing and micelle formation were achieved by
stirring the solutions using a magnetic stirrer for at least 1d.
The weight fractions w of micelle solutions were determined
gravimetrically and converted to mass concentrations ¢ by the
densities p of the solutions given below. Throughout this paper,
w and ¢ denote the weight fraction and mass concentration of
(C14E¢ or Ci9E¢) 4+ n-dodecane in the (Ci4E¢ or CioEg) +

For C4E¢ + n-dodecane + water at 20.0°C < T < 30.0°C,

(dn/dc)y,, = 0.142 — 3.20 x 1074(T — 273.15)
(dn/dc)r,, = 0.143 — 3.20 x 1074(T — 273.15)
(8n/3c)r., = 0.141 — 3.20 x 10~4(T — 273.15)

For Cy9E¢ + n-dodecane + water at 30.0°C < T < 40.0°C,

(3n/dc)r,, = 0.1333 — 1.82 x 10~4(T — 273.15)
(n/dc)r,, = 0.1327 — 2.10 x 10~4(T — 273.15)
(3n/dc)r,, = 0.1326 — 2.58 x 10T — 273.15)

It is to be noted that the possible effects that the solvent
water may include negligible amount of n-dodecane were not
taken into consideration and that (0n/dc)y,, was measured with
reference to pure water. The effects were also safely neglected
in the light scattering measurements.

Dynamic Light Scattering

DLS measurements were carried out to determine the
translational diffusion coefficient D and then the apparent
hydrodynamic radius Ry app for the micelles by the use of the
same apparatus and light source as used in the SLS studies
described above. All the test solutions studied are the same as
those used in the SLS studies. From the D values obtained
by the cumulant method for the normalized autocorrelation

water + n-dodecane ternary solutions. n-Dodecane content in
the (C14E¢ or Ci9E¢) + n-dodecane mixture is represented by
its weight fraction wy.

Static Light Scattering

The scattering intensities were measured for micelle solu-
tions of Ci4E¢ + n-dodecane with various wy at 25.0°C and
for those C|oE¢ + n-dodecane with various wy at 40.0 °C. The
ratio Kc/ ARy was obtained for each solution as a function of
the scattering angle 6 ranging from 30 to 150° and extrapolated
to zero scattering angle to evaluate Kc/ARy. Here, ¢ is the
mass concentration of the surfactant + n-dodecane, ARy is the
excess Rayleigh ratio, and K is the optical constant. The plot of
Kc/ARy vs. sin®(0/2) affords a good straight line for all the
micelle solutions studied.

The apparatus used is an ALV DLS/SLS-5000/E light
scattering photogoniometer and correlator system with verti-
cally polarized incident light of 632.8 nm wavelength from a
Uniphase Model 1145P He-Ne gas laser.

The micellar solutions were prepared in the same way as
those for the cloud-point measurements described above. The
experimental procedure is the same as described before.>%!¢
In the present study, we have treated the micelle solutions as
the binary system which consists of micelles containing n-
dodecane as a solute and water as a solvent.

The results for the refractive index increment (dn/dc)r ),
measured at 632.8 nm with a Union Giken R601 differential
refractometer are summarized as (in cm’/g), where T is the
absolute temperature and p is the pressure:

(wq = 0.0293) (D
(wq = 0.0509) 2
(wq = 0.1008) 3)
(wq = 0.0250) 4
(wq = 0.0501) (5)
(wq = 0.1003) (0)

function g@(#), Ruapp has been evaluated by the defining

equation®2+26

1 —ve)’MykgT [ K

D =( ve) B c @
67”7()RH,app ARO

where v is the partial specific volume of the solute (micelle), kg
is the Boltzmann constant, and 1, is the solvent viscosity.

Density

For all the micelle solutions containing n-dodecane, the
solution density p has been found to be independent of micelle
weight fraction w and n-dodecane content wy at every
temperature examined, i.e., from 20.0 to 30.0°C for C;4E¢
micelle solutions and from 30.0 to 40.0°C for C¢oE¢ micelle
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Figure 1. Cloud point curves for the C14E¢ + n-dodecane + water system

(a) and for the CioE¢ + n-dodecane + water system (b): wy,
weight fraction of n-dodecane in the (Ci4Egs or CioEg) + n-
dodecane mixture; triangles in (a) represent the binodal points.
The data points for wy = 0 are the literature results.”!!

solutions. Thus we have used the literature values of the
density py of pure water at corresponding temperatures for
p, and the values of v of the micelles have been calculated

as py !
RESULTS

Cloud Point Curve

Figure 1 illustrates cloud point curves for the ternary system
Ci4E¢ + n-dodecane + water (a) and C;oE¢ + n-dodec-
ane + water (b), along with the literature results at wg = 0 in
(a)? and in (b)."" In panel (a), the triangles at wy = O represent
the binodal points (see the literature® for details). We find that
the cloud point curves shift to lower temperatures as wy
increases. All the light scattering experiments have been
performed in the L; phase below these curves.

SLS Results

In Figure 2a and 2b, Kc/AR, are double-logarithmically
plotted against ¢ for the C;4E¢ micelle solutions at 7 = 25.0°C
and for the CioE¢ micelle solutions at 7 = 40.0°C at various
wyg, respectively. It is seen that the data points at fixed wy in
these figures follow a curve significantly convex downward and
that the data points at different wy cross with each other. The
solid curves indicate the theoretical values calculated as
described in detail below.
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Figure 2. Concentration dependence of Kc/AR, for the Ci4Es micelle
solutions at T = 25.0°C (a) and for the C1oEs micelle solutions at
T =40.0°C (b) containing n-dodecane for various wy indicated.
The solid curves indicate the theoretical values.

DISCUSSION

Analysis of SLS Data

As in the previous work mentioned in the Introduction, we
have analyzed the present SLS data by employing a light-
scattering theory for micellar solutions formulated by Sato’®
with a wormlike spherocylinder model for polymer-like
micelles in order to determine the M, values of the micelles
at a specified concentration c¢. The model consists of a
wormlike cylinder of contour length L — d with cross-sectional
diameter d and two hemispheres of diameter d which cap both
ends of the cylinder, and stiffness of the wormlike cylinder is
represented by the stiffness parameter 1~'. In the theory, the
weight-average molar mass My, of the micelles and its
distribution have been formulated on the basis of multiple
equilibria among various micelles of different sizes and
monomer, by representing chemical potentials of the micelles
as functions of ¢ in a similar fashion to the classical mean-field
and recent molecular theoretical approaches.’’? In the
formulation, the free-energy parameter g, which represents
the difference in free energy between the surfactant molecules
located in the end-capped portion to those in the central
cylindrical portion in the micelles, plays a dominant role in the
multiple equilibria and then the micellar growth with concen-
tration. The intermicellar thermodynamic interactions have
also been taken into account in the chemical potential on the
basis of a statistical thermodynamic theory for stiff polymer
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solutions with the wormlike spherocylinder model.? The
interactions also affect the micellar growth to some extent,
since they may shift the multiple equilibria among micelles of
various sizes through their chemical potentials. The apparent
virial coefficient A(c), which includes the second A,, third Aj,
and higher virial coefficient terms, has been formulated to
describe thermodynamic properties of micelle solutions up to
high concentrations by taking into account the hard-core
repulsive interactions dominated by the parameter d together
with the attractive interactions dominated by the parameter €
(the depth of the attractive potential well) among the micelles.
The expression for Kc/ARy is written by

Kc _
ARy My(c)

+ 2A(c)c ()

where My (c) is the weight-average molar mass of the micelles
and A(c) is the apparent second virial coefficient. Here, we
refer details of the functions M (c) and A(c) to the original
papers (ref 7 and 8) and our previous papers.”!!

As in the case of the previous work,? we have treated present
micelle solutions as two component systems consisting of
micelles and solvent, although they include three components:
surfactant C14E¢ or CoE¢, n-dodecane, and water. It has been
assumed in the analyses that the composition of (C4E¢ or
CioE¢) + n-dodecane in the micelles is given by wy. The
weight average molecular weight of the (C4E¢ or CjoEg) + n-
dodecane mixture calculated with a given wyq was used as the
surfactant molecular weight M, required in the theoretical
analysis.

Figure 3a and 3b demonstrate the results of curve-fitting of
the theoretical calculations to the experimental values of
Kc/ ARy for the micelle solutions of C4E¢ at 25.0 °C (a) and of
CioE¢ at 40.0°C (b) containing n-dodecane with various wy
indicated, respectively. The solid curves which represent the
best-fit theoretical curves well coincide with the respective data
points at given wq. The dashed lines represent the values of
1/My,(c) at respective wy. For the Cj4E¢ micelles at any fixed
wy, they are straight lines with a slope of —0.5, showing that
M,, increases with ¢ following a relation M, o c!/? in the
range of ¢ examined, as in the case of the previous findings for
the micelles formed with single surfactant of various type,”'
for those formed with binary CE; mixtures,'>!® and the
micelles containing n-dodecanol or n-octanol.>~ These results
are in good correspondence with simple theoretical predictions
derived from the thermodynamic treatments of multiple
equilibria among micelles of various aggregation num-
bers.”?? The increase in M,(c) with increasing c is also
consistent with the findings by Menge et al.’3! for the
C2Es + n-decane micelles.

In contrast to the results, the data points for the CoE¢ + n-
dodecane micelles at fixed wq follow curves convex upward in
qualitative agreement with some of the previous results for the
C;zEs and Cj;E; micelles containing large amount of n-
dodecane,® implying that these micelles are rather small in
length. The solid and dashed curves coincide with each other at
small ¢ but the former rapidly increases with increasing c,
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Figure 3. Results of the curve fitting for the double-logarithmic plots of

Kc/A R, against ¢ for the C14E¢ + n-dodecane + water system at
T =25.0°C (a) and for the C1oE¢ + n-dodecane + water system
at T =40.0°C (b) for various wy indicated. The solid and dashed
curves represent the calculated values of Kc/ARy and 1/M,(c),
respectively.

deviating upward from the latter. The results indicate that
contributions of the virial coefficient terms, that is, the second
term of the right hand side of eq 8, to K¢/ ARy are negligible at
small ¢ but progressively increase with increasing c¢ as expected.
The Micellar Length. Figure 4 illustrates the weight-average
length Ly, as a function of the surfactant mass concentration ¢
for the C4E¢ + n-dodecane micelles at T = 25.0°C (a), for
the C1;E¢ + n-dodecane micelles at T = 40.0°C (b), and for
the CjoE¢ + n-dodecane micelles at 40.0 °C (c), respectively.
Here, L,, was calculated by
My, d

= - 9
7'L’]\/Ad2 +3 ( )

‘W

from the values of My, and d obtained above from the analyses
of the SLS results. For all the micelles with fixed wgy, the length
L,, increases with increasing c.

On the contrary, the L, values of the Ci4E¢ and Cj,Eq
micelles decrease with increasing n-dodecane content wq
contrary to the case of the micelles containing n-alcohol
reported in the previous papers.>™ On the other hand, those of
the CioE¢ micelles increase with increasing wy, although the
degree is rather moderate. The former results may indicate that
the addition of n-dodecane into the micelles weakens hydro-
philic interactions among polyoxyethylene tails of the CE;
molecules forming micelles and water too significantly to
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Figure 4. Weight-average micellar length L, as a function of concentration ¢
for the micelle solutions of C14Es + n-dodecane at 25.0°C (a),

C12E6 + n-dodecane at 40.0°C (b), and C1oEg + n-dodecane at
40.0°C (c) at indicated wy.

maintain the micellar size as mentioned by Menge et al.,’0-?

and leads to collapse of the micelles of smaller size. The results
for the micelles including n-alcohol may imply that n-alcohol
play a role of a kind of co-surfactant in the micelles since it has
a hydroxyl group which may work as a hydrophilic group.

We see that the L, value decreases in the order of the C4Eg,
C2Es, and CjoEg by a factor of 10. Those for the CjoE¢ + n-
dodecane micelles are quite small as suggested above from the
curve fitting results given in Figure 3b. These results are in part
due to the fact that the micellar length L,, is shorter for the
surfactant C;E; with shorter alkyl chain length i and in part to
the fact that L,, become smaller as temperature is decreased
apart from the phase boundary.®!#

Hydrodynamic Radius of the Micelles
Figure 5a and 5b depict bilogarithmic plots of Ry app
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Figure 5. Double-logarithmic plots of the apparent hydrodynamic radius

Rh,app against c for the C14Eg micelles at T =25.0°C (a) and for
the C1oEg micelles at T = 40.0°C (b) containing n-dodecane for
various wy indicated. Solid and dashed curves represent the
calculated values with and without the intermicellar hydrodynamic
interactions (see the text).

determined by eq 7 from the D data against ¢ for the C4E¢ +
n-dodecane micelles at 25.0°C and for the C;oEq + n-
dodecane micelles at 40.0°C of various wy, respectively. It is
seen that at any given wg, Ry app increases with increasing c.
The values of Ry, for the Ci4Eg + n-dodecane micelles at
fixed ¢ decrease with increasing wqy, while those for the
Ci0E¢ + n-dodecane micelles at fixed ¢ scarcely vary with wy.
The increase of Ry, values do not, however, necessarily
correspond to that of “isolated” micelles. It reflects both
micellar growth in size and enhancement of the effects of the
intermicellar hydrodynamic interactions with increasing c.
Ryapp as a function of ¢ may be represented as

Riapp(c) = Ru(c)H(c)

where Ry(c) represents the hydrodynamic radius of a “iso-
lated” micelle which grows in size with ¢ and H(c) the
hydrodynamic interactions which is enhanced with c. In these
two functions, Ry(c) may be calculated by employing the
equations formulated for the translational friction coefficient by
Norisuye et al.>! with wormlike spherocylinder model near the
rod limit and by Yamakawa er al.?>?* with the wormlike
cylinder model, as a function of the micellar length L with
including d and the stiffness parameter A~!. Their equation for
Ry reads

(10)
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L

~ 2f(AL, Ad) an

Ry
The expression for the function f is so lengthy that we refer it to
the original papers.”'~23> We are able to calculate Ry(c) required in
eq 10, by combining eq 11 with eq 9. Here, L,, by eq 9 is used in
place of L in eq 11 and the M,, values as a function of ¢ are
obtained from the dashed lines in Figure 3.

The function H(c) in eq 10 may be calculated with the
formulation given by Sato et al.'”2° They have recently treated
with the concentration dependence of the intermolecular
hydrodynamic and direct collision interactions among worm-
like polymer chains by using a fuzzy cylinder model. The fuzzy
cylinder is defined as a cylinder which encapsulate a wormlike
chain or a wormlike spherocylinder in the present case. Its
effective length and diameter are evaluated from the wormlike
chain parameters L, d, and 1!, In the formulation, Sato et al.
have taken into account the hydrodynamic interactions among
fuzzy cylinders and also jamming effects of the cylinders on
the longitudinal and transverse diffusion coefficients along and
perpendicular to the chain end-to-end axis, respectively.

Combining Sato et al’s H(c), eqs 9 and 11 with the
experimental results for My,(c), we have calculated Ry ,pp(c) by
eq 10. The solid curves in Figure 5a and 5b are the theoretical
values thus calculated. Here, we have used the d values
obtained from the analyses of the SLS data and the values of
A" determined so as to achieve the best fit to the observed
results. It is to be noted that the theoretical values of Ry 4y, (and
also Ry) for the Cy9E¢ + n-dodecane micelles with wy =
0.0250 do not significantly depend on the A~! value, which is
considered to be higher than a few hundreds nm, due to the fact
that these micelles are rather small in length. The values of 1~
were not, thus, unequivocally determined for these micelles.
The solid (and also the dashed) lines for these micelles
represent the theoretical values calculated with A~! = 200 nm.
The theoretical results for the micelles with a given wy are in
reasonable coincidence with the observed ones, although the
data points are somewhat scattered and discrepancy between
observed and calculated results are found in some cases. It is
found that the theoretical results for Ry increases more
moderately with ¢ than the observed values for the micelle
solutions of C4Eq containing n-dodecane at large c¢. The
dashed lines represent relationships between Ry and ¢ for the
isolated micelles without any intermicellar hydrodynamic
interaction, and thus the growth of the micelles with increasing
c. We find that the difference between the solid and
corresponding dashed lines, i.e., Ryapp and Ry, becomes
progressively large with ¢, and that a great portion of Ry pp
results from the hydrodynamic interactions at large c¢. On the
other hand, the increase of the micellar size with ¢ is rather
moderate.

In Figure 6, the same observed and theoretical results for
Ruapp and Ry as those in Figure 5 are shown as functions
of M, in the bilogarithmic plots. Here, the dashed lines
correspond to the theoretical values of Ry calculated by eq 11
combined with eq 9. They asymptotically approach the data
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Figure 6. Double-logarithmic plots of the apparent hydrodynamic radius

RH,app against W, for the Cy4E¢ micelles at T = 25.0°C (a) and
for the C19Eg micelles at T =40.0°C (a) containing n-dodecane
for various wy indicated. Solid and dashed curves represent the
calculated values with and without the intermicellar hydrodynamic
interactions (see the text).

points and the solid curves as My, is decreased, i.e., as c is
lowered, indicating that the effects of the intermicellar hydro-
dynamic interactions on Ry,,, become negligible in the
asymptotic region of low c¢. The results are in line with our
previous findings for Ry of the pure C;E; micelles.”!! At any
given wy, the difference between the solid and dashed curves,
which steeply increase with My, is due to the enhancement of
the intermicellar hydrodynamic and dynamic interactions with
increasing c, i.e., the contribution of H(c) to Rypp(c) in eq 10.
For the C4E¢ + n-dodecane micelles, the data points and the
solid line for fixed wy shift to the smaller My and Ry pp as wq
is increased contrary to the case of the C;E; micelles containing
n-alcohol, implying that the micelles collapse into smaller size
with addition of n-dodecane.

Variation of Characteristics of the C4Eg, C12E¢4, and C9Eg
Micelles with Uptake of n-Dodecane

Figure 7 depicts wy dependence of d for the Ci4E¢ (circles)
and CjpE¢ micelles (squares) containing n-dodecane along
with the previous results? for the C,E¢ micelles (triangles)
containing n-dodecane. The d values of these micelles increase
with increasing n-dodecane content wy in the micelles. The
present results are similar to the previous findings for the C;E;
micelles containing n-dodecanol or n-octanol®= and also those
containing n-dodecane.® They are also in qualitative agreement
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Figure 7. The micellar cross-sectional diameter d as a function of wy for the
C14E6 micelles at 25.0°C (circles), C12Eg micelles at 40.0°C
(triangles), and C1oEs micelles at 40.0°C (squares) containing n-

dodecane.
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Figure 8. The spacing s of surfactant molecules on the micellar surface as a

function of wy for the C14Eg micelles at 25.0°C (circles), Ci2E¢
micelles at 40.0°C (triangles), and CioEe micelles at 40.0°C
(squares) containing n-dodecane.

with SANS results by Menge et al3? for C;Es micelles
containing n-decane. The dependence of the d values on the
hydrophobic and hydrophilic chain length is not, however,
systematic and thus, we cannot derive definite conclusion about
the dependence at present.

The values of the spacing s between the hydrophilic tails of
adjacent surfactant molecules on the micellar surface are
evaluated from the values of d, Ly, and the aggregation
number N, calculated from M,,. They are plotted against wq in
Figure 8 for the three micelles, i.e., the C14E¢ (circles), Ci;Eg
(triangles), and CioE¢ micelles (squares) containing n-dodec-
ane. The s value is gradually decreased with increasing wy for
the three micelles, implying that the surfactant molecules are
more densely assembled as the n-dodecane content is increas-
ed, in order to keep them inside the micelles. We find that it is
substantially independent of the hydrophobic chain length of
the surfactant molecules.

Figure 9 illustrates wq dependence of A~! evaluated from
the analysis of the Ry vs ¢ plots for the Ci4Eq (circles),
C2E¢ (triangles), and CoEq micelles (squares) containing n-
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Figure 9. The stiffness parameter 1~' as a function of wy for the Cy4Eg

micelles at 25.0°C (circles), C12Eg micelles at 40.0°C (triangles),
and CqoEs micelles at 40.0°C (squares) containing n-dodecane.

dodecane. It is to be noted that the data point for the C;oE¢
micelle with wyq = 0.0250 is missed in this figure since they are
too large as mentioned above. It is seen that the 2~! values for
the former two micelles do not significantly vary with wy and
that the A~! values for the C;oE¢ + n-dodecane micelles are
larger than those for the other two micelles, although the
dependence of the d values on the hydrophilic chain length is
not systematic. The fact that the micelles become stiffer with
uptake of n-dodecane may be correlated with the result that the
cross-sectional diameter d of the micelles become larger as n-
dodecane content is increased in the micelles.

CONCLUSIONS

In the present work, we have examined variation of
characteristics of the Cj4E¢ and CjoE¢ micelles with uptake
of n-dodecane by static (SLS) and dynamic light scattering
(DLS) experiments. As in the previous studies on the CE;
micelles containing n-alcohol, > the SLS results K¢/ ARy SLS
have been successfully analyzed with the aid of the theory”-?°
for light scattering of micelle solutions formulated with
wormlike spherocylinder model, to yield the molar mass
M, (c) as a function of ¢ along with the cross-sectional diameter
d of the micelle. The apparent hydrodynamic radius Ry app(c)
from DLS as a function of the micellar concentration ¢ has
been also successfully analyzed by the fuzzy cylinder theory by
Sato et al.'”"?° which takes into account the hydrodynamic and
direct collision interactions among micelles and allowed us to
evaluate the stiffness parameter 17!

It has been found that the micellar length L,, increases with
increasing c irrespective of the n-dodecane content wy as in
the case of the C;E; micelles with and without including n-
alcohol.2>%71% The d values for all the micelles examined
increase with increasing wy similarly to the micelles containing
n-dodecanol or n-octanol, accompanying the increase of the
stiffness parameter 17!

On the other hand, the length L, molar mass M, and
hydrodynamic radius Ry of the C4E¢ micelles decrease with
increasing weight fraction wy of n-dodecane in the micelles

©?2008 The Society of Polymer Science, Japan
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contrary to the micelles including n-dodecanol or n-octanol,
while those of the CoE¢ + n-dodecane micelles scarcely vary
with wy. The latter values are significantly smaller than those
for the former micelles. The former results may result from the
fact that the addition of n-dodecane into the micelles weakens
hydrophilic interactions among polyoxyethylene chains of
the surfactant molecules and water, making the micelles
unstable and then leading to collapse them into micelles of
the smaller size.
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