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Polystyrene-block-poly(ethylenc-co-propylenc) solutions in decane have been investigated by dy-
namic and static light scattering. The dissolution of the diblock copolymer in a solvent, which is
selective of aliphatic blocks, yields well-defined metastable micellar structures. These structures are
converted into equilibrium micelles on heating and change into frozen micelles when cooled. A simi-
lar pattern is observed also in dioxanc, which is a selective solvent for polystyrene blocks.

The supermolecular structures formed by block copolymers have received an increased
attention! =~ ? in last few years. In sclective solvents, which dissolve onc type of the
blocks but precipitate the other, the individual block copolymer molecules (unimers)
associate into micelles. The behaviour of diblock copolymer micelles! and unimer—mi-
celle equilibria have been recently investigated both theoretically? = # and experimen-
tally® = %, Probably most of the experimental work has been done with polystyrene-
block-poly(cthylene-co-propylene) (PS—PEP), which is commercially available. The be-
haviour of this copolymcr in selective solvents has been bricfly reviewed in our preced-
ing communication®. In decane, which is a sclective solvent for the aliphatic block, the
formation of micclles with a PS core and PEP shell is anticipated'. We have observed®
that the dissolution at room temperature yiclded solutions of metastable micellar struc-
tures. These structures were irrcversibly converted into much smaller equilibrium mi-
celles after heating of the solutions to 100 °C. The concept of frozen micelles was

* Part Il in the series Equilibrium and Non-Equilibrium Copolymer Micelles; Part I: ref.’.
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introduced to account for the existence of the metastable structures, which are believed
to be linked to the solid-state morphology before the dissolution.

In this paper, we use light scattering methods to describe the changes occurring dur-
ing the heating and the following cooling of PS—PEP solutions in dccanc. The results
arc comparcd with those obtained in dioxanc, which is a selective solvent for the PS
blocks.

EXPERIMENTAL

The PS—PEP diblock copolymer was a commercial sample manufactured by Shell Chemical
Company under the trademark Kraton GG1701. The weight-average molecular weight was® M, =
1.05 . 10°, weight-to-number-average molecular weight ratio M, /M, = 1.24. The copolymer con-
tained 34 wt.% PS. The solvents, decane and dioxane (purum; Fluka, Switzerland), were used with-
out further trecatment. Weighed amounts of the copolymer and of the solvent were sealed in glass
ampoules. The light scattering from the solutions has been measured directly in these ampoules.

Dynamic light scattering measurements were performed with a laboratory-made multiangle corre-
lation spectrophotometer equipped with an Argon—lon and IHc—Ne laser together with a 100 channel
analog Stochastic Analyser NSA 1000 (Metrimex, Hungary). The autocorrelation curves were fitted
by a single exponential function. Some independent measurements were also done with an ALV-5000
multibit, multitau autocorrelator covering approximately 8 decades in delay times. The samples were
thermostatted during the measurement in silicone-oil bath, which was used as the refractive index
matching liquid. The autocorrelation functions were analyzed assuming that the decay times had
Pearson distribution'®, The hydrodynamic radius has been calculated from the Stokes—Einstein equa-
tion. The temperaturc dependences of the refractive index and the viscosity of the solvents were
evaluated on the basis of published data”!!.

Static light scattering was measured with a Fica 50 apparatus. The experimental details are given
clsewhere®. The refractive index increments of Kraton G1701 in decane at elevated temperatures
were calculated by using the temperature dependence reported in the literature” as 0.139 cm? g™! (90 °C,
546 nm) and 0.146 cm® g™! (130 °C, 546 nm). The refractive index increment in dioxane was deter-
mined with a Brice=Phoenix BP-2000-V differential refractometer as 0.120 em® g™ (25 °C, 546 nm).

RESULTS AND DISCUSSION

When solutions of the PS—PEP copolymer prepared at room temperature in decanc are
heated, the intensity of scattered light decreases dramatically (Fig. 1). The change in
the integral intensity can be observed both with dynamic and static light scattering
apparatus as well as by the naked cye. The intensity of scattered light at the angle 90°
is rcduced in two steps, cach time by about an order of magnitude. The first drop occurs
above ca 50 °C, then the intensity nearly levels off in the region 80 — 100 °C, to be
followed by another decreasc at still higher temperature. The intensity of scattered light
docs not show any significant changes above 120 °C. When the temperature is lowered,
a reversible behaviour is observed down to ca 80 °C. The intensity of scattered light
then remains virtually constant during a further decrcase down to room temperature.
To cxplain the observed phenomena, the following hypothesis can be offered
(Fig. 2): In solid state, block copolymers form a varicty of organized structures with
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separated regions of the individual blocks. E.g., micelles having a PS core embedded in
PEP matrix arc anticipated to form a solid-state morphology® when the block copoly-
mer contains a major fraction of PEP. When solvents selective of matrix are used to
dissolve a diblock copolymer, the micellar cores existing in the solid state (Fig. 2a)
may survive even in the resulting solution (Fig. 2b). Such situation is likely to occur
when the contacts between the units of polymer chains within the core are strongly
preferred to polymer—solvent interactions (unswollen core) and when the pull of chains
in shell on the core cxerted after dissolution is weak (moderately swollen shell). The
mctastable structures (Fig. 2b) arc converted into cquilibrium micelles when heated
(Fig. 2¢). These micelles dissolve to a molecular solution when temperature is further
increased (Fig. 2d) and/or get into a new frozen statec once temperature is decrcased
(Fig. 2e).

When insoluble blocks arc strongly bound within the micellar core, the probability
that a copolymer molecule (unimer) could be pulled out of and transferred between the
individual micelles is low. This is cspecially truc when the corce is in the glassy state.
No transport of matter will be thus perceptible on a current time scale and the critical
micellar concentration will appear as extremely, usually immcasurably, low>°. Such
micelles can be regarded as being frozen. Substantial changes in their structure take
place when the temperature is increased. The exchange of unimers is then possible and
cquilibrium micelles are formed. These micelles coexist together with the unimer and
may decompose to form a molecular solution when the temperature is further increased.
The above rcasoning also applics to other types of the solid-statc morphology, c.g., to
cylindrical domains. In principle, mctastable worm-like micelles could then result and,
indecd, their occurrence has been reported in the literature!2 13,
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Relative intensity, I/, of the light scattered at the
angle 90° (I, the intensity of light scattered by
benzene) for PS-PEP diblock copolymer in decane
in dependence on temperature during heating (full
points) and subscequent cooling (open points). Co-
polymer concentration, ¢ 0.005 g cm™; tempera-
ture varied by 0.25 °C/min
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The features outlined above are obscrved when the PS-PEP diblock copolymer is
dissolved in decanc at room temperature. In addition to the intensity of scattered light
(Fig. 1), the undergoing changes can be graphically illustrated by monitoring the tem-
perature dependence of hydrodynamic radii, which follows a similar pattern (Fig. 3).

The structures obtained after dissolution at room tecmperature are, as we assume, in a
metastable state®. The properties of their solutions do not change throughout, cven for
months. When the contacts between the insoluble blocks within the core are loosened,
the conversion into cquilibrium micelles occurs. This transition is reflected by a sudden
drop of the hydrodynamic radii above 50 °C (Fig. 3). The dynamics of the process at
fixed temperature, 60 °C, is illustrated in Fig. 4. Two different slopes can be fitted in
the time dependence of intensity of scattered light plotted in the logarithmic scale. Thus
it scems that two processes, a fast followed by a slow one, arc involved in the transi-
tion. The first one corresponds to the decomposition of the metastable structure, the
second scems to be associated with the rearrangement and cquilibration of the resulting
fragments. The whole process accelerates at higher temperature.

Between 80 — 100 °C, the integral intensity of scattered light and hydrodynamic
radius depend on temperature, but no more on time (Figs 1 and 3). The micelles coexist
in the thermodynamic cquilibrium with unimer (Fig. 2¢). Their proportion is expected
to shift in favour of the unimer as temperature grows. This is reflected by the decrease
in the intensity of scattered light (Fig. 1). Due to high differences in molecular weights
of the unimer and micelles, only the hydrodynamic radius of the micelles is measured,
and, conscquently, it does not virtually change in this temperature interval (Fig. 3).
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The static light scattering performed at 90 °C with a set of solutions of varying
copolymer concentration yields a distorted Zimm plot. The distortion is duc to the fact
that at a modcrate polymer concentration the dissymmetry of scattered light is lower
than unity®. This otherwise rarc behaviour is commonly observed with PS-PEP di-
blocks in alkanes>” 1214, Nevertheless, the extrapolation of the data to zero concentra-
tion is straightforward and a molecular weight of M, = 2.6 . 10° is obtained. Duc to the
presence of the unimers, the average molecular weight is lower compared to that of
heat-treated micelles characterized at room temperature’, M, = 8.7 . 10°, where all
block copolymer molecules are expected to be incorporated into the micelles.

The growth of the micellar dimensions at 90 — 100 °C (Fig. 3) can be interpreted as
a swelling of the micelles on the verge of their decomposition into unimers. The cffect
is not expected to influence substantially the integral intensity of scattered light
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Hydrodynamic radii, Ry, of PS-PEP diblock co- Time dependence of the intensity of scattered

polymer micelles in decane in dependence on
temperature. (Solid-state micelles are converted
into cquilibrium ones, which dissolve as tem-
perature is increased (full points). When tem-
perature is decreased, the equilibrium micelles
arc formed again and then they get into a new
frozen state (open points). Copolymer concen-
tration, ¢ 0.005 g em™, temperature varied by
0.25 °C/min.)

light, (I = 1)/Ig, from PS-PEP diblock co-
polymer in decance and the corresponding hy-
drodynamic radii, Ry, at 60 °C. (Angle of
observation 90°, copolymer concentration ¢
0.005 g em™, I, is the equilibrium intensity of
scattered light at infinite time; [,/Ig = 141.)
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(Fig. 1). The further decrease in dimensions above 105 °C (Fig. 3) corresponds to the
successive decomposition of micelles into a true molecular solution of unimers or to the
reduction of the association number. The apparent mean dimensions of the unimer—mi-
celle mixtures are measured in this temperature range. The process is accompanicd by
a decreasc in the integral intensity of the scattered light as the mean molecular weight
of the dissolved species is reduced by an order of magnitude (Fig. 1).

When the measurement of static light scattering is repeated at 130 °C for a set of
solutions, thc molecular weight estimated from the angular range 60° — 150° is M, =
2. 105, i.c., higher than that expected for the unimer’, M,, = 1.05 . 10°. Nevertheless,
cven this result indicates the practically complete molecular dissolution of the co-
polymer and the absence of micelles. A strong curvature of the angular dependences of
scaticred light has been observed at low angles (30° — 45°) in the Zimm plot. In our
opinion, this is a consequence of the fact that the miccllar solutions were not optically
clarified, in order to prevent any undesirable removal of some supermolecular struc-
tures. The dust particles present in the copolymer may affect the results of light scatter-
ing when the molecular weight of the scatterers is low, which scems to be the case with
the solutions of the unimer.

The dissolution and formation of the equilibrium micelles is reversible (Figs 1 and 3).
Both the integral intensity and the hydrodynamic radii follow the same path as the
temperature is decrcased to 80 — 100 °C again. The obscrved hysteresis (Fig. 1) is
probably caused by the finite rate of heating and cooling. On further cooling, no change
in dimensions of micelles is observed. Conscquently, we assume that below ca 50 °C,
where the metastable structures exist, the micelles become frozen (Fig. 2€). The unifor-
mity of micclles, often reported in the literature!, indicates that the micelles were
formed in the process reaching the thermodynamical cquilibrium. Their transformation
into a frozen state, far away from equilibrium conditions, does not change their unifor-
mity.

The association number of the micelles in the frozen state is, of course, fixed. Such
micelles can be transferred to other media, e.g., by dialysis against an cxcess of another
sclective solvent!® or from a more volatile selective solvent into another one by pref-
crential evaporation of the solvent with a lower boiling point™3 without their associ-
ation number being changed. Such micelles are conveniently characterized, because
their association number is not affected by dilution. The frozen state need not, of
course, exist in any system. Whether or not it occurs in a temperaturc range depends on
the nature of solvent and on its interaction with the constituent blocks. E.g., with diiso-
propyl cther, a dircct dissolution to cquilibrium miccelles with PS core has been ob-
served at room temperature’. Therefore, in experiments, it is not always casy to decide
whether the micelles are in the cquilibrium state or in a frozen state.,

Dioxanc is a good solvent for polystyrene, while it does not dissolve PEP blocks. In
this sense, it is a logical counterpart to decane. Assuming again the cxistence of the
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solid state structure, in which PS cores are located in a matrix of PEP chains (Fig. 2),
one would expect, that only swelling of the diblock copolymer occurs in dioxane.
Rather surprisingly, the diblock copolymer dissolves easily at room temperature to a
lightly turbid solution and its turbidity is irreversibly rcduced as the solutions are
heated to 100 °C and then cooled down again. In other words, the same type of beha-
viour is observed as in decane.

The cntities obtained after dissolution in dioxane at room temperature arc larger
(R, = 110 nm, Fig. 5) than those in decane® (R, = 70 nm, Fig. 3). Above ca 50 °C, a
pronounced irreversible decrease in the particle sizec was observed. Unfortunatcly,
above 100 °C, where molecular dissolution to unimers could be expected, the measure-
ment is not feasible due to the boiling point of dioxanc (101 °C). When lowering the
temperature, a small reduction of the particle size corresponding to deswelling is ob-
served (Fig. 5). The micelles at room temperature are again in the frozen state.

The changes in the hydrodynamic radius after heat treatment are more pronounced in
dioxance (Fig. 5; Ry, from 110 nm down to 32 nm) than in decane (Fig. 3; R, from 70 nm
down to 36 nm). The molecular weight of micclles obtained after cxposure to the clev-
ated temperature is higher in dioxane, M, = 32 . 10%, than in decanc® M,, = 8.7 . 10°.
This indicates, that the average density of micelles, assuming homogeneous spherical
particles, must be much higher in dioxanc (0.39 g cm™) than in decane (0.05 g cm™).
In dioxanc, the highly swollen shell is formed by relatively short PS chains contributing
little to R,, while the compact core comprises much longer PEP chains. This results in
higher association number and also molecular weight. In decane, a reverse situation
may be anticipated, in qualitative agreement with the experimental data.
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The existence of the metastable micelles in dioxane seems to be well established, although
their origin and potential relation to the solid-state morphology is not completcly obvious.

CONCLUSIONS

Under specific conditions, non-equilibrium micellar structures are obtained after dissol-
ution of a diblock copolymer in a selective solvent at room temperature. The properties
of such metastable structures seem to be remnants of the solid-state morphology of the
diblock copolymer with separated domains of the individual blocks. The non-equili-
brium micelles convert into equilibrium ones when the temperature is increased suffi-
ciently. They transform into a new frozen state with fixed association number as the
solution is cooled down to room temperaturc again. The presence of mctastable
(frozen) micelles is to be suspected in cases, when a block copolymer dissolves to a
solution, the properties of which are irreversibly changed after heat treatment and sub-
sequent cooling to the dissolution temperature.

The financial support of the Alexander von Humboldt Stiftung to one of the-authors (C. K.) and of the
Deutsche Forschungsgemeinschaft (J. S., M. 1.) is gratefully acknowledged.

REFERENCES

1. Tuzar Z., Kratochvil P. in: Surface and Colloid Science (E. Matijevic, Ed.), Vol. 15, p. 1. Plenum
Press, New York 1993.

2. Prochizka O., Tuzar Z., Kratochvil P.: Polymer 32, 3038 (1991).

3. Yuan X.-F., Masters A. J., Price C.: Macromolecules 25, 6876 (1992).

4. Sikora A., Karasz F. E.: Macromolecules 26, 177 (1993).

S. Stejskal 1., Hlavatd D., Sikora A., Koidk C., Pleitil 1., Kratochvil P.: Polymer 33, 3675 (1992).

6. Quintana J. R., Villacampa M., Muiioz M., Andrio A., Katime I. A.: Macromolecules 25, 3125
(1992).

7. Quintana J. R., Villacampa M., Andrio A., Muiioz M., Katime 1. A.: Macromolecules 25, 3129
(1992).

8. Quintana J. R., Villacampa M., Salazar R., Katime I. A.: J. Chem. Soc., Faraday Trans. 88, 2739
(1992).

9. Prochdzka K., Medhage B., Mukhtar E., Almgren M., Svoboda P., Trnénd J., Bedndf B.: Polymer
34, 103 (1993).

10. Jake$ J.: Collect. Czech. Chem. Commun. 56, 1642 (1991).

11. Beilsteins Handbuch der Organischen Chemie, 4. EW, Band /1, p. 465 and 3./4. EW, Band 19/1,
p- 11 and references cited therein.

12. Price C.: Pure Appl. Chem. 55, 1563 (1983).

13. Price C., Chan E. K. M., Hudd A. L., Stubbersfield R. B.: Polym. Commun. 27, 196 (1986).

14. Price C., Hudd A. L., Wright B.: Polymer 23, 170 (1982).

15. Tuzar Z., Webber S. E., Ramireddy C., Munk P: Polym. Prepr. 32(1), 525 (1991).

Translated by the author (J. S.).

Collect. Czech. Chem. Commun. (Vol. 58) (1993)





