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ABSTRACT: The synthesis and characterization of well-defined poly((styrene-alt-diphenylethylene)-b-
isoprene) diblock copolymers via sequential anionic polymerization are discussed. Indeed, modified 1,1-
diphenylethylene commodity elastomers have appeared recently as an alternative to the well-known
elastomers for high-temperature applications. The obtained materials were used for the preparation of
block copolymer micelles. The hydrodynamic radius of the micelles in solution was determined by dynamic
light scattering and the size of the core by atomic force microscopy at dry conditions. It was found that
the observed characteristics of the studied micelles correlate to theoretical scaling predictions. Moreover,
the average size of the unimers could be determined with high precision from the obtained experimental
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data and theoretical knowledge.

Introduction

Diblock copolymers are well-known for their abilities
to spontaneously assemble into nano-ordered structures.
On surfaces and in bulk diblock copolymers with im-
miscible blocks may phase separate, yielding spherical,
cylindrical, and lamellar or gyroidal phase-separated
structures depending on the block copolymer composi-
tion and architecture. When block copolymers with
incompatible blocks are dissolved in a thermodynami-
cally good solvent for one block but a bad solvent for
the other block, the copolymer chains associate revers-
ibly to form micelles. Recently, block copolymer micelles
received increasing attention because of their possible
applications as carriers in drug delivery applications!
and for the preparation of stabilized nanoparticles.?
Depending on the block copolymer chain architecture
(i.e., cyclic, comb, star) and on the block copolymer
composition, not only spherical micelles but also cylin-
ders,? rods,*5 vesicles,® and bilayers® can be formed. The
preparation of micelles by direct dissolution of a block
copolymer in a selective solvent is generally not very
suitable due to the poor solubility of bulk block copoly-
mers.” Moreover, the characteristic features of the
obtained micelles could be then determined by the bulk
structure, especially in the case of high-T, core-forming
blocks. To circumvent these drawbacks, the initial
dissolution of the bulk block copolymer in a common
solvent is often preferred because it allows a complete
solubilization of the sample, and it erases memory
effects from the starting bulk morphology. A selective
solvent for the coronal blocks is then added, followed
by removal of the common solvent by stripping or
dialysis.”8

The size of the micelles may be determined ex-
perimentally~10 by light scattering techniques, SANS
and SAXS, TEM, size exclusion chromatography, and

T Eindhoven University of Technology and Dutch Polymer
Institute (DPI).

# Université catholique de Louvain.

* Corresponding author. E-mail: u.s.schubert@tue.nl.

10.1021/ma051544u CCC: $30.25

analytical ultracentrifugation and is known to depend
on block copolymer composition, interaction parameter
xaB between the blocks, solvent quality, temperature,
and, in the case of block copolymers with ionizable
blocks, pH. For both charged and neutral block copoly-
mer systems models have been developed on the basis
of mean-field theories,!1:12 Monte Carlo simulations,!?
free energy calculation,* and scaling theories.!®

Systematic studies showing the correlation between
block copolymer composition and the hydrodynamic
radius of diblock copolymer micelles have been reported,
e.g., for poly(ethylene oxide-b-caprolactone) in water!®
and poly(styrene-b-alkyl methacrylates) in dodecane
solutions.” In those studies the hydrodynamic radius
of micelles was determined by dynamic light scattering
(DLS) and has been correlated to different degrees of
polymerization and block compositions. The micellar
core radius was either estimated from scaling theories
or determined using transmission electron microscopy.!”

For the study presented here, micelles have been
prepared from four different diblock copolymers of poly-
((styrene-alt-diphenylethylene)-b-isoprene) with varying
composition and molecular weights. This system is
similar to commodity elastomers (AB and ABA block
copolymers where A is polystyrene and B is a polydiene).
For some decades the micellization behavior of com-
modity block copolymers has attracted the attention of
scientists.1® Remarkable differences have been reported
for micelles of poly(styrene-b-isoprene) block copolymers
depending on their macromolecular architecture (i.e.,
miktoarm stars vs linear diblock copolymers or cyclic
vs linear).18-20 However, to the best of our knowledge,
the influence of incorporating different comonomers into
these block copolymers has not been investigated. The
incorporation of different comonomers into these block
copolymers aims mainly at the improvement of their
properties. To achieve this chemical modification, “new”
synthetic methods have appeared by polymerizing “bulky”
monomers in the glassy portion (A) of the blocks, such
as o—methylstyrene and 1,1-diphenylethylene.21-23
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Scheme 1. Reaction Scheme for the Synthesis of Poly((styrene-alt-1,1-diphenylethylene)-b-isoprene) Block
Copolymers (Samples 1—4 of Table 1) via Sequential Anionic Polymerization
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1,1-Diphenylethylene can be copolymerized via an-
ionic polymerization with styrene and diene monomers
to lead to an important improvement on the long-term
service temperature of polystyrene (glass transition
temperature increases up to 170—180 °C, depending on
the 1,1-diphenylethylene content).21723 Furthermore, it
is known from the literature that 1,1-diphenylethylene
does not homopolymerize since its monomer reactivity
ratio is close to zero. However, when 1,1-diphenyleth-
ylene is copolymerized with styrene or dienes, alternat-
ing-type copolymers are obtained.?* Here we discuss the
synthesis and micellization behavior of different diblock
copolymers of poly((styrene-alt-diphenylethylene)-b-iso-
prene). The diblock copolymers were synthesized via
sequential anionic polymerization and characterized by
means of gel permeation chromatography (GPC), 'H
NMR, and differential scanning calorimetry (DSC).
Micelles of these materials were prepared in a selective
solvent for the poly(isoprene) blocks. The radius of the
micelles and the radius of the core were obtained
experimentally by DLS and atomic force microscopy
(AFM), respectively. Finally, the results were compared
to theoretical scaling predictions for block copolymer
micelles.

Experimental Section

Reagents and Solvents. All solvents and monomers for
the synthesis of the block copolymers were distilled after the
corresponding drying procedure and stored under argon.
Cyclohexane (Biosolve) was distilled from polystyryllithium
oligomers. 1,1-Diphenylethylene (Aldrich) was dried over sec-
butyllithium and distilled under vacuum. Styrene (Aldrich)
was refluxed over calcium hydride (Aldrich) for 24 h, distilled
under reduced pressure, and stored under argon and over a
sodium mirror at —25 °C. Isoprene (Aldrich) was purified in
the same way as styrene but distilled at atmospheric pressure.
sec-Butyllithium (1.4 M) in cyclohexane (Aldrich) was used as
received. All other solvents and reagents were used as received.
Methanol (Biosolve) was degassed with argon for 15 min just
prior to use.

Diblock Copolymer Synthesis and Characterization.
Sequential anionic polymerizations for the synthesis of poly-
((styrene-alt-diphenylethylene)-b-isoprene) (P(S-alt-DPE)-b5-PI)
were performed in a Chemspeed ASW2000 synthesizer, com-
prising up to 20 glass reactors of 75 mL or 80 glass reactors of
13 mL equipped with heating/cooling jacket, a glovebox for
inert atmosphere, a vortex stirring system (0—1400 rpm), a
heating/cooling system (—90 to 150 °C), and a fully automated
liquid handling system. The use of this synthesizer ensures
that all experiments were performed under the same reaction
conditions (atmosphere, same experimental error, etc.), and
therefore the obtained results are easily comparable and
reproducible.? In a typical procedure (Scheme 1) the anionic
synthesis of the block copolymers was performed as follows:
a predetermined amount of 1,1-diphenylethylene was added
into the reactors of the synthesizer containing a predetermined
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amount of cyclohexane at 50 °C and 450 rpm of vortexing
under an argon atmosphere. Addition of sec-butyllithium into
the reactors transformed the 1,1-diphenylethylene to the
corresponding 1,1-diphenylalkyllithium, resulting in the char-
acteristic red color. After 0.5 h, an equimolar quantity of
styrene (with respect to 1,1-diphenylethylene) was introduced
into the reaction media and reacted for 2 h. Thereafter,
samples were withdrawn from the reaction media for GPC
characterization of the poly(styrene-alt-1,1-diphenylethylene)
block (P(S-alt-DPE)). Addition of a predetermined volume of
isoprene into the reactor initiated the polymerization of the
second block. After 4 h of reaction at room temperature the
reaction was terminated by addition of methanol. Purification
of the polymers was performed with two cycles of dissolution/
precipitation (chloroform/methanol). The obtained block co-
polymers were dried at 40 °C under vacuum for 24 h and were
subsequently characterized by GPC, 'H NMR, and DSC in
order to obtain the molecular weights, the compositions of each
block, and glass transition temperatures, respectively.

Micelle Preparation and Characterization. Micelle
preparation from the synthesized block copolymers was per-
formed using methods reported in the literature.® Bulk block
copolymers were dissolved in a common solvent (chloroform,
good solvent for both blocks) (1 g/L) at room temperature.
Subsequently, a selective precipitant for the styrenic block (n-
heptane) was gradually added to reach a concentration of 10
wt % of the common solvent (chloroform). The removal of
chloroform from the mixtures was achieved by heating the
solutions at 60 °C in an oil bath for 1 h. The resulting block
copolymer micellar solutions were finally diluted with an
excess of n-heptane (up to 10-fold excess). These solutions were
characterized subsequently by DLS (in n-heptane) and AFM
(dry conditions) in order to determine the hydrodynamic
diameter and the diameter of the core of the accordingly
formed micelles. It was found that some of the micellar
solutions were unstable in time (especially sample 2 in Table
1). DLS measurements revealed that when using not freshly
prepared micellar solutions bimodal distributions are obtained,
suggesting the collapse or aggregation of the micelles. There-
fore, the herein reported DLS measurements were recorded
on freshly prepared micellar solutions, and additionally, the
solutions were filtered two times on 200 nm syringe filters
immediately after the removal of chloroform in order to avoid
the formation of micellar aggregates.

Characterization Techniques. GPC measurements were
performed on a Shimadzu system with a SCL-10A system
controller, a LC-10AD pump, a RID-6A refractive index
detector, and a Polymer Laboratories Plgel 5 ym Mixed-D
column. A solution of 4% triethylamine and 2% 2-propanol in
chloroform was used as an eluent at a flow rate of 1 mL/min.
Molecular weights were calculated against polystyrene stan-
dards.

"H NMR spectra were recorded at room temperature on a
Varian Gemini 400 spectrometer using deuterated chloroform
(Cambridge Isotopes Laboratories). The 1,4-unit content of PI
was calculated from the relative intensity of the signal at 5.1
ppm (—CH= of 1,4-unit) and the signals at 4.68 and 4.75 ppm
(=CH; of 3,4-unit and =CHj of 1,2-unit). The copolymer
composition was calculated from the relative intensities of the
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Table 1. Characteristics of the Synthesized Poly((styrene-alt-1,1-diphenylethylene)-b-isoprene) (P(S-alt-DPE)-b-PI) Block

Copolymers
M,/PDI (GPC) M, /PDI (GPC) mol % microstructure (‘H NMR)
P(S-alt-DPE) P(S-alt-DPE)-b-PI (*H NMR) PI 1,4-unit % PI Te1 (°C) Tg2 (°C)
1 7600/1.18 22000/1.10 71 89 -50 175
2 6100/1.20 33200/1.09 83 90 —52 185
3 12700/1.19 27900/1.24 60 90 —47 185
4 8500/1.36 53300/1.11 85 88 —50 179

signals for the 1,4-unit, 1,2-unit, and 3,4-unit of PI block and
from the meta and para hydrogens of the aromatic rings at
6.93 ppm of the P(S-alt-DPE) block.

Differential scanning calorimetry (DSC) was performed on
a Netzsch DSC 204 F1 instrument calibrated with indium.
Multiple heating and cooling scans were generated over a
temperature range of —150 to 230 °C using a scan rate of 20
and 40 °C/min with nitrogen as the purge gas. The glass
transition temperatures were noted at the inflection points of
the heat capacity jump.

DLS experiments were performed at 25 °C at 90° on a
Malvern CGS-3 apparatus equipped with a 633 nm laser. The
used values of the refractive index and viscosity of n-heptane
were 1.385 and 3.94 Pa-s, respectively.

For the AFM experiments, samples were prepared by spin-
casting of 100-fold diluted micellar solutions (in order to obtain
near monolayer coverage) onto freshly cleaved mica substrates.
The samples were prepared and imaged within 30 min to
reduce the possibility of micelle deformation and/or aggrega-
tion. Imaging was performed in intermittent contact mode on
a Multimode SPM (Digital Instruments, Santa Barbara, CA)
using NSC36-type tips (~1 N/m, Mikromasch, Spain). The
height of the micelles was determined from histograms after
zeroth-order leveling of the images.

Results and Discussion

As mentioned in the Experimental Section, the syn-
thesis of the diblock copolymers was performed by
sequential anionic polymerization. This synthetic ap-
proach is depicted in Scheme 1, and the characteristics
of the polymers are summarized in Table 1. Figures 1,
2a, and 3 show the GPC traces, 'H NMR spectra, and
DSC traces of one of the synthesized materials (1, Table

f T T T 1

5,75 6,25 6,75 7,25 7,75

Time (min)

Figure 1. Typical GPC traces for the P(S-a/t-DPE) precursor
(solid trace) and the P(S-alt-DPE)-b-PI diblock copolymer
(dashed trace) of sample 1 (Table 1).

a)

1). The other block copolymers revealed similar char-
acteristics to those displayed in Figures 1, 2a, and 3.

Figure 1 shows GPC traces indicating the successful
chain extension of the polymer and single narrow
molecular weight distributions for the P(S-alt-DPE)
precursor as well as the P(S-alt-DPE)-b-PI diblock
copolymer. The polydispersity indices (PDI) of the
synthesized materials listed in Table 1 reveal that the
molecular weight distributions of the precursor blocks
are slightly broader than those of the corresponding P(S-
alt-DPE)-b-PI diblock copolymers. This effect has been
very frequently reported in the literature.??

Figure 2 shows the differences in the 'TH NMR spectra
for one of the synthesized P(S-alt-DPE)-b-PI diblock
copolymers (A) and one “regular” PS-b-PI diblock co-
polymer (B) synthesized and characterized in similar
conditions. The main difference between the 'H NMR
spectra of Figure 2 arises in the aromatic region. In this
region it can be seen that the incorporation of extra
phenyl rings in the styrenic block (copolymerization
with 1,1-diphenylethylene) shifts the aromatic signals
to lower fields and leads to broader peaks and the
appearance of a new signal at 5.93 ppm. The micro-
structure of the PI block was investigated by 'H NMR,
revealing a content of 1,4-units of around 89% for all
the samples (Table 1). The M, of the PI block was
calculated from the copolymer composition as deter-
mined by 'H NMR and from the molecular weight of
the respective diblock copolymers as determined by
GPC. An alternative method to obtain the M, of the PI
block and the copolymer composition is from the differ-
ence between the molecular weights of the P(S-alt-DPE)-
b-PI diblock copolymer and the P(S-al/¢-DPE) copolymer
as obtained by GPC. These latter calculations were in
agreement to those found using the 'TH NMR approach.

DSC is a suitable technique to detect phase separation
in block copolymers with immiscible polymeric compo-
nents when the individual glass transition temperatures
(Ty) are sufficiently different from each other, and the
copolymer composition is far enough from the extreme
values. A typical DSC trace obtained for one of the
diblock copolymers of this study (1, Table 1) is shown
in Figure 3. One main transition is clearly observed
around —50 °C corresponding to the PI block, whereas

b)

L

ppm

Figure 2. 'H NMR spectra of a P(S-alt-DPE)-b-PI diblock copolymer (a) and a PS-b-PI diblock copolymer (b).
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Figure 3. DSC trace recorded at a heating rate of 20 °C/min
for sample 1 (Table 1).
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a small transition could be detected around 175 °C
which is related to the P(S-alt-DPE) block. It is known
that the microstructure of polydienes and polymers in
general has a strong influence on the T of materials.?6
For all materials analyzed in this work the diblock
copolymers presented a content of 89% of 1,4-units and
a Ty around —50 °C for the PI block, as summarized in
Table 1 (Ts1). The T, corresponding to the P(S-alt-DPE)
blocks is mainly ruled by the content of 1,1-diphenyl-
ethylene as reported in the literature (T increases by
1.26 °C/wt % of 1,1-diphenylethylene in the copoly-
mer).28 For the present diblock copolymers the wt % of
1,1-diphenylethylene within the P(S-al¢-DPE) block is
63.3% (highest possible content, corresponding to a ratio
of 50% mol of styrene and 50% mol of 1,1-diphenyleth-
ylene) in which case the Ty must be around 180 °C.
Table 1 shows that the experimental Ty values of the
P(S-alt-DPE) block (Ty2) are in agreement with the
values reported in the literature.

Regarding the study of diblock copolymer micelles,
control over the micellar size can be obtained by varying
the block copolymer composition and/or degree of po-
lymerization. Scaling theories for micelles of linear AB-
type block copolymers with an insoluble B-block have
been examined for two extreme cases.®1227 Micelles in
which the degree of polymerization for the insoluble
block (Ng) is much smaller than the soluble block (IV4)
are called “hairy” micelles while systems in which Ny
is smaller than Np are called “crew-cut” micelles (Figure
4).

Macromolecules, Vol. 38, No. 24, 2005

5 b)

Figure 4. Schematic depictions of (a) a “hairy” micelle and
(b) a “crew-cut” micelles composed of linear diblock copolymers
with a soluble A-block and insoluble B-block.

Figure 5. Intermittent contact mode height images of P(S-
alt-DPE)-b-PI micelles. The number in the corner indicates
different block copolymer compositions according to samples
of Tables 1 and 2. Lateral dimensions and the z range are 1 x
1 um? and 25 nm for all images.

Assuming uniformly stretched chains for the core, the
radius of the core (R¢) and the aggregation number (Z)
for “crew-cut”-type micelles can be predicted by

RO yNg*’a  Z O yNg (1)
where vy is the A/B interfacial tension and a the segment
length.815

In the case of “hairy” micelles (with Ny > Ng#5) in a
good solvent, the radius of the core (R¢), the aggregation
number (Z), and the thickness of the corona (L) scale
by the equations listed under eq 2. The radius of the
complete micelle (R = Rc + L) is dominated by the
degree of polymerization of block A. This demonstrates
that for “hairy” micelles the diameter is dominated by
the thickness of the corona.

70 NB4/5 R.O NB3/5 o L0 NA3/5NB6/25 o (2)
n-Heptane acts as a good solvent for the PI block and

a bad solvent for the P(S-alt-DPE) block, resulting in
the formation of micelles in which the core is comprised
of P(S-alt-DPE) copolymers and the corona is consisting
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Table 2. Size of the Micelles Determined by AFM and DLS¢

M, (GPC)
P(S-alt-DPE)-b-P1 Np (core) N (corona) Rc (nm) (AFM) R (nm) (DLS) L (nm) (R — R¢)
1 22 000 54 228 5.0 30 25.0
2 33 200 43 405 4.0 38 34.0
3 27 900 89 246 7.7 40 32.3
4 53 300 60 665 5.6 52 46.4

@ Diameter of the core of the micelles was estimated from the observed height in AFM. The entire micelle diameter (nm) in n-heptane
was obtained by DLS. Ng refers to the degree of polymerization of the P(S-alt-DPE) block (insoluble block) and Nja to the degree of

polymerization of the PI block (soluble block).
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Figure 6. Height of the micelles can be determined in two ways. (a) The height can be obtained by averaging the results from
cross sections. (b) The distance between the surface peak and the bending point of the particle peak corresponds to the average
micelle height. See Supporting Information for details and a schematic description.

of extended PI chains. The degree of polymerization of
the P(S-alt-DPE) blocks (IVg) was determined from GPC
data using the average of the molecular weights of
styrene and 1,1-diphenylethylene (142.2 g/mol), whereas
the degree of polymerization of the PI block (V) was
calculated from 'H NMR and GPC data of the diblock
copolymers and the molecular weight of isoprene (68.12
g/mol). According to the information in Tables 1 and 2,
hairy-type micelles are expected for all experiments
since Ny is larger than Ng*®. The hydrodynamic diam-
eter of the micelles was evaluated by DLS whereas the
diameter of the core was obtained from AFM. When
compared to the known poly(styrene-b-isoprene) block
copolymer micelles,'® P(S-a/t-DPE) is a relatively harder,
stiffer block. This should lead to a decreased critical
micelle concentration.?® Because AFM measurements
were performed at room temperature (well below the
glass transition temperature of the P(S-al¢-DPE) core
of the micelles), the core is expected to be thermody-
namically frozen?® and stable during AFM imaging at
dry conditions. Figure 5 displays the observed intermit-
tent contact mode height images of the dried micelles.
From the images it can be confirmed that all micelles
are spherical and have a narrow distribution. To avoid
tip convolution effects, the diameter of the micelles was
estimated by measuring the observed height of the
micelles. Because micelles typically have a Gaussian
size distribution, accurate determination of their height
requires reliable averaging techniques. The average
height of the micelles was determined for each polymer
composition by two methods (see Figure 6 for an
example (sample 3, Table 1)). In the first method, the
average micellar height is determined by evaluating
many cross sections (Figure 6a). The second method
involves the evaluation of histograms for each image.
The histogram in Figure 6b depicts the relative abun-
dance of heights. For a sample consisting of flat particles
on a flat substrate two peaks should appear with the
distance between them representing the difference in
height between the particles and the background. For
the micelles the histogram reveals the presence of two
broadened peaks. The peak at low height indicates the

AFM

Figure 7. Schematic depictions of the diblock copolymer
micelle architecture during the characterization by (a) DLS
(hydrodynamic diameter of the entire micelle in solution) and
(b) AFM (diameter of the core of the micelle, height).

level of the mica substrate whereas the other peak
indicates the presence of particles on the surface.?? By
evaluating many histograms, it was found that the
distance between the center of the “mica peak” and the
bending point of the “particle peak” corresponds to the
average height of the particles determined by the cross-
section method (see Supporting Information). It is
advantageous to determine the height by this method
because it is highly reproducible and in addition it
significantly reduces the required analysis time. This
latter method has been confirmed independently using
gold nanoparticles with known height (see Supporting
Information). The sizes of the cores of the prepared
micelles (samples of Table 1) found by AFM are sum-
marized in Table 2. In contrast to other experimental
techniques (such as TEM) to determine size of the core
of micelles, AFM imaging does not require staining or
UHYV conditions and reduces the possibility of the core
deformation.

From the height images in Figure 5 one can already
observe that micelles prepared from sample 2 (contain-
ing a small fraction of core blocks) are not so well-
defined. The micellar heights (~8 nm) for this sample
are more broadly distributed. DLS measurements also
showed that micelles prepared from sample 2 were
rather unstable. This observation can be explained by
looking at the polymer composition (Table 1). The P(S-
alt-DPE) block of sample 2 is the shortest one (Np ~
43). Obviously, the low degree of polymerization may
be the origin of the decreased micellar stability.
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Figure 8. (left) Radius of the micelle core (R¢) obtained by AFM has been plotted as a function of the degree of polymerization
of the insoluble block (V) (eq 2). Square dots represent actual data points whereas a linear fit (R = 0.999) is plotted as a guide
to the eye. (right) Thickness of the corona (L = R — R¢) obtained from data of DLS and AFM has been plotted as a function of the
degree of polymerization of the soluble and insoluble blocks (IVa, N) (eq 2). Square dots represent actual data points whereas a
linear fit (R = 0.977) is plotted as a guide to the eye. See Table 2 for details and numerical values.

Table 3. Obtained Values of Monomer Size or Segment
Length a of Each Block of the Studied Micelles
(Calculations Were Performed Using Eq 2 and Data
Presented in Figure 5)¢

1 2 3 4
ac (core) (nm) 0.46 0.42 0.52 0.48
ay, (corona) (nm) 0.37 0.38 0.40 0.35

2 ac = segment length of the core (P(S-alt-DPE) block). a1, =
segment length of the shell (PI block).

DLS was used to study the micellar size in solution
using the Cumulants analysis method.3? Table 2 sum-
marizes the hydrodynamic radius of the micelles ob-
tained by DLS (R), the radius of the core obtained by
AFM (Rc), and the thickness of the corona (L). The
thickness of the corona compared to the size of the core
confirms that the micelles are all of the “hairy” type.
At first sight the radii of the micelles obtained by AFM
and DLS do not correlate to the molecular weight, even
their relative order is different: by AFM the largest
observed micelles are made from polymer 3, whereas
DLS indicates polymer 4. This discrepancy is explained
because the radius obtained by DLS is the hydrody-
namic one whereas the AFM is used to determine the
height of micelles adsorbed on a flat surface. The
hydrodynamic diameter is, in the case of “hairy” mi-
celles, dominated by the degree of polymerization of the
soluble polyisoprene block (eq 2). For AFM images on
dried micelles, the corona is no longer swollen by the
solvent. The flexible coronal chains are expected to be
oriented flat on the surface, and therefore the height of
the micelles essentially corresponds the size of the core
(Figure 7).

Indeed, it is found that the height of the micelles
correlates very well to the degree of polymerization of
the core block (P(S-alt-DPE)) (Figure 8). According to
theory,® the diameter of the micelle and the core can be
estimated from the degree of polymerization of both
blocks. In Figure 8, the radius of the core (R¢) and the
thickness of the corona (L) have been plotted against
Ng?> and Na35Ng#25 respectively. Both plots clearly
demonstrate a linear correlation indicating the validity
of the theoretical model as well as the applicability of
using AFM imaging to micelles in the dried state to
determine the diameter of the core. Moreover, estima-
tion of the proportionality constants for the equations
of Rc and L (eq 2) can be performed using the data
presented in Figure 8. These proportionality constants
may be the equivalent to the monomer size or segment
length a in eq 2 of the corresponding block or section of

the micelles. Table 3 summarizes these calculations for
the segment length of the core (ac¢) and for the segment
length of the corona (ay,) of each of the studied micelles.
From Table 3 it can be seen that the obtained values
for the different segment lengths of the cores (ac) have
a tendency to be constant with an average value of 0.47
nm and standard deviation of 0.04. The average value
of 4.7 A is a reasonable value for an organic molecule
and may correspond to the average molecular size of
the involved monomeric units (styrene and 1,1-diphen-
ylethylene). The obtained values for the different seg-
ment lengths of the coronas (a1) revealed an average
value of 0.38 nm and standard deviation of 0.02, which
is also a reasonable value for the size of the isoprene
monomer. It should be noted that experimental factors
related with the DLS measurements and the determi-
nation of the degree of polymerization of the PI block
can influence the modeling of the thickness of the
corona.

Conclusion

In this contribution the synthesis of “new” diblock
copolymers of the type of poly((styrene-al¢-diphenyleth-
ylene)-b-isoprene) via sequential anionic polymerization
as well as their characterization is presented. Modified
1,1-diphenylethylene commodity elastomers have ap-
peared recently as an alternative for high-temperature
applications. The main advantage of these materials
over the well-known elastomers is the enhancement of
their properties at these conditions. The obtained
materials were utilized for the preparation of polymeric
micelles using a selective solvent for one of the blocks.
The hydrodynamic radius of the micelles was deter-
mined by DLS whereas the size of the micellar core was
obtained from AFM measurements at dry conditions.
Theory states that the core size, corona thickness, and
micellar diameter depend on the degree of polymeriza-
tion of both blocks. For so-called “hairy” micelles the
diameter of the whole micelle in solution is dominated
by the thickness of the corona. It was found that the
observed characteristics of the studied micelles correlate
to the theoretical scaling predictions. Moreover, the
average size of the monomeric units could be determined
with high precision from the obtained experimental data
and the theoretical knowledge.
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