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ABSTRACT: Light scattering was used to determine the dependence of the critical micelle temperature on
concentration for solutions of a polystyrene-block-poly(ethylene/propylene) copolymer in n-hexane, n-hep-
tane, n-octane, n-decane, and n-dodecane. The results were used to estimate the standard Gibbs energy, AG®,
the standard enthalpy, AH®, and the standard entropy, AS°, of micellization. The values of AH® were large
and negative and were markedly dependent on the carbon number for the lower n-alkanes. The values of
AG?® are negative for all n-alkanes studied. The variation of AG° with the number of carbons in the n-alkane
chain depends on the temperature, showing a maximum for n-octane at 85 °C. At 25 °C, AG° becomes more
negative as the n-alkane carbon number increases, showing a marked decrease between n-heptane and n-
octane. The different behaviors for the studied n-alkanes are explained by taking into account the differences

in the polystyrene/n-alkane interactions.

Introduction

Block copolymers dissolved in selective solvents, i.e., in
solvents that thermodynamically favor one block but at
the same time are unfavorable for others, form micelles
which consist of a compact core composed of the insoluble
block and a shell formed by soluble blocks.!2

Electron micrographs of micellar particles isolated from
dilute solutions of polystyrene-block-poly(ethylene/pro-
pylene) (SEP) in octane,® decane,? and a base of lubricating
0il® show that spherical micelles have a narrow size
distribution and provide support for the use of the closed
association model in treating the thermodynamic data.

For micelles having a narrow size distribution, the
standard Gibbs energy of micellization per mole of
copolymer chain is given by

AG® ~RTIn (cmc¢) -RTm™ In ([A,)) 1)

where cmc is the critical micelle concentration, m the
association number, and [An] the concentration of the
micelles.

For copolymer systems with a high association number
and a low micelle concentration, the second term of eq 1
is very small and so

AG® =~ RT In (cmc) 2)

If the association number is independent of tempera-
ture, it follows from eq 2 and the van’t Hoff relation that

o _ _pmed In (cmc)
AH® ~-RT*—— ®3)

If AH® is taken to be independent of the temperature,
eq 3 yields on integration

In (cme) =~ %— + constant 4)

This equation allows us to estimate the contribution
made by the enthalpy term to the standard Gibbs energy
of micellization, and from both magnitudes, it is possible
to determine the standard entropy of micellization, AS®

AG® = AH® - T$S° 5)

For micromolecular surfactants in aqueous media, a
positive standard entropy of micellization is the thermo-
dynamic factor mainly responsible for micelle formation.
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The standard enthalpy of micellization is generally small
and positive or negative depending on the system.6 On
the contrary, for block copolymers in organic solvents, the
enthalpy contribution to the Gibbs energy change is solely
responsible for micelle formation.4’# The entropy is
negative and therefore unfavorable to micelle formation
as would be expected from simple statistical arguments.

The properties of the micelles and the mechanism of
micellization are strongly dependent upon the selective
solvent. To get a better understanding of this influence,
we examine in this paper and in the following one the
behavior of a polystyrene-block-poly(ethylene/propylene)
copolymer in dilute solutions of different n-alkanes. n-
Alkanes are selective solvents for the copolymer; they are
good solvents for poly(ethylene/propylene) but precipi-
tants for polystyrene. As the molecular weight of the n-
alkanes increases, the solvent quality decreases.

In this paper we report on the thermodynamic inves-
tigation carried out on the micelle formation by a
polystyrene-block-poly(ethylene/propylene) copolymer in
n-hexane, n-heptane, n-octane, n-decane, and n-dodecane.
Light scattering was used to study the dependence of the
micelle/free chain equilibrium on temperature and con-
centration.

Experimental Section

The polystyrene-block-poly(ethylene/propylene) (SEP1) was
synthesized by Shell Research plc. It was prepared by hydro-
genating the polyisoprene block of an anionically synthesized
polystyrene-block-polyisoprene copolymer. UV spectroscopy of
the copolymer in tetrahydrofuran showed the copolymer con-
tained 34 £ 3% by weight polystyrene. The weight-average molar
mass of the copolymer determined by light scattering in tet-
rahydrofuran and 1-chloroform at 25 °C was 1.05 X 10% g:mol..
Values of dn/dc of the SEP1 solutions were measured in a Brice-
Phoenix differential refractometer. The values obtained in THF
and chloroform were 0.116 and 0.066 mL-g"}, respectively. The
difference of molecular weight in both solvents was smaller than
the experimental error; therefore this copolymer can be considered
homogeneous in chemical composition. The ratio of the weight-
average to number-average molar mass of the copolymer deter-
mined gel permeation chromatography (GPC) at 25 °C using
chloroform as solvent was 1.08.

n-Alkanes (Merck, analytical purity grade) were used without
further purification. Solutions were prepared by dissolving the
copolymer in the n-alkanes at 90-100 °C. Frequent agitation of
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the solutions was required for periods up to 6 h to ensure that
all the copolymer was dissolved. The copolymer solutions were
filtered at room temperature directly into the scattering cells,
which were sealed.

Measurements were made using a modified FICA 42000
equipped with a He-Ne laser (Spectra Physics, Model 105-1),
which emits at 632.8 nm, with a power of 5 mW. To establish
critical micelle temperatures in the n-alkanes, measurements were
made at a series of temperatures within the temperature range
25-90 °C at three scattering angles (6 = 45, 90, and 135°).

Results and Discussion

Instead of keeping the temperature constant and varying
the concentration to find the critical micelle concentration,
it is far better experimentally to carry out investigations
in which the concentration is kept constant and the
scattered light intensity is monitored over a range of tem-
perature soas to find the critical micelle temperature (cmt).
The critical micelle temperature of a solution of a given
concentration is the temperature at which the formation
of micelles can just be detected experimentally. In
investigations of the thermodynamics of micellization of
block copolymers in organic solvents,? it has been shown
that within experimental error

6 In (cmce) - é1In (c)

6
8T 8 (cmt)™ ©
Therefore eq 4 becomes
= ° +
In (¢) Ricmd) constant N

In this way, once the cmt for different concentrations
has been found, we can calculate all thermodynamic
magnitudes of the micelle formation from the plot of In
(¢) against (cmt)L,

We have determined the relationship of concentration
and c¢mt for the copolymer SEP in five different n-alkanes
(n-hexane, n-heptane, n-octane, n-decane, and n-dode-
cane). It was not possible to find this relationship for
n-hexadecane because the cmt’s are higher than the
maximum temperature that our experimental device allows
us to reach. To find cmt’s lower than this temperature,
it is necessary to use solutions of so low concentration that
the light scattering technique cannot be used. Taking
into account that the cmt corresponding to a solution of
concentration 2.56 X 107 g.cm is higher than 85 °C, we
can say that the cmc at 85 °C is lower than this
concentration. Therefore the standard Gibbs energy of
micellization at 85 °C is more negative than -52 kJ-mol ™%,

A plot of scattered light intensity at 45, 90, and 135°
against temperature for the SEP1 copolymer at a con-
centration of 4.9 X 107 g.cm™ in n-octane is shown in
Figurel. Asthetemperatureincreases,asmooth increase
of the scattered light intensity is found followed by a sharp
decrease and finally a small increase. The increments of
light intensity are due to the increment of the intermo-
lecular interactions as the temperature increases. On the
other hand, the sharp decrease is due to the reduction of
the micelle concentration as the temperature increases to
the temperature at which the copolymer is unassociated.
On moving immediately to lower temperatures, a sharp
increase of the scattered light intensity is observed as a
consequence of the appearance of micelles. The temper-
ature at which the intensity starts to increase is considered
as the critical micelle temperature. I = f(T) curves for
both increasing and decreasing temperature are coincident.
This fact suggests that the micelles behave as spheres as
shown by Price et al.?
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Figure 1. Plot of scattering intensity against temperature for
the SEP1 copolymer in n-octane. The concentration of the
solution was 4.9 X 1075 g.cm™ and the scattered angles were 45

(0), 90 (0), and 135° (A). The arrow indicates the critical mi-
celle temperature.

In a similar way the cmt was determined for other
solutions of the copolymer in n-octane covering a range
of concentrations and also for solutions of the copolymer
in the other n-alkanes. All the plots were similar to the
one shown in Figure 1.

Plots of In (c) as a function of (cmt)!, which are
equivalent to plots of In (cmc) against T1, for the different
n-alkanes are shownin Figure 2. Allthese plots were linear
within the experimental error over the dilute solution range
studied.

The dissymmetry factor Z, i.e., the ratio of the scattering
intensities at 45° and 135°, can give a general idea of the
scattering profile. This value is related to the size and
shape of the scattering particles. The unassociated
copolymer molecules are small and give no angular
dissymmetry (Z = 1). For all the studied solutions the
dissymmetry factor presented values close to unity at tem-
peratures both higher and lower than the cmt. The low
values of Z at temperatures lower than cmt suggest that
the micelles have small size and therefore, taking into
account their high molecular weight,'° we can say that
micelles show a high compactness. Besides, these values
close to unity are in accordance with the spherical shape
that the micelles of SEP copolymers have in n-octane and
n-decane as shown by electron micrographs of micellar
particles isolated from dilute solutions.3*

Values of the standard Gibbs energy, AG®, the standard
enthalpy, AH®, and the standard entropy, AS®, of micel-
lization calculated from the experimental result using eqs
2, 7, and 5 with temperatures of 25 and 85 °C are given
in Table I. The values listed are per mole of copolymer
chain. The standard states for micelles and free chains!!
are states with ideally dilute solution behavior and
concentration 1 mol:«dm=3, The results show that for the
polystyrene-block-poly(ethylene/propylene) copolymer in
all the n-alkanes studied the standard Gibbs energy of
micellization shows negative values, as was expected. The
standard entropy of micellization is negative in all the
systems studied and, therefore, unfavorable to micelli-
zation. The thermodynamic behavior underlying micelle
formation by the SEP copolymer in n-alkanes is different
from that observed for micromolecular surfactants in
aqueous media,'?!® where entropy is largely responsible
for micelle formation. The negative standard entropy of
micellization of the copolymer arises from the loss in com-
binatorial entropy due to the fact that the copolymer chains
are less swollen in the micelles than in the unassociated
state.l® The results show that for the SEP block copolymer
in n-alkanes it is the enthalpy that is solely responsible
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Figure 2. Plots of the logarithm of the solution concentration as a function of the reciprocal of the critical micelle temperature for

the SEP1 copolymer in n-alkanes: (a) n-hexane; (b) n-heptane; (c) n-octane; (d) n-decane; (e) n-dodecane.

Table I
Thermodynamic Data for the Micellization of the SEP1
Copolymer in n-Alkanes at 25 and 85 °C

AG°(25°C), AG°85°C), AH°, AS°,

solvent kJ-mol! kdmol?!  kJmol?! kJmollK!
n-hexane -48.7 -48.1 -52.0 -0.011
n-heptane -51.1 -42.5 -93.9 ~0.144
n-octane -58.3 -38.5 -156.7 —0.330
n-decane -60.6 -40.8 -1568.9 -0.330
n-dodecane -63.9 -44.6 -160.1 -0.323
n-hexadecane <-52.0

for micelle formation. The negative standard enthalpy of
micellization results from the exothermic interchange
energy accompanying the replacement of polystyrene
segment/n-alkane interactions by polystyrene segment/
polystyrene segment and n-alkane/n-alkane interactions
in formation of the micellar cores.

The values of AG®, AH®, and -T6S° calculated from the
results of the SEP1 copolymer in n-decane at 80 °C are
-42.5,~-158.9,and 116.6 kJ-mol!. These values are similar
to those found by Price et al.l® for a series of SEP
copolymers in n-decane. On the other hand, the values
of AG®, AH®°, and -T6S° for the SEP copolymer in n-
heptane at 25 °C are -51.1,-93.9, and 42.8 kJ-mol™l. The
AG® value agrees with that reported by Yeung and Frank!4
for a SEP copolymer with a molar mass of 1.35 X 105g-mol™!
and a styrene content of 37% by weight (AG® = -52
kJ-mol!). However, the values of AH® and -76S° are
different (AH® =-136 kJ-mol! and -T4S° = 84.3 kJ-mol™!).

The variation of the standard Gibbs energy of micel-
lization for 25 and 85 °C as a function of the number of
carbons in the n-alkane is plotted in Figure 3. For T =
25 °C, AG®° decreases as the number of carbons increases.
However, a sharp decrease appears between n-heptane
and n-octane. On the other hand, for T = 85 °C, the
standard Gibbs energy of micellization presents a max-
imum for n-octane. This fact suggests that at this tem-

-30

AG® (KJ.mot )

Carbon number

Figure 3. Dependence of the standard Gibbs energy of micel-
lization on the number of carbons in the n-alkane chain, T = 25
°C (o) and T = 85 °C (0).

perature the SEP copolymer has a higher critical micelle
concentration in n-octane. The different patterns of the
curves suggest that the variation of AG® with tempera-
ture depends on the n-alkane. This fact will be analyzed
in detail considering the standard entropy of micelliza-
tion. To understand the behavior of the Gibbs energy, it
isnecessary to decompose it into the enthalpy and entropy
contributions.

The variations of the standard enthalpy and entropy of
micellization as a function of the number of carbons in the
n-alkane chain are plotted in Figure 4. To explain these
it is necessary to take into account the polymer/solvent
interactions. Katime et al.1® have reported that n-alkanes
become worse solvents for polystyrene as the n-alkane
carbon number increases. As the carbon number of the
n-alkane chain increases, the polystyrene segment/n-al-
kane interactions are more repulsive. Thus, when the block
copolymer chains form micelles with a compact core
composed of a polystyrene block, replacing polystyrene
segment/n-alkane interactions by polystyrene segment/
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Figure 4. Variation of the standard enthalpy (0) and standard
entropy (O) of micellization as a function of the number of carbons
in the n-alkane chain.

polystyrene segment and n-alkane/n-alkane interactions,
the enthalpy of the process becomes more negative. This
behavior is remarkable for n-hexane, n-heptane, and n-
octane, but less significant from a given length of the n-
alkane chain. It can be observed that the variation of
AHP with the carbon number is very small from n-octane.
This fact agrees with the results reported by Katime et
al., '3 which suggested that n-hexane and n-heptane showed
remarkably less repulsive polystyrene/solvent interactions
than higher n-alkanes.

As can be seen in Figure 4, the standard entropy of
micellization is almost constant for n-alkanes higher than
n-octane. However, n-hexane shows a markedly less
negative entropy of micellization. To understand this
behavior, it is necessary to take into account that, contrary
to what happens for micromolecular surfactants in aqueous
media, the cores of the block copolymer micelles contain
solvent molecules. The existence of solvent molecules in
the micelle core will give rise to a certain disorder in the
micelles. As Katime et al.!® have reported for polystyrene/
benzene/n-alkane systems, polystyrene can adsorb pref-
erentially molecules of n-hexane and n-heptane under
certainsystem conditions. However, this does not happen
with higher n-alkanes. Therefore, it can be supposed that
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the number of solvent molecules in the micelle core is
higher for n-hexane and n-heptane than for higher n-al-
kanes, and so the standard entropy of micellization will
be less negative for the lower n-alkanes.
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