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ABSTRACT: This work reports a systematic study of the aggregation behavior and structural properties of
micelles formed by a selectively deuterated h-polystyrene-d-polybutadiene (h-PS10-d-PB10, where 10 denotes
the approximate block molecular weight in kilograms per mole) block copolymer in a series of n-alkanes, C,H,,+2,
where n = 7, 10, 12, 14, 16. By applying small-angle neutron scattering (SANS) in combination with contrast
variation, very detailed aspects of the micellar structure are resolved. The results show that the micelles are
rather poorly segregated with a large quantity of solvent (approximately 35—55%) penetrating the core and a
smaller compact corona. Interestingly, the solvent fraction in the core decreases, and the overall aggregation
number increases with the size of the solvent molecules. At first sight, this is not intuitively expected because the
Flory—Huggins interaction parameter, y, or the interfacial tension, 7, stay constant or are even slightly decreasing,
thus suggesting that the enthalpic interactions between the core-forming PS segments and the n-alkanes remain
unchanged or decrease. However, this behavior can be understood semiquantitatively by applying a modified
mean field theory where the solvent entropy effects in both core and corona are properly taken into account. This
work thus directly demonstrates that contributions of the solvent entropy to the overall free energy are important

whenever the interfacial tension is low.

1. Introduction

The self-assembly of block copolymers in selective solvents
has been a subject of significant interest over the last several
decades. This is manifested in an extensive amount of theoretical
and experimental work published on this topic in recent years.'
The usual picture is that a typical A—B diblock copolymer
spontaneously self-assembles into micelles with a structure
(spherical, cylindrical, etc.) essentially depending on block
copolymer molecular weight characteristics and solvent quality.
Classically, the resulting polymer micelles are modeled to
consist of a central meltlike core solely composed of blocks of
polymer B and a corona consisting of A chains surrounded by
a large fraction of solvent. In the strong segregation limit, these
two domains are generally considered to be separated by a sharp
interface.> > This is generally achieved when the solvent is
highly selective and the interfacial tension, v, or, correspond-
ingly, the Flory—Huggins interaction parameters between the
polymer blocks, ya—p, and between the B block and the solvent,
(yB-s), all assume large numbers. However, in reality for many
important systems, the y parameters are relatively small and
comparable such that the limiting case of large segregation is
not given. Nevertheless, most of the discussion in the literature
presented so far does not consider this aspect in detail, and most
experimental comparisons with theories have been done as-
suming strong segregation.

Among the typical experimentally studied block copolymer
systems, only a few can be regarded as highly segregated
systems. These include various poly(hydrocarbon)-poly(ethylene
oxide) (PEO)-based aqueous systems such as poly(ethylene-
alt-propylene) ((PEP)-PEQ),° 8 polybutadiene ((PB)-PEO), or
polystyrene ((PS)-PEO), which are all characterized by large
parameters. In fact, for these systems, the experimental results
have shown good agreement with theoretical predictions con-
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cerning the corona structure’® and scaling behavior of the
micellar characteristics.®° For the PS-PEO block copolymer,
however, the situation is more complex because the core-
forming PS block in its well-segregated pure form has a high
glass-transition temperature, 7,. This generally requires a
cosolvent to produce equilibrium structures in aqueous solutions.
Consequently, the results may be influenced by the method of
preparation and do not entirely reflect the equilibrium. However,
as recently shown experimentally,'®”'® nonequilibrium issues
are not only limited to high 7, components but are also inherent
for amphiphilic systems where the large interfacial tension
results in very large kinetic barriers and, consequently, extremely
slow or nonexistent equilibration. Therefore, from this point of
view, more weakly segregated systems, where the formation
rates are much faster, are preferred.

For micelles that are not strongly segregated, there has been
a prominent lack of systematic studies addressing the relation
between thermodynamics and structure. Weak segregation has
been seen in many systems, which, for example, is reflected in
a high degree of solvent penetration and intermixing with the
B block in the micellar core. This has been observed by small-
angle neutron and X-ray scattering (SANS/SAXS) in aqueous
systems such as PEO-poly(propylene oxide) ((PPO)-PEO)
micelles,'*'” poly(butylene oxide) (PBO)-PEO) micelles,'> or
nonaqueous systems such as polyisoprene-PS(PI-PS) micelles
in n-decane.'® Contrast variation and model fitting revealed that
the micelles are spherical and consist of a homogeneously
swollen core with approximately 15—25% solvent depending
on molecular weight. The corona structure was found to depend
on the composition/molecular weight of the block copolymer:
a more diffuse density profile was found for asymmetric block
copolymers, whereas for more symmetric compositions, the
corona was homogeneous, which is similar to what has also
been found for well-segregated PEP-PEO micelles.” Studies of
PS-PI and PS-PI-PS micelles have been performed in various
phthalates, which are slightly selective for PS.'®*"2° By employ-
ing SAXS and SANS combined with detailed data modeling,
these studies have demonstrated that depending on the alkane
substitution of the phthalates, various micellar structures ranging
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Table 1. Molecular Weight Characteristics of the #-PS10-d-PB10
Block Copolymer

M,(PSPB)” M, /IM," M,(PS)” Nps M,(PB)* Nps
22 200 1.03 10 500 100 11 700 195

@ Membrane osmometry. © Size exclusion chromatography/PS calibra-
tion. ¢ Calculated from M, (PSPB) and M,(PS10).

Table 2. Densities and Scattering Length Densities of the
n-Alkanes at 20 °C

solvent empirical formula d (g=cm™) po (10'° cm™2)
n-heptane C7Hy 0.6837 —0.547
n-heptane-d;¢ (96.2% D) C;Dy530Ho 61 0.7926 6.061
n-decane CioHx 0.7298 —0.489
n-decane-d» (99% D) CioD21.78Ho 22 0.8451 6.538
n-dodecane CioHye 0.7492 —0.464
n—dodecane-dz(, (99% D) C12D25_74H()_2(~, 0.8631 6.634
n-tetradecane Ci4Hzo 0.7627 —0.444
n-tetradecane-ds (98.6% D) C14D295sHo .42 0.8771 6.686
n-hexadecane Ci6Has 0.7734 —0.429
n-hexadecane-d34 (99% D) C16D33_(,6H0_34 0.8895 6.783

from spherical, ellipsoidal, elongated cylinders, and even
vesicular shape are formed. Although the results clearly show
that small subtle changes in chemistry and thermodynamics
clearly affect the structure, no quantification in terms of the
thermodynamical parameters was performed. A thorough ther-
modynamical model was developed in a recent paper by Zhulina
et al.>! to account for structural transitions in such micelles, in
particular, the experimentally observed phase behavior of various
PS-PI micelles in n-heptane. The results showed a good
agreement with the dependence of aggregation number on block
molecular weights and could also account for the sphere-to-
cylinder crossover, which is associated with crew-cut micelles.
A similar system, PEP-PS in a series of n-alkane solvents, has
been studied experimentally using light scattering.?>** These
measurements have shown that the selectivity systematically
increases with the carbon number, n, of the solvent, which is
reflected in an increase in the aggregation number and a decrease
in the critical micelle concentration (cmc). However, because
light scattering was used in this case, no detailed structural
analysis was possible.

In this work, we present a systematic study of micellar
properties of a h-PS10-d-PB10 block copolymer in n-alkanes,
C,H,,+,, with carbon numbers n = 7 (n-heptane), 10 (n-decane),
12 (n-dodecane), 14 (n-tetradecane), and 16 (n-hexadecane). To
obtain detailed structural information by SANS, the PB-block
was selectively deuterated for contrast variation. n-Alkanes are
selective for PB such that the micelles consist of fully
hydrogenated PS cores and deuterated PB coronas. By isotopic
mixtures of the n-alkane solvents, the individual parts of the
micelles were independently resolved. The characteristics of the
micelles were obtained by core—shell model fits. The fit results
reveal an increase in the aggregation number with increasing
n-alkane chain length, although y values and interfacial tensions,
y, estimated from the work of adhesion and Hildebrand’s
solubility parameters, are constant or even decreasing. This
counterintuitive behavior can be explained by applying a mean-
field-type theory®*>> and also properly including the solvent
entropy associated with the swelling of the core.

2. Experimental Section

2.1. Materials. Polymer Synthesis and Characterization. The
h-PS10-d-PB10 block copolymer was made by sequential anionic
polymerization of styrene and a mixture of 98.6% 1,3-butadiene-
ds (Chemotrade, Leipzig, Germany, 98.5% D) and 1.4% 1,3-
butadiene-hg (Aldrich). Therefore, the d-PB block is, in fact, a
random copolymer of d- and h-monomers with a total degree of
deuteration of 97%. The addition of the h-butadiene reduces the
scattering length density of the d-PB block, allowing for complete
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matching of the corona by the deuterated solvents. High vacuum/
break-seal techniques were applied to the polymerization to avoid
termination by humidity, air, or both. We were thereby essentially
following the techniques described in the literature.?®*® The
polymerization was carried out in benzene at room temperature,
starting with PS and copolymerizing PB. This solvent leads to a
high degree of 1,4-microstructure (93%) in the PB block. Prior to
the polymerization of the second PB block, a small #-PS10 sample
was removed from the reactor for separate characterization. This
block was analyzed for molecular weight and polydispersity by size
exclusion chromatography using conventional PS calibration. The
molecular weight distribution of the final diblock copolymer was
determined by the same method. The absolute number-average
molecular weight, M,, was obtained from membrane osmometry
in toluene at 37 °C. A more detailed description of the preparation
and characterization of PS-PB diblock copolymers can be found
in ref 29. All molecular weight characteristics are summarized in
Table 1.

The scattering length densities of the polymers, p, were calculated
according to the general formula

NS b
p=—A%’ (1

where for the polymers, b; denotes the coherent scattering length
of the ith atom of the repeat unit, and Ny ~ 6.022 x 10% is
Avogadro’s number. V denotes the molar volume given by V =
M/d, where M is the molecular weight of the basic repeat unit and
d is the density of the respective polymer. Densities of PS and d-PB
are 1.034 g-cm™* and 0.995 g-cm™>, respectively. The density
of the deuterated polymer was calculated from the protonated
materials,*> assuming identical volumes. The scattering length
densities were then calculated to be pps = 1.390 x 10'° cm™2 and
paps = 6.471 x 10" cm™2 at 20 °C.

Solvents and Sample Preparation. The protonated n-alkane
solvents were purchased in p.A. quality from Aldrich. The
corresponding deuterated solvents,C,Dy,42, where n = 7, 10, 12,
14, 16, with a nominal degree of deuteration between 98 and
99% were purchased from Cambridge Isotope Laboratories
(Andover, Massachusetts). All solvents were used as received
without further purification. The scattering length densities of
the solvents were calculated according to eq 1. The densities were
measured at 20 °C using a commercial U-tube Anton Paar DMA
5000 density meter. The scattering length densities of the solvent
mixtures used for contrast variation were calculated according to:
po = (1 — fo)po(h) + fapo(d), where f; is the volume fraction of
deuterated solvent.

The degree of deuteration, densities, and corresponding calculated
scattering length densities of the pure solvents are summarized in
Table 2.

We prepared the samples for SANS measurements by dissolving
the polymer at approximately 70—80 °C for 2 to 3 h until clear
and homogeneous solutions were obtained. Subsequently, the
samples were allowed to equilibrate by slowly cooling to room
temperature. n-Alkanes have a finite solubility in PS, leading to a
strong plastification effect where the glass-transition temperature,
T,, is lowered by more than 50 °C.*’ This was confirmed by earlier
results of the equilibrium exchange kinetics on the same system.*”
Therefore, we can exclude any effect of the high glass transition
of pure PS (about 100 °C) by this sample preparation protocol.

2.2. Small-Angle Neutron Scattering Experiments and
Data Evaluation. The SANS measurements were carried out using
the KWS-1 and KWS-2-instruments at the FRJ-2 reactor at
Forschungszentrum Jiillich GmbH in Germany and the D-11
instrument at Institute Laue Langevin (ILL) in Grenoble, France.
The measurements were performed at several sample-to-detector
distances and collimation lengths to cover an extended Q range
and to maintain a reasonable resolution. The wavelength was set
to 7 and 6 A in Jiilich and Grenoble, respectively. For the D-11
instrument, the Q range was approximately 1 x 1073 < 0 < 0.3
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A~!, and in Jiilich, it was 2 x 1073 < Q < 0.2 A~!. Detector
sensitivity corrections were made with Lupolen or plexi glass in
Jiilich, whereas water was used in Grenoble. The same materials
were used as secondary standards. Empty cell scattering and the
background signal arising from electronic noise, y radiation, and
fast unmoderated neutrons were subtracted using standard proce-
dures. The background noise was determined using cadmium (Cd)
or boron carbide to block the primary beam. All background
subtraction was done directly pixel by pixel on the 2D detector
intensity image. After radial averaging, the intensities were treated
for dead-time effects to yield the absolute normalized macroscopic
differential scattering cross sections, (d=/dQ2)(Q). To keep internal
consistency and to ensure that data obtained at different instruments
could be compared, standard hydrogenated n-alkane solvents were
measured at each instrument, and small errors in absolute intensities
(<10—20%) were corrected.

Fit Models for the Small-Angle Neutron Scattering Data. For
the current system where PS forms the core and PB forms the
corona, the total weighted scattering amplitude can be written as

A(Q) = (pps = PYPVpsA(Deore T (Ppg — PP VppA(Q)gen
)

Here we have introduced the scattering length density and molar
volume of the different components, p; and V;, respectively, where
j denotes solvent (j = 0), PS (j = PS), or PB (j = PB). P is the
aggregation number, that is, the number of polymer chains per
micellar aggregate.

The total macroscopic differential scattering cross section scat-
tering in units of reciprocal centimeters is then given by

PN,

a 2
dQ(Q) = P—VpsprD]A(Q)l o 3)

where ¢ is the volume fraction of polymer, Ny = 6.022 x 103
denotes Avogadro’s number, and Vps—pgp = Vps + Vpp is the total
molar volume of the polymer.

The scattering amplitudes, A(Q), of core (i = c) and shell (i =
sh), are given by the respective Fourier transformation of the real
density profile (n,(r)), that is

AQ) = exp(~(QoR VI E [} n(rP 2 ar

where C is a normalization constant given by C = 4 [$n,(r)r* dr
The first term takes into account the smooth variation of the
density at the core—corona interface by assuming a Gaussian profile
of the interfacial region. (See, for example, ref 33.) In the eva-
luations, several functional forms of the density profile are
considered. These will be discussed later in the text. To des-
cribe the scattering over the whole Q range, the single chains
constituting the corona visible at high Q need to be taken into
account. Here we use a simple parametrization based on the
Beaucage form factor for chains with arbitrary statistics®*

dzBeau o (
(Q) = (pps — PY)B
aQy, Ppg ~ Po

3 \dp
(erf(QENG)) ) )

Q

where B is an intensity prefactor proportional to the blob volume,
erf(y) is the error function, & is the blob size, and d is the fractal
dimension that, for swollen chains, takes the value of 1.7. Note, as
the error function decays to zero at Q = 0, this approach ensures
proper normalization.

The total macroscopic differential scattering cross section is then
given by

= ®N, 2
0@ = 5y~ _HA@IL+

d=
-~ w(@ (6

dQ
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In the case in which the system contains particles of different
size, the scattering amplitudes have to be averaged over their
respective distribution

TAQ)PD= 4 [ 1AQ. Nfp(r) dr )

where p(r) is the distribution function and A is a normalization
constant given by A = 1/(ffr=p(r) dr). The integration limits in
the numerical integration were Ry, =7 — 5S0.R. < r < Ryax = R:
+ 50.R.. The choice of the distribution functions has to be made
according to the presumed particle size distribution. In this work,
we chose the Schulz distribution,®> which captures the main features
of potential polydispersity effects.
The Schulz distribution is given by

(Z + 1)z+lrz

—(z + Dr/R 8
RO TPCET R ®

p(r) =

where I'(z) is the gamma function and z is a width parameter related
to the standard deviation, o2, by

(€))

Finally, the total scattering cross section was convoluted with
the resolution function using the approach given by Pedersen et
al.’¢

3. Results

Partial scattering functions were measured by SANS in three
different contrasts: shell, core, and an intermediate contrast. In
shell contrast, the PS core was matched by isotopic mixtures
of n-alkanes predominantly consisting of the protonated species.
In core contrast, pure deuterated solvents were used to match
the shell. This was possible because the high scattering length
density of d-PB was reduced by copolymerization with 1.4%
h-butadiene monomer. For the intermediate contrasts, solvent
mixtures were taken such that the scattering length densities
were close to the average contrast of the two polymer blocks.
It is worth mentioning that kinetic studies of this system
performed in parallel revealed relatively fast chain exchange
kinetics occurring on a time scale within seconds and hours.*”
In addition to the high reproducibility of the SANS measure-
ments, the fast kinetics ensure that the micelles are well
equilibrated, as already anticipated from the large reduction in
the PS glass-transition temperature. To obtain highly detailed
structural information, we analyzed the scattering data using
the core—shell model described above in Section 2.2. Fitting
procedures and results are presented in the following.

3.1. Core—Shell Model Fits. For the analysis, the polymer
characteristics obtained by SEC, NMR, and density measure-
ments were fixed parameters during the fitting procedures. These
parameters were the scattering length density of each of the
blocks and of the solvents, pps, pps, and po; the polymer block
volumes, Vps and Vpg; and the volume fraction of the block
copolymer in solution, ¢. Additionally, the resolution parameters
of the instruments are known and were fixed. Prior to the final
simultaneous fits, the scattering curves from the core and the
corona were individually fitted. From these preliminary fits, all
parameters were initially roughly determined.

Micellar Core Scattering. SANS data under core contrast in
n-decane are representatively shown in Figure 1. Scattering
curves were measured at three different concentrations at low
polymer volume fractions, ¢ = 0.25, 0.5, and 1%. After
normalization to ¢, all data collapse into a single curve apart
from the low Q region, where the intensity slightly decreases.
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Figure 1. Absolute scattering cross section of #-PS10-d-PB10 micelles
in n-decane at ¢ = 0.25% under core contrast conditions (d-PB matched
out). The dotted line displays a fit with a compact, solvent-free,
monodisperse sphere model. The solid line represents a fit after allowing
for solvent in the core and including a Schulz distribution for
polydispersity. The data have been convoluted with the resolution
function corresponding to the individual settings. The line corresponding
to the lowest sample-to-detector distance is shown for clarity only. Inset:
concentration dependence of the scattering cross section at ¢ = 0.25,
0.5, and 1%. For clarity, only the lines corresponding to the lowest
sample-to-detector distance is shown.

This is shown in the inset plot of Figure 1. The slight decrease
in the scattering at low Q is a manifestation of a structure factor
contribution due to interparticle interactions. This effect could
be seen in all cases, indicating a repulsive interaction between
the micelles that is minor for the lowest concentration of ¢ =
0.25%. Therefore, all data analyses were performed at this
concentration.

Initially, the core scattering was described with the scattering
amplitude of a homogeneous sphere with constant density
profile, n(r) &~ constant. Inserting this into eq 4 gives

A(Q,R,0.), = exp(—(QOLRC)2/4) 3 S(sin(QR,) —
(QR)

OR_ cos(QR,)) (10)

Trial fits assuming a compact core, that is, P & R, gave poor
results with a clear mismatch between the forward scattering
and the expected position of the minima. This is shown in Figure
1. The minimum was found to be at lower Q, indicating that
the micellar cores are larger than expected from the volume of
the 1-PS10 polymer blocks alone. The fits could be significantly
improved by allowing the core to be penetrated with n-alkane
solvent. This was accomplished by taking P and R, as free and
independent parameters during the fitting routine. The mean
solvent fraction in the core was then calculated according to

3PV,
Dy =1-—2 (11)
4R

c

Values for @, were found to be between approximately 0.3 and
0.5 depending on the n-alkane solvent.

Nevertheless, the data could not be perfectly described
because the oscillations of the form factors are more damped
out than what is expected from the resolution effects of the
instrument alone. In addition, we need to consider some kind
of smearing. The fits using the Gaussian smearing parameter
characterizing the core—corona interface, o, yield small values
on the order of 1—8%. However, although this factor produces
a small smearing effect of the minima, it predominantly affects
the decay at high Q, where high values lead to a decay that
is too steep to be supported by the experimental results.

Alternatively, it is natural to consider some inherent radial
distribution of the core chains. To take into account such an
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Figure 2. Absolute scattering cross section of #-PS10-d-PB10 micelles
in n-heptane at ¢ = 0.25% under shell contrast conditions (h-PS
matched out). The solid lines represent a fit with a hollow sphere model
including a constant density profile with a Fermi—Dirac-type cutoff
function. (See the text for details.) The individual lines represent fitted
curves including the convolution with the resolution function corre-
sponding to the individual settings.

effect, we considered a more general Fermi—Dirac-like density
profile of the core

1
1 + exp((r — RY/(0' R,))

12)

n(r) =

where o' is a smearing parameter.

This approach gave a very similar phenomenology as the
Gaussian smearing with indistinguishable fit quality. Again,
small values of 0’ were obtained. This suggests that the density
of the core is rather compact and no evidence of uneven or
inhomogeneous distribution of the solvent molecules in the core
can be found.

The smearing of the minima may arise from a polydispersity
of the core or deviations from the spherical symmetry induced
by either strong fluctuations of the interface or a preferred
ellipsoidal-like shape. To consider any such effect, we first chose
a distribution function for the micellar core size and convoluted
the scattering amplitude with the normalized Schulz distribution
function (eq 8). Using this approach, we obtained excellent
agreement with the experimental data. (See the solid line in
Figure 1.) The standard deviation, of, was found to be close to
10—15% in all cases.

Alternatively, the data can be fitted assuming that the micellar
cores adopt an ellipsoidal shape. The scattering amplitude for
an ellipsoid of which two of the semi axes are identical, a = b
= R, with an axis ratio, €, to the third can be written as>®

ANQ.R. &), = [ A,Q.R(Vsin® 6 + € cos® 0)) sin 0 dO
(13)

This approach gave the same excellent agreement as the
spherical core model including the Schultz distribution. The best
results were obtained for € = 0.65 to 0.75, that is, for oblate
spheroids. Fits assuming prolate ellipsoids, € > 1, gave slightly
worse fits. Because the aspect ratio is not very far from unity,
the deviations from a spherical shape are rather small. Because
of this, in addition to the fact that in some cases ellipsoids of
both oblate and prolate shape could be fitted rather satisfactorily,
we judge it to be more reasonable to assume a spherical shape
with a certain polydispersity in size. In the remainder, we will
therefore focus on the fit results obtained by the polydisperse
spherical core form factor.

Micellar Shell Scattering. Figure 2 shows the absolute
scattering cross section of h-PS10-d-PB10 micelles at ¢ =
0.25% in n-heptane under shell contrast conditions.
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Figure 3. Typical core—shell model fits. Absolute scattering cross
sections of #-PS-d-PB micelles in (a) heptane, (b) decane, (c) dodecane,
and (d) hexadecane at ¢ = 0.25 for different contrasts. The solid lines
display fits using the core—shell model convoluted with the resolution
function corresponding to the experimental settings. For better visibility,
the data are shifted by a constant factor: core contrast (O), 30; shell
contrast (), 1; intermediate contrast (5¢), 0.02.

The shell data were fitted with a general power law profile

—X
r

1 + exp((r — R)/(0,R,)

ng(r) = (14)

where for x = 0, a constant density profile is modelled, and for
x = 4, a starlike profile is modeled. R, denotes the micellar
radius, and o,,, denotes a smearing parameter characterizing the
width of the corona—solution interface. To satisfactorily fit the
data at high Q, the blob scattering was considered according to
eqs 5 and 6. Best fits were obtained by using a constant density
profile, that is, x = 0 and values for o, between 0 and 0.1. The
corresponding fit for the 2-PS10-d-PB10 micelles in n-heptane
is shown as solid lines in Figure 2.

The accuracy of the fitted parameters from the “blob
scattering” term generally suffers from poor signal-to-noise ratio
at high Q owing to the high level of incoherent scattering. The
following approximate values after fixing v to 0.6 were obtained:
a blob radius, &, of approximately 20—50 A and B on the order
of 10710 cm? .

Simultaneous Fits. Finally, the data of all three contrasts were
simultaneously fitted to determine precise and consistent values
for the micellar structure. The resulting fit parameters were
initially roughly determined from the individual fits and could
be used to get excellent results once allowing for slight
variations. The scattering data for all contrasts in various
n-alkane solvents and the corresponding fitted curves are plotted
in Figure 3. The fitted parameters of the core—shell structure
are summarized in Table 3.

Temperature Dependence. To investigate the thermal stability,
we measured the h-PS-d-PB/n-decane system at different
temperatures in core contrast. Figure 4 a shows the obtained
coherent differential scattering cross sections at 10, 20, 40, and
65 °C.
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Figure 4. Temperature dependence of micellar structure. (a) Absolute
scattering cross sections of ~2-PS10-d-PB10 in n-decane at ¢ = 0.25%
in core contrast at different temperatures. From top to bottom: 10, 20,
40, and 65 °C. (b) Fits to the data in a. Lines display fits using the
core—shell model, the Beaucage form factor, or a sum of both. (See
the text for details.) The fitted curves are convoluted by the resolution
function for each setting. For better visualization, the data are shifted
by a constant factor. From top to bottom: 10 °C, 100; 20 °C, 20; 40
°C, 1; 65 °C, 0.1.

The data at 10 and 20 °C, could be described by the spherical
form factor including the Schultz distribution. The polydispersity
in R, was found to be close to 10% as before and was fixed to
this value to fit the data at 10 and 20 °C. At 40 °C, deviations
from the usual homogeneous core scattering are visible. In
particular, at high Q, the maximum disappears, and a power
law with a slope of approximately 2.2 is obtained. The data
could be successfully described by a general coexistence model
of single chains and micelles

¢ — cmc

PV |:HA(Q)|2|:|‘*‘ cmeVpshps(pps — PO)ZP (Dpeau
PS—PB

s)

=
E(Q) =

where A(Q) is given by eq 3. Vps and ¢ps are the volume of the
h-PS-block and the volume fraction of A-PS in the block
copolymer, respectively. P(Q)g.., 1S the Beaucage form factor
given by

erf(QkR /V6)* |
Pp(Q) = exp(—Q°RY/3) + (df/R‘g’f)r(df/z)(Tg)

(16)

This fit yields a cmc of ~0.11 vol %, that is, only nearly
half of the polymers exist in an aggregated state at 40 °C.
Moreover, we obtain an aggregation number of P ~ 53 and a
core radius of R, ~ 80 A. An attempt to fit the data in a limited
QO range (Q =< 0.005 A) without any unimer scattering yields a
much lower value for the aggregation number of P = 30.

Table 3. Fit Results of the #-PS10-d-PB10/n-Alkane System at 20 °C

solvent R. (A) o ob Ru (A) Om P D,
n-heptane 83+ 1 0 0.11 £ 0.01 134 £2 0.1 67 £2 0.53 £ 0.06
n-decane 91 +£1 0.04 0.15 £ 0.01 144 +2 0.1 85+2 0.51 £ 0.05
n-dodecane 88 +2 0.08 0.12 £ 0.01 148 + 1 0.1 100 + 1 0.40 £0.08
n-tetradecane 90 + 1 0.05 0.10 £ 0.05 154 +2 0.1 106 +2 0.41 +0.04
n-hexadecane 90 +£2 0.04 0.11 £ 0.07 150 +2 0.2 110 +2 0.39 +0.07
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Table 4. Parameters from the Model Fitting of the
h-PS10-d-PB10/n-Decane System at Different Temperatures
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Table 5. Interfacial Tensions between PS and r-Alkanes
Calculated from the Work of Adhesion According to Fowkes

T (°C) R.OA) P [oN n-alkane ys mN-m™") W, (mN-m™") y mN-m ')+ 50%

10 90 + 1 105 + 4 0.42 n-heptane 20.14 54.96 3.28

20 86 £ 1 90 + 3 0.45 n-decane 23.83 59.79 2.14

40 80+ 1 53 +£2(30)¢ 0.58 (0.77)¢ n-dodecane 25.4 61.73 1.77

65° 2142° 1 1¢ n-tetradecane 26.56 63.12 1.54
n-hexadecane 27.47 64.19 1.38

“ Values in parentheses correspond to fits of the data at 40 °C without
unimer scattering. ” R, of the 2-PS10-block. ¢ Here we adopt the definition
of @y = 1 when the micelles are completely dissolved and only unimers
are present.

At 65 °C, the shape and intensity of the curves resemble
scattering from single chains. In this case, the data could be
successfully described with the Beaucage form factor alone. The
volume of the polymer from the forward scattering was found
to be in very good agreement with the value determined from
the polymer characterization. Therefore, this parameter was held
fixed to this value, Vpg = 10 150 cm?*/mole, calculated from
the known densities and molecular weights (Table 1). The
resulting fit yields a radius of gyration of R, ~ 21 A and a
fractal dimension of dr ~ 2.2. All fit parameters are given in
Table 4. The corresponding fits are depicted in Figure 4.

3.2. Calculation of Interfacial Tensions and y Para-
meters. To understand the structure and aggregation behavior
of the micelles, it is essential to know the relevant y parameters
and the interfacial tensions in the system.

Calculations of Interfacial Tensions Using Fowkes’
Theory. The macroscopic interfacial tension between PS and
n-alkanes, Vps—, aikane = ¥, 18 difficult to measure directly at room
temperature. Less directly, y can be obtained via contact angle
measurements and calculation from the well-known Young’s
equation.*> However, test measurements demonstrated that the
contact angle method is inapplicable because high-energy
surfaces such as PS are completely wetted by n-alkanes in a
normal air atmosphere. Alternatively, y can be indirectly
calculated from the work of adhesion, W,, through

Y=Y T W, a7

where y, is the surface tension of the solvent. According to
Fowkes,** W, can be calculated according to

W, = 2y’ (18)

where ¢ denotes the dispersion part of the surface tension.

The surface tension of PS, yps, and its dispersion part, y%s,
have previously been determined by measuring the contact
angles of water drops on PS surfaces immersed in a series of
n-alkanes.*® This study yielded yps = 38.1 mN+-m™" and ygs =
37.5 mN-m™! and showed that y decreases monotonically with
the length of short n-alkanes.

For higher n-alkanes, y was calculated using eqs 17 and 18.
We took yps = 38.1 mN-m~! and yfs = 37.5 mN-m~! from
ref 43 and values for y, for the n-alkanes from ref 46. We further
assumed the fact that neutral, nonpolar molecules such as
n-alkanes only interact through dispersion forces, such that ¢
= y,. It should be mentioned that several values for ypg exist
in the literature. Using yps = 39.4 mNm™!, as reported
elsewhere,* we estimate the systematic error of ¥ps—, aikane tO
be about 50%. However, the trend is unaffected. The results
are depicted in Table 5.

Calculations of y and vy using Hildebrand’s Solubility
Parameter. The interaction parameters, ), can be obtained from
solubility parameter considerations using tabulated values for
the cohesive energy density and Hildebrand’s solubility param-
eters.*>4

Table 6. Calculated Flory—Huggins Interaction Parameters and
Interfacial Tensions between PS and n-Alkanes using
Hildebrand’s Solubility (Cohesion) Parameter for PS,

dps = 19.09(MPa)"?*

n-alkane w @A) 6, (MPa"  yps patane  y(mNem™)
n-heptane 243.29 15.3 0.81 5.7
n-decane 323.69 15.8 0.70 53
n-dodecane 377.48 16 0.65 5.1
n-tetradecane 432.17 16.2 0.61 5.0
n-hexadecane 486.10 16.4 0.58 4.8

¢ Reference lattice volume is chosen to be vy = 80 cm?mole.

The enthalpic part of the Flory—Huggins parameter, y, is
related to the solubility parameter, d, in the following way™*’

1%
o= ﬁ(ap — 0, (19)

where 0, and 0, are the solubility parameters of the polymer
and the solvent, respectively. v, is the elemental “lattice”
volume. This latter parameter is ambiguous and depends on the
definition of the lattice system. Here we define this quantity to
be the mean segment volume of the PB and PS repeat units,
that is, vy &~ (100 + 60)/2 = 80 cm’*/mole.

The total Flory—Huggins parameter, y, is given by

X=dn T X (20

where y; denotes the entropic part. ), usually has a value
between 0.3 and 0.4 for neutral polymers. We chose y = 0.34,
which is found to be the typical common value.*’

The calculated parameters are shown in Table 6. The y
parameter slightly decreases (y =~ 0.8 to 0.6) within the
homologous series of n-alkanes.

Provided that the components are well segregated,™® the
interfacial tension can then be estimated from y using the theory
of Helfand and coworkers*®

ke, T X\

= — 21
r=3 ( 6) 2L
where a is the lattice length, which we again calculate from the
mean unit segment volume using a & (vp)¥> = 26 A.

As shown in Table 6, y remains approximately constant, even
though we see a slight tendency for it to decrease as a function
of the n-alkane length, following the same trend as that found
before.

By analogy to this, the Hildebrand approach can also be used
to estimate y parameters between the solvophilic PB and the
solvent, ¥pp—pakane- Lhe results, again assuming an equal
reference length, are given in Table 7.

4. Discussion

4.1. Micellar Structure. Aggregation Behavior. The results
show that the h-PS10-d-PB10 block copolymer forms well-
defined spherical micelles in n-alkanes where the structure is
independent of the polymer concentration for polymer volume
fractions of ¢ = 0.25 to 1% at 20 °C. This also implies that the



2692 Lund et al.

Table 7. Calculated Flory—Huggins Interaction Parameters
between PB and n-Alkanes (Ypp—y.aiane) Using Hildebrand’s
Solubility (Cohesion) Parameter for PB, dpg = 17.19 (MPa)"?**

n-alkane vy (A%)

0; (MPa'?) X PB—n-alkane
n-heptane 243.29 15.3 0.45
n-decane 323.69 15.8 0.39
n-dodecane 377.48 16 0.38
n-tetradecane 432.17 16.2 0.37
n-hexadecane 486.10 16.4 0.36

@ Reference lattice volume is chosen to be vy = 80 cm*/mole.

cmc of the polymer is well below the investigated dilute
concentration regime at this temperature. Upon heating, as seen
in Figure 4, the micelles gradually dissolve into unimers.

The SANS data clearly exclude any bimodal distribution
including the formation of anomalous large micelles observed
in earlier studies of similar diblock copolymers. (See ref 39
and references therein.) In any case, in a systematic study by
Lodge and coworkers,* this phenomenon has later been shown
to be provoked by the presence of finite amounts of homopoly-
mer impurities that act as a sort of “nucleation” or aggregation
sites. The absence of anomalous micellization behavior confirms
SEC data of the 7-PS10-d-PB10 block copolymer from which
the presence of homopolymer could be unambiguously excluded.

In the next paragraph, we discuss the subtle effects of the
n-alkane solvent on the structural properties of the micelles.

Dependence of Aggregation Number on n-Alkane. Upon
changing the solvent, the data show a weak but significant
increase in the aggregation number, P, and the core radius, R,
as the carbon number, n, of the n-alkane solvent increases.

The distinct increase in P with the size of the solvent
molecules, as shown in Figure 5, is in accordance with earlier
ﬁndings.zz’23 However, recalling that yps—, aikane = 0.6 to 0.8
and is thus slightly decreasing with carbon number within the
homologous series of n-alkanes, this is rather surprising. Also,
a slight decrease in the interfacial tension with the length of
the n-alkanes (Tables 5 and 6) leaves the observed increase in
P intriguing. Usually one expects that the aggregation number
monotonously increases with 7y, as observed for segregated
micelles.® Theories predict a power-law-like relation of the form

~ vy*, where x is a power law exponent, for example, taking
the value x = 1 in the mean field model* and x = /s from the
scaling model for starlike micelles.’

The same trend was observed for similar PS-PEP micelles
where P was observed to increase by approximately 40% from
n-hexane to n-hexadecane.?>* This trend was attributed to a
decreasing solvent power of the n-alkanes; however, as seen in
this study, this does not seem to be the case. Before discussing
this rather intriguing aggregation behavior in more detail, we
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Figure 5. Aggregation number, P, of the h-PS10-d-PB10/n-alkane
micelles versus carbon number, n, of the n-alkanes at 20 °C. The line
serves as a guide to the eye only.
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Figure 6. Solvent fraction inside the micellar cores, @, versus carbon
number, n, of the n-alkane solvent.

will first need to discuss the inherent structural details of these
micelles.

Swelling of Micellar Core. The model fits to the scattering
data reveal significantly swollen cores and a homogeneous
density distribution within the core region. The solvent fraction,
®,, slightly but systematically decreases with increasing n-
alkane length from about 53 vol % in n-heptane to ap-
proximately 39 vol % in n-hexadecane, as shown in Figure 6.
Significantly swollen cores were also observed for PS40-P140
and PS40-PI80 block copolymer micelles in n-decane by
Pedersen et al.'® They found that the micellar cores contain 16
and 23% n-decane, respectively.

As before for the aggregation number, the decreasing solvent
fraction is rather unexpected and cannot be understood on the
basis of the interfacial tension alone. Because y stays essentially
constant or slightly decreases, one would rather expect an
increase in @, with the n-alkane length.

To compare the solubility of n-alkanes in PS in a micellar
state and in the normal bulk state, test experiments were
performed where A-PS10 homopolymer was saturated with
hexadecane and allowed to dissolve in the bulk phase upon
heating the sample above the glass-transition temperature, 7.
The results show that this solvent fraction was less than 7 to
8%. Apparently, the capability of PS to solubilize n-alkanes is
significantly larger inside a micellar core than in the bulk state.

The small interfacial tensions (y ~ 1 to 5 mN+m™!) imply
rather low incompatibility between PS and n-alkanes. This gives
rise to fluctuations of the core—corona interface, which probably
are reflected in the effective polydispersity parameters. The
existence of such fluctuations has unambiguously been shown
in a recent study of segregated block copolymer melts where
the amplitudes were about 1 to 2 nm.>* These fluctuations may
distort the spherical symmetry, leading to some apparent
ellipsoidal structures as seen in microemulsion systems.*® It may
further explain the difficulty of distinguishing between poly-
disperse spheres and ellipsoids in the fitting. Consequently, we
can attribute the apparent polydispersity in R, to fluctuations.
Unfortunately, such shape fluctuations cannot be decoupled from
potential polydispersity effects of P. Nevertheless, we can
calculate typical amplitudes if we assume that the interfacial
fluctuations can be described using the capillary wave dynamics®'->

kT
CW_%H

lmax]
(22)

lmin

where /,,x = R, and /., are the maximal and minimal length
scales in the system. The minimal fluctuation can be estimated
from the intrinsic roughness due to competition between the
entropy of mixing and the unfavorable enthalpic cost. The latter
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Figure 7. Corona thickness, L, defined as L = R,
of the carbon number, n, of the n-alkane solvents.

— R., as a function

can be estimated by the Helfand—Tegami theory assuming, for
the sake of simplicity, strong segregation

=2 bis + b1 23
OHT - 12X ( )
Here we take as an estimate bps = 11 A*® and b, = V2 =

5.2-7.8 A, depending on the solvent. We then obtain oyr ~ 7
A, which can be regarded to be the minimal length scale of the
fluctuations, that is, /i, = oyr. Inserting this 1nt0 eq 22, we
obtain a fluctuation amplitude of 7—11 or 11—13 A, depending
on which values of y are taken: those from the Fowkes’
approach (Table 5) or those from the Hildrebrand solubility
parameter approach (Table 6), respectively. This give relative
roughnesses, ocw/R., of about 6—11%. Compared with the
values of the width of the Schulz distribution, 0?2 ~ 10%
obtained from SANS, we observe a very good agreement.
Therefore, we can conclude that the fluctuations due to the low
interfacial tension between PS and the solvents leads to an
apparent polydispersity in the micellar sizes.

4.2. Corona Structure. Judging from the small values of
the Gaussian smearing parameter, 0., the interface between the
core and corona is well defined with very small interpenetration
of h-PS10 and d-PB10 polymeric blocks. The internal structure
of the corona can, in all cases, be described by a constant density
profile with a smooth cutoff of approximately 10%. By defining
the size of the corona, L, to be L = R,, — R., values between
52 and 64 A are calculated, showing a slight increase in L with
increasing carbon length of the solvent. This is demonstrated
in Figure 7.

The corona thickness can be compared with chain dimensions
for linear PB chains if we assume 6 conditions

R: = C.Mm,'[j/6 (24)

where C., = 5.6 is the characteristic ratio and n, = 14.5 g/mol
is the average molecular weight per backbone bond of length /

~ 1.5 A for polybutadiene with 93% 1,4-microstructure. This
gives an estimate of R, of about 41 A and an end-to-end distance
of R = Rg(6)"2 =100 A. Compared with the unperturbed chain
dimensions of PB, the corona size in the micelles appears to be
rather unstretched. This can probably be directly related to the
APB—n-Alkane Values (Table 7) that are in the range of 0.45 to 0.36;
that is, the system is not far from the 6 conditions. The resulting
low degree of stretching becomes even more evident if one
compares it with the dimensions encountered in strongly
segregated micelles, that is, micelles with strong excluded
volume interactions. For example, for PEP—PEO micelles in
aqueous solutions, the PEO chains are larger than the charac-
teristic end-to-end distance and, with respect to this, stretched
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by a factor of 1.5 to 1.7.%® Tt is further interesting to note that
even though the stretching of the coronal chains is significantly
different, the structure as well as the mean volume fraction of
the corona of the present micelles (7 = PVpp/(47/3(R3, — R?)
~ 0.18 to 0.21) is very similar to that of aqueous PEP5-PEOS
micelles (7 &~ 0.25).%7 This shows that the excluded volume
effects are significantly stronger and prevail up to much larger
concentrations for PEO in water. This is also reflected in much
larger values for the second virial coefficient, A,, for the PEO/
water system where A, is on the order of 107> cm*+mol/g>.® By
low-angle laser light scattering (LALLS), we found within
experimental error constant values of about 3 x 10™* cm3+mol/
¢? for PB in n-alkanes irrespective of the solvent length.

Comparison with Theory. Summarizing the structural proper-
ties, we see that the micelles can be described as being weakly
segregated. This is reflected in a swollen micellar core and a
rather compact unextended corona. Because the dimensions of
the coronal chains are comparable to the corresponding PB
chains under unperturbed (6) conditions, we can assume that
contributions to the total free energy of micellization arising
from chain—chain correlations in the corona are negligible.
Therefore, it is reasonable to discuss our results within the
classical mean-field theory of Leibler, Orland, and Wheeler,”*
which was later modified for asymmetric block copolymers by
Balsara et al.*

Within the framework of this theory, the total free energy
can be written as a sum of three contributions: the free energy
of a micelle, Fiicere, the mixing term of free block copolymers
and solvent, Fp, and finally, the entropic term describing the
gas of micelles and block copolymers, Sy,. In kT units, this can
be written as

F{otal = ﬁf] micelle + F TSm (25)

where C is the fraction of block copolymers in the micellar state.
The individual terms can be written as

Fo= §¢C)(l In(d) 4 _ /.L)ln(l — A

A1 = I+ ) 26)

where & = (f + m)/(n(f + 1)), N = N + Ny is the total number
of polymer segments, f = Na/Ng = Npp/Nps, and A is the unimer
concentration, and

Sk, = —( g (&9 + 1t il — 590) @7)

The micellar free energy, Fpjicene, can be approximated to
consist of mainly three terms

F =F et Fga T Fie (28)

micelle core

Within the classical Leibler, Orland, and Wheeler mean field
theory, the free energy is mainly dominated by the balance
between stretching and swelling of the polymer chains and the
interfacial energy. Here the interactions between the coronal
chains are assumed to be zero, whereas the interactions between
the two blocks are implicitly assumed to be equal to those
between the solvent and B (PS) block. However, to take into
account swelling of the micellar core, we need to modify the
theory by introducing a Flory—Huggins expression describing
the enthalpic and entropic interactions between the solvent
molecules and the polymer segments within the core. This can
be done by writing
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R? N
core = % C2 + B2 — 2|+
Nga R
4R} [ In(ehy)
34 0 N, + Q1 — Dy)y ] (29)

where N is the number of solvent segments. The contribution
from the shell takes the form

2 2
F _ 3 P corona N B4
shell = 7

2 2 2
N B4 R corona

4Ry, — R)(1 — ) In(1
3d° Ny

—2|+

The interfacial energy for a swollen core (assuming equal
composition at surface and volume) must be written as

47R? ¥
Fo= — A 01— @) 3D
a

The thermodynamical equilibrium can then be found by
minimizing eq 25 numerically under the condition of preserva-
tion of volume (incompressibility): R. = (3PVps/(4(1 — ®y)))'?
and R) — R} = 3PVpp/(4my). At first, we compared the
experimental data with the original theory where solvent in the
core is excluded by setting @, = 0 in eqs 25—31. The expression
for the free energy was minimized with respect to three free
parameters, P, 17, and ¢, as a function of the input parameters,
N, f, and y, using the direct numerical minimization routine
“EO4CCF” from NAG. This input parameters was then varied,
and the theoretically calculated output was then iteratively fitted
to the corresponding experimental values for P and 7 according
to aleast-squares minimalization procedure (Marquardt—Levenberg
routine). Because the basic lattice site volume and also,
consequently, y are rather arbitrary in such mean field models
and are not naturally given (note that the lattice size, a, scales
out in the above expressions). Therefore we defined a floating
parameter, unit, and mapped the number of solvent segments
according to: Ny = n-unit. Using a mean volume of 80 cm?
mole between PS and PB, we expect unit to be about 20/80 ~
0.25 using the known densities for the n-alkanes. Nevertheless,
because the mapping of experimental parameters to the theoreti-
cal lattice parameters is not trivial, we initially kept unit as a
free parameter. However, it was found that this parameter was
rather ambiguous where many pairs of x and unit could fit the
data. With respect to 77, unit mainly affected the absolute value,
which intrinsically is not very well defined because we have a
radial dependence on the coronal chain distribution. We
therefore chose to fix unit at 0.25 but kept a scaling constant to
fit n, that is, 7 — 77+ C. The results of a simultaneous fitting of
both P and # using N = 274 and f = 1.15 are shown as dotted
lines in Figure 8. The resulting fit gave y = 0.62 and a slight
scaling factor of C = 1.3. As seen, the trend represented by the
increase in P with n is qualitatively fitted, however, the predicted
increase is much weaker. In any case, the calculations show an
important result: the size and aggregation number of the micelles
change with the volume of the solvent molecules. The predicted
change in the swelling of the corona seems to be somewhat
larger than what is observed.

Therefore, we repeated the calculations for micelles with
swollen cores (P, #= 0), now considering four free variables:
@, in addition to P, 5, and §. The calculations and fitting
procedure were repeated in the same manner as before, this time
fitting the theoretical output to three experimental parameters,
P, @y, and », simultaneously. Again, to map the experimental
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Figure 8. Comparison of fit results of the thermodynamical model and
experimental data for (a) aggregation number, P. (b) Solvent fraction
in the core, @, (%), and mean polymer fraction in the corona, # (H),
for the h-PS10-d-PB10/n-alkane system. The dashed lines represent
simultaneous fit calculations of the original Leibler, Orland, and
Wheeler mean field theory. The solid lines display results of a modified
theory where the solvent entropy is taken into account.

values properly with respect to ®,, we found it to be necessary
to introduce a scaling value ®y, — ®(+D. The results are given
in Figure 8b.

Here we obtained an interaction parameter of ¥ &~ 0.67. The
scaling factors were found to be C & 1.8 for the polymer fraction
in the corona, and D ~ 2.9 scales the theoretically found solvent
fraction in the core to the experimental one; that is, the theory
predicts lower @, and 5 than those found experimentally.

As seen, the data corresponding to the modified theory
allowing solvent in the core seems to describe the data for the
aggregation number very well. It is also encouraging to see that
the resulting ) parameters (0.62 to 0.67) agree well with what
has been previously estimated using the solubility parameter
approach (0.8 to 0.6) once the reference lattice volume is chosen
to be the same. The theory also describes the overall trend
observed for 7 and @, relatively well, although the absolute
values are not reproduced. In addition, the decrease in the
solvent fraction in the core seems to be overestimated. The
reason for this behavior is likely to come from the mapping of
theoretical versus experimental parameters and deviations from
mean field theory. In particular, it is likely that assuming no
interactions between coronal chains is an oversimplification.
Nevertheless, the results nicely show that the data can be at
least semiquantitatively explained by a simple mean field
approach. More importantly, both experiments and calculations
show that the solvent entropy plays an important role in the
aggregation behavior of block copolymer micelles. Within the
weak segregation limit, a fine balance of translational entropy
and enthalpic repulsions will control the swelling and penetration
of solvent molecules in the core and coronal part of the micelles.
This, in turn, will affect balance between the interfacial energy
favoring micellization and the unfavorable entropic forces
associated with the stretching of chains in the micelles.

5. Concluding Remarks

In conclusion, we have seen that the 4-PS10-d-PB10 block
copolymer spontaneously self-assembles to form rather poorly
segregated micelles in n-alkanes. A detailed comparison of
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structural data obtained by highly accurate contrast variation
SANS experiments reveals that the micelles contain a large
number of solvent molecules homogeneously distributed in the
core. Both the core and coronal part are best described by a
scattering model that assumes almost constant density profiles.
Interestingly, we observe that the aggregation number increases
with the size of the n-alkane, whereas the solvent fraction in
the core decreases. Intuitively, one would attribute this effect
to a trend that higher n-alkanes are poorer solvents for the core-
forming polystyrene. A detailed comparison with the thermo-
dynamical interaction parameter and interfacial tension, how-
ever, shows that, surprisingly, these are almost constant or even
decreasing within the homologous series of n-alkanes. As we
have seen, this behavior can be semiquantitatively explained
by employing a modified version of the mean field approach of
Leibler, Orland, and Wheeler properly taking into account the
solvent entropy in both core and corona. This work thus shows
the importance of solvent translational entropy on the micelli-
zation behavior of block copolymer micelles whenever the
system is weakly segregated, that is, when the interfacial tension
and the y parameters are small.
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