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ABSTRACT: While the effect of the insoluble block length on micelle properties is well understood, the effect
of the soluble block is still controversial. We, therefore, have investigated the effect of the molecular weight of
the soluble block on the critical micelle concentration (CMC), aggregation number, and hydrodynamic radius of
spherical polymer micelles. Spherical micelles were formed from polystyrene-b-polyisoprene (PS-b-PI) in heptane,
which was a good solvent for PI and a poor solvent for PS. Measurements were performed on two series of
PS-b-PI with a constant PS block (19 and 39 kDa, respectively) and PI blocks varying from 10 to 100 kDa. For
samples with large PI blocks, the experimental data were found to be in agreement with the commonly used
star-like model. However, the experimental data for samples with short PI blocks deviated from the crew-cut
micelle model. To correctly capture the crossover between the crew-cut and star-like regimes, it was found necessary
to use recently developed scaling theory which explicitly considers all contributions to the free energy of the
micelle. In agreement with theory, the aggregation number decreased while hydrodynamic radius and CMC
increased with the molecular weight of the PI block. An interesting finding of these experiments is that the
micelles of the 19 kDa series are in equilibrium at 25 °C, whereas the 39 kDa samples with the longer PS core
block are “frozen” at room temperature. This was confirmed by SAXS measurements of core expansion upon
heating which revealed a glass transition temperature of the 39 kDa samples at 28 + 1 °C. The temperature value
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is consistent with 10% swelling of the PS core with heptane as determined by SAXS and SLS.

Introduction

When diblock polymers are dissolved in a selective solvent
(good solvent for one block and poor solvent for the other) above
a certain concentration, called the critical micelle concentration
(CMQ), the diblocks will associate to form micelles with a core
of the insoluble block and a corona of the soluble block.'™
The free energy of the micelle is the sum of the free energies
of the core, corona, and interface between them. By forming
micelles, the diblocks are able to lower their free energy, since
the insoluble blocks aggregate and thus reduce their interface
with the solvent. However, formation of micelles results in
extension of the core and corona blocks raising their elastic free
energy. As a result, changing the size of the two blocks changes
the balance of the free energy and in turn changes the
aggregation number, the micelle hydrodynamic radius, and the
CMC.

There has been a significant amount of work on the micelles
structure for different types of neutral’'' and charged'* '*
block copolymers. Since molecular weight of the insoluble block
has a stronger effect on the micellar properties than the soluble
block does, most of these studies have focused on the effect of
the insoluble core-block weight. The few that did investigate
the effect of the soluble block used complicated systems
containing charged blocks or solvent mixtures, both of which
are difficult to compare with currently available theories.
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To understand the effect of the soluble block, we have done
a systematic study on PS-b-PI micelles in n-heptane (selective
solvent for polyisoprene) as a function of the molecular weight
of the PI block. We studied two series of PS-b-PI diblocks with
a constant PS block (19 and 39 kDa, respectively) and PI blocks
varying from 10 to 100 kDa. The experimental data were
compared with two asymptotic theories based on the star-like
and crew-cut micelle models*'>~!” as well as with the recently
developed scaling theory describing the crossover behavior
between the two asymptotes.'® Unlike the star-like and crew-
cut asymptotic models, which neglect the contribution of the
micelle core, the new scaling theory explicitly includes all three
contributions into the free energy (core, corona, and their
interface) and thus becomes applicable in a broader range of
the block lengths. The star-like model, which considers the
balance of the free energy between the star-like corona and the
surface energy, was found to be valid for large soluble block
size, where the contribution of the insoluble block is minor.
However, as the PI block length was decreased, the star-like
model began to deviate significantly from the experimental data.
When the thickness of the soluble corona is small, compared
to the radius of the insoluble core, the properties of polymer
micelles are usually described by the crew-cut model, which
considers the free energy balance of the planar corona and
surface energy. However, the predictions of the crew-cut model
were found to deviate from our experimental data, even for very
short PI blocks, where one would expect the model to be valid.
When the experimental data are compared with the new scaling
theory,'® we find excellent agreement with theory for the
aggregation number and hydrodynamic radius for both series
in the whole range of PI block size.
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The likely vitrification of the polystyrene (bulk glass transition
temperature 7, = 105 °C) in micelle core raises the question of
equilibration which is one of the most vital issues when studying
polymer micelles.'"® 2! To this end, much work has been done
to study the micellization kinetics.* 2® While these studies have
provided a wealth of information, the kinetics of micellization
appears to be very dependent on specifics of the studied systems.
As will be discussed later in this paper, we have found that
even within the same system (i.e., PS-b-PI diblocks in n-heptane)
micelles formed with 19 kDa PS core block are in equilibrium
at room temperature, while those formed from 39 kDa PS block
are only in equilibrium at elevated temperatures ranging from
ca. 30 to 50 °C.

Experimental Section

Materials. Two series of polymer samples were used; each had
a fixed length of the PS block (either 19 or 39 kDa) and different
molecular weight of PI blocks ranging from 10 to 100 kDa (Table
1). The 39 kDa series was purchased from Polymer Standards
Service. The second series with 19 kDa PS blocks was synthesized
by anionic polymerization high-vacuum techniques.?’ Styrene was
polymerized in benzene at room temperature using sec-BuLi as
initiator. A small quantity of the living PS—Li solution was sampled
for characterization, and the rest was divided to calibrated cylinders,
which were removed from the polymerization apparatus by heat
sealing. The PS—Li content of each cylinder was used to initiate
the polymerization of a predetermined amount of isoprene in
separate polymerization apparatuses in order to prepare PS-b-PI
block copolymers with the desired molecular weight of the PI block.
The copolymers were precipitated in methanol and fractionated in
toluene/methanol as the solvent/nonsolvent system in order to
remove traces of deactivated PS block during the synthesis. The
purified copolymers were precipitated in methanol and dried under
vacuum.

Constitution, chemical composition, and molecular weight
distribution of the prepared polymers were characterized by 'H
NMR, size exclusion chromatography (SEC), and low angle laser
light scattering (LALLS). The measured molecular characteristics
of the 19 kDa series are provided in the Supporting Information
(Table S1). SEC experiments were conducted at 40 °C using a
modular instrument consisting of a Waters model 510 pump, a
Waters model U6K sample injector, a Waters model 401 differential
refractometer, a Waters model 486 UV spectrophotometer, and a
set of 4 m Styragel columns with a continuous porosity range from
106 to 10% A. The columns were housed in an oven thermostated
at 40 °C. THF was the carrier solvent at a flow rate of 1 mL/min.

The LALLS measurements were performed with a Chromatix
KMX-6 low angle laser light scattering photometer at 25 °C
equipped with a 2 mW He—Ne laser operating at A = 633 nm.
The concentration dependence of the reduced intensity is give by
the following equation:
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Kc/R,=1/M,+2A,c+ ... (D)

where Ry is the excess Rayleigh ratio of the solution over that of
the solvent and K is the optical constant K = [(477%n%)/(A*Nay)]1(dn/
dc)? using the refractive index of the solvent (n = 1.405), the
wavelength of light (A = 633 nm), Avogadro’s number N,,, and
dn/dc is the refractive index increment (Supporting Information S1).
Stock solutions were diluted with solvent to obtain appropriate
concentrations. Refractive index increments, dn/dc, at 25 °C were
measured with a Chromatix KMX-16 refractometer operating at
633 nm and calibrated with aqueous NaCl solutions.

The purity of the samples (i.e., lack of homopolymers) was
verified by dynamic light scattering. The procedure of this test is
described in the Supporting Information of a previous paper.”® All
solvents used for the micelle characterization were purchased from
Fisher Chemicals or Acros Organics and were filtered through 0.2
um NALGENE PTFE filters to remove any dust particles, prior to
use.

Sample Preparation. Using filtered solvent, all diblock solutions
were prepared by weighing. After being placed under argon, the
samples were equilibrated at 60 °C for ~24 h and then slowly
cooled to room temperature (~0.1 °C/min). The resulting solution
was equilibrated at room temperature for at least 24 h prior to
measurements.

Methods. Static light scattering measurements were done using
a Brookhaven goniometer equipped with a Coherent argon laser
using the 514 nm line, an operating power of 20—100mW, and a
q range of 0.006—0.03 nm~! (¢ = (4zn/A) sin O, where n is the
refractive index of the solution, 26 is the scattering angle, and A =
514 nm is the wavelength). Light scattering measurements were
preformed with a concentration range from 1077 to 1073g/mL.
Molecular weights were determined using the classical Zimm plot
method.

Dynamic light scattering measurements were conducted using a
BI-200SM light scattering system equipped with a “TurboCorr”
digital correlator for signal processing. Autocorrelation functions
were measured at three angles (60°, 90°, 120°) sample. The
diffusion coefficient (D) was calculated by fitting the correlation
curve to a single-exponential function for each angle (Supporting
Information S3). The hydrodynamic radius (Ry) was then calculated
from the diffusion coefficient of a spherical particle in a viscous
liquid using the Stokes—Einstein equation, D = kT/6;tnR;,, where
k is the Boltzmann constant, 7 is the temperature, and # is the
solvent viscosity. R, was then determined by a single-exponential
fit of the correlation function for each angle. The presented R}, values
are an average of all three angles.

X-ray diffraction experiments were performed on the X33 camera
of the European Molecular Biology Laboratory at the storage ring
DORIS III of the Deutsches Elektronen Synchrotron DESY
(Hamburg, Germany) and on the BM26 beamline of the E.S.R.F
(Grenoble, France). In Hamburg the diffraction patterns were

Table 1. Characterization of PS-b-PI Micelles

Mps” My Ng¢ Na? 0° CMC/ g/mL Rp.¢ nm dn/de," mL/g

39 kDa Series

39-94 40 900 98 100 393 1443 120+ 5 7.2 x 1077 542 +0.5 0.170

39-52 40 900 54200 393 797 149 +£7 32 x 1077 447+0.2 0.178

39-26 40 900 28 000 393 412 292 £8 2.2 x 10771 36.3+0.3 0.188

39-15 40 900 16 600 393 244 410 £ 11 1.5 x 10787 31.9+0.6 0.195
19 kDa Series

19-99 19 400 98 600 187 1450 31+1 57 x 1073 38.6 0.3 0.161

19-59 19 400 58 700 187 863 51+2 22 x 1073 31.6 £ 0.2 0.167

19-26 19 400 25900 187 381 107 +£3 3.1 x 107 234403 0.178

19-19 19 400 19 200 187 282 128 £ 10 1.9 x 107 20.2+0.3 0.183

19-14 19 400 13 600 187 200 161 £2 3.3 x 107 19.9 +0.7 0.188

“ Weight-average molecular weight of the polystyrene block. © Weight-average molecular weight of the polyisoprene block. ¢ Degree of polymerization
of the insoluble polysterene block. ¢ Degree of polymerization of the soluble polyisoprene block. ¢ Aggregation number of PS-b-PI micelles at 25 °C in
n-heptane. / Critical micelle concentration at 25 °C in n-heptane. ¢ Hydrodynamic radius at 25 °C in n-heptane. " Refractive index increment. © Samples
39-15 and 39-26 had very low CMC'’s, and it was only possible to measure the initial decrease in the aggregation number. In this case, we report CMC
values obtained by extrapolation of the concentration dependence of aggregation number to Q = 1.
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collected with a MAR345 image plate system. The wavelength of
1.5 A and the sample-to-detector distance of 3.3 m define the
accessible g range from 0.50 to 13.82 nm~!. The samples were
placed in a 100 uL flat liquid cell having mica windows. The ¢
axis was calibrated using silver behenate. In Grenoble, the 2D
diffraction patterns were acquired using a SAXS detector positioned
at the end of a vacuum path ~1.5 m away from the sample. The
sample temperature was controlled with a Linkam heating stage.
The intensity of the X-ray scattering from a suspension of micelles
is given by

I(q) = NP(q) S(q) (@)

where N is the number of micelles in the irradiated volume, S is
the structure factor describing the arrangement of micelles in space,
and P is the form factor of a single micelle. For diluted micellar
suspensions used in the present work, the values of S(g) ~ 1. The
form factor of a sphere of radius R (P(g,R)) is given by the classical
expression®’

sin(gR) — gR cos(gR) |2
9%

In eq 3, V stands for the sphere volume and C is a constant. The
form factor of a sphere is an oscillating function, which decays
with g according to the Porod law. The first minimum of P(g,R) is
at gR ~ 4.49. In the case of a system of polydisperse spheres, the
ripples due to the form factor of each sharp fraction of spheres
become smeared. The scattering intensity in this case can be
described as

P(q,.R)=C|Vx3 3)

1g)=A, [, P(¢,R) G(R, Ry, 0) dR @)

where A is a constant and G is a size distribution function centered
on Ry and having a width o. In the data analysis, the normalized
Gaussian functions were chosen to represent the size distribution
of micelles. The background correction was performed by taking
into account the scattering of a pure solvent (/s(g)) measured in
the same conditions and a constant background (A,):

(@)= [, P(@.R) G(R, Ry, 0) AR+ A ly(@) + 4, (5)

The fits to the experimental data were carried out using the
Marquardt—Levenberg algorithm*’by minimizing the %2 function
conventionally defined as

—v.\2
2=y (y U.y,) -

1

The batch-processing of the scattering curves was performed with
purpose-built routines written in IGOR PRO (Wavemetrics Ltd.).

Sample morphology was confirmed visually through AFM
measurements (Multimode, Nanoscope Illa) by spin-casting the
samples onto freshly cleaved mica and then scanning with soft Si
probes (spring constant 5 N/m). As seen in Figure 1, the polymer
samples form uniform spherical micelles.

Results and Discussion

When studying spherical polymer micelles, there are several
parameters which characterize the micelle morphology. The
most commonly studied parameters include the aggregation
number (Q) and the hydrodynamic radius (Ry). In addition, it
is possible to measure the core size (R.), which gives the
polymer fraction in the core as ¢ = 30M /4wpNayR:>, Where
M_ is the mass of the core block, p is the mass density of bulk
polystyrene, and Nja, is the Avogadro number. Below we
separately discuss three issues: (i) critical micelle concentration,
(ii) the effect of the soluble block on the micelle morphology,
and (iii) equilibration of the micelles with the glassy polystyrene
core. In addition to Q, Ry, and R., one can find radii of gyration
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Figure 1. AFM height images of PS-b-PI spherical micelles formed
from (a) sample 39—94 (R, = 54 nm), (b) sample 39—15 (R, = 32
nm), and (c) sample 19—14 (R, = 20 nm). The micelles reduce in size
upon decreasing the length of the soluble polyisoprene (PI) block (a,
b) as well as the length of the insoluble polystyrene (PS) block (b, c).
Cross-sectional profile analysis of the AFM images gives the following
lateral and height dimensions of the micelles, respectively: D = 70 £
Snm, h = 13 & 1 nm (sample 39-94), D =42 £ 3nm, h =32 + 2
nm (sample 39-15), D =35 £ 2 nm, h = 12 = 1 nm (sample 19-14).

and second virial coefficients in the Supporting Information S5
(Table S2).

I. Critical Micelle Concentration

CMC Measurements. Unlike low-molecular-weight surfac-
tants, which have a sharp transition from unimer to micelles
(Supporting Information S2), polymer micelles form over a
broad concentration range. This effect has been explained by
polydispersity of the blocks and is believed to be largely
controlled by the polydispersity of the insoluble block.*'~*?
Longer insoluble blocks provide stronger drive for the diblock
to form micelles and thus result in lower CMC’s.>*3* Therefore,
in the CMC region diblocks with longer insoluble blocks have
started to form micelles while those with shorter insoluble blocks
remain as unimers in solution. In a similar fashion, the CMC is
also affected by the size of the soluble block. The CMC should
decrease as the PI block is reduced because molecules with
smaller soluble blocks carry lower “free energy cost” for being
transferred from the unimer state to micellar corona. Here we
show that the soluble block plays a significant role in determin-
ing the CMC value and thus broadening of the CMC region.

Since, in the CMC region, the aggregation number changes
with concentration as diblocks begin to form micelles, it is
impossible to extrapolate the scattering intensity to zero
concentration as is necessary in the standard Zimm analysis.
Thus, only an apparent aggregation number was measured as
Qapp = My/My = Rg/KcM, at a given concentration ¢, where
My is a block copolymer molecular weight and M, = Ry/Kc is
the weight-average micelle weight. For concentrations smaller
than overlap concentration (¢ < ¢*), this approximation is fairly
accurate as seen from eq 1, which can be rewritten as Kc/Rg =
1/My+ 2Ac = 1/My(1 + c/c*). Here, the second virial
coefficient and the overlap concentration are calculated as A;
= NoVIM? = 1/Mc* and c* = M/VNa, respectively.*® Therefore,
in the CMC range (¢ < ¢*), one can use Kc/Ryg = 1/M,, to
calculate the apparent aggregation number Qy,p = M,,/M,. Figure
2 shows a typical variation in the apparent aggregation number
with concentration which was used to determine the CMC. Here
we use the classical definition of the CMC: the concentration
at which micelles are first detected; i.e., the measured aggrega-
tion number becomes larger than one (Q > 1). Table 1
demonstrates the strong effect the molecular weight of the PI
block on the CMC. Decreasing the PI molecular weight by 1
order of magnitude causes the CMC to decrease by almost 2
orders of magnitude for both the 19 and 39 kDa series.

Temperature Dependence of the CMC. Since the decrease
in the interfacial energy due to micellization is balanced by the
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Figure 2. Plot of the apparent aggregation number vs concentration
for PS-b-PI 39-94 (black squares) and 19-99 (gray circles) measured
at 25 °C in n-heptane.
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Figure 3. Plot of the variation of the CMC with temperature for samples
19-26 (diamonds), 19-59 (circles), and 19-99 (squares). Theoretical
calculations for PI blocks with molecular weights of 26, 59, and 99
kDa are shown respectively by the dotted, dashed, and solid lines.

decrease in entropy, greater concentrations are needed before
the unimer will start to aggregate and form micelles at higher
temperatures. This results in the CMC increasing with temper-
ature. We have studied the variation of the CMC with temper-
ature for three samples of the 19 kDa series. As seen in Figure
3, when the temperature is changed from 25 to 55 °C, the CMC
changes by almost 2 orders of magnitude. This is in good
agreement with the CMC variations predicted by theory as
shown by the lines in Figure 3 (see Appendix 1 for the
corresponding equations). The observed discrepancy between
theory and experiment in Figure 3 (especially for sample 19-
26) is attributed to exponential sensitivity (eq Al, Appendix 1)
of CMC measurements to small variations in temperature and
diblock composition. Nevertheless, the agreement is regarded
as good because the discrepancy remains within the same order
of magnitude.

I1. Morphology

Aggregation Number. Above the CMC, aggregation num-
ber of micelles increases with concentration and then levels
off (Figure 2). In the plateau region, the equilibrium aggregation
number Q can be measured using the standard Zimm plot
analysis at low concentrations (Supporting Information S4).
Theory predicts that the aggregation number should increase
as the size of the soluble block is decreased.'® Figure 4
demonstrates an excellent agreement between experiment and
the new scaling theory (solid lines). In comparison, the
asymptotic models of star-like (dashed lines) or crew-cut (dotted
lines) micelles that are often used for calculating micelle
parameters demonstrate poor agreement. The star-like model
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10° 1 . 1

Aggregation Number

102 103

Figure 4. Log—log plots of the variation in the aggregation number
with the degree of polymerization of the PI blocks. Black and blue
symbols are for 39 and 19 kDa PS blocks respectively. The solid,
dashed, and dotted lines are respectively the new crossover scaling
solution, asymptotic star-like, and asymptotic crew-cut dependences.

becomes relevant when the corona thickness (H) grows to be
larger than the core radius (R.). In this range, the aggregation
number is predicted'* to scale with the degree of polymerization
of the soluble block Na as Q ~ (1/In(Na))®> (eq A9 in Appendix
1). For crew cut micelles (R. < H), the aggregation number is
predicted to depend more strongly on Na as QO ~ (1/Na)*? (eq
Al4 in Appendix 1). As seen in Figure 4 at No = Np; < 500,
the star-like approximation overestimates all of the aggregation
numbers beyond the error bar but approaches the experimental
data for the 39 kDa series at high PI molecular weight. This
makes sense because the asymptotic star-like model ignores the
core contribution, the relative role of which diminishes with
the length of the soluble block. In contrast to the star-like model,
the crew-cut model (dotted lines) predicts a much stronger
dependence than is experimentally measured for all soluble
blocks including the smallest ones (where it is expected to be
most applicable). However, it is interesting that for longer
soluble blocks of the 19 kDa series (two last points in Figure
4) the star-like asymptote as well as the new scaling theory do
not appear to be as good of a fit, even though these samples are
more star-like than the 39 kDa. This is explained by the
noticeably higher CMC values of the high-molecular-weight 19
kDa samples (Supporting Information S4), resulting in a
narrower concentration range between the CMC and the overlap
concentration (where one usually determines the aggregation
number). This makes the Zimm analysis less accurate due to
the need to extrapolate the data to zero concentration. Therefore,
we used the lowest Kc/R values for determination of the
aggregation numbers.

Hydrodynamic Radius. The total radius of a micelle is
the sum of two sizes: the radius of the core (R) and the
thickness of the corona (H), i.e. Riows = R + H. Theory
predicts that the total radius increases with the degree of
polymerization of the soluble block, while its individual
components, i.e. R and H, exhibit opposite behaviors. While
the corona thickness should increase with the degree of
polymerization of the soluble block, the core radius is
predicted to decrease. The latter prediction is consistent with
the decrease of the aggregation number (Figure 4), assuming
that the density inside the core remains constant.

Dynamic light scattering was used to determine the
hydrodynamic radius (Ry) of our micelles. Here, it is
important to emphasize that polymer micelles are not dense
objects. Penetration of solvent through the polymer screens
hydrodynamic interactions on the scale of the last (external)
correlation blob of the corona. To take this into account, a
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Figure 5. Log—log plots of the hydrodynamic radius as a function of
PI degree of polymerization. Black and blue symbols are for 39 and
19 kDa PS blocks, respectively. The solid, dashed, and dotted lines

are respectively the new crossover scaling solution, asymptotic star-
like, and asymptotic crew-cut dependences.

small correction to the total radius resulting in R, being
calculated as

Rh = Rtotal - Cglast (7)

where R 1S the sum of the core radius and corona thickness,
C is a numerical coefficient on the order of unity, and &5 =
Rioa/v/ Q is the size of the last corona blob.'® As seen in Figure
5, the adjusted values from the crossover scaling model (solid
lines) and the experimental data are in good agreement. The
star-like asymptotes for Ry, (dashed lines) overestimate the
experimental data for short PI blocks but become close to the
experimental data as the soluble block size increases. The crew-
cut model (dotted lines) is found to correctly predict the
magnitude of the values; however, it exhibits wrong trend as
the size the soluble block decreases. Here it is important to
emphasize that all experimental data in this paper, including
the Ry, values, for two series of nine different diblocks were
described by the scaling model using a single set of only three
fitting parameters Cg, Cy, and C. Both solid lines in Figure 5
were calculated using C = 0.5 (Table A1l in Appendix 1), which
is consistent with the scaling assumption C ~ 1; i.e., the
hydrodynamic penetration length is on the order of the last
correlation blob in the corona (eq 7).

II1. Micelle Equilibration

The glassy nature of the PS core raises an issue whether the
studied PS-b-PI micelles are in equilibrium. Depending on the
amount of solvent swelling the micelle core, the PS core, which
has a bulk glass-transition temperature of 7, = 105 °C, can
vitrify at different temperatures below 105 °C. In order to
determine the glass-transition temperature and thus verify the
equilibrium, two sets of experiments were conducted. First, we
studied the temperature response of the aggregation number in
the CMC range. Second, we measured the thermal expansion
of the PS core by SAXS in solution at higher concentrations (¢
> 1073 g/mL) that are well above the CMC.

Temperature Variation of the Aggregation Number in
the CMC Range. To study the temperature response, we used
a procedure similar to Honda et al.,**> except that we used
temperature ramps instead of temperature jumps. The details
of the equilibration procedure are outlined in Appendix 2. The
CMC range was chosen because of much stronger response of
the aggregation number to temperature variations in this
concentration regime (Figure 3). When the temperature ramps
were applied to the 19 kDa series, all of the samples were found
to instantaneously and reversibly transform from micelles to
unimers in the temperature range of 25—40 °C (Figure 6a). The
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Figure 6. Variation in the aggregation number with temperature was
measured for two samples, i.e., (a) 19—26 at a concentration of 6.2 x
1073g/mL and (b) 39—26 at a concentration of 3.7 x 107%g/mL. The
multiple data points correspond to measurements taken during two
subsequent heating—cooling cycles in range from 25 to 60 °C. Inset in
(b): plot of the apparent T, variation with PI molecular weight for the
39 kDa series.

prompt response indicates that the 19 kDa series is in equilib-
rium at 25 °C. When the same procedure was applied to the 39
kDa series, the onset of the micelle dissociation was observed
at higher temperatures, e.g. at 7 > 45 °C for the 39—26 sample
in Figure 6b. The hindered dissociation of the 39 kDa micelles
suggests that the micelles have a glassy core and thus may be
out of equilibrium at temperatures below 45 °C. One may
ascribe the onset of micelle dissociation to glass transition of
the PS core due to the plasticization effect of n-heptane which
enters into the core lowering the core density along with its
glass transition temperature (discussed below). An unusual
feature of these data is that this apparent glass transition
temperature of the PS core changes with the size of the soluble
PI block (inset in Figure 6b). This contradicts the general
presumption that the core density is largely controlled by
polymer—solvent interactions within the core and should be
almost independent of the size of the soluble block in the corona.

Core Density. In order to measure the core density of PS-
b-PI micelles, we separately measured the aggregation number
(Q) by light scattering (Figure 4 and Table 1) and the core radius
(R.) by small-angle X-ray scattering (SAXS). The polymer
fraction in the core was calculated as ¢ = 3QM/4mpNay R,
where M. is the mass of the core block and p is the mass density
of bulk polystyrene. Figure 7 shows typical SAXS curves that
were measured for two samples of the 39 kDa series. Data
analysis was performed by fitting the curves with a model of
polydisperse spheres, which neglects the contribution from the
PI corona. It can be seen that the fits reproduce the main features
of the curves such as the ripples due to the scattering from the
electron-rich PS core. Table 2 depicts the values of the core
radius and the corresponding core density for the two series of
samples (39 and 19 kDa). Within the 10% experimental error,
the volume fraction of polystyrene in the micelle core exhibits
only weak (if any) dependence on the degree of polymerization
of the soluble block. In contradiction to Figure 6, the obtained
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Figure 7. SAXS curves corresponding to PS block of 39K and PI block of 26K (left) and 52K (right) measured at two different temperatures: (1)
25 and (2) 70.4 °C. The fits with a model of polydisperse spheres are given in dotted lines. The curves are vertically offset for clarity.

Table 2. Core Density of PS-b-PI Micelles

sample R, nm ¢ps” o 104 K1
39-94 13.3 0.79 + 0.06 6.6
39-52 13.7 0.89 + 0.07 8.8
39-26 17.2 0.89 +0.08 7.9
19-99 6.0 1.05 £ 0.05 N/AY
19-59 7.0 1.10 £0.10 N/A?
19-26 9.1 1.06 £ 0.09 N/AY

@ Radius of the PS core was measured by SAXS in n-heptane.  The
volume fraction of polymer in the micelle core was calculated as ¢ = Vps/
Veore = (3/477)(QMps/NavpR<?), where Q is the aggregation number measured
by SLS in n-heptane and p = 1.05 g/cm? is the mass density of poly-
styrene. © The linear thermal expansion coefficient of the PS core was
measured by SAXS in n-heptane in a range of 30—65 °C, i.e., above the
glass transition temperature. ¢ Not available due to large experimental error.
The fits to the micelle suspension having the shortest PI block are less
satisfactory in the low angle region, close to the position of the first ripple
(Figure 7).

data indicate that all micelles have nearly the same fraction of
heptane in the core and thus should have similar glass transition
temperatures. This conclusion, however, needs to be verified
by direct measurements of the core glass-transition temperature
which is exhibits strong sensitivity to variations in the core
density (Appendix 3).

T, of the Micelle Core. The glass transition temperature of
the micelle core was determined from thermal expansion of the
micelle core by temperature-dependent synchrotron X-ray
scattering. The measurements were conducted at high concen-
trations, above the CMC but below the overlap concentration
(CMC < ¢ < c*), where the aggregation number weakly
depends on temperature. As shown in Figure 8, the micelles of
all three samples, i.e. 39-26, 39-53, and 39-93, clearly exhibit
a similar glass transition temperature of about 7, = 28 °C. Here
we should note that one has to be prudent when interpreting T,
measurements of microheterogeneous systems, such as block
copolymer micelles, since various factors (size, shape, density
distribution, and chemical composition) may affect their thermal
properties. The observed similarity of T, values merely indicate
that different diblocks have similar structure of the polystyrene
core. However, microscopic details of the core structure remain
ambiguous.

At T > Ty, the size of the core for all three systems steadily
increases with temperature. The rate of this increase can be
characterized by a linear coefficient of thermal expansion
ranging from 6.6 x 107* to 8.8 x 107* K~!, which is close to

180 T T T T =
39-26
170
= 1601 B
=
2
=
o
=z
2 150+ -
=]
o
39-52
140
39-94
130
| | 1 |

0 20 40 60
Temperature (°C)

Figure 8. Variation of the core size as a function of temperature was
measured for PS-b-PI micelles with PS block of 39K and PI block of
94K, 52K, and 26K by temperature-dependent small-angle X-ray
scattering in n-heptane. The red dashed lines indicate the onset
temperature of micelles dissociation in the CMC region (Figure 6b).

the corresponding bulk values and indicates that the PS core is
in the rubbery state.™It is interesting to compare the T, of the
PS core to earlier reported effect of the 7, depression due to
plasticization effect of heptane. For example, in studies of
solvent-induced crazing of PS by Kambour et al.,® it was found
that the equilibrium uptake of heptane by PS at ambient
temperature equals ~11.9% (w/w). The swelling of PS was
accompanied by lowering of its T, measured by DSC to —11
°C. However, the authors mentioned some difficulties in the
calorimetric measurements on swollen films and the associated
imprecisions. In a later publication, Krenz et al.*” pointed out
that the value of Kambour et al. might be underestimated and
suggested a higher calorimetric T, of 11 °C. In a similar work,*®
the T, of swollen PS measured with a torsion pendulum is even
higher (32.5 °C), but the temperatures cannot be directly
compared to the DSC data given the influence of the measure-
ment frequency. The 7, decrease due to the solvent uptake can
be also estimated by the Fox equation assuming the efficient
glass transition temperature of heptane to be —176 °C, as
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computed from the data of Krenz et al. Figure 11 shows that
the 7, values of 28 4 1 °C should correspond to 8.5 £ 1.2 wt
% of heptane in the PS core. Additional error in the heptane
fraction is due to uncertainty in calculation of the glass transition
temperature of heptane. The determined fraction of heptane in
the micelle core is consistent with the measured polymer fraction
of the 39 kDa series ranging from 0.79 £ 0.06 to 0.89 4+ 0.08
(Table 2). Therefore, the temperature-dependent synchrotron
SAXS measurements of the core size confirm weak dependence
of both the core density and the glass transition temperature on
the size of the PI block. The deviation of the T, values from
the dissociation-onset temperatures (dashed lines in Figure 8)
is attributed to a broad distribution of core diameters in the CMC
range, which may range from ca. 1 to 30 nm and result in
significant variations of the glass transition temperature.

Conclusions

The critical micelle concentration (CMC), aggregation number
(Q), and hydrodynamic radius (R,) were measured as a function
of polyisoprene (PI) molecular weight for two molecular weights
of polystyrene (19 and 39 kDa) in the selective solvent heptane.
The CMC and Ry, were found to increase with PI molecular
weight, while the aggregation number was found to decrease.
Increasing the PI molecular weight by 1 order of magnitude
causes the CMC to increase by almost 2 orders of magnitude.
The R, was found to have a weak dependence on the molecular
weight of the PI block, increasing respectively by about 90 and
60% for the 19 and 39 kDa series when the PI molecular weight
was increased from 10 to 100 kDa. The same variation in PI
molecular weight causes the aggregation number to decrease
by close to an order of magnitude for the 19 kDa series, while
it has a weaker effect on the 39 kDa series. In the whole range
of experimental data, we find excellent agreement between our
data and recently developed scaling crossover theory for the
aggregation number and hydrodynamic radius for both series.
In contrast, theory for star-like polymer micelles was found to
approach our experimental data only for high values of the
polyisoprene molecular weight, while theory for crew-cut
micelles deviated significantly from our experimental data (even
at low molecular weight values, where it should be valid). In
other words, diblocks with typical Na and Np values ranging
from 100 to 1000 do not demonstrate clear “crew-cut” behavior
prior their transition to cylindrical morphology. However, one
may observe the “crew-cut” exponents for longer diblocks that
are predicted to have a broader crew-cut range.'® We also
demonstrated that it was important to check for sample
equilibration, as micelles with a PS core can freeze at different
temperatures depending on the size of the blocks used. It was
found that both the mass density and the glass transition
temperature of the PS core appeared to be independent of the
size of the soluble block (Figure 8); however, further experi-
ments are needed to understand the effect of the size of the
soluble block on the micelle dissociation onset temperature in
CMC range (Figure 6).
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Appendix 1. Equations

Here we present theoretical equations that were developed
in ref 18 to calculate CMC and dimensions of PS-b-PI block
copolymer micelles using star-like model, crew-cut model, and
the new crossover theory. All numerical coefficients and other
model parameters are presented in Table Al.

a. Critical Micelle Concentration. The CMC is calculated
from the difference between the free energies of a block
copolymer molecule in the micelle and unimer states:

In(coye) = [F5(Q) — FolIKT (A1)

Here, F3p is the surface energy of a unimer (eq 10 in ref 14)
and F3(Q) is the free energy of a block copolymer chain in a
spherical micelle (eq 13 in ref 14):

F, N, \23
k_}’ - (36:1)1’33/(?3) (A2)

E: 371’21‘32 y%_i_L p_3/4r33/2¢1/2

— —“F’A
kT 80pgNyg dry M3 NBI/Z
2C 1/4N 1/2a 2
Inf 14 H0A AP Ga Am A”(pz 2A (A3)
V3r,' "Ny %ag
Using eq 2 for Fy, one obtains
N, \23

1n(cCMC)=F3(Q)/kT—(36n)”3y(f) (A4)

The temperature dependence of the surface energy is given by
eq 59 in ref'*

Yo *=(0.14£0.002) — (1.07 £ 0.04) x 10 (T — 273)
(AS)

b. Dimensions of Block Copolymer Micelles. Star-like
Model: Using the star-like model, the hydrodynamic radius of
a diblock-copolymer micelle is calculated as follows:

total __

Ccé R C K
- last — {Vtotal — —
Vo
Rtolal(1 - £—) = (R'istar + H3star)(1 - £—) (A6)
VO ’ VO

R,=R

total

Ristar, H3star, and Q are the radius of the micelle core, thickness
of the micelle corona, and the micelle aggregation number,
respectively:

Ng\3s[4V3p, |
R3slar = aB(E) ( CFK (A7)
4\/5 3/10 NB 1/5 ZCH 172
H ~a.N 1/2(_ ) _B 720 . (AS)
3star ATYA CFKy @ Pa \/3

Table Al. Parameters That Were Used To Calculate the Lines in

Figures 3—5 (See Also Table 2 in Ref 14 for More Details)
aAa aBa pAh pB[) (pc ’}//@2/3 d CFe CHe Ce

50A 56A 16 15 085 0.11 136 062 05

a

ax and ap are monomers sizes of polyisoprene and polystyrene,
respectively. ” pa and pp are stiffness parameters (p = Kuhn length/monomer
size) of polyisoprene and polystyrene, respectively. < Volume fraction of
polystyrene in the micelle core measured by SAXS and SLS. ¢ v is the
surface free energy per monomer (per area a) in kT units as measured by
SLS (see eq 59 of ref 14). ¢ Numerical coefficients determined by fitting
the predicted theoretical dependences with the experimental data for the
micelles dimensions. The slightly different values compared to those in ref
14 are due to the newly and more accurately measured volume fraction ¢
=0.85.
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where K is a logarithmic term denoted as

20,0, 1/4 N 1/2aA2
K=In V3N 124 2 12 (A10)
B 9B "3star0

All numerical coefficients and other model parameters are listed
below in Table Al.

Crew-Cut Model: Similar equations are used to calculate the
hydrodynamic radius of a crew-cut micelle:

C
R,= Ry t+ Hl)(l — @) (A11)
:3& a_Bz ypAl/z 12 A
e @ ay \CeCyNy
2
_%4 i #11)"
H = a CuNapA (NB) (A13)

2 2 12 \3n
_ 4’ 367N yag'ps

3Ng (Pz CFCHaA2N A

Q.. (A14)

Appendix 2. Micelle Equilibration Procedure

In order to study whether or not our micelles are in
equilibrium, we modified the procedure used by Honda et al.*
To do this, we first measured the variation in the temperature
inside the scattering cell as the temperature of the circulating
water bath was changed. We then measure the change in the
scattering intensity of n-heptane during the temperature ramps.
As seen in Figure 9, the two curves are superimposable. This
means that it is then possible to calculate the heptane scattering
intensity as a function of temperature. The same procedure can
be used to measure the variation in the scattering intensity of
micelle solutions with temperature. It is then possible to get
the apparent aggregation number by subtracting the solvent
scattering intensity from the solution intensity, multiplying by
the Raleigh ratio of toluene, and dividing by the sample
concentration and optical constant K, where K = (4m?n%
A*Nay)(dn/dc)? and n is the refractive index of the solvent
(1.388), 4 is the wavelength of light used (514 nm), Nay is
Avogadro’s number, and dn/dc is the specific change in
refractive index for a polymer solvent pair, which can be
calculated. As seen in Figure 10, the change in the apparent
aggregation number and temperature with time are well cor-
related; i.e., as the temperature increases, the aggregation number
decreases. By correlating the aggregation number and temper-
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Figure 9. Double Y plot of the variation the scattering intensity of
heptane measured at an angle of 20° and the temperature inside the
scattering cell, measured during a different run, with time. As seen,
the two are superimposable.
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Figure 10. Plot of the change in the apparent aggregation number and
temperature inside the scattering cell with time.
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Figure 11. Glass transition temperature (7,) of a PS/heptane system
can be described by the Fox equation with a fictive T, of heptane. The
T, values of about 30 °C correspond to ~8% of solvent in the core.

ature at a given time, it is then possible to obtain the variation
in the aggregation number with temperature.

Appendix 3. Fox Equation

Figure 11 shows the decrease of the glass transition temper-
ature of polystyrene due to swelling with n-heptane. The
following Fox equation is used to calculate the glass transition:

- w 1—w
T, = ——
Tg,PS Tg,heplane

where w is the weight fraction of polystyrene (PS) and (1 — w)
the weight fraction of n-heptane. To,ps = 100 °C is the glass
transition temperature of atactic PS. For n-heptane, we used a
fictive glass transition temperature of Ty peptane = — 176 °C, which
can be extracted from the data of Krenz et al.*®

Supporting Information Available: Molecular characteriza-
tion, evaluation of the CMC region width, representative correlation
function in a dynamic light scattering experiment, and radii of
gyration and second virial coefficients. This material is available
free of charge via the Internet at http://pubs.acs.org.
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