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Synopsis

The formation and decomposition of micelles of the three-block copolymer polystyrene-block-
poly(ethene-stat-butene)-block-polystyrene (Kraton G 1652, Shell) were investigated by high-
performance size-exclusion chromatography in a mixed solvent dioxan-heptane. The associ-
ation equilibrium may be shifted from the pure unimer to pure micelles by changing the
composition of the mobile phase, and also (at constant composition) by a change in temperature.
The shape of the chromatograms observed under conditions of comparable equilibrium con-
centrations of both species may be explained by the disturbance and reestablishment of the
association equilibrium during separation in the chromatographic column. Experiments with
changing flow rate show the dominating effect of degrading separation efficiency with in-
creasing linear velocity of the mobile phase.

INTRODUCTION

In dilute solutions, block copolymers dissolved in a solvent selective for
one of the blocks may form associates,! which by analogy with low-molec-
ular-weight soaps and surfactants have been called micelles. Association
(micellization) is a reversible process which may be controlled by changing
the thermodynamic quality of the solvent. The formation and decomposition
of micelles were investigated by, e.g., light scattering?® and osmometry.5’
These methods provide information about the average molar mass of all
particles in solution, and thus indirectly about the equilibrium between the
micelles and the molecularly dissolved copolymer which is here usually
called the unimer.? On the basis of low-angle x-ray scattering data,>!® a
simple model of two concentric spheres has been suggested for the structure
of block copolymer micelles, in which the compact core of the micelle con-
sists of insoluble blocks and the shell contains solvated chains of the other
block, soluble in the given medium. Little so far is known about the kinetics
of micellization and decomposition of the associates. '

Separation of micelles from the unimer by size-exclusion chromatography
(SEC) was studied!! with the system polystyrene-block-polyisoprene in N, N-
dimethylacetamide (a selective solvent for polystyrene); the transition mi-
celle = unimer was controlled by changes in temperature. The authors!!
explained the shape of the chromatograms by the sensitivity of the asso-
ciation equilibrium to dilution during the chromatographic separation, and
by positive adsorption of the unimer on the packing at lower temperatures;
they did not observe any effect of the flow rate of the mobile phase.

It is the aim of the present study to elucidate the behavior of micellizing
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block copolymers under conditions of high-performance size-exclusion chro-
matography. Since in the chromatographic column the equilibrium is con-
tinuously disturbed and reestablished, in a favorable case the results could
contribute to the elucidation of the kinetics of micellization and decom-
position of associates; since, however, the theory of separation of associating
macromolecules under real chromatographic conditions is still in a rather
unsatisfactory state, only qualitative conclusions may be expected.

The three-block copolymer polystyrene-hydrogenated poly-butadiene—
polystyrene in a binary solvent 1,4-dioxan-heptane was investigated; thus,
the thermodynamic quality of the mobile phase could be controlled not only
by temperature changes, but also by changes in composition (dioxan is a
selective solvent for polystyrene).

EXPERIMENTAL

The three-block copolymer polystyrene-block-poly(ethene-stat-butene)-
block-polystyrene (Kraton G 1652, Shell product) contained 29 wt % of
polystyrene as two outer blocks of the same length on both sides of the
central block of hydrogenated butadiene; M, by light scattering was =
60,000. Heptane (analytical grade, Loba Chemie, Fischamend) was used as
received. 1,4-Dioxan (analytical grade, Lachema, Brno) was distilled with
Cu,Cl, and used fresh.

The apparatus for high-performance size-exclusion chromatography has
been described earlier.’? The column system consisted of one column 500
mm long, i.d. 4 mm, packed with macroporous silica of our own production
(particle diameter 8 wm, molecular weight exclusion limit for polystyrene
in tetrahydrofuran M, = 1 X 10°) in series with two identical columns (250
mm long, i.d. 6 mm) packed with silica having M, = 1 x 105. The concen-
tration in the eluate was monitored with a variable wavelength UV detector
(Cecil Instruments, Cambridge, England) at 254 nm in series with a differ-
ential refractometer (type R 401, Waters Assoc., Milford, Conn.). Signals
obtained from the two detectors were recorded with a two-channel poten-
tiometric recorder (Goerz, Vienna, Austria); the differential refractometer
served mainly for checking whether the concentration of the eluate was
already stabilized at the new level after a change in the composition of the
mobile phase. The whole apparatus was placed in an air thermostat.

A stock solution of the copolymer (26 mg mL-!) in a mixture heptane/
dioxan (30/70 by volume) was prepared in a sealed ampoule. The solution
was injected directly onto the top of the first column; solutions for calibra-
tion of the detector response were prepared from the stock solution.

RESULTS AND DISCUSSION

The temperature dependence of the association equilibrium micelle =
unimer was investigated for the composition of the mobile phase heptane/
dioxan 30/70 by volume and at the flow rate of 0.5 mL/min; 20 uL of the
stock solution were injected. The shape of the resulting chromatograms can
be seen in Figure 1. Below 28°C a single, very narrow and symmetrical peak
of micelles was observed at the retention volume Vp = 9.5 mL. On the
contrary, above 41°C the elution curve consisted of a single symmetrical



BLOCK COPOLYMER MICELLIZATION 145

0.04 +
Q.L°C
c 39.2°C
0.02 4 37°¢
1n.s 95 1.5 9.5 ns 95
v, ml
27.2°C
224°C
15.5°C
0.06 .
c 30.6°Cﬂ
0.04 —
3°C
002 + 35°C I ‘
115 95 1S 95 ns 95 ns 95
Vv, mt

Fig. 1. Effect of temperature on the shape of elution curves of Kraton G 1652 in the mobile
phase heptane: 1,4-dioxan 30:70 by volume. Flow rate 0.5 mL/min, 20 pL of the stock solution
injected; ¢ is the copolymer concentration in the eluate in wt. %.

peak at Vp = 11.5 mL, which (owing to the disappearance of the typical
bluish tint of the stock solution at elevated temperatures) must be attributed
to the pure unimer. By superimposing both peaks it can be demonstrated
that with the given system of three columns an almost baseline separation
of the micelles from the unimer could be achieved. However, the actual
chromatograms recorded at temperatures between these extremes, when
both species coexisted in the system at comparable concentrations, never
represented a mere superposition of peaks of the pure components (Fig. 1),
but were deformed in such a manner that the first and second peak showed
strong tailing and fronting, respectively. This is in agreement with the
assumed continuous establishment of association equilibrium in the column
which is superimposed on the chromatographic separation of the two com-
ponents: As soon as the two peaks are separated as a result of their different
rates of migration in the column, the system tends to restore the original
concentration equilibrium, so that in the peak of the micelles (unimer) a
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certain concentration of the unimer (micelles) is established and these newly
formed species then migrate through the column at their own inherent
rate. Hence, as the separation continues, the areas under the two peaks of
pure components gradually decrease, and this deficit of concentration shifts
into the interjacent range of elution volume, in a qualitative agreement
with the shape of real chromatograms in Figure 1. This process is further
complicated by the sensitivity of the equilibrium between the unimer (U)
and micelles (M)

nU=M

(where n is the association number) to concentration which in each peak
varies continuously from the maximum value to zero.

A change in the composition of the mobile phase at constant temperature
of 29°C has an analogous effect (Fig. 2; the flow rate was 0.5 mL/min, the
injected volume was 20 uL). At a higher content of dioxan (a selective solvent
for polystyrene) than about 75 vol %, only the peak of micelles at the
retention volume 9.5 mL can be observed; on the other hand, if the dioxan
content in the mobile phase drops below 60 vol %, the system consists
virtually of pure unimer. The shape of the elution curves in the composition
range between these values is then very similar to that in Figure 1.

For a better understanding of the observed elution profiles, one chro-
matogram [obtained at 35°C with the mobile phase containing 70 vol % of
dioxan, flow rate 0.2 mL/min was decomposed (Fig. 3) into the peak cor-
responding to pure unimer (V; = 11.5 mL, area A] and the peak of pure
micelles (V; = 9.5 mL, area B); these peaks were assumed to be strictly
symmetrical in the decomposition. The difference (hatched) area represents
that part of the copolymer which has passed through the column partly as
micelles and partly as the unimer; the position on the V-axis of the re-
spective fractions inside this peak (in the elution volume interval between
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Fig. 2. Elution curves recorded at 29°C with mobile phase of varying composition. Numbers
give the heptane content (vol %) in the mixture with 1,4-dioxan.
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Fig. 3. Decomposition of a typical chromatogram into peaks of pure unimer (A) and pure
micelles (B); see text for explanation.
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9.5 and 11.5 mL) then indicates the fraction of time spent in the two forms.!3
By comparing the three areas, it can be seen that in this particular case
about 14% of the copolymer passed through the column exclusively as
micelles, about 36% was present in the column exclusively as the unimer,
and roughly 50% participated in the redistribution between these two spe-
cies.

The peak of the micelles at V; = 9.5 mL was extremely sharp in all
cases, so that the size distribution of the associates was obviously very
narrow (cf. Refs. 8 and 10), which corroborates the view that the micelli-
zation of block copolymers proceeds via the mechanism of closed associa-
tion.>® No changes in the retention volume of micelles were observed at
different temperatures and with different mobile phases; it does not follow,
however, that micelles with the same association number n are formed
under widely different conditions: The sensitivity of the method was clearly
insufficient to discern differences in the hydrodynamic volume of the com-
pact associates formed.

No comprehensive theory of separation of associating macromolecules
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under real chromatographic conditions is available.!+'¢ Accordingly, it is
difficult to determine quantitative characteristics of the rate of formation
or decomposition of micelles in the given system from the shape of observed
elution curves. It can be only estimated that the halftime of at least one
of the reactions that proceed in the system is not negligibly small in com-
parison with the duration of the chromatographic experiment. By analogy
with the chromatography of isomerizing macromolecules (where the trans-
formations in the system formally obey the first-order kinetics) which has
been treated theoretically by Belenkii and Vilenchik (Ref. 16, p. 169), it
may be expected that only a single peak containing both unresolved com-
ponents will be observed if both reversible reactions are very fast compared
with the time scale of the chromatographic process. On the contrary, if the
formation or decomposition of the associates were very slow on the same
time scale, the resulting chromatogram would be a superposition of the
peaks of both pure components.

With the aim to confirm, at least qualitatively, the validity of this analogy
for our system, we varied the time scale of the chromatographic experiment
by changing the flow rate of the mobile phase (0.2, 0.4, 0.6, 0.8, and 1.0 mL/
min, which corresponds to a shift of the elution time of the unimer from
about 60 min to some 11.5 min). The results are shown in Figure 4 for 35°C
[when at the given composition of the mobile phase—70 vol.% of dioxan in
the mixture—the equilibrium was shifted more or less in favor of the mi-
celles; cf. Fig. 4(a)], and for 37°C [when the equilibrium mixture contained
more unimer; cf. Fig. 4(b)]. It follows from the analysis reported in Ref. 16
and valid for an isomerizing system that as the time of the experiment is
reduced, the effect of the (constant) rate of isomerization will become less
pronounced and the resolution of the two peaks will improve. Contrary to
this expectation, however, in our system the resolution became distinctly
poorer with increasing flow rate (Fig. 4). Apparently, the decrease in the
separation efficiency with increasing flow rate of the mobile phase predom-
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Fig. 4. Effect of flow rate on the chromatographic separation of Kraton G 1652 in the
mobile phase heptane: 1,4-dioxan (30:70 by volume) (a) at 35°C, (b) at 37°C.
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inates; this effect is generally observed in SEC of macromolecules, and it
has been confirmed in a number of papers!™?22 that the separation efficiency
is controlled by the finite rate of mass transfer, i.e., the contribution of the
stationary phase to the height of the theoretical plate predominates in SEC,
(To simplify the calculations, Belenkii and Vilenchik!é neglected this effect
and considered as the only mechanism of spreading the longitudinal dif-
fusion, whose dependence on the flow rate is directly opposite and which
has been known for some time to be of minor importance in SEC of ma-
cromolecules.)?

The shift of the association equilibrium in favor of the unimer with de-
creasing concentration of the block copolymer in a selective solvent was
investigated chromatographically by varying the volume of the injected
stock solution so that also the mean copolymer concentration in the column
was changed; these measurements were performed at the flow rate of 0.5
mL/min. Chromatograms obtained under conditions (35°C, mobile phase 70
vol. % of dioxan in the mixture with heptane) when comparable concen-
trations of the unimer and micelles coexist in equilibrium (cf. Fig. 1) are
shown in Figure 5. With decreasing injected volume the relative fraction
of the peak of the unimer at V; = 11.5 mL gradually increases at the
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Fig. 5. Chromatograms of the micellizing block copolymer at various injected volumes of
the stock solution. Mobile phase heptane: 1,4-dioxan (30:70 by volume), 0.5 mL/min, 35°C.



150 SPACEK AND KUBIN

injected under these conditions, no micelles can be detected in the eluate,
and the copolymer passes through the column from the very beginning as
the unimer. On the other hand, under conditions when the equilibrium was
displaced predominantly in favor of the micelles (the same mobile phase
as in Figure 5, 20°C), not a trace of the unimer peak appeared in the range
1-50 pL of the injected stock solution, although at the smallest injected
volume the maximum concentration in the peak of micelles leaving the
column amounted only to 0.05 mg/mL. On the contrary, under otherwise
identical conditions but at 41.8°C (where there exists in the system prac-
tically pure unimer—see Figure 1), no micelles could be detected in the
eluate even at the highest concentration in the column, i.e., with 50 uL of
the stock solution injected. These observations are in agreement with the
concentration dependence of the mean molar mass of particles, as observed
at various temperatures in solutions of block copolymers in a selective
solvent (e.g., Refs. 3 and 4). A quantitative interpretation of our results in
terms of the critical micellar concentration is not possible, however, because
of the continuously varying concentration across the chromatographic peak
and also in view of the decrease in the concentration at the peak maximum
during its passage through the column, brought about by axial dispersion.

The authors wish to thank Dr. Z. Tuzar for the sample of Kraton, and also for many valuable
discussions.
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