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ABSTRACT: Formation of interpolyelectrolyte complexes (IPEC) by mixing protonated poly(2-vinyl-
pyridine)-block-poly(ethylene oxide) (P2VP-b-PEO) with neutralized poly(methacrylic acid)-block-poly-
(ethylene oxide) (PMAA-b-PEO) has been investigated in water. It was observed that (i) IPEC are formed
in a limited pH range, which is controlled by the degree of ionization of the PMAA and P2VP blocks; (ii)
IPEC self-assemble to form the core of monodisperse spherical micelles surrounded by a corona of PEO
blocks; (iii) IPEC are salt-sensitive, falling apart above a critical salt concentration; (iv) IPEC are not
observed at high pH, but micelles are formed by the P2VP-b-PEO copolymers, which contain an uncharged
P2VP core surrounded by a PEO corona; (v) IPEC are not observed at low pH, but the PMAA-b-PEO
diblocks aggregate into micelles, the core of which is formed by a hydrogen-bonded complex between
PMAA and PEO; and (vi) these PMAA-b-PEO micelles, which are temperature-sensitive, show a complete
reorganization of the micellar core above a critical temperature.

Introduction

Self-association of diblock copolymers dissolved in a
selective solvent of one constituent is well documented
in the scientific literature.! Micelles are formed that
consist of a core containing the insoluble blocks sur-
rounded by a shell of the solvated blocks. The behavior
of amphiphilic copolymers in water, including micelli-
zation, is of great interest because of potential in various
applications, such as electrosteric stabilization of latex
particles? and of pigment dispersion in waterborne
paints.® Micelles in aqueous media have also been
considered for use as drug carriers.* Recently, micelles
of various shapes have been observed in water, which
range from spherical micelles to vesicles, tubules, and
complex superaggregates.®

Micellization in water has been extensively studied
for a series of amphiphilic copolymers consisting of
polystyrene,6~8 poly(methyl methacrylate),® and poly-
(propylene oxide)? as a hydrophobic block and a water-
soluble polyanionic (e.g., sodium polymethacrylate®),
polycationic (e.g., protonated poly[(dimethylamino)ethyl
methacrylate?]), or neutral block (e.g., PEQ710.11),

Moreover, there are examples in the scientific litera-
ture of micellar cores formed in water by oppositely
charged blocks. At least, one of these blocks is attached
to a water-soluble nonionic block. The mutual electro-
static interactions of the polycationic and polyanionic
blocks form insoluble interpolyelectrolyte complexes
(IPEC). This strategy was recently worked out by
several research groups.1? For instance, Kataoka et al.
showed that chain length recognition takes place in
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mixtures of fully ionized poly(ethylene oxide)-block-poly-
(a,B-aspartic acid and poly(ethylene oxide)-block-poly-
(-lysine) diblocks, because the oppositely charged blocks
of the same length associate into supramolecular as-
semblies.1® However, none of these studies paid much
attention to the degree of ionization of the interacting
blocks. IPEC were indeed formed by fully ionized
oppositely charged blocks. In this paper, IPEC formation
will be investigated in mixtures of poly(2-vinylpyridine)-
block-poly(ethylene oxide) (P2VP-b-PEO) and poly-
(methacrylic acid-block-poly(ethylene oxide) (PMAA-b-
PEO) diblock copolymers. The influence of the degree
of ionization of the P2VP and PMAA blocks will be
studied by changing systematically the pH of the
aqueous solution. The influence of the ionic strength on
the IPEC stability will be also investigated. Finally, the
effect of temperature will be considered. The purpose
is to show that the P2VP-b-PEO/PMAA-b-PEO mixtures
are versatile micellar systems, which can respond to
several stimuli, i.e., pH, temperature and ionic strength.

Experimental Section

Polymer Synthesis. The diblock copolymers were synthe-
sized by sequential living anionic polymerization of the rigor-
ously purified monomers under an argon atmosphere in dry
tetrahydrofuran (THF). Diphenylmethylpotassium (DMP) was
used to initiate the polymerization of 2-vinylpyridine (2VP)
or tert-butyl methacrylate (tBMA) at —78 °C. Thirty minutes
later, an aliquot was picked out from the reactor for analysis
by size exclusion chromatography (SEC). Ethylene oxide (EO)
was then added, and the temperature was raised to 35 °C for
24 h. Polymerization was stopped by addition of methanol, and
the P2VP-b-PEO or PMAA-b-PEO copolymer was recovered
by precipitation in hexane and dried in vacuo at 40 °C for 48
h. For the P2VP-b-PEO sample, the polymerization was carried
out with 0.0015 mol of DMP, 0.06 mol of 2VP, and 0.3 mol of
EO in 1 L of THF. For the PMAA-b-PEO, the amounts of
reagents were 0.0018 mol of DMP, 0.04 mol of tBMA, and 0.33
mol of EO in 1 L of THF. The PtBMA blocks were then
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converted into PMAA by hydrolysis in 200 mL of a 5/1 (v/v)
dioxane/HCI mixture. Two diblocks were synthesized, and they
will be designated as P2VP(41)-b-PEO(204) (My/M, = 1.05)
and PMAA(21)-b-PEO(177) (Mw/Mn = 1.8), where the number
in parentheses indicates the degree of polymerization of each
block. SEC was carried out with a Varian liquid chromato-
graph equipped with a refractive index detector and calibrated
by polystyrene standards. Three columns from Supelco (G6000-
4000-2000 HXL) were eluted by THF added with 2 vol %
triethylamine.

Preparation of the Solutions. Aqueous solutions were
prepared by direct dissolution of known amounts of solid
samples in glass vessels containing pH- and ionic strength-
adjusted water. pH was controlled by a 0.05 mol/L phosphate
buffer. NaCl was used to adjust the ionic strength, when
required. In all the experiments, bidistilled water was used
and filtered through 0.2 um filters. The 2VP/MAA molar ratio
was kept equal to 1 and the copolymer concentration to 1 g/L
in all the experiments.

Light Scattering. Dynamic light scattering (DLS) was
measured with a Brookhaven Instruments Corp. DLS ap-
paratus that consisted of a BI-200 goniometer, a BI-2030
digital correlator, and an Ar ion laser (LEXEL Lasers;
wavelength = 488 nm). A refractive index matching bath of
filtered decalin surrounded the scattering cell, and the tem-
perature was controlled at 25 °C. Prior to sample loading, the
appropriate glass vessel was soaked overnight in sulfochromic
solution, thoroughly cleaned by bidistilled water, and dried
in a vacuum oven.

The scattering angle was 90°, and the second-order correla-
tion function Gy(t) was measured. In the case of a single-
exponential decay, G,(t) can be expressed by eq 1:

G,(t) = B[1 + B exp(—2I't)] = B[1 + BIG, ()] (1)

where B is the baseline, § is an optical constant that depends
on the instrument, I is the decay rate for the process, t is time,
and Gy(t) is the first-order correlation function, which was
analyzed by the method of the cumulants:

G,(t) = exp[-T,t + (I,/2)t* — (T3N3 + ...] )

where T is the ith cumulant. The polydispersity index (PDI)
of the micellar aggregates was estimated from the T'»/T';? ratio.
The Z-average diffusion coefficient over the whole set of
aggregates was calculated from the first cumulant

I, =Dg? )

where D is the translation diffusion coefficient and q is the
absolute value of the scattering vector

g = [4xn sin(0/2)]/4 4)

n is the refractive index of the solvent, 0 is the diffusion angle,
and 4 is the wavelength of the incident light.

The diffusion coefficient extrapolated to zero concentration
(Do) for spherical particles is related to the hydrodynamic
radius, Ry, by the Stokes—Einstein equation:

D, = kg T/6myR,, (5)

where kg is the Boltzmann constant, T is the absolute
temperature, and 7 is the viscosity of the solvent.

Results and Discussion

The micelles formed by mixtures of the PMAA(21)-
b-PEO(177) and the P2VP(41)-b-PEO(204) diblocks were
analyzed by dynamic light scattering. The evolution of
the system was monitored as a function of pH, ionic
strength, and temperature.

Effect of pH on the Association Behavior. Figure
1 shows the evolution of Ry, as a function of pH for the

Macromolecules, Vol. 34, No. 10, 2001

100

90 v—

80 / \X
- 70 / |
g 60 / \
£ % O

50 \
40 \

30 . >

20

pH

Figure 1. Ry vs pH for the PMAA(21)-b-PEO(177) copolymer
(open circles), P2VP(41)-b-PEO(204) (black circles), and
PMAA(21)-b-PEO(177)/P2VP(41)-b-PEO(204) mixture (black
triangles).
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Figure 2. PDI vs pH for the PMAA(21)-b-PEO(177) copolymer
(open circles), P2VP(41)-b-PEO(204) (black circles), and
PMAA(21)-b-PEO(177)/P2VP(41)-b-PEO(204) mixture (black
triangles).

PMAA(21)-b-PEO(177) and the P2VP(41)-b-PEO(204)
diblocks and for their stoichiometric mixture, i.e., the
2VP/MAA molar ratio equal to 1. How the PDI changes
with pH is shown in Figure 2. From these experimental
observations, it is clear that the PMAA(21)-b-PEO(177)
diblock forms micelles with R, ~ 55 nm and PDI ~ 0.08
at pH < 6, whereas the P2VP(41)-b-PEO(204) forms
smaller micelles with Ry ~ 25 nm and PDI ~ 0.25 at
pH = 6.1. The pH-dependent micellization of the
P2VP(41)-b-PEO(204) was discussed in detail else-
where.1?¢14 The mixture of these two diblocks shows the
same behavior as the PMAA(21)-b-PEO(177) at pH =
2, and the micelles formed at pH > 6.1 are essentially
the same as the ones observed for the P2VP(41)-b-
PEO(204) diblock. At 2 < pH < 6.1, a novel type of
micelles with R, &~ 85 nm and PDI = 0.005 is however
observed. This behavior can be rationalized as follows:
At pH =< 2, the P2VP block is protonated, and the
P2VP(41)-b-PEO(204) diblocks exist as free chains in
water, whereas the PMAA(21)-b-PEO(177) diblock forms
micelles. At pH > 6.1, the reverse situation is observed;
i.e., the PMAA block is ionized, and essentially free
chains of PMAA(21)-b-PEO(177) exist in solution. In
parallel, the hydrophobic nonprotonated P2VP blocks
aggregate into micelles. Finally, at 2 < pH < 6.1, both
PMAA and P2VP blocks are at least partially ionized,
and IPEC's are formed which self-assemble into the core
of micelles stabilized by the PEO blocks. Figure 3 is a
schematic picture of the evolution of the micellar
structure as a function of pH. The very low PDI of the
IPEC micelles must be noted, in complete agreement
with previously reported data.'>'3 However, Ry, of the
IPEC micelles was considerably lower (ca. 15 nm) in a
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Figure 3. Schematic picture of the evolution of the PMAA(21)-
b-PEO(177)/P2VP(41)-b-PEO(204) micellar system as a func-
tion of pH, ionic strength, and temperature.

previous study3 compared to the size observed in this
study (ca. 85 nm), although the degree of polymerization
of the self-assembling blocks was quite comparable in
the two investigations. This difference originates from
the chain length recognition which drives the IPEC
formation. According to Kataoka et al., only the op-
positely charged blocks of the same degree of polymer-
ization are able to self-assemble with formation of well-
defined, dense, and very monodisperse IPEC micelles.3
In the present study, although the degree of polymer-
ization of the self-assembling blocks is quite different,
i.e., 41 for the P2VP block and 21 for the PMAA block,
IPEC micelles are formed. This apparent contradiction
can however be rationalized by considering the actual
degree of ionization of the blocks involved. Actually,
Kataoka et al. mixed identical molar amounts of com-
pletely ionized negatively and positively charged species,
attached to chains of the same degree of polymerization.
In this study, the ionization of both the P2VP and
PMAA blocks is controlled by the pH of the buffered
aqueous solution. Figure 4 shows how the concentration
of the ionized 2VP and MAA units depends on the pH.
These curves were calculated on the assumption that
the pKy's of P2VP and PMAA are independent of the
degree of ionization, which is not exactly true. From
Figure 4, a pH is reached where the concentrations of
the positively charged 2VP units and the negatively
charged MAA units are equal. This critical pH roughly
corresponds to the midpoint of the narrow pH range, in
which IPEC micelles are observed (Figure 1). It is now
clear that the chain length recognition claimed by
Kataoka is only operative when each monomer unit is
completely charged. Actually, charged blocks of un-
matched length can self-assemble with formation of
IPEC micelles, provided that the number of positive and
negative charges is nearly equal. However, the self-
assemblies probably have a lower density and a bigger
aggregation number compared to the counterparts
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Figure 4. Theoretical dependence of the concentration of
ionized P2VP (black squares) and PMAA (open circles) on pH
(calculated for initial P2VP and PMAA concentrations of 1073
mol/L).
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Figure 5. T/g? as a function of g? for the PMAA(21)-b-
PEO(177) diblock at pH = 1 (open circles) and the P2VP(41)-
b-PEO(204) diblock at pH = 9 (black circles).

formed by completely charged blocks of the same degree
of polymerization. The size of the IPEC micelles in this
study (Rn = 85 nm) is ca. 6 times larger than the value
reported by Kataoka (R, = 15 nm), although the
unimers have comparable length in both the studies.

The shape of the IPEC micelles has also been esti-
mated by DLS. Figure 5 shows the dependence of the
diffusion coefficient on the detection angle for the
PMAA(21)-b-PEO(177) and P2VP(41)-b-PEO(204) di-
blocks, T'/g? being plotted against g2 In the case of
spherical particles, the rotational motion is not detect-
able, and I'/g? is independent of g2.1° This situation is
clearly observed for the PMAA(21)-b-PEO(177) diblock
at pH = 1. In sharp contrast, I'/g? increases with g2 for
the P2VP(41)-b-PEO(204) diblock at pH = 9. The same
analysis has been carried out for the PMAA(21)-b-
PEO(177)/IP2VP(41)-b-PEO(204) mixture as a function
of pH (Figure 6). It is clear that the morphological
characteristic features of this mixture are quite com-
parable to the PMAA(21)-b-PEO(177) diblock at pH =<
2 and to the P2VP(41)-b-PEO(204) diblock at pH > 6.1.
The IPEC micelles, which dominate at pH = 4, are
spherical, in agreement with previously reported data.'?

Effect of Temperature on the Association Be-
havior at Low pH. The effect of temperature on the
micellization features has also been examined. A strong
effect is observed at low pH, as shown by the data
reported in Figure 7. A similar behavior is observed for
the PMAA(21)-b-PEO(177) diblock in aqueous solution
at low pH. This observation indicates that the temper-
ature effect is specific to this diblock. Indeed, the
diffused intensity sharply increases at ca. 40 °C whereas
a parallel increase in Ry, is reported. The increase in
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Figure 6. T/g? as a function of g for the PMAA(21)-b-
PEO(177)/P2VP(41)-b-PEO(204) mixture at pH = 1 (open
circles), pH = 4 (black triangles), and pH = 9 (black circles).
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Figure 7. Normalized intensity and Ry as a function tem-
perature for the PMAA(21)-b-PEO(177)/P2VP(41)-b-PEO(204)
mixture at pH = 1.

the scattered intensity is so important that the origi-
nally clear solution turns opalescent. Although this
macroscopic observation might be interpreted as a cloud
point, no insoluble material is observed, and Ry, of the
micelles goes on increasing. At temperatures higher
than 55 °C, the normalized intensity and Ry do not
change anymore (Figure 7). The origin of this sharp
increase in scattered intensity must be found in the
formation of a new type of micelles. The increase in
micellar size and a change in the refractive index
increment from the micellar core to the solvent could
contribute to increase the scattered intensity. This
reorganization of the micellar structure would start at
ca. 40 °C and be complete at ca. 55 °C. On the basis of
these experimental observations, the following model
emerges for the structure of micelles formed at low pH
by the PMAA(21)-b-PEO(177) diblock at different tem-
peratures. At low temperature, micelles are formed,
although it is well-known that nonionized PMAA is
water-soluble and has an hypercoiled conformation as
result of the intramolecular hydrogen bonding of the
MAA units.'® However, PMAA and PEO form a hydro-
gen-bonded complex in water at low pH.1"18 Since these
two polymers are part of the same copolymer and the
composition of the PMAA(21)-b-PEO(177) is highly
asymmetric, this complexation by hydrogen bonding can
occur and leave PEO chain segments uncomplexed, as
sketched in Figure 8. In a further step, the intramo-
lecular complexes can self-assemble into a micellar core,
stabilized by a corona of uncomplexed PEO segments.
Hydrogen-bonded complexes have been recently used to
create micelles in toluene.’® This micellization is quite
similar to the formation of micelles driven by interpoly-
electrolyte complexation. To our best knowledge, this
paper is the first report on hydrogen bonding as a means
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Figure 8. Schematic picture of the hydrogen-bonded com-
plexes formed in water by the PMAA(21)-b-PEO(177) diblock
at low pH and temperature.

to trigger micellization in water. This effect has been
confirmed by adding urea to an aqueous solution of the
PMAA(21)-b-PEO(177) diblock. Urea is an excellent
competitor in processes based on hydrogen bonding. For
instance, it is frequently used to denaturate proteins.
The PMAA(21)-b-PEO(177) micelles are dissociated by
urea (concentration = 1 g/L), which is in line with the
key role of the hydrogen bonds in the micellization
process. The covalent bonding of the PMAA and PEO
blocks is also a prerequisite for successful micellization,
because no micelle is formed upon mixing PMAA and
PEO homopolymers; merely an increase in the solution
viscosity is observed, as reported elsewhere.l”

Hydrogen bonds are temperature-sensitive, as exem-
plified by the denaturation of proteins exposed to higher
temperatures. Therefore, the strong effect of tempera-
ture on the characteristic features of the micelles formed
by the PMAA(21)-b-PEO(177) copolymer is not surpris-
ing. The stability of PMAA/PEO hydrogen-bonded com-
plexes was studied elsewhere in a limited temperature
range.’® These complexes do not exist below 15 °C, and
their stability is maximum at 40 °C. Unfortunately, no
information was made available at temperatures higher
than 40 °C, thus the critical temperature above which
the hydrogen bonds are broken. From the data reported
in Figure 7, this phenomenon would occur in the 40—
55 °C range, although the micelles persist above 55 °C.
This observation can be explained by a transition from
micelles containing cores of hydrogen-bonded complexes
to micelles in which the hydrophobic PMAA blocks form
the core. This reorganization in the 40—55 °C range is
consistent with the cloud-point temperature of ca. 50
°C characteristic of PMAA.?2° It can account for the
increase in the micellar size upon increasing tempera-
ture, in agreement with the increased length of the PEO
corona. A change in the aggregation number of the
micelles cannot, however, be precluded. A larger differ-
ence in the refractive indexes of the aqueous solution
and the hydrophobic PMAA core is also a possible
contribution to the increase of diffused intensity.

All these experimental observations show that ag-
gregation may be complex even in the case of a single
diblock copolymer, such as the PMAA(21)-b-PEO(177)
considered in this study.

Effect of Salt Concentration on the Association
of IPEC. IPEC are sensitive to the ionic strength,
falling apart above a critical salt concentration.?! This
dissociation was studied by Kabanov et al. for IPEC
formed by PMAA-b-PEO diblocks and poly(N-ethyl-4-
vinylpyridinium) polycations.2d The fluorescence inten-
sity of pyrene at 363 nm was monitored as a function
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Figure 9. Normalized intensity as a function of NaCl
concentration (mol/L) for the PMAA(21)-b-PEO(177)/P2VP(41)-
b-PEO(204) mixture at pH = 4.

of the NaCl concentration of an aqueous solution of the
IPEC. A sharp drop in the fluorescence intensity was
observed at a NaCl concentration of 0.35 mol/L. This
behavior, which is not observed for a pyrene solution,
was explained by the disintegration of the complex due
to electrostatic screening.

Similarly, the laser intensity scattered by the
PMAA(21)-b-PEO(177)/P2VP(41)-b-PEO(204) mixture
at pH = 5 sharply decreases upon NaCl addition (Figure
9). No micelle persists when the NaCl concentration
exceeds 0.4 mol/L. The NaCl concentration needed to
dissociate the IPEC in this study is in good agreement
with the value reported by Kabanov et al.124 Figure 9
confirms that electrostatic interactions are the driving
force to micellization for the PMAA(21)-b-PEO(177)/
P2VP(41)-b-PEO(204) mixture at 2 < pH < 6.1.

Conclusions

In this paper, IPEC micelles have been formed by
mixing PMAA-b-PEO and P2VP-b-PEO diblock copoly-
mers, in a limited range of pH. These micelles consist
of an IPEC core formed by the association of the PMAA
and P2VP blocks surrounded by a corona of PEO blocks.
They have a spherical shape, and they are larger and
less dense than micelles formed by mixing fully ionized
oppositely charged blocks of matched length. These
observations confirm that IPEC are formed by the
association of the same number of positively and
negatively charged units in strong relation to the degree
of ionization of P2VP and PMAA vs pH. The electrostatic
interactions in IPEC can be screened by the addition of
NaCl, and the micelles then fall apart.

At low pH, ionized P2VP-b-PEO free chains coexist
with PMAA-b-PEO micelles, whose core is a PMAA/PEO
hydrogen-bonded complex, and the corona is formed by
the excess of the PEO chain segments. These micelles
are temperature-sensitive since the hydrogen-bonded
PMAA/PEO complex core is substituted by an hydro-
phobic PMAA core above 50 °C.

At high pH, ionized PMAA-b-PEO free chains coexist
with P2VP-b-PEO micelles.
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