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ABSTRACT: A micelle forming polystyrene (PS)—polybutadiene (PB) block copolymer was mixed with a
short (relative to the PB block of the copolymer) PB homopolymer to investigate the structural properties
of the micelles by small-angle neutron scattering. Samples with varying block copolymer concentration
were measured at 90 °C in both core and shell contrast. The obtained intensities were analyzed using a
core/shell model with a constant core density and a variable density profile for the corona. A reasonable
analysis of the data was only possible by assuming that in the measured concentration range the unimer
concentration is not constant but increases with increasing polymer concentration, while the aggregation
number of the micelles stays constant. The data analysis further revealed that the corona of micelles
shows almost constant density which stays in contrast to micelles of block copolymers with comparable
block length ratio in low molecular solvents. These could be interpreted in terms of the starlike model of
Halperin, where the outer shell has a fast decaying density profile.

Introduction

Block copolymer micelles embedded in a homopolymer
matrix provide an interesting model system for soft
colloidal particles. Whereas the dynamics of this system
has been investigated in some detail,’~* the particle
structure itself, especially the density profile of the
micellar corona, which directly should reflect the par-
ticle interaction potential, has not yet been studied.
Importantly, the particle interactions and the corona
dimensions in copolymer micelle/homopolymer blends
can be adjusted via the homopolymer matrix. The
“solvent quality” of the homopolymer depends on its
molecular weight. Shorter chains show a better misci-
bility with the corona block of the copolymer. This effect
is of purely entropic origin. There are no enthalpic
contributions to the free energy of mixing because the
polymer segments of corona and homopolymer are
chemically identical. Theoretical calculations predict
that there is an upper limit for homopolymer chains to
penetrate into the micellar corona, which is the molec-
ular weight of the corona block.>~7 The shorter the
matrix polymer chains, the better they mix with the
micellar corona and, correspondingly, the stronger the
swelling of the particle size. Previous studies have
shown that this swelling decreases with increasing
micelle concentration.* To understand why swollen
micelles shrink in effective size with increasing interac-
tions, it is important to investigate the density profile
of the copolymer corona in detail .8

Different models have been developed to describe the
corona structure of micelles.®10 All of them show that
the block length ratio plays a very important role. In
the case of short corona chains compared to the core
block (crew cut micelles) the micelle can be regarded
more or less as a planar brush because of the small
curvature of the core surface compared to the corona
thickness. Here, the segment density in the corona is
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constant (p(r) = const). On the other hand, if the corona
block is much longer than the core block, the micelle is
expected to show the behavior of a star molecule where
the segment density in the corona is decaying with
increasing distance from the core. Daoud and Cotton
developed a model for star molecules to describe this
decrease in corona density.!? They divide the corona
chains into so-called blobs of size § where the polymer
shows single-chain behavior and has a constant density.
The blob size increases with increasing distance r to the
core, which is equivalent to a decrease in density. This
model leads to a radial density distribution of p(r) O
r—4/3_

In between the two extremes there has to be a
continuous transition. This could be shown experimen-
tally by SANS experiments on PEP—PEO micelles of
various compositions in water.? The different density
profiles could be modeled by a variable density profile
of the following power law form:

p(r) O r(1 + exp[(r — Ry)/o]) (1)

By variation of the exponent x, the steepness of the
decay can be adjusted. For x = /3 eq 1 resembles the
density profile of the Daoud and Cotton model. In the
case of x = 0 the other extreme of constant density is
obtained. The Fermi function in the denominator has
to be introduced to guarantee a cutoff of the density
profile in the range of the micellar radius Ry. Therefore,
this function considers the fact that the size of the
micelle is limited by the chain dimensions. The param-
eter o modulates the smoothness of the cutoff.

In this study, we investigated blends with different
copolymer content (0.5—7 wt %) of an asymmetric
micelle forming polystyrene—polybutadiene (PS—PB)
block copolymer in a short PB homopolymer which is
expected to strongly swell the micelle corona (“wet
brush” regime). By SANS experiments in core and shell
contrast, the structure of these blends has been ana-
lyzed, especially focusing on the effective particle size
and the corona density profile.
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Table 1. Characteristics of the Block Copolymer and
Homopolymers

polymer Mn2/103 Mu/Mp2
dPS—hPB 155/67 (70°) <1.025/<1.02
hPB8K 7.9 <1.02
0.96d—-0.04hPB8K 8.8 <1.02

aBy SEC in THF. ? dPS block. ¢ By membrane osmometry in
toluene.

Experimental Section

Polymers. The polymers used in this study were prepared
by anionic polymerization under high vacuum in sealed glass
reactors provided with break-seals for the addition of reagents.
The techniques applied and the protocols for purification of
initiator, monomers, and solvent were similar to those specified
in the literature.'34

The block copolymer dPS—hPB was synthesized by se-
guential addition of styrene-dg (98.5% D) and butadiene-hs.
sec-Butyllithium served as initiator and benzene as solvent.
Before the addition of the second monomer a small quantity
of the living PS block was removed from the reactor for
separate characterization. The polybutadiene homopolymers
hPB8K for core contrast and 0.96d0.04hPB8K for shell con-
trast were polymerized with tert-butyllithium as initiator and
benzene as solvent. The matrix polymer for shell contrast,
0.96d0.04hPB8K, was made from an isotopic mixture consist-
ing of 96% butadiene-ds (98% D) and 4% butadiene-hs mono-
mer in order to match the scattering length density of p = 6.4
x 101 cm=2 for dPS. An initiator-to-monomer ratio was
adjusted such that the resulting molecular volume equals that
of the fully protonated matrix polymer. The living polymers
were terminated by the addition of a small amount of degassed
methanol. The final products were obtained by precipitation
in methanol followed by drying in a vacuum oven until
constant weight was achieved.

The polymers were characterized by size exclusion chroma-
tography (SEC) with a Waters 150C instrument. In addition
to the internal refractive index detector a Waters 486 UV
detector was connected in series. A set of four styragel columns
covering a porosity range of 100—10* A was chosen. Distilled
tetrahydrofuran (THF) was the elution solvent at a flux of 1
mL/min. The molecular weight and the polydispersity of the
materials were determined relative to polystyrene standards.
Transformation to PB molecular weights was performed by
means of the PS and PB Mark—Houwink—Sekurada rela-
tions>1 Mpg = 0.581Mps%%7. The higher molecular weight due
to deuteration was considered during the calculation.

A comparison of the Rl and UV chromatograms of the block
copolymer indicates homogeneity of the composition over the
elution peak. No sign of dPS homopolymer was found in the
chromatograms corroborating that no termination has occurred
during the addition of the second monomer. The number-
average molecular weight (M,) of the block copolymer was
additionally determined by membrane osmometry with a
Knauer instrument in toluene at 37 °C. The molecular weight
was extracted from a (IT/c)2 vs ¢ plot. The molecular charac-
teristics of the polymers are summarized in Table 1.

SANS Measurements. The SANS studies were performed
on the KWS1 instrument at the research reactor FRJ2 at the
Forschungszentrum Jilich GmbH. The SANS samples were
prepared by dissolving respective amounts of block copolymer
and homopolymer in benzene followed by subsequent freeze-
drying under high vacuum until the solvent was completely
removed. The blends were then transferred into quartz glass
cuvettes with either 1 mm (core contrast) or 2 mm (shell
contrast) path length. Transmission values larger than 45%
were obtained.

The measurements were carried out at 90 °C (= tempera-
ture regime of previous diffusion measurements of micellar
systems by forced Rayleigh scattering,®* samples have been
annealed prior to measurement for several hours) under
vacuum to reduce background scattering using either three
(shell contrast) or two (core contrast) spectrometer setups. For
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shell contrast sample-to-detector distances of L = 2, 8, and 20
m were chosen. For 8 and 20 m the collimation was positioned
at the same distance. For measurements at 2 m a collimation
length of 8 m was taken in order to avoid detector dead time
effects due to high neutron intensities and to increase the
resolution. The neutron wavelength was 7 A with a spread of
AMA = 20%. Under these conditions a wave vector range of 3
x 1073 A1 < g < 0.15 A1 was obtained with q = (4x/) sin
®/2, where © denotes the scattering angle. In core contrast
the measurements were mainly performed at 2 and 8 m
sample-to-detector distance. The latter combination yields a
g range of 8 x 1073 A~ < g < 0.15 A%, which is sufficient to
cover all the important details of the form factors due to the
smaller dimensions of the dPS core. For incoherent background
correction pure matrix polymers were measured separately in
cuvettes with identical path lengths.

The raw data were corrected two-dimensionally for elec-
tronic background and empty cell scattering. Detector sensitiv-
ity corrections and transformation to absolute scattering cross
sections were made with a secondary Lupolene standard
according to

d T, LS
dE) — [(ls - ICd) - TS(IEC - ICd)] )

dQ dQ/u dsTsl, %I,

where subscripts L and S stand for Lupolene and sample,
respectively. d and T refer to cell thickness and transmission.
Ls and L are detector distances at which sample and Lupolene
were measured to give Is and I_ Both are normalized to the
same monitor counts to avoid a timely fluctuating flux. Since
Lupolene is a flat, incoherent scatterer, I, was replaced by its
average over the detector. The value of (d¥/dQ). = 1.78155
cm™! for the Lupolene standard had been determined vs
vanadium at 7 A. The raw data were also corrected two-
dimensionally for intensities of electronic background Ic4 and
empty cell lec. After proper correction, the data were radially
averaged. Finally, the measured incoherent scattering of the
matrix polymers and the theoretically calculated incoherent
contribution from the protonated portion of the block copoly-
mer were subtracted.

Results and Discussion

Critical Micelle Concentration in Copolymer/
Homopolymer Blends. The experimental scattering
cross sections dx/dQ2(q) for the blends at various copoly-
mer concentrations are shown in Figure 1. For easier
comparison, the actual measured intensities have been
normalized by the volume fractions of the labeled
polymers, which is ¢ps for core contrast (Figure 1a) and
¢nps (Figure 1b) for shell contrast as given in Table 2.

In this concentration regime where the interparticle
scattering (structure factor) is not yet pronounced and
the measurements are dominated by intraparticle scat-
tering (form factor), these normalized intensities should
be identical for all concentrations. As Figure 1 shows,
this is only the case in the high-q region. Within the
accuracy of the experiment the curves for the different
concentrations, especially in shell contrast, superimpose
very well for g > 5 x 102 1/A. At high g the scattering
originates from the localized structure of the copolymer
chains themselves: therefore, all copolymer chains
present in the blend, i.e., isolated single copolymer
chains and copolymer chains constituting a spherical
micellar aggregate, contribute to the signal. Conse-
guently, normalization to the volume fraction of the
labeled block as given by the homopolymer/block co-
polymer composition of the blends leads to a good
agreement of the normalized intensities measured at
different block copolymer concentrations in the high-q
regime. This, however, is different at small scattering
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Figure 1. Scattering cross sections d=/dQ(q) for the block
copolymer/homopolymer blends at different concentrations in
(a) core contrast and (b) shell contrast. The measured intensi-
ties have been normalized by the volume fraction of scattering
polymer (a) ¢ps and (b) ¢nps.

Table 2. Composition of the Block Copolymer/
Homopolymer Blends?

core contrast csg [wt %] dps
0.5% 8K co 0.55 0.0010
1% 8K co 1.0 0.002
2% 8K co 2.2 0.004
3% 8K co 3.0 0.005
7% 8K co 6.6 0.012
shell contrast cse [wt %] $neB
0.5% 8K sh 0.49 0.0043
1% 8K sh 1.0 0.009
2% 8K sh 2.0 0.017
3% 8K sh 3.0 0.026

a1n addition to the block copolymer content csg in wt % the
volume fraction of the scattering polymer is given, which is ¢ps in
the case of the core contrast and ¢neg for the shell contrast.

vectors q. Here, the normalized intensity decreases with
decreasing block copolymer content. At small g, the
larger structure of the micellar aggregates themselves
is observed in the scattering signal. Therefore, the
difference in the normalized scattering intensities in
this g regime most probably is caused by assuming a
wrong concentration of micelles: that is, the actual
micelle concentration especially at very low copolymer
concentration seems to be much lower than the total
block copolymer concentration used for normalization
of the scattering intensities.

A first analysis of the data for the 3 and 1 wt % block
copolymer blends was performed by fitting the data with
a spherical core/shell model. Model and fitting proce-
dures were analogous to those used for the structural
analysis of PEP—PEO micelles.'? The aggregation num-
ber nagg (Nnumber of copolymer chains per micelle) was
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extracted from the scattering cross section d=/dQ2(q—0)
d=/dQ(g—0) 0 Appn,g, ()

with Ap? = (pg—ps — pn—pe)? = 3.576 x 10?1 cm~* as the
contrast factor between d-PS and h-PB calculated by
(Z4-s/vg-s — Zn-plvn-g)?, Where Z4_s and =g denote the
sum of coherent scattering lengths of individual atoms
in the repeat unit of the polymers with vq4-s and vn—g
as their respective volumes.

The core radius R, was a fit parameter obtained from
the sphere form factor in core contrast. The results show
a strong decrease from Nagq = 112 for 3 wt % t0 Nagg =
36 for 1 wt % block copolymer concentration, while the
core radius with R, = 120 A and R, = 110 A, respec-
tively, remained almost constant. Here, it should be
stressed again that for this analysis ¢ has been deter-
mined from the total copolymer concentration, which
obviously leads to results with nonphysical meaning.

In addition to the variation of the aggregation number
at constant core radius with concentration there is also
a very large discrepancy to the aggregation number
Nagg,core €Xpected from the micelle core radius under the
assumption that the core consists completely of poly-
styrene (strong segregation):

Mpg 475 Pps

— _ 3
nagg,core - MS L™ a2 w1 R (4)

pps is the bulk density of PS. Equation 4 yields an
aggregation number of 250—300 chains per micelle at
a core radius of 100—120 A. These values are much
larger than the numbers obtained from the preliminary
analysis.

In principle, our findings could be explained by a weak
segregation between the PS core and the PB corona of
the micelles; that is, the micellar core of radius 100—
120 A consists to a large extent of PB. This would
decrease the intensity due to the change in contrast and
would also decrease the aggregation number in relation
to the core radius. But, considering the obtained ag-
gregation numbers of 112 and 36, these would cor-
respond to a butadiene content of about 70—90% in the
core. For such a weak segregation the formation of
micelles, which clearly are identified in our scattering
signals, would be very improbable.

Therefore, another explanation seems more appropri-
ate: in particular, at very low block copolymer concen-
tration only part of the copolymer chains form micellar
aggregates, leading to the wrong assumption of ¢ during
the data normalization and analysis according to eq 3,
as already mentioned above. If we consider the amount
of aggregated chains as determined from the apparent
aggregation numbers, nagg, in comparison to the value
expected from the micelle core radius assuming strong
segregation, Nagg,core, iN the 3 wt % blend only about 50%
of the block copolymer chains are built into micelles.
For a copolymer concentration of 1 wt % the amount is
even lower (15%). This leads to the conclusion that the
block copolymer concentration in our blends is very close
to the minimum concentration where micelles are
formed (critical micelle concentration).

As the amount of free block copolymer chains could
not be neglected, single chain scattering has been
incorporated in the fitting procedure used for a more
detailed analysis of our data. The total scattering cross
section d=/dQ(q) therefore was divided into two parts:
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Figure 2. Example of fit result for the 3% blend. The figure
shows the measured data and the corresponding fits for both
core and shell contrast.
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the micellar scattering (d=/dQ2)mic and the unimer scat-
tering (d=/dQ)uni, where the different contributions are
weighted by the volume fractions of the scattering
species, respectively.

(d_E) _ ¢uni(d_2) 4 (¢m|c)(d_2) _ ¢uni(d_2) 4
dQ ¢SB dQ uni ¢SB de mic ¢SB de uni
¢uni da=

d’SB) E mic (5a)

1_

with
¢SB = ¢mic + ¢uni (5b)

Here, the volume fraction of free chains ¢un; is a fit
parameter. In shell contrast, the unimer scattering (dZ/
dQ)uni was considered with a Beaucage form factor”18
for a polymer chain with the length of the PB corona
block. In core contrast, the scattering contribution from
single isolated block copolymer chains was neglected,
because the PS part of an isolated block copolymer
should form a tiny collapsed coil which nonsignificantly
contributes to the overall intensity. The scattering from
the micelles in core contrast is modeled by a solid sphere
form factor®® (R.). Additionally, the incorporation of a
hard-sphere structure factor (parameters: hard-sphere
volume fraction Vs, effective hard-sphere radius Rys)
was necessary because a structure factor peak caused
by interparticle interactions was visible in particular
at higher concentrations in core contrast (see Figure 1a).
Scattering curves in shell contrast are fitted with a form
factor for a hollow sphere with the variable density
profile described by eq 1 (parameters: Ry, X, 0), but no
additional structure factor. To ensure the consistency
of the fits for core and shell contrast at a given
copolymer concentration, both signals were fitted with
identical parameters R. and ¢uni. The aggregation
number Ny is calculated from the core radius according
to eq 4. As an example, the resulting fits are shown for
the 3% blends in Figure 2.

The graph shows good agreement of the data with the
corresponding fits. It was possible to fit all the data sets
with only one core radius of R, = 113 A, which corre-
sponds to an aggregation number of nygg = 265. The
results for the other fit parameters are summarized in
Table 3. Estimated error bars are less than 5% of the
given values.

As can be seen from the values given for ¢ni in Table
3, aconsiderable amount of the added polymer does not
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Table 3. Fit Results for All Block Copolymer
Concentrations?

shell form  density profile

factor (seeeq 1) structure factor
¢sB Suni Rwm [A] X o Vhs  Rus[A]
0.005 0.0043 250 0.72 0.18
0.01 0.0077 247 0.77 0.23 0.025 337
0.02 0.0108 240 0.53 0.25 0.093 378
0.03 0.0170 231 0 0.20 0.073 416
0.07  0.0295 0.256 301

aThe core radius for all blends is R = 113 A (nagq = 265). For
the highest concentration only the core contrast was measured.
The blend of the lowest block copolymer concentration showed no
structure factor.
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Figure 3. Normalized scattering cross sections after the
correction of concentration for the unimer content: (a) core
contrast, (b) shell contrast (compare Figure 1).

aggregate into micelles. Only at block copolymer con-
centrations above 2 wt %, more than 50% of the chains
are forming aggregates. If the data are normalized to
the corrected volume fractions ¢pscorr @aNd Ghpe corrs
considering only the amount of block copolymer found
within micellar aggregates, the graphs shown in Figure
3 are obtained.

The deviations for low g observed in Figure 1 are not
any longer visible in these plots, neither in core (Figure
3a) nor in shell contrast (Figure 3b). However, in the
high-g regime the scattering intensity varies with
concentration: in shell contrast, at lower copolymer
concentration, where a major part of the copolymer is
not aggregated into micelles, a higher normalized
intensity is found because here the scattering intensity
originates from both the PB part of the unimers (not
considered in the normalization!) and the PB part in
the micellar corona. In core contrast, the differences in
scattering intensity at high g with varying copolymer
concentration are not very pronounced. This justifies the
omission of the unimer scattering contribution in the
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Figure 4. Dependence of the unimer content ¢uni on the
overall block copolymer volume fraction ¢sg.

data analysis of core contrast measurements. However,
also in core contrast a small effect of the unimer
scattering on the signal intensities at high q is visible.
As can be seen in Figure 3a, the slope at high q varies
with concentration. At high concentrations (7%, v) the
final slope is almost (—4) as expected for a spherical
form factor. With decreasing concentration and increas-
ing unimer part, the slope more and more adopts the
value of —2, which is expected for single chain scatter-
ing. The smaller slope of the 0.5 wt % sample may be
explained by imperfect corrections resulting from the
large incoherent background of the protonated matrix
polymer and will not be discussed further. Such an
influence on the slope cannot be observed in shell
contrast measurements because the single chain scat-
tering also dominates the scattering of the micelle
corona. In Figure 3b one finds a constant slope of —2 at
high g for all concentrations.

The variation of the unimer concentration ¢un; with
the overall block copolymer content ¢sg is shown in
Figure 4.

For a system with a well-defined cmc, for example low
molecular weight surfactants in water, at concentrations
¢ < cmc all molecules are found as unimers (¢uni = ¢).
If the concentration in this case exceeds the cmc,
additional molecules are built into micelles whereas ¢uni
remains constant (¢uni = cmc). The line in Figure 4
corresponds to ¢uni = ¢sg. It is obvious that the PS—PB
block copolymer/PB homopolymer blend does not behave
like surfactant solutions since a sharp cmc could not be
observed. Although micelles are already formed in the
0.5 wt % blend, beyond that point the unimer concen-
tration is still increasing. A similar behavior could be
observed for amphiphilic block copolymers in solution.20
Here, a similar nonlinear increase in the unimer
concentration was found in a concentration range of
0.5—2%, which finally ended in a plateau value. Such a
plateau is not yet reached in Figure 4 although the
values are slowly leveling off. We therefore conclude
that in a block copolymer/homopolymer melt the cmc is
less well-defined than in a low molecular selective
solvent.?0

Effective Size of Swollen Micelles. Importantly,
our investigations by SANS also revealed information
about the degree of swelling of the micelle by the
homopolymer as well as the corona density profile itself.
The swelling of the micelles and the effective particle
size could be determined from the overall micellar
radius Ry, but also from the fit parameters of the
structure factor Rys and Vus.
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Figure 5. Hard-sphere volume fraction Vs, determined from
the structure factor, in dependence of the volume fraction of
aggregated block copolymer ¢mic.

Figure 5 shows the dependence of the effective hard-
sphere volume fraction Vs on the volume fraction ¢mic
of aggregated block copolymer (corrected for the unimer
part!). The direct proportionality of Vs and ¢mic under-
lines the validity of our analysis of the actual micelle
concentration and the corresponding unimer concentra-
tion. The slope of m = 6.4, which should be equal to 1
for nonswollen micelles, shows that the homopolymer
penetrates into the corona and thereby increases the
effective particle size. This is also reflected by the
effective hard-sphere radius, which is much larger than
the value expected for nonswollen dry micelles of R =
200 A calculated using eq 6

3

Mpg Pps
Rges = RKern 1+ -

6

Mps Ppg (©)
with Mp; and Mps being the molecular masses of the
PS and PB block and pps and ppg the respective polymer
densities. Importantly, the values for Rys (Table 3) show
no systematic dependence on concentration. The scat-
tering in the numbers is caused by the difficulty in the
structure factor analysis at low concentrations. If the
mean value RysC= 370 A is compared to the radius of
the nonswollen micelle, the effective micelle radius is
enlarged by a factor of 1.8, which nicely corresponds to
the volume swelling of 6.4 ~ 1.8% determined from
Figure 5. Interestingly, the constant effective particle
radius (Table 3) and the proportionality of hard-sphere
volume fraction and copolymer micelle concentration
(Figure 5) show that in the concentration regime
investigated here (¢mic < 0.05) a decrease in particle size
swelling with concentration has not yet been found.

Also, the micelle radius Ry determined from the form
factor in shell contrast is constant over the studied
concentration range. But in comparison to Rys (about
370 A), it is significantly smaller (about 240 A). Ry is
the size of a spherical micelle as determined by the
extension of the micellar corona. Since our copolymer
micelles are neither polar nor charged, they should only
interact at particle contact. Therefore, the large differ-
ence in particle size Ry and effective hard-sphere radius
Rus, the latter providing a direct measure for the range
of interparticle interactions, is difficult to understand.
A possible explanation might be the existence of steric
repulsion between the micelles, which is mediated by a
few dangling corona ends. Whereas the majority of the
corona polymer is packed densely around the micellar
core and thereby defines the micellar size Ry found in
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Figure 6. Density profiles for the different blends obtained
from the fits. The relative densities have been rescaled to the
same density at r = R, for all blends.

shell contrast, a few corona chains extend far beyond
Rwm into the homopolymer matrix and thereby cause an
increase in interaction range compared to Ry. To check
these assumptions, we will consider the density profile
of the micelle corona in more detail in the next section.

Density Profile of the Corona of Swollen Mi-
celles. Figure 6 shows the density profiles obtained
from the fits on the scattering intensities in shell
contrast at various copolymer concentrations.

For lower concentrations, a slowly decreasing density
profile is detected. This profile, however, does not
continuously decay toward zero as expected from the
Daoud and Cotton model for star polymers!! but still
exhibits a significant segment density close to the cutoff
radius Ry = 250 A. For the highest analyzed concentra-
tion (3 wt %) such a decay is not detected anymore, but
the segment density is constant up to a cutoff radius
Rwm = 230 A. This implies that the decrease of the
density profile at lower block copolymer content is
merely an effect of the cmc, found at very low concen-
trations where the micellar structure is not yet well-
defined. The constant segment density profile (eq 1, x
= 0) of the copolymer corona at 3 wt % is in contradic-
tion to the scenario expected from the block copolymer
composition. The fact that the corona block is much
longer than the core block implies rather a starlike
structure for the resulting micelles, which should give
an exponent of x = 4/3. This picture holds for micelles
in solution,'? but our results show that this is not the
case in the melt, where we find a constant corona
density. Our finding nicely confirms the scenario de-
scribed in the preceding section: the effective particle
size of swollen micelles in a homopolymer matrix is
mainly determined by a few dangling ends, which cause
steric repulsion but, due to their low segment density,
do not contribute to the micelle radius detected in shell
contrast. The latter, on the other hand, is defined by a
slightly swollen corona shell of homogeneous segment
density. In this respect, the decrease of swelling with
increasing micelle concentration found in our previous
dynamical studies* can be interpreted by a compression
and/or interdigitation of the steric stabilization layer,
whereas the major part of the corona in the regime of
the homogeneous segment density profile basically
remains unchanged. In our case, the stabilization layer
is on the order of 120 A, in comparison to a micelle size
Rm = 240 A and a core size Rps = 110 A. This topology
is sketched in Figure 7:

Assuming a strongly stretched configuration of the
dangling ends, the molecular weight of these should be
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Figure 7. Schematic picture of a block copolymer micelle on
the basis of the presented results.

about 5000—10 000 g/mol, which for PB is clearly in the
entanglement regime (M, ~ 2000). An interesting ques-
tion in this context is why the strong swelling by the
homopolymer chains according to our scattering results
does not proceed beyond Ry = 240 A. Here, one only
might speculate: First, because of the high grafting
density close to the PS core of the micelles, correspond-
ing to an average distance of less than 25 A between
neighboring corona arms, the PB homopolymer chains
(M = 8000 g/mol, unperturbed coil diameter in the melt
about 70 A2) cannot migrate too far into the micelle
for steric reasons. In this respect, the swelling ratio
within the region of constant corona segment density
((Rm — R)/(R — Ry))® = ((240 — 110)/(200 — 110))3 = 1.9
is astounding, since it corresponds to a homopolymer
content of about 50% within this corona regime of the
micelle. On the other hand, the corona arms of an
individual micelle could be expected to be highly inter-
entangled, which, besides the steric effects, may further
limit the maximum swelling of this inner corona part.

The scenario depicted in Figure 7 has important
consequences on the solid—liquid transition of swollen
spherical micelles in a homopolymer matrix. If the
decrease in particle swelling with increasing concentra-
tion is mainly caused by a structural change in the steric
stabilization layer of the dangling corona ends, the
swelling at the solid liquid transition should be given
roughly by Ry with respect to the radius of the non-
swollen micelle. In our case, this leads to an effective
volume swelling of (Ru/R)? = 1.7. In comparison to the
hard-sphere glass transition at ¢ = 0.64, our micellar
system therefore should freeze at a copolymer concen-
tration of about 0.64/1.7 = 0.37. From dynamic inves-
tigations of PS—PI block copolymer micelles, with block
length composition comparable to the PS—PB system
studied here, in various matrix homopolymers, we have
found a solid—liquid transition at ¢psp; = 0.56 (matrix
1: M =50 000 g/mol) and 0.40 (matrix 2: M = 23 000
g/mol).* For a still shorter matrix homopolymer inves-
tigated by Watanabe et al. (matrix 3: M = 5000 g/mol)?2
our data analysis yielded a solid—liquid transition at
about ¢psp; = 0.31. The value ¢pspg = 0.37 estimated
from simple considerations as sketched above for the
matrix homopolymer M = 8000 g/mol investigated here
nicely fits in this series. This seems to confirm the
assumption that swollen copolymer micelles in a ho-
mopolymer matrix consist of basically three regions: (1)
segregated core, (2) comparatively slightly swollen inner
corona layer with homogeneous density profile of block
segments, and (3) an outer layer of highly stretched
corona chains with very low segment density that
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determines the effective particle size by steric stabiliza-
tion. The decrease in effective particle size with increas-
ing micelle concentration is caused mainly by changes
in the structure of this outer layer (compression/inter-
digitation).

Finally, we would like to mention that we tried to
investigate the corona density profile also for copolymer
micelles embedded in a much longer homopolymer
matrix. However, scattering signals obtained from PS—
PB micelles embedded in a PB matrix of M = 100 000
g/mol, that is about twice as long as the corona block,
indicated demixing of micelles and matrix. This demix-
ing caused by depletion interactions?223 is expected in
case the matrix chains are longer than the corona hairs,
as has been shown by previous experimental investiga-
tions of a similar system of hairy nanospheres in a
homopolymer melt.2* Since the structure factor could
not easily be determined for these demixed samples, it
was also not possible to analyze the particle form factor
and therefore the corona density profile of the micelles.
However, according to our dynamic studies,* we expect
the corona swelling in region 2 (Figure 7) to systemati-
cally decrease with increasing length of the matrix
chains. Also, the stretching of the corona ends (region
3, Figure 7) should decrease accordingly.

Conclusions

Neutron scattering experiments on block copolymer/
homopolymer blends with various block copolymer
concentrations revealed the existence of a very broad
cmc. The decreasing normalized scattering intensity
with decreasing concentration lead to the assumption
that the amount of free block copolymer chains in the
samples could not be ignored. The analysis of the data
with respect to unimers showed that in contrast to
surfactants, which show a sharp cmc, and block copoly-
mer micelles in a selective solvent, where a similar but
narrower transition zone is found, the unimer concen-
tration in the blends has not reached a constant value
at a block copolymer content up to 7 wt % (Figure 4).

From fits of the form and structure factor in core and
shell contrast, where the unimer content was taken into
account, the radii of the core and the whole micelle as
well as the structure parameters for a hard-sphere
model were obtained. In the investigated concentration
range, the size of the micelles remained constant within
the error of the analysis. A strong swelling of the micelle
corona by the short homopolymer matrix was seen as
expected: the dry nonswollen micelle of radius R = 20
nm is swollen to a size of Ry ~ 24 nm, determined from
the shell contrast form factor. From the structure factor
analysis an even larger effective radius of Rys ~ 37 nm
was found. This large increase in effective radius is in
our opinion caused by a steric repulsion of the micelles
mediated by dangling chain ends which reach out into
the melt far beyond the corona dimensions Ry.

To support these assumptions, the corona segment
density profile was determined using a variable density
profile for the outer shell of the micelle. We found that
the corona has a constant segment density. Only the
micelles in lower concentrated blends showed a small
decrease in density to a minimum of 50% of the density
found directly at the core. This is considered as a cmc
effect. Our results show that the micelles in the melt
are rather compact particles although from the block
length ratio, in analogy to previous studies of block
copolymer micelles in solution, a more starlike behavior
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would have been expected. According to our results, a
swollen copolymer micelle in a homopolymer matrix
basically consists of three regions: the polystyrene
forms a spherical core of radius R, surrounded by a
corona of the PB block which is homogeneously swollen
by homopolymer matrix chains. This corona has a
constant segment density with respect to the block
copolymer segments, which reaches out to the radius
Rwm. Beyond this radius there are dangling chain ends
reaching out from the corona, which cause a repulsive
micellar interaction that leads to an effective radius Rys
relevant for the structure formation and the dynamics
in the blend. The decrease in swelling of the particle
size with increasing micelle concentration found in
previous dynamic investigations seems to be caused by
structural changes in this outer corona region only,
whereas the regime with constant segment density
seems to remain unchanged. Detailed investigations by
SANS at very high micelle concentrations should reveal
the validity of these assumptions: well above the cmc,
the corona segment density profile is expected to remain
basically unchanged with increasing concentration,
whereas the structure factor should indicate a strong
decrease in effective particle size and, corrrespondingly,
in particle swelling.
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