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ABSTRACT:
dodecyl ether Cj,Es with uptake of n-dodecanol were examined by static (SLS) and dynamic light scattering (DLS)

Variation of characteristics of the wormlike micelles formed with the surfactant pentaoxyethylene

experiments. The SLS results have been analyzed with the aid of the light scattering theory for micelle solutions to
yield the molar mass M,,(c) as a function of concentration ¢ along with the cross-sectional diameter d of the micelle.
The apparent hydrodynamic radius Ry ,pp(c) determined by DLS as a function of ¢ is also successfully analyzed by a
fuzzy cylinder theory which takes into account the hydrodynamic and direct collision interactions among micelles, al-
lowing us to evaluate the stiffness parameter A~!. It has been found that the micellar length increases with increasing
concentration ¢ or with raising temperature 7 irrespective of the composition of the C|,Es + n-dodecanol system. The
length of the micelles at fixed ¢ and T steeply increases with increasing weight fraction wy of n-dodecanol. The values
of d and 1~! are found to increase with increasing wy. On the other hand, the spacing s between the hydrophilic tails of
adjacent surfactant molecules on the micellar surface decreased with wy. It has been shown for the Ci,E5, CioEs, and
C),Es that the values d, s, and A~! are substantially independent of the hydrophobic and hydrophilic chain length of the
surfactant molecules. [doi:10.1295/polymj.PJ2006276]
KEY WORDS Wormlike Micelle / Light Scattering / Phase Diagram / Radius of Gyration /
Diffusion Coefficient / Hydrodynamic Radius / Polyoxyethylene Alkyl Ether / Surfactant /

For the micelles of nonionic surfactant polyoxy-
ethylene alkyl ethers H(CH,),(OCH,CH,);OH (abbre-
viated C;E;) and their binary mixtures, we have inves-
tigated micellar characteristics such as the weight-
average molar mass M,,, mean-square radius of gyra-
tion (S?), hydrodynamic radius Ry, and intrinsic vis-
cosity [n] as functions of surfactant mass concentra-
tion ¢ by static (SLS) and dynamic light scattering
(DLS) measurements and viscometry.'™ In these
work, we were able to determine the concentration-de-
pendent characteristics of the micelles unequivocally
by separating the contributions of the thermodynamic
and hydrodynamic interactions to the SLS and DLS
results with the aid of the corresponding theories.
We have determined the values of M,,(c) at a specified
¢ along with the cross-sectional diameter d of the mi-
celles from the analysis of the SLS data by using a
molecular thermodynamic theory'®!! formulated with
the wormlike spherocylinder model. The molar mass
M,, dependence of (S?), Ry, and [n] is quantitatively
represented by the chain statistical'> and hydrody-
namic'?-'® theories based on the wormlike chain and
spherocylinder models, respectively, thereby yielding
the values of the stiffness parameter 1~!. The salient
features found for the C;E; micelles are summarized
as: (i) The micelles grow in length to a greater extent
for larger i and smaller j. (ii) The d values do not sig-
nificantly vary with the values of i and j. (iii) The

stiffness parameter A1~ decreases with increasing i at
fixed j and increases with increasing j at fixed i.

We have also studied C;oEs and C;,E¢ micelles
containing n-dodecanol to explore effects of uptake
n-alcohol into the micelles on the micellar character-
istics.!”!8 It has been then found that the SLS and
DLS results are successfully analyzed in a similar
fashion to the micelle solutions of single C;E; or their
binary mixtures. In particular, it has been demonstrat-
ed that the fuzzy cylinder theory!*! is applied in a
favorable way to analyze the apparent hydrodynamic
radius Ry qpp, thereby obtaining the concentration-
dependent micellar growth by separating contributions
of the enhancement of hydrodynamic interactions
among micelles with ¢. From the analyses, we have
found that the micelles are well described with the
wormlike spherocylinder model and that the micellar
length L, cross-sectional diameter d, and stiffness pa-
rameter 1~ increase with n-dodecanol content in the
micelles.

In the present study, we extend the studies to mi-
celles of the Cj;Es + n-dodecanol + water system
to investigate effects of hydrophobic i and hydrophilic
chain lengths j. The results are, thus, compared with
those of the CjyoEs and Ci;E¢ micelles containing n-
dodecanol. The C,E5 micelles containing an oil such
as n-octane, n-decane, n-dodecane, phospholipid, and
so forth were extensively studied by SLS, DLS, small-
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angle neutron scattering, and other methods.?”>*? In

the range of small oil content, C;Es is found to form
wormlike micelles at low concentrations of the surfac-
tant 4 oil in the L; phase. These authors, however,
almost exclusively deal with apparent quantities such
as apparent molar mass M,,, and apparent hydrody-
namic radius Ry, and then characteristics of the
micelles in an “isolated” state is not determined un-
equivocally. In this work, we follow the technique
mentioned above to characterize “isolated” micelles
at finite ¢ by evaluating separately the thermodynamic
and hydrodynamic interactions among micelles.

EXPERIMENTAL SECTION

Materials

The surfactant Cj;Es sample and n-dodecanol
were purchased from Nikko Chemicals Co. Ltd. and
Nakaraitesque Co., respectively, and used without
further purification. The solvent water used was high
purity (ultrapure) water prepared with Simpli Lab
water purification system of Millipore Co.

Phase Diagram

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

C2E5s micelle solutions were prepared by dissolv-
ing CjpEs in water with adding appropriate amount
of n-dodecanol with a microliter syringe (Hamilton).
Complete mixing and micelle formation were achiev-
ed by stirring the solutions using a magnetic stirrer for
at least one day. n-Dodecanol is substantially insolu-
ble in water and thus completely incorporated into
the micelles. The weight fractions w of micelle solu-
tions were determined gravimetrically and converted
to mass concentrations ¢ by the densities p of the so-
lutions given below. Throughout this paper, w and ¢
denote the weight fraction and mass concentration

of C,Es + n-dodecanol in the Cj,Es + water + n-
dodecanol ternary solutions. n-Dodecanol content in
the CpEs + n-dodecanol mixture is represented by
its weight fraction wy.

Static Light Scattering

The scattering intensities were measured for mi-
celle solutions of various wq at 15.0°C and for those
of wy;=0.0150 at 15.0 and 20.0°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, c is the mass concentration of surfac-
tant 4+ n-dodecanol, ARy is the excess Rayleigh ratio,
and K is the optical constant defined as

4 (9n/d0)7,,

B NaAd
with N, being the Avogadro’s number, Ay the wave-
length of the incident light in vacuum, » the refractive
index of the solution, (dn/dc)r ;, the refractive index
increment, T the absolute temperature, and p the pres-
sure. The plot of Kc/ ARy vs. sin’(6/2) 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 sys-
tem with vertically 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 de-
scribed above. The experimental procedure is the
same as described before.!=>7=18 In the present study,
we have treated the micelle solutions as the binary
system which consists of micelles containing n-dodec-
anol 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):

For 10.0°C < T <25.0°C,

()

(0n/dc)r., = 0.137 — 3.18 x 1074(T — 273.15)  (wq = 0.0150) 2)
(dn/dc)r,, = 0.138 — 3.20 x 1074(T — 273.15)  (wyq = 0.0299) 3)
(dn/dc)r., = 0.138 — 3.65 x 1074(T —273.15)  (wq = 0.0499) )

Dynamic Light Scattering

DLS measurements were carried out to determine
the translational diffusion coefficient D for the mi-
celles 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
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method for the normalized autocorrelation function

g(z)(l), the apparent hydrodynamic radius Ry, has
been evaluated by the defining equation!8-33-33

(1 —ve)’M,kgT ( Ke >

67TnORH.app ARy

where v is the partial specific volume of the solute

&)
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Figure 1. Three-dimensional representation of the binodal
surface for the C;Es + n-dodecanol + water system: wg, weight
fraction of C;Es in the solution; wqy, weight fraction of n-dodec-
anol in the Cj3Es + n-dodecanol mixture. The data points for
wq = 0 are the literature results of Ref 5.

(micelle), kg is the Boltzmann constant, and 7 is the
solvent viscosity.

Density

For all the micelle solutions containing n-dodeca-
nol, the solution density p has been found to be inde-
pendent of micelle weight fraction w and n-dodecanol
content wy at every temperature examined, i.e., from
10.0 to 25.0°C. Thus we have used the literature val-
ues of the density pg of pure water at corresponding
temperatures for p, and the values of v of the micelles
have been calculated as p; L

RESULTS

Phase Behavior

Figure 1 illustrates 3D phase diagrams for the ter-
nary system C,Es + n-dodecanol + water construct-
ed from the cloud point data, along with the literature
results at wg = 0.5 Here, wy is the weight fraction of
the surfactant C,Es in the solution. We find that the
phase boundaries significantly shift to lower tempera-
tures as wq increases. The temperature shift with wy is
more significant at lower wg. All the light scattering
experiments have been performed in the L; phase be-
low the binodal surface.

Mutual Diffusion Coefficient
In Figure 2a and b, the mutual diffusion coefficient
D are double-logarithmically plotted against ¢ exam-
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Figure 2. Concentration dependence of mutual diffusion coef-
ficient D for the C;Es containing n-dodecanol for various wy
indicated at 7 = 15.0°C (a) and at indicated temperatures for
wg = 0.0150 (b).

ined at various wy at T = 15.0°C and at 15.0 and
20.0°C at wg = 0.0150, respectively. The data points
at fixed wy in Figure 2a and at fixed T in Figure 2b
follow a curve convex downward. The D value de-
creases with increasing wy or 7, suggesting that the
micelles grow with increasing n-dodecanol content
wy or temperature 7.

DISCUSSION

Analysis of SLS Data

As mentioned in the Introduction, we have analyzed
the present SLS data by employing Sato theory for
static light-scattering from micellar solutions!®!! with
wormlike spherocylinder model with the total length
L, cross-sectional diameter d, and stiffness 2! in or-
der to determine M,, of the micelles at a specific con-
centration c. The expression for K¢/ ARy is written by

Kc .
ARy M,(c)

where M,,(c) is the weight-average molar mass of the
micelles and A(c) is the apparent second virial coeffi-
cient in a sense that it is comprised of the second,
third, and the higher virial coefficient terms. M,,(c)
and A(c) are functions of ¢, containing three parame-
ters d, free-energy parameter g, which controls micel-

+ 2A(c)c ©6)

785



M. MIYAKE and Y. EINAGA

lar growth, and depth € of the attractive potential
between spherocylinders. In these, g, represents the
difference in Gibbs free energy between surfactant
molecules located in the end-capped portion and those
in the central cylindrical portion of the micelle. Here,
we refer details of the functions M,,(c¢) and A(c) to
the original papers (Ref 10 and 11) and our previous
papers.'3

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 CEs,
n-dodecanol, and water. It has been assumed in the
analyses that the composition of C;Es + n-dodeca-
nol in the micelles is given by wy. The weight average
molecular weight of the C;Es + n-dodecanol mix-
ture calculated with a given wq was used as the surfac-
tant molecular weight M, required in the theoretical
analysis.

Figure 3a and b demonstrate the results of curve-
fitting of the theoretical calculations to the experimen-
tal values of Kc/ARy for the micelle solutions of var-
ious wy indicated at 15.0 °C (a) and of wyq = 0.0150 at
15.0 and 20.0°C (b), respectively. The solid curves
which represent the best-fit theoretical curves well co-
incide with the respective data points at given wq or 7.
The good agreement implies that the micelles contain-
ing n-dodecanol are well represented by the wormlike
spherocylinder model. The dashed lines represent the
values of 1/M,,(c) at respective wq or T. For all the
micelles at any fixed wy and T, they are straight lines
with a slope of —0.5, showing that M,, increases with
c following a relation M,, o c¢!/? in the range of c ex-
amined, as in the case of the previous findings for the
micelles formed with single surfactant of various
type,'™7 for those formed with binary C;E; mix-
tures,®” and the C;oEs micelles containing n-dodeca-
nol.'® These results are in good correspondence with
simple theoretical predictions derived from the ther-
modynamic treatments of multiple equilibria among
micelles of various aggregation numbers.!%36-38 The
increase in M,,(c) with increasing ¢ and wy and with
raising temperature is consistent with our previous re-
sults for the CjoEs + n-dodecanol micelles'® and the
findings by Menge et al.?>* for the C,Es + n-dec-
ane micelles. The solid and dashed curves coincide
with each other at small ¢ but the former rapidly in-
creases with increasing ¢, deviating upward from the
latter. The results indicate that contributions of the vi-
rial coefficient terms, that is, the second term of the
right hand side of eq 6, to Kc/AR are negligible at
small ¢ but progressively increase with increasing ¢
as expected.

The d value determined by the curve fitting was in-
dependent of T but gradually increased with wy. They

786

74,0 T T
© wy=0.0150 a
0 w,=0.0299
© wy=0.0499
— =50

log [(Kc/AR,)/mol g

0 15.0°C b
e 20.0°C

-5.0

-6.0

log [(Kc/ARy)/mol g

=7.0

-4.0 -3.0 -2.0 -1.0

log (c/g cm™)

Figure 3. Results of the curve fitting for the double-logarith-
mic plots of Kc/ARy against ¢ for the C;Es + n-dodecanol +
water system for various wy indicated at 7 = 15.0°C (a) and at
indicated temperatures for wg = 0.0150 (b): The solid and dashed
curves represent the calculated values of Kc/ARy and 1/M,,(c),
respectively.

were 3.3, 3.5, and 4.4 nm at wyq = 0.0150, 0.0299, and
0.0499, respectively. The present finding is in qualita-
tive agreement with SANS results by Menge et al.?*
for Cj,Es micelles containing n-decane.

Figure 4 shows g, and € as functions of wy for the
C2E5 micelles containing n-dodecanol at 15.0°C. We
find that g, is an increasing function of wy,, corre-
sponding to the results that the micelles grow in
molecular weight with increasing wyq as found in
Figure 3a. It is seen that € decreases with increasing
wq but its meaning is not clear at present.

Mean-Square Radius of Gyration

On the basis of the fundamental light-scattering
equation for dilute polymer solutions

Ke (L omer )+ (v ) o
AR, \m, %€ am,,
. 4mn

g =——sin(6/2) @®)
0
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Figure 4. Plots of g, (unfilled circles) and € (filled circles)
against wy for the Cj,Es micelle solutions containing n-dodecanol.

we have determined the apparent mean-square radius
of gyration (Sz)app for the Cj,Es micelles containing
n-dodecanol at finite ¢ from the slope of the Kc/ARy
versus sin2(9/2) plot. Here, (S?) is the mean-square
radius of gyration, A, is the second virial coefficient,
q is the magnitude of the scattering vector, and Ay is
the wave length of the incident light in vacuum. It
should be noted that for micelle solutions, the former
two quantities (S?) and A, are concentration-depend-
ent, since the size of the solutes (micelles in this case)
varies with concentration c. In the evaluation, we used
the M,, values determined as described above at each
given c. Since (S?) is possibly affected by intermicel-
lar interactions, it is denoted by (Sz)app.

Molar mass dependence of (S?)!/? is exhibited in
Figure 5 for the C5Es + n-dodecanol micelles with
wg = 0.0299 and 0.0499 at 15.0°C. As shown by
the solid curves, the data points for each fixed wqy
form a single curve and are quantitatively represented
by the theoretical values calculated by Benoit-Doty
equation'?

2w AL 1 1

A N VA Y%
for wormlike polymers along with the relation
_ 4vM,, N g

7N, Ad2 3
Here, the relation is derived from the micellar volume
and L,, is used in place of L in eq 9. In the calculation,
the d values obtained from SLS results in the preced-
ing section were used and then the A~! values were
determined as 22nm at wgq = 0.0299 and 60nm at
wg = 0.0499 to achieve the best fit to the experimental
results.

(1—e5 (9

L, (10)

Hydrodynamic Radius of the Micelles
Figure 6a and 6b depict bilogarithmic plots of
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Figure 5. Double-logarithmic plots of root mean-square radi-
us of gyration (Sz)l/ 2 against M,, for the C|,Es micelles contain-
ing n-dodecanol for indicated wy at 7 = 15.0°C: The solid curves
represent the calculated values (see the text).
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Figure 6. Double-logarithmic plots of the apparent hydrody-
namic radius Ry ,pp against ¢ for the C;Es micelles containing
n-dodecanol for various wy indicated at 7 = 15.0°C (a) and for
wq = 0.0150 at indicated temperatures (b): Solid and dashed
curves represent the calculated values with and without the inter-
micellar hydrodynamic interactions (see the text).

Ry app determined by eq 5 from the D data in Figure 2
against ¢ for the C;Es + n-dodecanol micelles of
various wyq at 15.0°C and of wyq = 0.0150 at 15.0
and 20.0°C, respectively. It is seen that at any given
wg and T, Ry,pp increases with increasing c. The
Ru,app values do not, however, necessarily correspond
to those for “isolated” micelles. The increase of Ry app
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reflects both micellar growth in size and enhancement
of the effects of the intermicellar hydrodynamic inter-
actions with increasing c. Ry qpp as a function of ¢ may
be represented as

R app(c) = Ru(c)H(c) (11)

where Ry(c) represents the hydrodynamic radius of a
“isolated” micelle which may grow in size with ¢ and
H(c) the hydrodynamic interactions which may be en-
hanced with c. In these two functions, Ryg(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 et al.'*!3 with the worm-
like cylinder model, as a function of the micellar
length L with including d and the stiffness parameter
A~!. Their equation for Ry reads

B L
" 2f(AL, Ad)

The expression for the function f is so lengthy that we
refer it to the original papers.'*>~!> We are able to cal-
culate Ry(c) required in eq 11, by combining eq 12
with eq 10. Here, L,, by eq 10 is used in place of L
in eq 12 and the M,, values as a function of ¢ are ob-
tained from the dashed lines in Figure 3.

The function H(c) in eq 11 may be calculated with
the formulation given by Sato et al.'>>! They have re-
cently treated with the concentration dependence of
the intermolecular hydrodynamic and direct collision
interactions among wormlike 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 ef-
fective length and diameter are evaluated from the
wormlike chain parameters L, d, and A~ In the for-
mulation, Sato et al. have taken into account the hy-
drodynamic interactions among fuzzy cylinders and
also jamming effects of the cylinders on the longitudi-
nal and transverse diffusion coefficients along and
perpendicular to the chain end-to-end axis, respec-
tively.

Combining Sato et al.’s H(c), eqs 10 and 12 with
the experimental results for M,,(c), we have calculated
Ru,app(c) by eq 11. The solid curves in Figure 6a and
b 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 1~! determined so
as to achieve the best fit to the observed results. The
A~1 values obtained are 24, 32, and 34nm at wy =
0.0150, 0.0299, and 0.0499, respectively. They were
independent of temperature 7. As found in Figure 6,
the theoretical results are in good coincidence with
the observed ones, although the data points are some-
what scattered and discrepancy between observed and

Ry (12)
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calculated results are found in some cases, especially
at large wqy in Figure 6a. The dashed lines represent
relationships between Ry and ¢ for the isolated mi-
celles without any intermicellar hydrodynamic inter-
action, and thus the growth of the micelles with in-
creasing c. We find that the difference between the
solid and corresponding dashed lines, i.e., Ry ,pp and
Ry, becomes progressively large with ¢, and that a
great portion of Ry upp results from the hydrodynamic
interactions at large c. On the other hand, the increase
of the micellar size with ¢ is rather moderate.

In Figure 7, the same observed and theoretical re-
sults for Ry app and Ry as those in Figure 6 are shown
as functions of M,, in the bilogarithmic plots. Here,
the dashed lines correspond to the theoretical values
of Ry calculated by eq 12 combined with eq 10. They
asymptotically approach the data points and the solid
curves as M, is decreased, i.e., as c¢ is lowered, indi-
cating that the effects of the intermicellar hydrody-
namic 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 single C;E;
micelles.'”> At any given wy at fixed 7, the difference
between the solid and dashed curves, which steeply
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log (Ryy ,,,/nm)

log M,

40 . s
o 15.0°C

e 20.0°C

lOg (RH.upp/nm)

6.0 6.5 7.0 75
log M,

Figure 7. Double-logarithmic plots of the apparent hydrody-
namic radius Ry pp against W,, for the C;Es micelles containing
n-dodecanol for various wq indicated at 7 = 15.0°C (a) and for
wg = 0.0150 at indicated temperatures (b): Solid and dashed
curves represent the calculated values with and without the inter-
micellar hydrodynamic interactions (see the text).
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Figure 8. The weight-average micellar length L, as a function of wg and wy at 15.0 °C (a) and as a function of ¢ and T for wg = 0.0150

(b) for the C,E5 + n-dodecanol micelles.

increase with M,,, is due to the enhancement of the in-
termicellar hydrodynamic and dynamic interactions
with increasing c, i.e., the contribution of H(c) to
Ruapp(c) in eq 11.

The Micellar Length

Figure 8a and b depict the weight-average length
L,, of the C;,Es micelles containing n-dodecanol as a
function of the surfactant weight fraction wg and wy at
T = 15.0°C (a) and as a function of ¢ and T at wq =
0.0150 (b), respectively. Here, L,, has been calculated
by eq 10 from the values of M,(c) and d obtained
above from the analyses of the SLS data. It is found
that the micelles at a given w, or T, L,, becomes larger
as w; or c is increased. As seen in these figures, L,, at
fixed wy or c¢ steeply increases with increasing wy, i.e.,
with uptake of n-dodecanol into the micelles. The re-
sults are consistent with the finding by Menge et al.??
for the Cj,Es micelles containing n-decane.

Figure 8b shows that the length L,, at fixed c sig-
nificantly increases with raising temperature. This
finding is in line with our previous results'’ for the
micelles of the single surfactant C;E;. It is also in
qualitative agreement with the results reported by
Menge et al? for the Cj,Es + n-decane micelles
and those by Kwon and Kim?! for the C,Es + phos-
pholipid micelles.

Variation of Characteristics of the CoEs, C3Es, and
C2E¢ Micelles with uptake of n-Dodecanol

Figure 9 depicts wy dependence of d for the C;Es
micelles containing n-dodecanol along with the previ-
ous results'® for the C;oEs and Cj,E¢ micelles con-
taining n-dodecanol. The d values of these micelles
increase with increasing n-dodecanol content in the
micelles. It is found that they are larger for the C,E;
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Figure 9. The micellar cross-sectional diameter d as a func-
tion of wy for the C;oEs micelles at 20.0 °C (triangles), C1,Es mi-
celles at 15.0 °C (circles), and Cj,E¢ micelles at 25.0 °C (squares)
containing n-dodecanol.

micelles than for the C;oE5; and Ci3E¢ micelles. 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, L,,, and
the aggregation number N,, calculated from M,,. Here,
the surface area of the spherocylindrial micelles was
calculated from the values of d and L,,, and then di-
viding it by the aggregation number N, yielded the
values of the area occupaied by each surfactant mole-
cule, from which the spacing s was evaluated. They
are plotted against wy in Figure 10, along with the
results for C;oEs and C,E¢ micelles. The s value is
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cellar surface as a function of wy for the CoEs; micelles at
20.0°C (triangles), C1,Es micelles at 15.0°C (circles), and C,Eg
micelles at 25.0 °C (squares) containing n-dodecanol.
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Figure 11. The stiffness parameter A~' as a function of wy
for the CioEs micelles at 20.0°C (triangles), C;Es micelles at
15.0°C (circles), and Ci,E¢ micelles at 25.0 °C (squares) contain-
ing n-dodecanol.

gradually decreased with increasing wy for the three
micelles, implying that the surfactant molecules are
more densely assembled as the n-dodecanol content
is increased, in order to keep them inside the micelles.
We find that it is substantially independent of the hy-
drophobic and hydrophilic chain length of the surfac-
tant molecules.

Figure 11 illustrates wq dependence of A~ evaluat-
ed from the analysis of the Ryqpp vs ¢ plots for the
C2Es, CyoEs, and Cj,E¢ micelles containing n-dodec-
anol. It is to be noted here the data point for the C;oEs
micelle at wqg = O represent the result from the reanal-
ysis of the relation between Ry 4pp and c in the present
work and is smaller than the previous value.’ The 17!
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values for any of the three micelles increase with in-
creasing wy. They are roughly independent of the hy-
drophobic and hydrophilic chain length of the surfac-
tant molecules with which the micelles are formed.
The fact that the micelles become stiffer with uptake
of n-dodecanol may be correlated with the result that
the cross-sectional diameter of the micelles become
larger as n-dodecanol content is increased in the mi-
celles.

CONCLUSIONS

In the present work, we have examined variation of
characteristics of the pentaoxyethylene dodecyl ether
C2E5 micelles with uptake of n-dodecanol by static
(SLS) and dynamic light scattering (DLS) experi-
ments. As in the previous studies,'™"!3 the SLS re-
sults Kc/ ARy 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.
It has been found that the mean-square radius of gyra-
tion (S?) as a function of M,, is well described by the
Benoit-Doty equation'? for the wormlike chain model.
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 pa-
rameter A~'. The concentration ¢ dependence of hy-
drodynamic radius Ry ,pp was divided into two contri-
butions: growth of the individual “isolated” micelles
with ¢ and enhancement of hydrodynamic and direct
collision interactions among micelles with c.

It has been found that the micellar length increases
with increasing surfactant weight fraction w; or with
raising temperature 7 irrespective of the n-dodecanol
content w,. The length of the micelles at fixed w, and
T steeply increases with increasing weight fraction wy
of n-dodecanol in the C;;E5 micelles.

The salient features on the micellar characteristics
are summarized as; (i) The growth of the micelles ac-
companies the increase of the cross-sectional diameter
d. (i) The surfactant molecules are more densely
gathered with increasing wy in order to keep n-dodec-
anol inside the micelles. (iii) The micelles become
stiffer with uptake of more n-dodecanol into the mi-
celles. In comparison with previous results for the
C10Es and C;,E¢ micelles containing n-dodecanol,'®
it has been found that the values of d, s, and 1!
are substantially independent of the hydrophobic and
hydrophilic chain length of the surfactant molecules
as far as examined in this study.

Polym. J., Vol. 39, No. 8, 2007
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