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ABSTRACT: Micelles of heptaoxyethylene hexadecyl CicE; and octadecyl CgE; ethers in dilute aqueous solu-
tions were characterized at finite surfactant concentrations ¢ by static (SLS) and dynamic light scattering (DLS) experi-
ments at several temperatures 7" below the critical points, in order to examine the effects of hydrophobic chain length on
size, shape, structure, etc., of the micelles. The SLS results were successfully analyzed by the thermodynamic theory
formulated with wormlike spherocylinder model for SLS of micelle solutions, thereby yielding the molar mass M,, of
the micelles as a function of ¢ and the cross-sectional diameter d, indicating that the micelles assume a flexible spher-
ocylindrical shape. The radius of gyration ($2)'/2 and hydrodynamic radius Ry of the micelles as functions of M,, were
found to be also well described by the corresponding theories for the wormlike spherocylinder or wormlike chain mod-
els. The micelles grow in size with increasing 7 to greater length for longer hydrophobic chain, i.e., alkyl group of the
surfactants. They were rather flexible compared to the micelles formed with other polyoxyethylen alkyl ethers. The
cross-sectional diameter d and spacings s between adjacent hexaoxyethylene chains on the micellar surface were sim-
ilar in the Cj6E7; and C3E7 micelles. [DOI 10.1295/polym;j.37.368]
KEY WORDS Polyoxyethylene Alkyl Ether / Micelle / Light Scattering / Diffusion Coefficient /
Hydrodynamic Radius / Radius of Gyration / Wormlike Chain /

Nonionic surfactants polyoxyethylene mono-alkyl
ether H(CH»);(OCH,CH,),OH, hereafter abbreviated
as C;E;, form polymerlike micelles in dilute aqueous
solution (L; phase) below the lower consolute phase
boundary. The micelles are known to grow in size
with increasing surfactant concentration and raising
temperature, in particular when approaching the phase
boundary. The polymerlike micelles have certain sim-
ilarities to real polymers and have been, thus, charac-
terized with the use of experimental techniques em-
ployed in the polymer solution studies, such as static
(SLS) and dynamic light scattering (DLS),'*° small-
angle neutron scattering (SANS),!%!2 viscometry,'?!3
pulsed-field gradient NMR,>™ and so forth. However,
the micelles possess the essential difference from
polymers that the micellar size and its distribution,
in general, depend on surfactant concentration, tem-
perature, intermicellar thermodynamic interactions,
and other factors. It is formidably difficult to achieve
separate evaluation of the micellar growth and the en-
hancement of the intermicellar interactions as func-
tions of surfactant concentration. Therefore, the inter-
pretations given hitherto for the observed results
especially by the SLS and DLS experiments are not
unequivocal.

In the previous papers, we have studied C,E¢ and
C14E6 micelles,” C14E8, C](,Eg, and C]gEg micelles,ls
and C19Es and CoE¢ micelles,'® in dilute aqueous so-

lutions by SLS and DLS measurements. The SLS data
have been analyzed by using the thermodynamic theo-
ry'”!13 of light scattering for micellar solutions to yield
the molar mass M,, of the micelle as a function of sur-
factant concentration, along with values of the cross-
sectional diameter d. The results of the hydrodynamic
radius Ry and mean-square radius of gyration (S?) as
functions of My, have been found to be well described
by the corresponding theory'®-?? with wormlike spher-
ocylinder or chain model, providing the information
of the micellar size, structure, and intrinsic flexibility.

In this work, we have applied the same method to
micelles of heptaoxyethylene tetradecyl C;¢E7 and oc-
tadecyl CsE; ethers, in order to investigate effects of
the hydrophobic chain length of the surfactant mole-
cules on the micellar characteristics.

EXPERIMENTAL

Materials

High-purity Ci¢E; and C;3sE; samples were pur-
chased from Nikko Chemicals Co. Ltd. and used with-
out 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 temperatures of given test solutions

"To whom correspondence should be addressed (E-mail: einaga@cc.nara-wu.ac.jp).
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were determined as the temperatures at which intensi-
ty of the laser light transmitted through the solution
abruptly decreased when temperature was gradually
raised, by the fact that the originally transparent solu-
tions became turbid.

Static Light Scattering

SLS measurements were performed to obtain the
weight-average molar mass M, of the CcE; and
CsE7 micelles. The scattering intensities were meas-
ured for each solution and for the solvent water at
scattering angles 6 ranging from 30 to 150° and at
temperatures 7 ranging from 30.0 to 45.0 °C for C¢E7
solutions and from 38.0 to 44.0 °C for CgE- solutions.
The ratio Kc/ ARy was obtained for each solution as a
function of 0 and extrapolated to zero scattering angle
to evaluate Kc/ARy. Here, ¢ is the surfactant mass
concentration, ARy is the excess Rayleigh ratio at 6,
and K is the optical constant defined as

4mn*(dn/dc);,
B NaA}

with N being the Avogadro’s number, A, the wave-
length of the incident light in vacuum, n the refractive
index of the solution, (dn/dc)r, the refractive index
increment, 7" the absolute temperature and p the pres-
sure. The plot of K¢/ ARy vs. sin?(9/2) affords a good
straight line for all the micelle solutions studied. The
apparent mean-square radius of gyration of the mi-
celles was determined from the slope of the straight
line as described below.

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. For a calibration of the apparatus,
the intensity of light scattered from pure benzene
was measured at 25.0°C at a scattering angle of 90°,
where the Rayleigh ratio Ry, (90) of pure benzene for
unpolarized scattered light with polarized incident
light at a wavelength of 632.8nm was taken as
11.84 x 107 %cm 1224

The micellar solutions were prepared by dissolving
appropriate amount of the surfactant in water. Com-
plete mixing and micelle formation were achieved
by stirring using a magnetic stirrer at least for one
day. The solutions thus prepared were optically puri-
fied by filtration through a membrane of 0.20 um pore
size and transferred into optically clean NMR tubes of
10 mm diameter which was used as scatterring cells.
The weight concentrations w of test solutions were de-
termined gravimetrically and converted to mass con-
centrations ¢ by the use of the densities p of the solu-
tions given below.

The refractive index increment (dn/dc)r, was

ey
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measured at 25.0, 35.0, and 45.0 °C for C4E7 micelle
solutions, and at 38.0, 42.0, and 46.0 °C for C,gEg mi-
celle solutions, at 632.8 nm with a Union Giken R601
differential refractometer. The results were 0.1314
cm’ /g for Ci¢E; solutions and 0.11 16 cm? /g for
CsE7 solutions, irrespective of temperature.

Dynamic Light Scattering

DLS measurements were carried out to determine
the translational diffusion coefficient D for the mi-
celles in water at various temperatures in the one
phase (L; phase) region below or between the phase
separation boundaries shown below by the use of
the same apparatus and light source as used in the
SLS studies described above. The normalized autocor-
relation function g®(f) of scattered light intensity
(1), ie.,

UOUO)
(1(0))?

was measured at scattering angles 6 ranging from 30
to 150°.

All the test solutions studied are the same as those
used in the SLS studies. From the data for g®(r), we
determined D by the equation

(1/2)In[g? @) — 11 = (1/2)Inf — Kjt+--- (3)
D =limK,/q* 4)
q—0

g2 = 2)

Here, f is the coherent factor fixed by the optical sys-
tem, K is the first cumulant, and ¢ is the magnitude of
the scattering vector defined as

B dmn

q=——sin(0/2) &)

0

It should be noted that the D values should be regard-
ed as the z-average, since the micelles observed may
have distribution in size.

Density

The solution density p required for the calculation
of ¢ and the partial specific volume v was measured
at 25.0, 35.0, and 45.0 °C for C;¢E7 micelle solutions,
and at 38.0, 42.0, and 46.0 °C for C;3E; micelle solu-
tions with a pycnometer of the Lipkin—Davison type.
For both Ci4E; and C;gE; micelle solutions, p was
independent of w. Thus, we have used literature val-
ues of the density pg of pure water at corresponding
temperatures for p, and the v values of the micelles
have been calculated as o, L

RESULTS AND DISCUSSION

Phase Behavior
Figure 1 depicts phase diagrams of the CicE; +

369



Y. EINAGA, A. KUSUMOTO, and A. NODA

60 T T T T

CiiE; |

o—©®
o

55 F

N _o—o—0"

o
o
o
o
o

45+ -

1/°C

35-/4770 ) ) 2

30 -

25
0.0 0.01 0.02 0.03 0.04 0.05

w

Figure 1. Cloud Point Curves of the C¢E; + water (filled
circles) and CgsE; + water (unfilled circles) systems.

water (filled circles) and CgE; + water (unfilled cir-
cles) systems. The cloud point curves for both the
Ci6E7 and CigE; micelle solutions represent phase
separation boundaries of the LCST (lower critical so-
lution temperature) type, above which the solutions
phase-separate into two phases. The LCST of the for-
mer system is higher by about 5 °C than that of the lat-
ter. The C gE; + water system has another phase
boundary of the UCST (upper critical solution temper-
ature) type in addition to that of the LCST type. Thus,
the CsE7 micelles are stable only in the limitted tem-
perature range in between the two phase boundaries.

Static Light Scattering

Kc/ARy for all the solutions of the Ci¢E; and
CisE7 micelles at various temperatures are plotted
against ¢ in Figures 2 and 3, respectively. The data
points at fixed 7 follow a curve convex downward
whose curvature becomes slightly less significant as
T is increased. The K¢/ ARy value at fixed ¢ decreases
with increasing 7.

As mentioned in the Introduction, we have analyzed
the present SLS data by employing a light-scattering
theory for micellar solutions formulated by Sato!’
with wormlike spherocylinder model for polymerlike
micelles, in order to determine the M, values of the
micelles at finite concentrations c¢. The model consists
of a wormlike cylinder of contour length L — d with
cross-sectional diameter d and two hemispheres of di-
ameter d which cap both ends of the cylinder. Stiff-
ness of the wormlike cylinder is represented by the
stiffness parameter 1~'. Sato has dealt with multiple
equilibrium between micelles of different sizes and
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Figure 2. Plots of (Kc/ARy) against ¢ for the CjsE; micelle
solutions at various 7 indicated.
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Figure 3. Plots of (Kc/ARy) against ¢ for the C;gE; micelle
solutions at various 7" indicated.

monomer, by representing chemical potentials of the
micelles as functions of ¢ with the free energy param-
eter g, which controls micellar formation and growth,
and the strength € of the attractive interactions be-
tween spherocylindrical micelles, in a similar way to
the classical mean-field and recent molecular theoret-
ical approaches.”>?’ As a result, the number-N, and
weight-average aggregation number N, of the mi-
celles have been formulated as functions of ¢ along
with the micellar size distribution functions. Then,
he has derived the equation for light scattering of mi-
celle solutions by using the chemical potentials. The
result for K¢/ AR reads

Kc

A—RO == m + 2A(C)C (6)

where My, (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. Both
are functions of ¢, containing three parameters d, g,
and €. We refer the expressions for the functions
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M,,(c) and A(c) to the original papers'”'® or our pre-

vious paper,'# since they are fairly involved.

In Figures 4 and 5 are demonstrated the results of
curve-fitting of the theoretical calculations to the ex-
perimental values of Kc/ ARy for the C;4E7 and CgE;
micelle solutions, respectively. Here, the solid curves
represent the best-fit theoretical values calculated by
eq 6 by choosing the proper values of d, g,, and é.
It is seen that the solid curves are in good coincidence
with the respective data points at given temperatures.
The agreement between the calculated and observed
results implies that the CcE; and C;gE; micelles in
dilute aqueous solutions are represented by the worm-
like spherocylinder model. From the curve fitting, we

log [(Kc/AR,)/mol g

log (c/g cm™)

Figure 4. The results of the curve fitting for the plots of K¢/
AR, against ¢ for the C¢E7 micelle solutions at various 7: Sym-
bols have the same meaning as those in Figure 2. The solid and
dashed curves represent K¢/ ARy and 1/M,,(c), respectively. Tem-
peratures 7" are 30.0, 35.0, 40.0, and 45.0°C from top to bottom,
respectively.
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Figure 5. The results of the curve fitting for the plots of
Kc/ARy against ¢ for the C;gE; micelle solutions at various 7
Symbols have the same meaning as those in Figure 3. The solid
and dashed curves represent Kc/ARy and 1/M,,(c), respectively.
Temperatures 7" are 38.0, 40.0, 42.0, and 44.0 °C from top to bot-
tom, respectively.
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have determined the M,, values of each micelles as a
function of c¢. The dashed lines represent the values of
1/My(c) at respective temperatures. For all the mi-
celles at any fixed 7, they have a slope of —0.5, show-
ing that M, increases with ¢ as M,, o ¢'/? in the range
of ¢ examined, as in the case of the previous findings
for the Cj,E¢ and C;4E¢ micelles,'* C14Eg, C;4Eg, and
C,sEg micelles,”” and C;yEs and C;oE¢ micelles.'®
These results are in good correspondence with simple
theoretical predictions derived from the thermody-
namic treatments of multiple equilibria among mi-
celles of various aggregation numbers.!”>>-?’ The sol-
id and dashed curves tend to coincide with each other
at small ¢ and the difference between them steadily in-
creases with increasing c. The results indicate that
contributions of the virial coefficient terms to
Kc/ARy are small at small ¢ but progressively in-
crease with increasing ¢ as expected.

The d value chosen in the curve-fitting procedure is
2.5nm for both C;¢E7; and CigE; micelles at any T
studied. The values of g, and € determined are plotted
against 7" in Figures 6 and 7, respectively. It is found
that when compared at fixed 7, the g, value is larger
in the C;3E7 micelles than in the C¢E; micelles. For
each micelle, g, is an increasing function of 7', though
degree of the increase is small in the former micelles.
These results for g, may reflect the fact that alkyl
group of the surfactant molecules is longer in CgE;
than in Cj¢E; but the length of oxyethylene group is
the same for both the surfactant. The values of é for
the C;gE7 micelle solutions are larger than those for
the Ci6E7 micelle solutions, although the differences
are rather small.

Molar Mass Dependence of Radius of Gyration

We have determined the apparent mean-square
radius of gyration (Sz)app for the Ci¢E; and CgE~;
micelles from the slope of the Kc¢/ARy vs. sin’(6/2)

23
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Figure 6. Temperature dependence of g, for the Ci¢E; +
water (filled circles) and CgE; + water (unfilled circles) systems.
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Figure 7. Temperature dependence of é for the C¢E; +
water (filled circles) and CgE; + water (unfilled circles) systems.

plot, on the basis of the fundamental light scattering
equation
Ke 1
ARy My(0)

1 2\ 2

at finite concentrations by using the M, (c) values de-
termined as described above. Here, A, is the second
virial coefficient and (S?) is denoted by (S2)app, since
it may possibly be affected by intermicellar interac-
tions and then concentration-dependent. Molar mass
M,, dependence of (Sz);ég is exhibited in Figures 8
and 9 for the C;¢E; and C gE; micelles, respectively,
at various 7 indicated. All the data points for each mi-
celle form a single composite curve irrespective of
temperature and concentration, implying that the val-
ues of (Sz),cllr/,g determined at finite ¢ correspond to
those for the individual micelles free from inter- and
intra-micellar interactions or excluded volume effects.
The solid curves show the best-fit theoretical values of
(S?) for the wormlike chain model calculated by??

4:30.0°C ¢ :40.0°C
0-:35.0°C -0 :45.0°C

log M,

Figure 8. Double-logarithmic plots of (Sz):q/)f’ against M,, for
the C;¢E7 micelles at various 7 indicated. The solid curve repre-

sents the theoretical values calculated by eqs 8 and 9.
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Figure 9. Double-logarithmic plots of (SZ>,‘1“<§ against My, for
the C;gE7 micelles at various 7 indicated. The solid curve repre-

sents the theoretical values calculated by eqs 8 and 9.
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Here, the values of L, calculated by
_ ot | d 9
 NAd? 3
were used in place of L in eq 8.

In the calculation, the d value 2.5 nm obtained in
the preceding section was used and then the value of
A~ was determined as 25.0 nm for the C¢E; micelles
and 22.0nm for the C;gE; micelles to achieve the
best-fit to the observed results. It is found that the cal-
culated results well explains the observed behavior of
(Sz);ég, although the theoretical curves deviate up-
ward from the observed values at small My, especially
for the Ci4E7 micelles for the reason that cannot be
specified at present. The agreement again shows that
the CigE; and C;gE; micelles assume a wormlike
shape in dilute aqueous solution.

Ly,

Hydrodynamic Radius of the Micelle

From the mutual diffusion coefficient D determined
from DLS results by eq 4, the apparent hydrodynamic
radius Ry app as a function of ¢ has been evaluated

by14,28,29
o —ve)’M (87[) (10)
 6mnoNARapp \ O ) 7,

where M is the molar mass of the solute, nq is the sol-
vent viscosity, and (d7/dc)r ), i the osmotic compres-
sibility. In this evaluation, we have used the SLS data
for (97/dc)r,, together with the values of My/(c) ob-
tained in the previous section in place of M. The val-
ues of Ry app thus determined at various 7' are plotted
against ¢ in Figures 10 and 11 for the Ci;¢E; and
CisE; micelles, respectively. It was found that at
any given T, Ry,pp increases with increasing c. It
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should be noted that the Ry s, values do not necessa-
rily correspond to those for “isolated” micelles. The
increase of Ry, may reflect two effects; micellar
growth in size and enhancement of the effects of the
intermicellar hydrodynamic interactions with increas-
ing c.

In Figures 12 and 13, Ry pp are double-logarithmi-
cally plotted against M,, for C;cE; and C;3E; mi-
celles, respectively. In our previous papers,'*1¢ it
has been shown that in similar plots, the data points
at different 7" asymptotically form a single composite
curve at small My, or at small ¢, suggesting that the
effects of the intermicellar hydrodynamic interactions
on Ry ,pp become less significant as ¢ is lowered and
are negligible in the asymptotic region of low c¢. The
present results are similar to the previous findings.
Thus, we analyze the data points at small M, at each
fixed T in Figures 12 and 13 by regarding them to
give the relationship between Ry and My, for the “iso-
lated” micelles.

The translational diffusion coefficient D is formu-
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Figure 12. Double-logarithmic plots of Ry app against M, for

the C;cE; micelles at various 7 indicated. The solid curve repre-
sents the theoretical values calculated by eqs 9 and 11.
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Figure 13. Double-logarithmic plots of Ry .p, against M,, for
the C;gE7 micelles at various 7 indicated. The solid curve repre-
sents the theoretical values calculated by eqs 9 and 11.

lated by Norisuye et al.'® for the wormlike spherocy-
linder model and by Yamakawa et al.?’?! for the
wormlike cylinder model, as a function of L with in-
cluding the parameters d and A~!. From these theo-
ries, we may derive the expression for Ry as a func-
tion of L, d, and 1~ ! over the entire range of L
including the sphere, i.e., the case L = d. It reads

L

= 2f(AL, Ad) (ih

Ry
The expression for the function f is so lengthy that we
refer it to the original papers.'*>! By eqs 9 and 11, the
theoretical values of Ry have been calculated as a
function of M,, for various values of 1~! with the
use of the d values 2.5 nm determined above for the
Ci6E7 and C 3E7 micelles. Here, the L,, values calcu-
lated by eq 9 were again used in place of L in eq 11.
In Figures 12 and 13, the solid lines are best-fit curves
to the data points for which the effects of the intermi-
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cellar hydrodynamic interactions are considered to be
negligible. We note that the data of Rpy,p, for the
Ci6E7 micelles at 45.0°C are not avilable at small
M, or in other word at low ¢ in Figure 12. It is found
that the theoretical curves well describe the observed
behavior of Ry as a function of M,,, implying that the
micelles observed may be represented with the worm-
like spherocylinder model. The data points at fixed T
steeply increase with M, deviating upward from the
solid curve due to the enhancement of the intermicel-
lar hydrodynamic interactions with increasing c.

The curve fittings yield a 1~! value of 6.0nm for
both C;4E; and C;3E; micelles. These A1~! values
are considerably smaller than those obtained above
from the analysis of (S?). These differences may be at-
tributed to the fact that there is a distribution in micel-
lar size and different averages are reflected in (Sz>€1qé]2)
and Ry. It has been theoretically shown'”?” that the
highly extended micelles have the most probable dis-
tribution in size and the distribution affords a value ca.
2 as the ratio of the weight-average aggregation num-
ber N,, to the number-average N, irrespective of 7 and
c. It is anticipated that the ratio Ny, /N, = 2 is realized
at the limit of extensive micellar growth, which can be
ascertained by the setup of the relation M,, o c¢!/? as
observed in Figures 4 and 5 in the present case. Thus,
the micelles observed in this study are considered to
have the most probable distribution in size and the dis-
tribution affects the evaluation of A~' from (S?)!/?
and Ry.

The 2~ ! value from Ry indicate that the present mi-
celles of C;¢E; and CgE; are rather flexible compared
to the micelles of other C;E; molecules studied previ-
ously.!4-16

Micelle Structure
Figure 14 shows concentration dependence of L,

10°L, /nm

10%c/g cm™

Figure 14. Concentration dependence of L, for the CjsE;
(filled circles) and CgE7; (unfilled circles) micelles at various T
indicated.
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for each of the micelles at a few or several tempera-
tures examined in this study. The weight-average con-
tour length L,, was calculated by eq 9 from the values
of My(c) and d obtained above. For each micelle, L,
becomes larger as c is increased or 7 is raised. It is
found that the micelles grow to a greater length as
longer the alkyl chain length of the surfactant mole-
cules. This result may come from the thermodynamic
reason that attractive interactions among C;3E; mole-
cules are stronger than among C;sE; molecules as
demonstrated above by the values of g; (see Figure 0).

The spacings s between the hydrophilic tails of ad-
jacent surfactant molecules on the micellar surface are
evaluated from the values of d, Ly, and the aggrega-
tion number N, calculated from M,,. The s value ob-
tained is ca. 1.37 nm for the C;¢E; micelles and ca.
1.41 nm for the C;gE; micelles irrespective of ¢ and
T. The result indicates that the micelles are formed
and grow in the way that the hydrophilic groups of
the C,E; molecules are located at intervals of these s
values on the micellar surface on the average. These
s values are not significantly different from each other,
presumably reflecting that the hydrophilic groups are
the same in the two surfactants.

CONCLUSIONS

In the present work, we have determined shape,
size, and flexibility of the CicE; and C;gE; micelles
at finite surfactant concentrations ¢ from SLS and
DLS experiments by employing the same method as
used in the previous study for the C;E; micelles.!*
The results of Kc/ ARy from SLS have been analyzed
with the aid of the thermodynamic theory!” for light
scattering of micelle solutions formulated with worm-
like spherocylinder model. The analyses have yielded
the molar mass M,(c) as a function of ¢ and the cross-
sectional diameter d. The good agreement between the
calculated and observed Kc/ ARy as a function of ¢ in-
dicates that the present micelles assume a shape of
wormlike spherocylinders in dilute solutions.

The mean-square radius of gyration (S?) and the hy-
drodynamic radius Ry of the individual “isolated” mi-
celles as functions of M,, (= My(c)) have been suc-
cessfully described by the corresponding theories for
the wormlike chain and the wormlike spherocylinder
models, respectively. The values of the stiffness pa-
rameter A ~! evaluated from the fitting of the calculat-
ed values for (S?) or Ry to the experimental results
have revealed that the micelles are far from rigid rods
but rather flexible.

It has been found that the CigE; micelles grow in
length to a greater extent than the C;gE; micelles.
The finding may imply that attractive interactions
among surfactant molecules, by which micelles are
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formed, are stronger in the C gE; micelles with longer
hydrophobic chain of alkyl group, as clearly evi-
denced by the large differences in the free energy pa-
rameter g,. On the other hand, the cross-sectional di-
ameter d of the cylindrical micelles and the spacings s
of the adjacent hydrophilic chains on the micellar sur-
face have been found to have approximately the same
values for the CigE; and C 3E; micelles.
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