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ABSTRACT: Using light scattering (titration) measurements, we have shown that micelles can be formed in
aqueous solutions of a mixture of poly(4-(2-amino hydrochloride-ethylthio)butylene)-block-poly(ethylene oxide),
PAETB49-b-PEO212, and poly(4-(2-sodium carboxylate-ethylthio)butylene)-block-poly(ethylene oxide), PCETB47-
b-PEO212. The driving force is not only electrostatic attraction between the oppositely charged polyelectrolyte
blocks, but also hydrophobic interaction contributes. For pH< 5.3 or pH> 9.7 the single acid or alkaline diblock
copolymer also forms micelles due to absence of electrostatic repulsion and the presence of only hydrophobic
interaction. The mixed micelles formed under so-called optimal conditions (pH) 7.2, 10 mM NaNO3, T ) 25.0
°C) irreversibly shrink upon an increase in pH, ionic strength, and temperature and upon a decrease in pH. Restoring
pH or temperature to the critical value has no effect on the hydrodynamic radius. We propose to relate these
changes to an irreversible transition of the micellar core from a metastable fluidlike state (complex coacervate
like) to a more stable glasslike state, triggered by a shift in the balance between electrostatic and hydrophobic
interactions.

Introduction

When two aqueous solutions of oppositely charged diblock
copolymers are mixed, complex coacervate core micelles
(C3Ms),1-3 also known as polyion complex micelles,4-7 block
ionomer complex micelles,8,9 or interpolyelectrolyte complexes
(IPEC),10 may form depending on pH, ionic strength, and mixing
fractionf+. We definef+ as the number of positively chargeable
monomers divided by the total number of chargeable monomers.

Characteristic features of these types of micelles8,10-12 are
their reversible and responsive nature. C3Ms dissociate above
a critical ionic strength due to charge screening. Micelles formed
from polymers containing a weak polyelectrolyte block dis-
sociate below and/or above a critical pH, where one of the blocks
has too low a charge density. Indeed, the micelles only exist in
a narrow region around charge neutrality or charge stoichio-
metry, such that they do not exist below and above a critical
f+. Furthermore, the steady state is independent of the method
of preparation. For example, the same structures are obtained
in solution when a solution of the positive diblock copolymer
(dbp+) is titrated into a solution of the negative diblock
copolymer (dbp-) and vice versa. Hence, C3Ms seem to be in
thermodynamic equilibrium: they form spontaneously and
reversibly and are responsive to external stimuli, such as pH
and ionic strength.

On the contrary, in the case of traditional polymeric micelles,
consisting of one amphiphilic polymer, a state of thermodynamic
equilibrium is generally not reached within experimental time

scales. Particularly when the water-insoluble, core-forming
component has a high glass temperature (as for example
polystyrene) so-called “frozen” structures are formed.12-14

In this study we have investigated a mixture of two block
copolymers (poly(4-(2-amino hydrochloride-ethylthio)butylene)-
block-poly(ethylene oxide), PAETB49-b-PEO212, and poly(4-(2-
sodium carboxylate-ethylthio)butylene)-block-poly(ethylene
oxide), PCETB47-b-PEO212), of which the individual polymers
can form this latter type of polymeric micelles with a hydro-
phobic core. Upon mixing aqueous solutions of positively
charged PAETB49-b-PEO212 and negatively charged PCETB47-
b-PEO212, mixed micelles are formed with features characteristic
of C3Ms as long as experimental conditions are within certain
boundaries. When these are crossed, the C3Ms undergo a
structural transition toward another type of mixed micelle that
is smaller, contains less water in its core, and is hardly
responsive to its environment. Very similar transitions have been
reported on a solid-liquid interface15-17 (polyelectrolyte mul-
tilayers) and on a liquid-liquid interface18-21 (polyelectrolyte
multilayer capsules), where it is argued that intercalated water
is expelled from the polyelectrolyte multilayer during the
transition triggered by heating or compression. Hence, we report
on mixed micelles with tunable responsiveness by careful control
over the experimental parameters.

The potential of C3Ms in a variety of applications, including
the encapsulation of proteins, DNA, dendrimers, and drugs as
well as hydrophobic and hydrophilic (charged and neutral)
colloids,3 spans a wide variety of disciplines ranging from
medical implants and foodstuff encapsulation to personal care
products and membrane filtration systems. The micelles de-
scribed in this paper have additional advantages: enhanced
stability and tunable responsiveness. In the field of drug delivery
and controlled release, the major drawback of C3Ms’ responsive* Corresponding author. E-mail: ilja.voets@wur.nl.

f+ )
[n+]

[n+] + [n-]
(1)

2158 Macromolecules2007,40, 2158-2164

10.1021/ma0614444 CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/22/2007



nature is their relative instability which may potentially cause
premature drug release as the micelles may dissociate in the
bloodstream before reaching their target.9,22-24 Instead of cross-
linking of the micellar core or corona,25,26one may use polymers
with a more hydrophobic backbone to circumvent dissociation.
This approach may also be applied to coatings of adsorbed
C3Ms, which have been shown to render a surface antifouling.3

As C3Ms adsorb to a wide variety of surfaces (hydrophilic/
hydrophobic, homogeneous/heterogeneous), simply by bringing
the surface into contact with the C3M solution, preventing
desorption of such a layer would be a great advantage in
applications such as medical implants or membrane filters with
respect to lifetime, cost, and, in the case of the former,
cytotoxicity.

Experimental Part

Materials. Synthesis and characterization of the polymers used
in this study have already been described elsewhere27,28 (samples
G2 andG3 in ref 28). The chemical structures are depicted in Figure
1.

Aqueous solutions of the polymers were prepared by dissolution
of known amounts of polymer into deionized water (Milli-Q) to
which known amounts of NaNO3 were added, followed by a pH
adjustment using NaOH and HNO3. Unless otherwise specified,
all experiments were performed at 25.0°C at least 3 h after mixing
polymer stock solutions of pH) 7.2 and 10 mM NaNO3.

Dynamic and Static Light Scattering. Light scattering mea-
surements were performed on an ALV light scattering instrument
equipped with an ALV-5000 digital correlator and a 400 mW argon
ion laser operated at a wavelength of 514.5 nm. A refractive index
matching bath of filteredcis-decalin surrounded the cylindrical
scattering cell, and the temperature was controlled at 25( 0.1 °C
using a Haake C35 thermostat.

Light scattering titrations (LS-T) were carried out using a Schott-
Geräte computer-controlled titration setup to control sequential
addition of titrant and cell stirring. The pH was measured with a
combined Ag/AgCl glass electrode. These values were converted
into pH values after calibration of the electrode. During the mole
fraction titrations (Figure 7), PCETB47-b-PEO212 is titrated with a
concentrated solution of PAETB49-b-PEO212. Typical concentrations
of the titrated species are in the order of several mmol L-1,
expressed in terms of monomer concentration. During the salt and
pH titrations, a NaNO3 solution (salt LS-T, Figure 5) or NaOH
and HNO3 solutions (pH LS-T, Figure 2) were added to a solution
of PAETB49-b-PEO212 and PCETB47-b-PEO212 under optimal
conditions (pH) 7.2, 10 mM NaNO3, T ) 25.0°C). After every
dosage, pH, 90° light scattering intensity (I90°), and the second-
order correlation functionG2(t) were recorded, the latter two 5 times

during 20-25 s. Consecutively, the five values ofI90° and Rh,90°
(method of cumulants, see below) were averaged, as well as the
five second-order correlation functions prior to CONTIN analysis;
i.e., CONTIN analysis (see below) was performed on the averaged
G2(t). Data were reported in terms of total scattered intensity
normalized to total polymer weight concentration (I90°/Cp) and
apparent hydrodynamic radius (Rh,90°) as a function of pH,f+, and
ionic strength. LS-T measurements have primarily been analyzed
according to the method of cumulants29 using the standard ALV
software. A more detailed analysis has been performed by fitting
G2(t) with the Provencher program CONTIN.30,31 Note that all
values ofRh,90° reported in this paper are apparent values, since no
extrapolation toq ) 0 has been performed. Moreover, where
scattering intensity is low (for example, regime III in Figure 2a,b)
sampling time could be increased to obtain more reliable values of
Rh,90°.

Cryogenic Transmission Electron Microscopy (Cryo-TEM).
Cryo-TEM observations were carried out with a Technai Sphera
(FEI Co.) transmission electron microscope operating at a voltage
of 120 kV. Samples were prepared on 200 mesh copper grids
containing a carbon-coated holey support film (Agar Scientific, UK,
and Ted Pella Inc., USA). A small drop of sample was placed on
the specimen grid, and the excess fluid was blotted off using
Whatmann #4 filter paper. Preparation was carried out in an
environmental chamber with high relative humidity to prevent
drying and subsequent precooling of the dispersions. The thin
aqueous films were vitrified in melting ethane and transferred under
liquid nitrogen into a Gatan CT3500 cryo holder and subsequently
into the transmission electron microscope. Images were taken under
low dose conditions.

Results and Discussion

Effect of pH. Rh,90° and I90°/Cp are plotted as a function of
pH for PAETB49-b-PEO212 (Figure 2a), PCETB47-b-PEO212

(Figure 2b), and their 1:1 mixture (Figure 2c,d). In Figure 2a,
we clearly observe three regimes. In regime I (pH> 9.7), we
observe a high scattering intensity andRh,90° ) 17.9( 0.6 nm,
whereas in regime III (pH< 8.7) the scattering intensity is low
andRh,90° ) 97( 17 nm. A similar picture can be seen in Figure
2b, where regime I (pH< 5.3) corresponds to high scattering
intensity and aRh,90° ) 14.9( 0.5 nm, while in regime III (pH
> 6.2) the scattering intensity is low andRh,90° is high (Rh,90° )
129 ( 31 nm, values are rather scattered).

Regime I corresponds to the pH region where micelles are
formed with a core consisting of water-insoluble, uncharged
PAETB-blocks (high pH, Figure 2a) and PCETB-blocks (low
pH, Figure 2b) stabilized by a PEO corona. The micellization
is reversible, as one can repeatedly increase and decrease the
pH resulting in a cycle of association and dissociation of the
micelles (data not shown). Regime III corresponds to a regime
without micelles.

CONTIN analysis ofG2(t) for PAETB49-b-PEO212 (Figure
3a) and PCETB47-b-PEO212 (Figure 3b) confirms this pH-
dependent micellization. In Figure 3a, we observe two modes
for all pH values. The position of the fast mode is pH
independent in regimes I and III but shifts in the transition region
from Rh,90° ) 3 ( 1 nm (regime III) toRh,90° ) 12.4( 0.4 nm
(regime I). The position of the slow mode (Rh,90° ) 106 ( 22
nm, values are rather scattered) is pH independent, while its
amplitude decreases slightly with increasing pH. In Figure 3b,
we observe a transition from two modes in the CONTIN profile
for pH > 6.2 (regime III) to a nearly single mode for pH< 5.3
(regime I). As in Figure 3a, the position of the slow mode (Rh,90°
) 108 ( 17 nm, values are rather scattered) is nearly pH
independent, but now its amplitude decreases considerably with
decreasing pH. The position of the fast mode is pH independent
in regimes I and III but shifts in the transition region fromRh,90°

Figure 1. Chemical structure of the diblock copolymers used in this
study. Poly(4-(2-amino hydrochloride-ethylthio)butylene)-block-poly-
(ethylene oxide), PAETB49-b-PEO212 (top), and poly(4-(2-sodium
carboxylate-ethylthio)butylene)-block-poly(ethylene oxide), PCETB47-
b-PEO212 (bottom).28 The numbers beside the brackets denote the degree
of polymerization.
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) 2 ( 1 nm (regime III) toRh,90° ) 13.1( 0.6 nm (regime I).
The values ofRh,90° determined by the methods of cumulants
and CONTIN agree quite well.Rh,90°,CUM is slightly larger than
Rh,90°,CONTIN (fast mode) due to the presence of the second slow
mode.

The q2-dependent fast mode in CONTIN (see Supporting
Information) corresponds to the diffusion of micelles in regime
I and polymers in regime III. Theq2-dependent slow mode (see
Supporting Information) that dominates the CONTIN profile
in regime III, which causes large values ofRh in the cumulant
method, corresponds to a small number of aggregates and/or
very large but loose aggregates (i.e., low polymer density). Upon
filtration of the solutions in regime III over a 0.2µm filter, I90°
decreases considerably (75% for PAETB49-b-PEO212 and 64%
for PCETB47-b-PEO212), while I90° is much less affected by
filtration in regime I (9% for PAETB49-b-PEO212 and 4% for
PCETB47-b-PEO212), where the slow mode is much less
dominant, i.e. nearly absent. These findings are in line with
others by for example Gohy et al.,32 who observed aggregates
for P2VP-PDMAEMA at pH < 4.5 in a regime of low
scattering intensity and large hydrodynamic radius.

Figure 2c shows that the effect of pH on the 1:1 mixture is
clearly different from its effect on the separate polymers. Upon
mixing aqueous solutions of PAETB49-b-PEO212 and PCETB47-
b-PEO212 at pH ) 7.2 rather large micelles are formed that
scatter light considerably (Rh,90° ) 32.3 ( 0.6 nm, cumulant
analysis;Rh,90° ) 31.0( 1.7 nm, CONTIN analysis;I90° > 170

kHz). Upon pH increase (or pH decrease), these aggregates
shrink (Rh,90° ) 15.1( 0.4 nm, cumulant analysis;Rh,90° ) 11.0
( 0.6 nm, CONTIN analysis;I90° < 40 kHz) to a size
comparable to and slightly smaller than theRh,90° of the micelles
consisting of either PCETB47-b-PEO212 or PAETB49-b-PEO212

respectively. When pH is decreased (or increased) to the initial
value, the initial state is not regained, i.e.,Rh,90° * 31-32 nm.
Instead,Rh,90° andI90° remain practically independent of pH in
the whole pH regime for 2.5< pH < 12. In the intermediate
pH regime, 6.2< pH < 8.7 the micelles are necessarily mixed
micelles, as no micelles exist in the single polymer solutions.
CONTIN analysis (Figure 2d) confirms that the objects found
in the mixture of PAETB49-b-PEO212 and PCETB47-b-PEO212

for 6.2 < pH < 8.7 are not observed in the solutions of either
PAETB49-b-PEO212 or PCETB47-b-PEO212.

Upon closer inspection ofI90° andRh,90° vs pH (Figure 2c,d)
in combination with a CONTIN analysis at different pH values
after the initial decrease inI90° andRh,90° (after first pH titration
run), we observe subtle changes in both parameters. We can
identify four regions, A-D (Figure 2c). As discussed above,
for intermediate pH values (region B: 5.3< pH < 9.7) we
observe nearly constantI90° andRh,90° corresponding to mixed
micelles. Outside this region B, micelles are observed in
solutions of either diblock copolymers. Thus, one might expect
to observe micelles of PAETB49-b-PEO212 and unimerically
dissolved PCETB47-b-PEO212 in regions C and D (pH> 9.7)
and vice versa in region A (pH< 5.3), i.e., the dissociation of

Figure 2. (a) Rh,90° (closed circles) andI90°/Cp (open squares) as a function of pH for an aqueous solution of PAETB49-b-PEO212 at 10 mM NaNO3,
Cp ) 2.55-1.46 g L-1 and 25.0°C. A line is drawn through the data points as a guide to the eye. Arrows indicate corresponding axes. (b)Rh,90°
(closed circles) andI90°/Cp (open squares) as a function of pH for an aqueous solution of PCETB47-b-PEO212 at 10 mM NaNO3, Cp ) 0.99-0.64
g L-1 and 25.0°C. A line is drawn through the data points as a guide to the eye. Arrows indicate corresponding axes. (c)I90°/Cp as a function of
pH for an aqueous solution of PAETB49-b-PEO212 and PCETB47-b-PEO212 at 10 mM NaNO3, Cp ) 1.95-1.39 g L-1, f+ ) 0.491, and 25.0°C. The
arrows indicate the direction of the pH scan. The filled symbols correspond to the first pH scan (circles: first scan down; squares: first scan up),
and the open symbols correspond to the second (consecutive) pH scan. The lines mark regions A-D (A: 2.5 < pH < 5.3; B: 5.3< pH < 9.7;
C: 9.7< pH < 11; D: 11< pH < 12). (d) CONTIN distribution as a function of pH for an aqueous solution of PAETB49-b-PEO212 (]: pH )
7.8), PCETB47-b-PEO212 (+: pH ) 8.2), and their 1:1 mixture (0: pH ) 8.4, pH increase in first scan;9: pH ) 5.8, pH decrease in first scan;
4: pH ) 8.0, pH decrease in second scan;2: pH ) 8.4, pH increase in second scan) at 10 mM NaNO3, Cp ) 1.95-1.39 g L-1, and 25.0°C.
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mixed micelles above and below pHcr, respectively, as typically
observed for C3Ms. In fact, we observe a decrease inI90° and
Rh,90°,CONTIN in region C (9.7< pH < 11), resulting in a low
I90° andRh,90°,CONTIN (but largeRh,90°,CUM due to the dominant
contribution of a slow mode; compare regime III in Figure 2a,b)
in region D (11 < pH < 12), which is consistent with a
dissocation of the mixed micelles. However, we do not observe
three peaks corresponding to a slow mode (those of PCETB47-
b-PEO212 and PAETB49-b-PEO212 superimpose) and two dif-
fusive modes, the PAETB49-b-PEO212 micelles and PCETB47-
b-PEO212 polymers. Rather, we observe one slow mode and a
diffusive mode with aRh,90° ) 4.3( 0.3 nm. The data in region
A (2.5 < pH < 5.3) seem more consistent with a decrease in
size of the mixed micelles than with their dissociation. As in
region D, we observe 2 not 3 peaks, corresponding to a slow
mode and a fast diffusive mode with aRh,90° decreasing to a
minimum of about 9 nm.

Clearly, the behavior of the mixture of PCETB47-b-PEO212

and PAETB49-b-PEO212 differs not only from the behavior of
the individual polymers, it is also very different from the
behavior of typical C3Ms (consisting of weak polyelectrolyte
blocks) that dissociate reversibly aboveand below a critical
pH,12,33 as discussed in the Introduction. Apparently, the
micellization in aqueous solutions of PAETB49-b-PEO212 and
PCETB47-b-PEO212 is not reversible, as is the micellization of
C3Ms and either PAETB49-b-PEO212or PCETB47-b-PEO212. We
propose that this novel behavior originates from the segment
chemistry of the polymers used in this study. PAETB49-b-PEO212

and PCETB47-b-PEO212 are block copolymers with a polyelec-
trolyte block that contains titratable groups covalently linked

to a rather hydrophobic backbone. Therefore, micellization
occurs in aqueous solutions of the separate polymers, and
hydrophobic interactions play a role in the formation of mixed
micelles from aqueous solutions of PAETB49-b-PEO212 and
PCETB47-b-PEO21. In the intermediate pH regime, both elec-
trostatic and hydrophobic interactions act as a driving force for
micellization. Under these conditions, the behavior resembles
that of C3Ms. When pH is sufficiently increased (or decreased)
so that one of the polymers becomes effectively uncharged (i.e.,
micellization occurs in single-component solutions), the influ-
ence of the hydrophobic backbone becomes apparent, resulting
in behavior that is strikingly different from “C3M behavior”.
Electrostatic interactions have confined the polymers in the
intermediate pH regime within the same aggregate, but now
hydrophobic interactions are increasingly more dominating and
result in the expulsion of water from the micellar core: the
micelles shrink. Apparently, hydrophobic interactions are strong
enough to prevent the mixed micelles from dissociation in a
regime of low charge density, at least for low pH values, where
“normal” C3Ms would no longer exist.

Effect of Temperature. To test the reasoning above, we
studied the effect of temperature (T) on the mixed micelles.
The Rh,90° of C3Ms is nearly independent of temperature,33 as
temperature essentially does not effect electrostatic interaction.
On the contrary, hydrophobic interaction is temperature de-
pendent.34

Figure 4 showsRh,90° for the 1:1 mixture as a function of
temperature. Again, we clearly observe a shrinkage of the size
of the mixed micelles:Rh,90° decreases with increasing tem-
perature fromRh,90° ) 31.6( 0.3 nm (cumulant analysis;T )
24.9( 0.1 °C) to Rh,90° ) 14.2( 0.2 nm (cumulant analysis;
T ) 87.0( 0.2 °C), while I90° decreases fromI90° ) 181.3(
1.3 kHz toI90° ) 58.3 ( 0.6 kHz.

As was the case with pH, the initial state is not regained (i.e.,
Rh,90° equal to about 32 nm) by restoring the temperature to its
initial value. Instead,Rh,90° andI90° remain practically indepen-
dent of temperature after the initial response (Rh,90° ) 14.7 (
1.0 nm andI90° ) 51.8 ( 2.4 kHz for first down, second up,
and second down scan, of which the latter two are not shown
for clarity). This confirms the proposed idea that hydrophobic
interactions are important in mixed micelles of PAETB49-b-
PEO212 and PCETB47-b-PEO212. Both pH and temperature can
shift the balance between the hydrophobic and electrostatic
driving forces for micellization, triggering a transition from a
relatively hydrophilic, swollen state of the core into a more

Figure 3. (a) CONTIN distribution as a function of pH (4: pH )
8.7;]: pH ) 8.9;0: pH ) 9.2,+: pH ) 9.7) for an aqueous solution
of PAETB49-b-PEO212 at 10 mM NaNO3, Cp ) 2.55-1.46 g L-1, and
25.0°C. (b) CONTIN distribution as a function of pH (4: pH ) 5.3;
]: pH ) 5.9;0: pH ) 6.2,+: pH ) 7.2) for an aqueous solution of
PCETB47-b-PEO212 at 10 mM NaNO3, Cp ) 0.99-0.64 g L-1, and 25.0
°C.

Figure 4. Rh,90° as a function of temperature for a mixture of PAETB49-
b-PEO212 and PCETB47-b-PEO212 (circles) at pH) 7.2, 10 mM NaNO3,
andCp ) 1.77 g L-1, andf+ ) 0.490. The arrows indicate the direction
of the temperature scan; the filled symbols correspond to the scan up,
and the open symbols indicate the scan down.
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hydrophobic, compact state. As the transition is irreversible,
the initial state is probably metastable.

Effect of Ionic Strength. Naturally, parameters such as ionic
strength and mixing fraction also influence the balance between
electrostatic and hydrophobic driving forces. An increase in ionic
strength, increases the charge screening, shifting the balance
toward hydrophobic interaction. Thus, we expect to observe a
decrease ofRh,90° and I90°/Cp with increasing ionic strength.

Rh,90° andI90°/Cp are plotted as a function of the concentration
of added salt for a 1:1 mixture of PAETB49-b-PEO212 and
PCETB47-b-PEO212 (Figure 5). As expected,Rh,90° and I90°/Cp

decrease with increasing ionic strength fromRh,90° ) 38.2 (
0.2 nm (cumulant analysis; 0 mM added NaNO3) to Rh,90° )
18.8 ( 0.7 nm (cumulant analysis; [NaNO3] > 950 mM) and
I90°/Cp ) 131.0( 0.5 kHz L g-1 to I90°/Cp ) 20.0( 2.7 kHz
L g-1. Note that mixed micelles still exist at added salt
concentrations as high as 2 M; i.e., they do not dissociate in
the experimental range studied. This is in sharp contrast with
the behavior observed for C3Ms that dissociate above typically
0.05-0.5 M added salt.12,33 As described above for the effect
of pH, hydrophobic interaction is apparently sufficient to
stabilize the micelles under conditions where “normal” C3Ms
would dissociate. The micellar core becomes considerably more
hydrophobic with increasing ionic strength, expelling water, and
consequently the hydrodynamic radius decreases. We have
extended our scattering study with electron microscopy experi-
ments, which are sensitive to differences in the transmission of
electrons and therefore in principle to densification (due to
increased hydrophobicity) of the micellar core.

Figure 6 shows electron micrographs of aqueous solutions
of a 1:1 mixture of PAETB49-b-PEO212 and PCETB47-b-PEO212

before (Figure 6a) and after a temperature scan (Figure 6b).
The micelles appear as gray spots in Figure 6a and darker gray
spots in Figure 6b, which is consistent with a denser micellar
core after the temperature scan.

Effect of Mixing Fraction. Interestingly, the effect off+ on
aqueous solutions containing both PAETB49-b-PEO212 and
PCETB47-b-PEO212 is slightly more complex and can be divided
into two categories depending on the pH of the stock solutions.
I90°/Cp is plotted as a function off+ for different pH values
(Figure 7a). Two regimes of initial pH can be distinguished:
in regime I (5.4< pH < 6.0), I90°/Cp increases monotonically
for f+ < PMC (wherein PMC is the so-called preferred micellar
concentration2), while I90°/Cp decreases with a single slope for
f+ > PMC. In regime II (6.9< pH < 7.2), two regions with
different slopes can be distinguished forf+ < PMC andf+ >
PMC. In the regions closest to the PMC, the curves ofRh,90°

andI90°/Cp vs f+ follow the same trend (Figure 7c). This behavior
is not observed in regime I: there are no values off+ where
the curves ofRh,90° and I90°/Cp are congruent (Figure 7b).

It is likely that in the mixtures of regime I no mixed micelles
are formed. The pH of the polymer stock solutions is in the
vicinity of the critical pH for formation of micelles of PCETB47-
b-PEO212 alone (pHc ) 5.3). As the pH is not buffered during
a light scattering titration, it will change due to changes in the
degree of dissociation of the PAETB and PCETB blocks of the
diblock copolymers due to complexation.2 In regime I, pH
decreases with increasingf+ for f+ < PMC until PMC is reached
(data not shown), while forf+ > PMC pH is nearly constant at
a value of∼3.2 (initial pH ) 5.4/6.0, respectively). Thus, for
f+ < PMC PCETB47-b-PEO212 alone forms more and more
micelles with increasingf+ (as pH decreases), resulting in a
monotonous increase inI90°/Cp, resembling the increase in
intensity with decreasing pH in Figure 2b in the same pH range.
For f+ > PMC, pH remains nearly constant, resulting in a nearly
constant number of micelles. However, the number of free
PAETB49-b-PEO212 polymers increases (asf+ increases), while

Figure 5. Rh,90° (open circles) andI90°/Cp (open squares) as a function
of the concentration added salt for the mixture of PAETB49-b-PEO212

and PCETB47-b-PEO212 at pH ) 7.2, Cp ) 0.90-0.64 g L-1, f+ )
0.490, andT ) 25.0 °C. Arrows indicate corresponding axes.

Figure 6. (a) Cryo-TEM image of a solution of a mixture of PAETB49-
b-PEO212 and PCETB47-b-PEO212 (pH ) 7.2, 10 mM NaNO3, Cp )
1.85 g L-1, f+ ) 0.491, andT ) 25.0°C). (b) Cryo-TEM image of a
solution of a mixture of PAETB49-b-PEO212 and PCETB47-b-PEO212

after the temperature scan shown in Figure 4 (pH) 7.2, 10 mM NaNO3,
Cp ) 1.77 g L-1, f+ ) 0.490, andT ) 25.0 °C).
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they contribute relatively little toI90°, but equally toCp, resulting
in a decrease ofI90°/Cp for f+ > PMC.

In regime II, pH remains within the intermediate pH range,
where no micelles are formed in solutions of either PAETB49-
b-PEO212 or PCETB47-b-PEO212 (5.3 < pH < 9.6). Thus, both
polymers are sufficiently charged to drive the formation of
mixed micelles through electrostatic interaction. Therefore, we
observe a difference in the effect off+ on I90°/Cp and Rh, 90°,
namely two regions with different slopes for bothf+ < PMC
and f+ > PMC, as has been described previously for fully
reversible C3Ms.2,11Apparently, the formation of mixed micelles
consisting of PAETB49-b-PEO212 and PCETB47-b-PEO212 is
reversible with respect tof+, as is the case for C3Ms in
general.2,12,33

Effect of Time. Contrary to C3Ms, polymeric micelles with
a hydrophobic core tend to relax so slowly that a state of
thermodynamic equilibrium is generally not reached within
experimental time scales. Thus, we investigated the effect of
time on the size of the mixed micelles after preparation of the
two polymer stock solutions (Figure 8). Indeed, we observe a
decrease in micellar size in the first 4 h after preparation from
Rh,90° ) 75 nm toRh,90° ) 28.2( 0.5 nm. After 4 h,Rh,90° has
reached an almost constant value (i.e.,Rh,90° ) 28.0( 0.9 nm,
measured 3 days after preparation).

However, the effect of pH, ionic strength, and temperature
on the micellar size is qualitatively independent of the period
after preparation; i.e., the observed trends inRh,90° vs pH, ionic
strength, and temperature as described above are also observed

in solutions of PAETB49-b-PEO212 and PCETB47-b-PEO212

prepared several days before the experiments (data not shown).

Conclusions

Using light scattering measurements, we have shown that
micelles can be formed in aqueous solutions of poly(4-(2-amino
hydrochloride-ethylthio)butylene)-block-poly(ethylene oxide),
PAETB49-b-PEO212, poly(4-(2-sodium carboxylate-ethylthio)-
butylene)-block-poly(ethylene oxide), PCETB47-b-PEO212, and
a mixture of the two.

In aqueous solutions of either PAETB49-b-PEO212 or PCETB47-
b-PEO212, micelles are formed when polymer charge density is
low (pH < 5.3 for PCETB47-b-PEO212 and pH > 9.7 for
PAETB49-b-PEO212). Under these circumstances, the “polyelec-
trolyte” blocks are effectively water-insoluble, resulting in
micelles due to hydrophobic interactions. In aqueous solutions
of PAETB49-b-PEO212 and PCETB47-b-PEO212, mixed micelles
are formed. Two different states can be distinguished. The first
state corresponding to a metastable mixed micelle with a
swollen, gel-like core is reached immediately after mixing the
separate polymer solutions at intermediate pH andf+, low ionic
strength, and moderate temperature. When these aggregates are
“treated” by a considerable increase in pH, ionic strength, or
temperature or by a decrease in pH, the second state is reached,
corresponding to a more stable state with a glasslike micellar
core.

The metastable state shows several similarities to “normal”
C3Ms. First, for pHg 6.9 the micelles dissociate upon under-/
overdosing of PAETB49-b-PEO212. Second, the micelles are
responsive to their environment. But there are also clear
differences: these mixed micelles have enhanced stability as
they are stable up to 2 M of NaNO3 and in a wide pH region
(2.5 < pH < 9.7), which are circumstances where C3Ms
typically no longer exist. Furthermore, the hydrodynamic size
of these aggregates is strongly dependent on temperature.
Apparently, these micelles are not typical C3Ms, formed through
electrostatic interaction only, but a combination of electrostatic
and hydrophobic interactions drives their micellization.

The structural transition occurring upon pH,T, or ionic
strength “treatment” into the second, more stable state is caused
by a shift in the balance between the two driving forces.
Hydrophobic interactions are favored in such a way that water
is expelled from the core as it becomes increasingly more
hydrophobic, while the micelles shrink about a factor of 2 in
size. A similar phenomenon has been reported previously for
polyelectrolyte multilayer systems on flat and curved surfaces.15-21

As the initial state is metastable, the structural transition is

Figure 7. (a) I90°/Cp as a function of mixing fraction for the mixture of PAETB49-b-PEO212 and PCETB47-b-PEO212 at 10 mM NaNO3, Cp )
0.99-3.42 g L-1, 25.0°C, and various pH (O: pH ) 5.4; 4: pH ) 6.0; +: pH ) 6.9; ]: pH ) 7.0; 0: pH ) 7.2). (b)Rh,90° (closed circles) and
I90°/Cp (open squares) as a function of mixing fraction for the mixture of PAETB49-b-PEO212 and PCETB47-b-PEO212 at 10 mM NaNO3, Cp )
0.99-3.41 g L-1, 25.0°C, and pH) 5.4. Arrows indicate corresponding axes. (c)Rh,90° (closed circles) andI90°/Cp (open squares) as a function of
mixing fraction for the mixture of PAETB49-b-PEO212 and PCETB47-b-PEO212 at 10 mM NaNO3, Cp ) 0.99-3.42 g L-1, 25.0°C, and pH) 7.2.
Arrows indicate corresponding axes.

Figure 8. Rh,90° as a function of time for a mixture of PAETB49-b-
PEO212 and PCETB47-b-PEO212 (O) at pH ) 7.2, 10 mM NaNO3, Cp

) 1.95 g L-1, f+ ) 0.491, andT ) 25.0°C. The line indicatesRh,90° )
28.0 nm, measured 3 days after preparation.
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irreversible. Once the micelles have a glasslike core, they hardly
respond to a change in environment. For example, after a pH
or temperature treatment, theRh is nearly fixed, irrespective of
changes in pH or temperature.

We relate this novel behavior to the chemical properties of
the polymer segments used in this study. PAETB49-b-PEO212

and PCETB47-b-PEO212 are block copolymers with a polyelec-
trolyte block that contains titratable groups covalently linked
to a rather hydrophobic backbone. Therefore, micellization
occurs in aqueous solutions of the separate species, and
hydrophobic interactions play a role in the formation of mixed
micelles when these aqueous solutions are mixed. Ion pairs in
water have interaction energies of a fewkT, whereas in a low
dielectric cavity this energy may become of order 100kT.
Hence, a rather hydrophobic backbone resulting in a rather
hydrophobic micellar core stabilizes the polyelectrolyte com-
plexes enormously.

By carefully controlling the experimental parameters, one can
tune the transition toward more stable and less responsive
micelles. Hence, stability and responsiveness have become
tunable parameters. Naturally, this will positively affect the
applicability of these micelles in industrial and biomedical
applications.
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