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ABSTRACT: The micellization thermodynamics, micelle structural parameters, and micelle size distribu-
tion for polystyrene-b-poly(ethylene/butylene)-b-polystyrene copolymer solutions in 4-methyl-2-pentanone
were studied. The solvent used is selective for the outer PS blocks of the copolymer. Standard Gibbs
energy, standard enthalpy, and standard entropy of micellization were determined from light scattering
measurements. The influence of the copolymer molar mass on these magnitudes was analyzed. The
structural parameters of micelles formed by different triblock copolymers were determined by static light
scattering. Micelle molar mass and size increase with the length of the copolymer chain for a constant
copolymer composition; however the association number decreases. Micelle size distribution functions
were obtained from dynamic light scattering and size exclusion chromatography measurements. The
results obtained by means of both techniques were compared.

Introduction

It is well-known that when a block copolymer of AB
or ABA type is dissolved in a selective organic solvent
which is a thermodynamically good solvent for one of
the blocks and precipitant for the other, the block
copolymer may associate in solution to form micelles as
a result of different solvation of the copolymer blocks
and their incompatibility.l™* The micelles consist of a
relatively compact core formed by the least soluble
blocks surrounded by a flexible and highly swollen shell
formed by the other blocks. In most cases, these
micelles have spherical shapes and narrow size
distributions,3~7 suggesting that micellization of block
copolymers follows the closed association model,® which
assumes a dynamic equilibrium between free copolymer
chains and particles with an association number n
(micelles).

According to this model, the critical micelle concen-
tration, CMC, is defined as the concentration at which
the experimental method in use can just detect the
presence of micelles in the solution when the concentra-
tion is increased at constant temperature. At concen-
trations above the critical micelle concentration, all the
copolymer chains added to the solution associate to form
polymolecular associations (micelles).

A thermodynamic study of micelle formation can be
carried out from the temperature dependence of the
critical micelle concentration. For block copolymer
systems with a high enough association number and a
low micelle concentration, the standard Gibbs energy
per mole of copolymer chain in the micellization process,
AG°®, can be expressed by

AG° ~ RT In CMC 6H)

If the association number does not depend on tem-
perature, it follows from the above equation and the
Gibbs—Helmholtz equation
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This equation allows us to determine the standard
enthalpy of micellization, AH°. The standard entropy
of micellization, AS®, can be calculated from the stand-
ard enthalpy and Gibbs energy.

The factors that influence the micellization process
and the structural parameters of micelles include
composition, structure, and molar mass of the copoly-
mer, interactions between the copolymer blocks and the
solvent, copolymer concentration, temperature, and
preparation methods. Many studies on the character-
ization of micelle solutions have been carried out in
recent years. However few of them have paid attention
to the effect of the length of the copolymer block on the
aggregation number and dimensions of the micelles®14
and on the thermodynamic behavior®1516 for dilute
solutions of block AB copolymers, and even fewer for
solutions of block ABA copolymer.

The aim of the present paper is to analyze the
thermodynamics of micelle formation and the structural
parameters of micelles as a function of the molar mass
of block copolymers of ABA type. The investigation was
carried out for three polystyrene-b-poly(ethylene/butyl-
ene)-b-polystyrene copolymers, SEBS, in 4-methyl-2-
pentanone. The three block copolymers have similar
weight percentages of polystyrene but different molar
masses. 4-Methyl-2-pentanone is a good solvent for the
polystyrene blocks and a precipitant for the poly-
(ethylene/butylene) one.

Experimental Section

Materials. Polystyrene-b-poly(ethylene/butylene)-b-poly-
styrene triblock copolymer (PS-5-PEB-5-PS) samples used—
designated SEBS1, SEBS2, and SEBS3—are commercial prod-
ucts kindly provided by Shell Espafia, S.A. Weight average
molar masses of the three copolymers were determined by
static light scattering in tetrahydrofuran, THF, and chioroform
at 25 °C. The values obtained are shown in Table 1. The
differences of molar masses of the three copolymers in both
solvents were smaller than the experimental errors (3%). As
both solvents and copolymer blocks have different refractive
indices (1.403 THF; 1.447 chloroform; 1.59 polystyrene; 1.49
poly(ethylene/butylene)), these copolymers can be considered
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Table 1. Characteristics of the Block Copolymers:
Weight Average Molar Mass of the Copolymer, My, of the
Polystyrene Blocks, Mw s, and of the Poly(ethylene/
butylene) Block, My pgg, Polystyrene Weight Percentage,
and Polydispersity Index, 7
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In order to get classical Zimm plots, light scattering
measurements were taken at ten angles between 37.5 and 150°
for the solvent and each copolymer solution at 25 °C. The light
scattered by a dilute polymer solution may be expressed as!®

1672°nR*

SEBS1 SEBS2 SEBS3
Mw/gmol ! 60 700 87 300 260 000
My pg/gmol? 2 x 9100 2 x 14000 2 x 39000
My pes/g'mol ! 42 500 59 400 182 000
% PS by weight 30 32 30
I 1.09 111 1.18

homogeneous in chemical composition. The ratio weight
average to number average molar mass, I, of the copolymers
was determined by size exclusion chromatography (SEC) at
25 °C using THF as the solvent and a standard polystyrene
calibration. UV spectroscopy measurements in THF were
carried out to determine the weight PS percentage in the
copolymers. The results are shown in Table 1.
4-Methyl-2-pentanone (Fluka, analytical purity grade, >99%)
was used without further purification. The solvent used for
light scattering measurements was filtered four times using
0.02 um aluminum oxide membrane filters (Anopore). All the
solutions were prepared by dissolving the copolymer in the
ketone at temperatures higher than 70 °C. This heating
process was repeated before every measurement to obtain
reproducible results. In order to clarify copolymer solutions
for static and dynamic light scattering measurements, they
were filtered at room temperature directly into the scattering
cells using 0.2 um PTFE Acrodisc CR filters (Gelman Scien-
tific). Then the cells were sealed. For the viscosity measure-
ments, solutions were filtered with number 3 glass filters.
Solution concentrations used to determine critical micelle
temperatures, CMT, were recalculated at these CMTs. As all
the used copolymer solutions are diluted, solutions were
assumed to have the same thermal expansion coefficient as
that of the pure solvent. The ketone used for SEC measure-
ments was previously filtered and degassed. PTFE mem-
branes with 0.45 um of pore diameter (Millipore) were em-
ployed for the filtration of the SEC solvent and solutions.
Static Light Scattering. Static light scattering measure-
ments (SLS) were performed on a modified FICA 42000 light
scattering photogoniodiffusometer. Both the light source and
optical block of the incident beam were replaced by a Spectra-
Physics He—Ne laser, Model 105, which emits vertically
polarized light at 632.8 nm with a power of 5§ mW. The
instrument was calibrated with pure benzene by taking the
Rayleigh ratio at 25 °C as 12.55 x 10~ cm~!. This technique
was used in order to determine thermodynamic parameters
of the micellization process and the structure of micelles.
Investigations of the thermodynamics of micellization of
block copolymers in organic solvents have shown that it is far
better experimentally to carry out measurements in which the
concentration is kept constant and the scattered light intensity
is monitored over a range of temperatures in order to find the
critical micelle temperature, CMT, than to keep the tempera-
ture constant and vary the concentration so as to find the
critical micelle concentration.® The critical micelle tempera-
ture of a solution at a given concentration is the temperature
at which the formation of micelles can just be detected
experimentally.
Therefore, for block copolymers in organic solvents it has
been shown!’ that, within experimental error

d In(CMC) _ d In(c)

3)
ar! d(cMT)!
Thus, eq 2 becomes
AH® ~ R910O_ ln(C)_l @)
d(CMT)

To establish critical micelle temperatures, measurements
of light scattered intensity were made at a series of tempera-
tures within the range 25—90 °C at a scattering angle of 45°.

Ke _ 1 167°ny'Rg”
ARG M\ T T SO |+ 2A0+
(5)

0
where K is an optical constant, ¢ is the polymer concentration,
AR(6) is the difference between the Rayleigh ratio of the
solution and that of the pure solvent, My, is the weight average
molar mass, Rg? is the mean square radius of gyration, ny is
the solvent refractive index, Ao is the wavelength in vacuum,
and A; is the second virial coefficient.

Refractive Index Increment. To estimate M, and Rg, it
is necessary to know the refractive index increments, dn/dec,
and the solvent refractive index, ng. The refractive index
increments of the copolymer solutions were measured using a
Brice-Phoenix differential refractometer equipped with a He—
Ne laser as the light source (Spectra-Physics, Model 156, 632.8
nm and power of 1 mW). The differential refractometer was
calibrated with solutions of highly purified NaCl. The refrac-
tive indices of solvents were measured in an Abbe refractom-
eter. The dn/dc values of SEBS3 copolymer in the different
solvents used were 0.069 (chloroform), 0.1065 (THF), and 0.117
(4-methyl-2-pentanone).

Viscometry. Viscosity measurements were made in a
Lauda automatic Ubbelohde viscometer Model Viscoboy 2,
which was placed in a thermostatically controlled bath with a
precision of £0.01 °C. The viscometer was calibrated using
several standard solvents (n-dodecane, cyclohexane, water,
toluene, ethyl acetate, acetone, and chloroform). Kinetic
energy corrections were carried out by means of the equation

n=Agt—%Q ®)

where g is the density of the liquid, ¢ is the efflux time, and A
and B are the calibration constants (A = 1.016 x 107¢ cm%s2
and B = 4.3 x 1073 c¢m?). Measurements of copolymer
solutions were carried out within the polymer concentration
range 2 x 1073 <= ¢ < 5 x 10~8 geem 3. The data were evaluated
according to Huggins'® and Kraemer® equations

ZCS—P = [n] + by [nle ™
In 7, _
= (7] — kyIn)e 8

¢ being the polymer concentration, 75, the specific viscosity,
7r the viscosity ratio, [#] the intrinsic viscosity, and k; and &,
the Huggins and Kraemer coefficients, respectively.

Dynamic Light Scattering. DLS measurements were
carried out in a PL-LSP-700 instrument (Polymer Laborato-
ries) working in the dynamic homodyne mode. The auto-
correlation functions g®(v), where r is the delay time, were
obtained and analyzed in a personal computer by means of
the software PL-LSP. These g?(7) functions are transformed
in the electric field autocorrelation function, g*X(r). In order
to get the translational diffusion coefficient and structural
information of the copolymer solutions, two calculation meth-
ods (both supplies by the software package) were used: (a)
The second order cumulants method, which gives the trans-
lational diffusion coefficient, D, the average line width, I, and
the variance of the size distribution function, yo/T2. In order
to get this information, the cumulants expansion method?! is
applied

loglg®()] = —Tr + %MZ ©

(b) The histogram method,?? which consists of the decomposi-
tion of g¥(z) in a sum of single exponential functions,
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gV =Y G exp(-T;0) (10)
i=1

where N is the number of steps in the histogram, G; is the
total integrated intensity scattered by all the species i that
contribute to the amplitude of the I'; increment from I'; — AT/2
to I; + AL/2 (being AT = (T'max — T'min)/N the width of each
step) and T; is the average value of I' in the I; increment. We
chose a Gaussian distribution function to fit the experimental
correlation function, selecting lower and higher limits far
enough from the values of the micelles to avoid errors in the
calculation. This process allows us to get the z-weighted size
distribution function of the particles.

Once I' has been obtained (by any of the two methods), the
translational diffusion coefficient, D, and the hydrodynamic
radius (the average value with the cumulants method or each
fraction value for the histogram one) can be obtained from the
equation

T = DK? (11)
_(47ng . (6
K—-( T s1n(-2-)) (12)

and the Stokes—Einstein relation

b o el
0" 6mneRy,

where Dy is the translational diffusion coefficient extrapolated
to nil concentration, K is the scattering vector, 8 is the angle
of scattering, Ao is the vacuum wavelength, n, is the refractive
index of the medium, ks is Boltzmann’s constant, T is the
absolute temperature, 7, is the viscosity of the solvent, and
Ry, is the particle hydrodynamic radius.

From the z-weighted size distribution function of the
particles, the weight size distribution function was determined
by using the approximation D «< M~13,

All the experiments were carried out for solutions of 1 x
1078 gem™? at 25 °C, at an observation angle of 90° with a
delay time of 1024 us (128 channels and 8 us/data) and by
averaging 500 measurements. Previous measures demon-
strated that the values obtained at different angles (30, 90,
and 150°) and at concentrations lower than 2 x 1073 gem™3
led to identical results. Therefore, it is not necessary to
extrapolate to null concentration or angle, as it has been
reported previously in the literature for other micellar sys-
tems.?

Size Exclusion Chromatography. Size exclusion chro-
matography measurements, SEC, were carried out in a home-
built instrument constituted by a piston pump Gilson 303, a
manometric module Gilson 802C, a Rheodyne injector provided
with a 100 L loop, three chromatographic columns (250 mm
long, i.d. 4 mm, packed with Nucleosil silica gel with a 5 um
particle diameter and pore sizes of 4000, 1000, and 500 A,
and a refraction index detector Waters R401. Columns were
placed in a thermostatically controlled bath. The refraction
index detector was also thermostatically controlled. All meas-
urements were carried out at solvent flux of 1 mLsmin~! at 25
°C.

(13)

Results and Discussion

Relationships of concentration and CMT for the
copolymers SEBS1 and SEBS2 in 4-methyl-2-pentanone
were determined. For SEBS3, only the CMT cor-
responding to a solution of concentration 1.5 x 1075
gem~3 was determined, its value being 85 °C (the
highest temperature that our experimental device can
determine). Thus, the standard Gibbs energy of micel-
lization corresponding to the block copolymer SEBS3 in
4-methyl-2-pentanone at this temperature is —49.5
kd'mol~t. In Figure 1, the light scattering intensity
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Figure 1. Temperature dependence of the scattered light
intensity at 45° for a SEBS1 solution (¢ = 4 x 1078 gem™3) in
4-methyl-2-pentanone. The arrow indicates the critical micelle
temperature.
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Figure 2. Plots of In(c) as a function of the reciprocal of the
critical micellar temperature for solutions of SEBS1 (W) and
SEBS2 (O) copolymers in 4-methyl-2-pentanone.

measured at the observation angle of 45° is plotted as
a function of temperature for copolymer SEBS1 in
4-methyl-2-pentanone at a concentration of 4 x 1075
gem™3, The influence of temperature on the equilibrium
between micelles and free chains controls the shape of
the plot. At low temperatures the equilibrium is
overwhelmingly in favor of micelle formation whereas
at the upper end of the temperature range studied only
free chains exist in the solution. On lowering the
temperature from a high value, an abrupt increase in
the scattered intensity is observed due to the appear-
ance of micelles. Similar curves I = AT) have been
found when the temperature is increased and decreased
for all systems studied. The temperature at which the
presence of micelles in the solution have just been
detected was considered as the critical micelle tempera-
ture.

CMTs were determined for SEBS1 and SEBS2 solu-
tions covering a range of concentrations between 1 x
1075 and 2 x 1078 gem™3 in 4-methyl-2-pentaone. All
the plots are similar to the one shown in Figure 1. Plots
of In(c) as a function of (CMT)! for solutions of
copolymers SEBS1 and SEBS2 in 4-methyl-2-pentanone
are shown in Figure 2. Both are linear within experi-
mental error for the temperature range studied.

The standard Gibbs energy, AG®, at 25 and 85 °C, the
standard enthalpy, AH°, and the standard entropy of
micellization, AS°, were calculated from the experimen-
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Table 2. Thermodynamic Data for the Micellization
Process of Copolymers SEBS in 4-Methyl-2-pentanone

SEBS1 SEBS2 SEBS3
AH°/kdJ-mol~! —-216 —-204
AS°/kJ-mol 1K1 -0.520 ~0.454
AG®35/kd-mol 1 -60.1 -68.6
AG®g5/kdmol 1 -30.5 -41.3 -49.5
CMCqs/grem 3 95x 10710 82 x 101
CMCqs/mol' L1 1.6 x 10711 9.4 x 10713
CMCgs/grem™2 2.1 x 103 8.2 x 10-% 1.5 x 1073
CMCgs/mol-L-? 3.5 x 1075 9.4 x 1077 58 x 1078

tal data by means of eqs 1—4. These values, per mole
of copolymer chain, are shown in Table 2, The standard
states for micelles and chains are states with ideally
dilute solution behavior and concentration 1 mol-dm™3.
It was assumed that AH° and AS° were independent of
temperature from 25 to 85 °C in order to calculate AG®
at 25 °C.

The standard Gibbs energy of micellization shows
negative values for all the studied systems, as expected.
As can be seen in Table 2, when the copolymer molar
mass is increased, the standard Gibbs energy becomes
more negative. So, the stability of micelle solutions is
higher for larger copolymer chains.

The standard enthalpy of micellization also shows
negative values and is solely responsible of the micelle
formation. These negative values arise from the exo-
thermic energy interchange which accompanies the
replacement of core block segment/solvent interactions
by core block segment/core block segment and solvent/
solvent interactions in the formation of the micelle cores.
Values of AH° are similar for the copolymers SEBS1
and SEBS2, which can be explained by taking into
account the small difference between their PEB blocks.

The standard entropy of micellization is also negative
in all the systems and, therefore, unfavorable to the
micellization process. The negative values of the stand-
ard entropy of micellization are due to the increase of
the order degree that is associated with the micellization
process. As can be seen in Table 2, SEBS1 micelles have
a more negative AS° value than SEBS2 micelles,
although the molar mass of the first micelles are smaller
than the second ones. This fact can be explained by
considering the higher associating number that SEBS1
micelles have and the influence of this parameter in the
order degree.

In order to study the micelle structure, static and
dynamic light scattering, size exclusion chromatogra-
phy, and viscometry techniques were employed. Static
light scattering measurements were performed on solu-
tions of the three copolymers whose concentrations
range between 1 x 1073 and 5 x 10~% gem =3, The Zimm
plots obtained show a standard shape (Figure 3) since
the experimental concentrations are very much higher
than the critical micelle concentration (Table 2). Under
these experimental conditions micelle formation is
overwhelmingly favored and the weight average molar
mass, My, determined from the double extrapolation to
nil angle and concentration can be considered as the
micelle molar mass (Table 3).

As shown in Table 3, the molar mass of the micelles
increases as the molar mass of the copolymer becomes
higher. However, the association number has an op-
posite behavior, decreasing with the copolymer molar
mass. This behavior agrees with the variation of the
standard entropy of micellization with the copolymer
molar mass. This fact can be explained by considering
that as the copolymer chain becomes larger, its arrange-

Macromolecules, Vol. 28, No. 4, 1995

-
o
1

Kc/AR(@).10’

i

2 4 6 8 10 12

c+sin2(6/2)/150 .102

Figure 3. Zimm plot for micellar solutions of SEBS3 copoly-
mer in 4-methyl-2-pentanone at 25 °C.

Table 3. Molar Mass, Mw, Association Number, N, Second
Virial Coefficient, A3, Mean Square Radius of Gyration,
Rg, Intrinsic Viscosity, [7], Degree of Solvation, &, and
Hydrodynamic Radius (Obtained from Static Light
Scattering and Viscosimetric Measurements), Ry, for
SEBS Copolymer Micelles in 4-Methyl-2-pentanone

SEBS1 SEBS2 SEBS3

10~ Mw/gmol ! 9.5 10 21

N 157 115 81
108Ay/mol-em3-g—2 1.2 0.6 4.6
Rg/nm 16.0 16.0 23.9
[nVem3g-1 8.54 9.05 13.40
& 1.89 2.05 3.44
Rynm 234 24.3 35.5

ment into the micelle is more difficult. In all cases, the
association numbers are considerably lower than those
found in ketones for SEP diblock copolymers with
similar PS contents!'??4 (around 400 molecules per
micelle). This fact agrees with that found by Riess and
Roger?s for diblock and triblock copolymers of poly-
styrene and poly(ethylene oxide). PEP insoluble blocks
of SEP diblock copolymers can be packed more easily
into the micelle core than the PEB central blocks of
SEBS triblock copolymers since the two lateral blocks
hinder sterically the association of the central block.

Second virial coefficients, Az, were determined from
the concentration dependence of Kc/AR at nil angle. In
all cases the second virial coefficient showed small and
positive values (Table 3), which can be explained by
taking into account that the solvent is rejected from the
micelle core giving rise to less unfavorable contacts
between the PEB segment and the 4-methyl-2-pen-
tanone molecules. On the other hand, the protective
shell of solvated PS segments hinders long-range PEB
segment—PEB segment interactions.

The radius of gyration, Rg, has been calculated from
the angle dependence of Kc/AR at nil concentration. The
values are shown in Table 3. Owing to the micelle
structure and the different refractive index increments
that PS and PEB segments have, the experimental radii
of gyration are apparent. Besides, the Rg values found
are in the experimental low limit of the static light
scattering technique; therefore they must be considered
in a qualitative way. Block copolymer micelles show
very small dimensions when compared to free polymer
chains. Thus a PS sample with a weight average molar
mass of 1.05 x 10% gmol~! shows a radius of gyration
of 30.0 nm in 4-methyl-2-pentanone at 25 °C. Taking
into account the high molar mass that the micelles have
(several millions), the low values of Rg* suggest a very
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high compactness, mainly due to the high density of the
micelle core.

Viscometry measurements were carried out in order
to get the intrinsic viscosity, (7], the hydrodynamic
radius, Ry, and the solvation degree, £&. The experimen-
tal dependencies of the reduced viscosity, #7sp/c (Huggins
equation), and of the logarithm viscosity number, In(n/
¢) (Kraemer equation), on the concentration were linear
within the concentration range employed for the three
SEBS/4-methyl-2-pentanone systems analyzed. Ex-
trapolations to nil concentration according to the Hug-
gins and Kraemer equations led to the same values of
[#] (see Table 3). These intrinsic viscosities correspond
to the micelle ones. The molar mass of PS samples
which would correspond to these intrinsic viscosity
values (1.2 x 104,1.3 x 10%, and 2.8 x 10% g'mol~!) were
calculated by means of the Mark—Houwink—Sakurada
relationship for the system polystyrene/4-methyl-2-
pentanone/25 °C. These values are very much lower
than the ones of the micelles (9.5 x 108, 1.0 x 107, and
2.1 x 107 gmol~1). Therefore the very low [5] values
found give a qualitative idea of the high compactness
of the micelle core and confirm the small Rg* values
obtained by static light scattering, considering the high
molar mass that the micelles have. The values of the
Huggins coefficient, K, found for the three systems are
lower than 0.35. These values are similar to those found
for solutions of a polystyrene-b-poly(ethylene/propene)
diblock copolymer in several ketones!224 but contrast
with the values shown for the same copolymer in
n-alkanes226 (ranged between 0.6 and 0.9). It can be
explained by the higher density that the micelles formed
by block copolymers with low polystyrene content have
done so in polystyrene selective solvents. This fact
decreases the intermicellar interactions and avoids the
anomalous values of the Huggins coefficients and the
negative slope of the angle dependence of Kc/AR(6) that
other micellar systems show at the same experimental
concentrations,!2:26

The hydrodynamic radius of the micelles was calcu-
lated from viscosity and SLS measurements by applying
the model of the hydrodynamically equivalent sphere
to the spherical micelles and using Einstein’s equation

47N,R,® 107N,R,?

where v is the shape factor (2.5 for rigid spheres), M
and Ry are the molar mass and the hydrodynamic
radius of the micelles, and Ny is Avogadro’s number.
According to the above equation, the intrinsic viscosity
is inversely proportional to the density of the micelles.
Although the intrinsic viscosity is a viscosity average
and the molar mass determined by light scattering is a
weight average, both averages can be considered simi-
lar. The spherical micelles have a narrow size distribu-
tion, as size exclusion chromatography and dynamic
light scattering measurements have shown.

The Ry, values obtained are shown in Table 3. Very
low values were found and provide a new evidence of
the high density of micelles. The SEBS3 copolymer
forms micelles larger than those formed by SEBS1 and
SEBS3 copolymers. This can be explained by taking
into account the higher molar mass of SEBS3 micelles
and the larger solvated PS blocks that this copolymer
has.

Information on the micellar shape can be obtained
from the relationship radius of gyration versus hydro-
dynamic radius. It must be noted that the Rg*/Ry, ratio

(14)
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Table 4. Translational Diffusion Coefficient, D,
Hydrodynamic Radius, Ry, and Variance, ua/T?,
Determined by DLS (Cumulants Method) for SEBS
Copolymer Micelles in 4-Methyl-2-pentanone

SEBS1 SEBS2 SEBS3
107D/em%s ! 1.673 1.593 1.186
Ry/nm 26.1 27.5 36.9
ugT? 0.027 0.025 0.032

is constant for the three copolymer samples (Rg*/Ry =
0.67 £ 0.01), suggesting that the micelles of the three
samples have a similar shape. The theoretical ratio Rg/
Ry is 0.77 for a hard sphere!® and 1.30 for a linear coil.?’
Therefore, even considering the apparent character of
the radii of gyration, the Rg*/R), values indicate that
the assumption of considering the micelles as hydro-
dynamic hard spheres is acceptable.

The intrinsic viscosity is related to the degree of
solvation & (weight of solvent within the micelle per
weight of copolymer) by the equation

[n] = vig* =g, ™ + £0, ) (15)

where v is the shape factor (2.5 for spheres) and ¢*, g,,
and g, are the densities of the particle, polymer (0.96
gem™?), and solvent (0.80 gem™3), respectively.

Equation 15 allows us to determine the degree of
solvation (Table 3). These & values must be considered
average ones since the micelle core will be very much
less solvated than the shell. The values calculated are
similar to those found for micelles of nonionic surfact-
ants in water.2® Similarly to the second virial coef-
ficient, the degree of solvation of SEBS3 shows a slightly
higher value compared to those corresponding to SEBS1
and SEBS2. Taking into account that the core of SEBS3
micelles is larger and the association number is smaller,
the PS blocks which form the shell of the SEBS3
micelles will have fewer steric hindrances. Therefore
the shell of the SEBS3 micelles will be able to be more
solvated.

Dynamic light scattering measurements were made
in order to get information on the size distribution
functions and to confirm the previous results. Param-
eters obtained by the cumulants method are shown in
Table 4. As expected, these DLS hydrodynamic radii
(z-average) are slightly higher than those calculated by
SLS and viscometry (weight-average). The dependence
of In(g?(z) — 1) as a function of the delay time for the
SEBS2 copolymer in 4-methyl-2-pentanone at 25 °C is
shown in Figure 4. The plot is linear, leading to very
low values of the variances (u/T? < 0.032), which
suggests a low particle size polydispersity.

The histograms method allows us to get the whole size
distribution function and the different average hydro-
dynamic radii. Figure 5 shows the distribution histo-
grams for the three SEBS/4-methyl-2-pentanone sys-
tems. The distribution functions are narrow and shift
to high radius values as copolymer and micelle weights
are increased. The values of the average hydrodynamic
radii and polydispersity index obtained by DLS are
shown in Table 5. Weight average values are similar
to those obtained from SLS and viscosity measurements.
The polydispersity indices are close to the unit and agree
with the low values of the variance found by the
cumulants method. These low values provide new proof
of the existence of the closed association mechanism in
the system.

Size exclusion chromatography measurements were
also made. In order to determine the hydrodynamic
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Figure 4. Plot of log(g'®(r) — 1) versus delay time for a
SEBS2/4-methyl-2-pentanone solution with ¢ = 1 x 1072 gem ™2

at 25 °C.
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Figure 5. Plots of G(I) versus log(I") for SEBS copolymers in
4-methyl-2-pentanone at 25 °C (¢ = 1 x 1072 grem™3).

‘Table 5. Polydispersity, I, and Different Values of the
Hydrodynamic Radii (Chromatographic Peak Value,
Rupeaki Number Average, Rn,; Weight Average, Ry w; and
Z-Average, Ry;) of Micelles Obtained by SEC and DLS
(Histogram Method) for SEBS/4-Methyl-2-pentanone
Systems at 25 °C

SEBS1 SEBS2 SEBS3
SEC DLS SEC DLS SEC DLS
Rppea'nm  23.3 25.3 35.9

Ry n/nm 23.2 24.6 23.8 25.9 30.7 34.3
Ry w/nm 23.6 24.9 24.2 26.2 31.7 34.9
Ry /nm 25.2 26.3 25.4 27.5 35.0 371
I 1.02 1.01 1.02 1.01 1.03 1.02

sizes of the micelles it was necessary to carry out a
previous universal calibration. Therefore, the values of
the Mark—~Houwink—Sakurada coefficients for the sys-
tem polystyrene/4-methyl-2-pentanone at 25 °C had to
be determined from the log [#] versus log M relationship
plotted in Figure 6 (K = 5.414 x 1072 cm3g™1, ¢ =
0.539). The universal calibration curve?® was obtained
from the dependence of log(MI[#]) as a function of the
elution volume, V,, for the different polystyrene stand-
ard samples injected (Figure 7). The size distribution
functions of micellar samples were directly determined
from their chromatograms by means of the calibration
curve. The value of the hydrodynamic radius of each
fraction was obtained by taking into account the Ein-
stein relationship for hydrodynamically equivalent
spheres (eq 14).
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Figure 6. Plot of log (1] versus log M for several monodisperse
polystyrene samples in 4-methyl-2-pentanone at 25 °C.
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Figure 7. Plot of log M[#] as a function of the elution volume,
V., for several polystyrene samples in 4-methyl-2-pentanone
at 25 °C.
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Figure 8. Chromatograms of SEBS2 and SEBS3 triblock
copolymer micelles in 4-methyl-2-pentanone at 25 °C (¢ = 2 x
1073 gem™3).

The chromatograms corresponding to SEBS2 and
SEBS3 copolymer micelles in 4-methyl-2-pentanone at
25 °C are shown in Figure 8. The micelle chromato-
grams have a small tail. This behavior contrasts with
that shown for other micelle/solvent/temperature sys-
tems, whose peaks have a large tail.303! The anomalous
shape of these chromatograms is due to the continuous
establishment of the association equilibrium in the
column. When the copolymer elutes through the col-
umn, micelles are separated from unimers. In order to
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Figure 9. Particle size distribution functions obtained by SEC
and DLS for the system SEBS3/4-methyl-2-pentancne at 25
°C.

recover the equilibrium, micelles dissociate along the
column. This effect is more pronounced as the molecule
interchange rate between unimers and micelles in-
creases and as the critical micelle concentration becomes
higher. The shape of the chromatograms of SEBS
triblock copolymers (with small or no tail) suggests a
slower speed in the dissociation process of triblock
copolymer micelles in comparison with other micelle/
solvent/temperature systems reported in the litera-
ture.32

Such behavior allows us to calculate the size distribu-
tion functions directly from the chromatograms of
triblock copolymer micelles with a small error. The size
distribution functions obtained by SEC and DLS for the
system SEBS3/4-methyl-2-pentanone at 25 °C are com-
pared in Figure 9. The results obtained for the three
systems studied are shown in Table 5. All the average
values are close to that given by DLS, only slightly
smaller. This fact is due to the influence of the micellar
equilibrium in the shape of the chromatographic peak
and therefore in the size distribution functions evalu-
ated from the SEC measurements. However, the effect
of the micellization equilibrium on the results obtained
is low and SEC can be considered as a valid method to
characterize these triblock copolymer micelles. Al-
though the polydispersity indices are higher than those
obtained by DLS, they are extremely low and confirm
the close association model and the validity of the SEC
technique.

As shown in Table 5, peak location in the SEC curve
can be considered as a good criterion to determine the
hydrodynamic radius of triblock copolymer micelles,
since micelles are practically monodisperse. These
values are in good agreement with those obtained by
other methods.

Conclusions

Polystyrene-b-poly(ethylene/butylene)-b-polystyrene
triblock copolymers form micelles in selective solvents
of the external polystyrene blocks. The extremely low
size polydispersities obtained by DLS and SEC suggest
that the association process follows the closed associa-
tion model. In order to explain the micellization process,
thermodynamic arguments similar to those shown for
diblock copolymers can be used, i.e. the enthalpy
contribution is solely responsible for micelle formation,
whereas the entropy contribution is unfavorable. The
association numbers and solvation degrees found are
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lower than those shown by diblock copolymers, as a
consequence of the steric effect. Micelle molar mass and
size increase as the copolymer chains become larger for
a constant copolymer composition. However, the as-
sociation number has an opposite behavior.
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