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The formation of spherical micelles in aqueous solutions of poly(N-methyl-2-vinyl pyridi-
nium iodide)-block-poly(ethylene oxide), P2MVP-b-PEO and poly(acrylic acid)-block-poly
(vinyl alcohol), PAA-b-PVOH has been investigated with light scattering-titrations,
dynamic and static light scattering, and 1H 2D Nuclear Overhauser Effect Spectroscopy.
Complex coacervate core micelles, also called PIC micelles, block ionomer complexes,
and interpolyelectrolyte complexes, are formed in thermodynamic equilibrium under
charge neutral conditions (pH 8, 1 mM NaNO3, T = 25 �C) through electrostatic interaction
between the core-forming P2MVP and PAA blocks. 2D 1H NOESY NMR experiments show
no cross-correlations between PEO and PVOH blocks, indicating their segregation in the
micellar corona. Self-consistent field calculations support the conclusion that these C3Ms
are likely to resemble a ‘patched micelle’; that is, micelles featuring a ‘spheres-on-sphere’
morphology.

1. Introduction

Electrostatic interaction between two oppositely
charged molecules in aqueous solution leads to a macro-
scopic associative phase separation, known as complex
coacervation [1], provided certain requirements such as
proximity to charge neutrality, are met. Naturally, the ten-
dency to phase separate is tuneable with parameters influ-
encing the electrostatic interaction between the two
(macro)molecules, such as ionic strength, mixing fraction,
and pH in case of weak acids and/or bases. Moreover, the
associative phase separation can be restricted to the colloi-
dal domain by attaching a solvophilic group to one or both
of the molecules, resulting in mixed aggregates, such as

vesicles [2,3] or micelles [2–13]. As complex coacervation
is the governing principle in the formation of this type of
colloids, we employ the term complex coacervate core mi-
celles (C3Ms) [9–12]. Other equivalent terms in use are
polyion complex micelles [2–5], block ionomer complexes
[6,7], or interpolyelectrolyte complexes (IPEC) [8]. C3Ms
can be formed from virtually any combination of oppositely
charged species, provided at least one of the species carries
one or several solvophilic units that remain soluble upon
complexation. By far the most studied are combinations
including a diblock copolymer to stabilise the complex,
while combinations with random [14] and graft [15]
copolymers are relatively little reported on. Recent exam-
ples include C3Ms consisting of a copolymer and DNA
[15,16], RNA [17], enzymes [5], homopolymer [10], dendri-
mer [3], drug [3], surfactant [14], metal ion [18,19], or coor-
dination polymer [20]. Their potential as novel drug carrier
systems, encapsulating for example DNA, RNA, enzymes,
and drugs has widely been investigated [21–23].
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Recently, we have reported on an entirely different
application of C3Ms: we have found that these systems
are well suited for the preparation of responsive compart-
mentalized polymeric micelles. We have shown that, by
incorporation of two solvophilic entities with a tendency
to avoid each other, it is possible to increase the level of
structural hierarchy from a simple radial segregation into
two domains, generally termed core–shell, into a core–
shell assembly whereof the shell is additionally segregated
laterally into two distinct domains. The simplest manner to
obtain such a structure, for which the term ‘Janus-micelle’
is employed, is by mixing two diblock copolymers, each
containing a charged or chargeable block, and a solvophilic
(in this study hydrophilic, as all experiments are per-
formed in aqueous solution) neutral block. Thus, electro-
static interaction is employed to force the two diblock
copolymers to form one mixed aggregate, leaving the
immiscible but hydrophilic neutral blocks no other choice
than to avoid each other within the shell of the aggregate.
Clearly, the force balance is delicate: strongly segregating
neutral blocks cannot be employed, as they might lead to
dissociation of the micelles, while on the other hand too
compatible hydrophilic blocks will result in a mixed coro-
na. This concept has been explored in a series of recent pa-
pers [11,12,24–26] where we observed that a pair of
relatively miscible hydrophilic blocks yielded spherical
C3Ms with a mixed shell and a pair of relatively immiscible
hydrophilic blocks yielded ellipsoidal micelles with a later-
ally segregated corona (Janus-micelles). A combination of
poly(2-(N,N-dimethylamino)ethyl methacrylate)-block-
poly(glyceryl methacrylate), PDMAEMA45-b-PGMA90 and
poly(acrylic acid)-block-poly(acrylamide), PAA42-b-
PAAm417 resulted in spherical micelles with a mixed coro-
na [11], while the Janus-type segregation was achieved in
aqueous mixtures of poly(N-methyl-2-vinyl pyridinium io-
dide)-block-poly(ethylene oxide), P2MVP42-b-PEO446 and
poly(acrylic acid)-block-poly(acrylamide), PAA42-b-
PAAm417 [12,24,25]. Within the corona of these micelles,
the relatively immiscible PAAm and PEO blocks were
approximately of equal size and abundance.

In the present contribution, we study the formation and
structure of C3Ms of another pair of double hydrophilic
block copolymers with the relatively immiscible blocks
PVOH and PEO. As discussed above, we previously investi-
gated a symmetric case; that is, roughly equal size and
abundance of the corona forming blocks. Now, we shift
our attention to a strongly asymmetric case: the PVOH
chains constitute less than 14% of the monomers in the
micellar corona, while the PVOH/PEO block length ratio
(NPVOH/NPEO) is varied between 0.4 and 0.9. We will show
that such conditions can still lead to a segregation of poly-
mer chains within the micellar corona, while the overall
micellar shape remains spherical. We propose to relate
the structural differences between the C3Ms with the
incompatible polymer pairs PVOH/PEO, as studied in the
present contribution, and PAAm/PEO, as studied previ-
ously, to the difference in type of coronal segregation:
patchwise segregation versus Janus-type segregation. Fi-
nally, we present some preliminary results of self-consis-
tent field (SCF) calculations on brushes consisting of two
chemically distinct polymers, with characteristics mimick-

ing our experimental system consisting of PVOH and PEO
chains. They were found to be in good agreement with
our interpretation of the experimental results: a patchwise
segregation of coronal blocks was found for both longer
and shorter PEO than PVOH blocks for a wide range of po-
tential PEO–PVOH and PVOH–water Flory–Huggins inter-
action parameters (that is, parameters characterising the
immiscibility of the polymer pair and the PVOH solvent
quality).

2. Materials and methods

2.1. Materials

Three different samples of poly(N-methyl-2-vinyl
pyridinium iodide)-block-poly(ethylene oxide), P2MVP38-
b-PEO211, P2MVP42-b-PEO446, and P2MVP71-b-PEO454 have
been synthesised by sequential anionic polymerisation
(polydispersity index, PDI < 1.05) by H. Schmalz (Bayreuth
University) [12,27], followed by quaternisation with
methyl iodide. [The subscripts correspond to the degree
of polymerisation.] The average degree of quaternisation
has been determined by elemental analysis and was found
to be 89 ± 2%. 2,20-Azo-bis-(4-methoxy-2,4-dimethyl val-
eronitrile) (V-70) (Wako) and cobalt (II) bis-acetylaceto-
nate (>98%, Merck) were used as received. Vinyl acetate
(VAc) and acrylonitrile (AN) (Aldrich) were dried over cal-
cium hydride, degassed by several freeze–thawing cycles
before being distilled under reduced pressure. All polymer-
isation experiments were performed by classical Schlenck
techniques under nitrogen. Liquids were transferred with
syringes and stainless steel capillaries.

2.2. Synthesis of poly(acrylic acid)-block-poly(vinyl alcohol),
PAA305-b-PVOH184 [28]

2.2.1. Synthesis of poly(vinyl acetate)-block-
poly(acrylonitrile) (PVAc184-b-PAN305)

Co(acac)2 (0.140 g, 5.44 � 10�4 mol) and V-70 (0.546 g,
1.77 � 10�3 mol) were added into a 50 ml flask and degassed
by three vacuum-nitrogen cycles. Vinyl acetate (15.0 ml,
0.162 mol) was then added with a syringe under nitrogen.
The purple mixture was stirred and heated at 30 �C until
the monomer conversion reached 50% (�40 h). A sample
is withdrawn for SEC analysis in THF (Mn (SEC, THF) =
15800 g mol�1; Mw/Mn = 1.22) which gives a molecular
weight very close to the molecular weight determined by
1H NMR [29,30], before removal of the unreacted vinyl ace-
tate under vacuum at room temperature. After dissolution
of PVAc in a degassed anisole/toluene (9/1: v/v; 15 ml),
mixture, distilled and degassed acrylonitrile (10 ml,
0.151 mol) was added. The reaction medium was stirred
for 30 min at 30 �C (�90% conversion). The crude mixture
was then diluted by DMF and the copolymer was precipi-
tated in a methanol/water (20/80) mixture. This purifica-
tion step was repeated two times before SEC analysis (Mn

(SEC, DMF) = 117,000 g mol�1; Mw/Mn = 1.44 compared to
the macroinitiator eluted in the same conditions: Mn (SEC,
DMF) = 65,400 g mol�1; Mw/Mn = 1.14). The unreacted
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PVAcmacroinitiatorwas then removed from the copolymer
by Soxhlet extraction with methanol for 48 h and the pure
PVAc-b-PAN copolymer was recovered (Mn (SEC,
DMF) = 138,100 g mol�1; Mw/Mn = 1.37). 1H NMR analysis
of the copolymer in DMSO allows the determination of
the copolymer composition by integrating the signal
characteristic of –CH2–CH(OAc)– of PVAc and –CH2–
CH(CN)– of PAN at 4.85 and 3.35 ppm, respectively
(PVAc184-b-PAN305).

2.2.2. Hydrolysis of PVAc-b-PAN into PVOH184-b-PAA305

PVAc-b-PAN (0.5 g) was added to a 100 ml flask, fol-
lowed by 10 ml ethanol and 45 ml of an aqueous KOH solu-
tion (2.0 g KOH in 90 ml of water). The mixture was stirred
at 75 �C for 24 h. The insoluble polymer rapidly became red
and then yellow when slowly solubilising in the reaction
medium. After hydrolysis, the copolymer was precipitated
three times in THF, solubilised in water, dialysed for 48 h
against pure water through a 6000–8000 Spectrapore
membrane, and finally lyophilised to give a white powder.
1H NMR analysis of the copolymer in D2O confirmed the
complete hydrolysis of both blocks as assessed by the dis-
appearance of the signal characteristic of –CH2–CH(OAc)–
of PVAc at 4.85 ppm and the signal characteristic of –
CH2–CH(CN)– of PAN at 3.35 ppm, and the appearance of
new signals characteristic of –CH2–CH(OH)– of PVOH at
4.05 ppm and of –CH2–CH(COOH)– of PAA at 2.15 ppm.

The chemical structure of the diblock copolymers used
in this study is depicted in Fig. 1.

2.3. Sample preparation

Aqueous solutions of the polymerswere prepared by dis-
solution of known amounts of polymer into de-ionised
water (Milli-Q) to which known amounts of NaNO3 were
added, followed by a pH-adjustment using NaOH and
HNO3. For 2D 1H NOESY NMR experiments, D2O (>99%
deuterium, Aldrich) was used instead of de-ionised water.
Unless otherwise specified, all experimentswere performed
at 25.0 ± 0.2 �C and 1 mMNaNO3. For the polymer solutions
in D2O, the measured apparent pH value, pHapp, has been
corrected for isotope effects [31] using Eq. (1) wherein pI
is the generalised equivalent of pH including all isotopes
and n is the atom fraction of deuterium in the solvent.

pI ¼ pHapp þ 0:3314nþ 0:0766n2 ð1Þ
Polymer solutions were filtered at least once over a

0.45 lm Schleicher and Schuell filter prior to mixing. This
is necessary as C3Ms have a tendency to adsorb to a wide

variety of surfaces [9], so that solutions cannot be filtered
after mixing. Table 1 gives an overview of the stock
solutions.

We define the important experimental parameter mix-
ing fraction, f+, as the number of positively chargeable
(2VP) and charged (2MVP) monomers divided by the total
number of chargeable and charged monomers (2VP, 2MVP,
and AA).

fþ ¼ ½þ�
½þ� þ ½�� ð2Þ

2.4. Light scattering

Light scattering measurements have been performed on
an ALV light scattering instrument equipped with an ALV-
5000 digital correlator and a Spectra Physics 2000 1W ar-
gon ion (dynamic and static light scattering, DLS/SLS) laser
or a 400 mW argon ion laser (light scattering-titrations, LS-
T) operated at a wavelength, k, of 514.5 nm. A refractive in-
dex matching bath of filtered cis-decalin surrounded the
cylindrical scattering cell, and the temperature was con-
trolled at 21.5 ± 0.3 �C using a Haake F3-K thermostat
(DLS/SLS) and at 25 ± 0.2 �C using a Haake F8-C35 thermo-
stat (LS-T).

2.4.1. Light scattering-titrations (LS-T)
LS-Ts were performed at a fixed scattering angle, h, of

90�. A Schott-Geräte computer-controlled titration setup
controlled sequential addition of titrant and cell stirring.
The pH was measured with a combined Ag/AgCl glass elec-
trode. The recorded mV values were converted into pH val-
ues after calibration of the electrode with five buffers of
known pH (3 6 pH 6 7). After every dosage, pH, 90� light
scattering intensity, I90�, and the second-order correlation
function, G2(t) were recorded, the latter two 5 times during
a period of 25 s. Averaged values of the intensity, irrel (see
Appendix A), hydrodynamic radius, Rh, 90�, and polydisper-
sity index, PDI (l2/C2, method of cumulants) are reported
as a function of f+. For the mole fraction titrations, we
introduce the reduced excess relative intensity, irrel, to pres-
ent I90� as a function of f+ in a manner independent of the
experimental design, i.e., independent of the light scatter-
ing instrument, volume changes, concentration of titrant
et cetera. See Appendix A for more details.

2.4.2. Dynamic light scattering (DLS)
A minimum of five second-order correlation functions

G2(t) were recorded at 24 angles, h, from 30� to 145� in
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Fig. 1. Chemical structure of the diblock copolymers used in this study. Left: poly(N-methyl-2-vinyl pyridinium iodide)-block-poly(ethylene oxide),
P2MVPx-b-PEOy (x1 = 38, y1 = 211, Mw = 18088 g mol�1; x2 = 42, y2 = 446, Mw = 29366 g mol�1; x3 = 71, y3 = 454, Mw = 36428 g mol�1). Note that x denotes
the sum of the number of quaternised and non-quaternised monomers. Right: Poly(acrylic acid)-block-poly(vinyl alcohol), PAA305-b-PVOH184

(Mw = 30085 g mol�1). The numbers beside the brackets denote the degree of polymerisation. The numbers 1–5 correspond to the chemical shifts listed
in Table 4.

ht
tp
://
do
c.
re
ro
.c
h

3



increments of 5� to evaluate the angular dependence of the
diffusion coefficient. The diffusion coefficient, extrapolated
to zero angle, D0, has been obtained from the slope in a plot
of the average frequency, C (obtained from a cumulant or
CONTIN analysis of the data) versus q2. Via the Stokes–Ein-
stein equation, D0 has been calculated into Rh

0 to be com-
pared with the radius of gyration extrapolated to zero
angle, Rg

0 obtained from static light scattering measure-
ments. Moreover, the CONTIN routine has been used to
analyse the DLS data in terms of size distributions.

2.4.3. Static light scattering (SLS)
The angular dependence of the excess Rayleigh ratio,

R(h, C) was recorded at 24 angles from 30� to 145� in incre-
ments of 5�, and has been analysed in terms of both the
Zimm and Guinier approximation. Toluene was used as a
reference. We refer to Appendix B for more details.

2.5. 1H NMR

Nuclear Overhauser Effect Spectroscopy (NOESY) is a
two-dimensional NMR technique probing internuclear dis-
tances by means of the Nuclear Overhauser Effect. A more
detailed introduction on the technique can be found in a
previous publication [11]. 1H NMR spectra of the micellar
solutions were recorded at 298 K on a Bruker AMX-500
spectrometer, operating at 500 MHz, located at theWagen-
ingen NMR Centre. For the 2D NOESY spectrum 976 exper-
iments of 2048 data points were recorded, using standard
Bruker software. The mixing time was 500 ms.

2.6. Size exclusion chromatography (SEC)

SEC of polyvinyl acetate was carried out in THF (flow
rate: 1 ml min�1) at 40 �C with a Waters 600 liquid chro-
matograph equipped with a 410 refractive index detector
and styragel HR columns (four columns HP PL gel 5 lm
105, 104, 103, and 102 Å). Polystyrene standards were used
for calibration. The molar mass of PVAc determined by SEC
in these conditions with PS calibration was in good agree-
ment with that determined by 1H NMRwhenever the a end
group of the initiator (–OCH3 at d = 3.13 ppm) could be ob-
served and compared to the –CHOCOCH3 proton at

d = 4.8 ppm of the monomer unit [29,30]. Size exclusion
chromatography (SEC) of poly(vinyl acetate)-b-poly(acry-
lonitrile) was carried out in dimethylformamide containing
25 mM LiBr (flow rate: 1 ml min�1) at 55 �C with a Waters
600 liquid chromatograph equipped with a 410 refractive
index detector (four columns Waters styragel HR 1 (100–
5000), HR 3 (500–30,000), HR 4 (5000–500,000), HR 5
(2000–4,000,000) (7.8 � 300 mm). Poly(styrene) standards
were used for calibration.

3. Results and discussion

3.1. Micelle formation

Fig. 2 shows the apparent hydrodynamic radius at a
scattering angle of 90�, Rh,90�, the reduced excess relative
intensity, irrel, and the polydispersity index, PDI as a func-
tion of the mixing fraction, f+ for a mole fraction light
scattering-titration of an aqueous solution of P2MVP38-b-
PEO211 (Cp = 10.42 g l�1 = 5.58 � 10�4M, pH 7.81) to an
aqueous solution of PAA305-b-PVOH184 (Cp = 0.52 g l�1 =
1.72 � 10�5M, pH 7.70) at 1 mM NaNO3 and 25.0 ± 0.1 �C.
The picture is clearly reminiscent of previously reported
light scattering-titrations on aqueous solutions of complex
coacervate core micelles [10,25,32]. We can distinguish
three regimes. The first regime, 0 6 f+6 0.25, is character-
ised by high apparent values of Rh,90� and PDI, both
decreasing with increasing f+, and low values of irrel increas-
ing with increasing f+. The second regime, 0.25 6 f+ 6 0.55,
shows a maximum in irrel and minimum in PDI at f+ � 0.4
while Rh,90� is nearly constant at 17.8 ± 0.4 nm. In the third
regime, irrel seems fairly constant while Rh,90� and PDI ap-
pear to increase slightly. Note that the kinetics of complex-
ation has been reported to be f+ dependent, so that full
equilibrium may not have been established for all values
of f+ [33]. Moreover, the Rh,90� values reported for this mole

Table 1
Overview of all polymer stock solutions used in this study.

Solution Cp Solvent pI

g l�1 mol l�1

P2MVP38-b-PEO211
a 10.42 5.58 � 10�4 H2O 7.81

PAA305-b-PVOH184
a 0.52 1.72 � 10�5 H2O 7.70

P2MVP38-b-PEO211
b 11.02 6.09 � 10�4 D2O 7.73

P2MVP42-b-PEO446
b 11.05 3.76 � 10�4 D2O 7.75

P2MVP71-b-PEO454
b 11.09 3.04 � 10�4 D2O 7.69

PAA305-b-PVOH184
b 4.10 1.36 � 10�4 D2O 7.73

a Stock solutions used in the mole fraction titration. For P2MVP38-b-
PEO211 and PAA305-b-PVOH184. Cp corresponds to the concentration in the
burette and in the titration cell respectively, prior to the light scattering-
titration.

b Stock solutions used to prepare samples for 2D 1H NMR NOESY, DLS,
and SLS measurements.
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Fig. 2. Rh,90� (circles), i
r
rel (squares), and PDI (triangles) as a function of f+

for a mole fraction light scattering-titration of an aqueous solution of
P2MVP38-b-PEO211 to PAA305-b-PVOH184 at 1 mM NaNO3 and
T = 25.0 ± 0.1 �C. Arrows indicate corresponding axes.
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fraction titration are apparent values, i.e., they have not
been extrapolated to zero concentration or angle.

Rather strikingly, Rh,90� and irrel do not show the ex-
pected dependence on f+, that is, symmetric around the
preferred micellar composition, PMC, of f+ = 0.4, as is com-
monly observed for C3Ms consisting of two annealed
(co)polymers [10,34]. The present results are somewhat
different, particularly in the third regime, i.e., for
f+ P 0.55. For 0 6 f+ 6 0.25, complexes between oppositely
charged diblock copolymers are formed, evolving (most
likely) from large, loose aggregates into better defined,
smaller and denser structures, as indicated by the increase
in irrel and decrease in PDI and Rh,90� for increasing f+. For
0.25 6 f+ 6 0.55, these aggregates associate into C3Ms
and consecutively partially dissociate into another type
of soluble complexes, resulting in a maximum excess scat-
tering and minimum PDI at f+ = 0.4, the so-called preferred
micellar composition. Note that the PMC is displaced from
the expected f+ = 0.5, which implies not all chargeable PAA
groups are involved in the complexation.

Both the asymmetric dependence of Rh,90� and irrel on f+,
and the displacement of the PMC from f+ = 0.5 to f+ = 0.4
can be related to the degree of quaternisation of
P2MVP38-b-PEO211 and the large difference between NPAA

and NP2MVP. It is possible to roughly estimate the degree
of quaternisation from the peak position in Fig. 2. At the
PMC, charge neutrality is met, i.e., f+a+ = f�a�. From the po-
sition of the PMC, f+ = 0.4, and a� = 0.60 (measured for
PAA42 in 5 mM NaNO3 at the same pH [35], being 6.51,
i.e., the pH decreases during the LS-T due to complexation
as PAA units deprotonate and the solution pH is not buf-
fered), we obtain a+ = 0.91, i.e., in excellent agreement with
the value determined by elemental analysis (see experi-
mental section). However, it is evident that the degree of
PAA dissociation is not only determined by bulk pH, but
also by proximity to the cationic copolymer (a phenome-
non that is generally referred to as charge regulation), i.e.,
one should actually determine a� from a protonation curve
in the presence (not absence) of P2MVP38-b-PEO211. Fur-
thermore, partial compensation of PAA by monovalent
counterions instead of P2MVP segments could be an alter-
native explanation for the displacement of the PMC from
the expected f+ = 0.5. We would like to refer the interested
reader to Appendix C for more details.

The complexes formed for f+ > 0.4 are stabilised by ex-
cess positive charge, while those for f+ < 0.4 are stabilised
by excess negative charge. Typically, these soluble com-
plexes dissociate into their molecular constituents at some

point far away from charge neutrality, resulting in zero irrel
[10,34]. Indeed, this dissociation is observed for the soluble
complexes stabilised by excess negative charge, but not for
those stabilised by excess positive charge; those remain
relatively stable for f+ P 0.55. We propose to attribute this
difference to the molecular architecture of the diblock
copolymers. Whereas PAA305-b-PVOH184 remains water-
soluble in uncharged state (data not shown), P2VP-PEO
forms micelles in aqueous solutions for pH >6.1 [8].
Although the P2MVP38-b-PEO211 in this study is about
90% quaternised, the relatively hydrophobic backbone
may enhance stability of the C3Ms and cationic complexes,
as recently reported elsewhere [36].

In sharp contrast to traditional polymeric micelles con-
sisting of amphiphilic polymers, C3Ms may be in thermo-
dynamic equilibrium [1,11]. To test whether this also
applies to the system under investigation, we have com-
pared micellar sizes for C3Ms of P2MVP38-b-PEO211 and
PAA305-b-PVOH184 at the preferred micellar composition
prepared in a one-step fashion by simply mixing the poly-
mer solutions and those obtained in the corresponding LS-
T experiment, using the same stock solutions (Table 1). For
the titration method, we find Rh,90� = 18.3 ± 0.1 nm (Cp =
1.87 g l�1, f+ = 0.39), while we find Rh,90� = 18.1 ± 0.3 nm
(Cp = 1.87 g l�1, f+ = 0.40) for the one-step procedure. More-
over, for C3Ms of P2MVP38-b-PEO211 and PAA305-b-
PVOH184 in D2O (Table 2), we find Rh,90� = 18.7 ± 0.2 nm
(Cp = 7.86 g l�1, f+ = 0.40). Hence, we find no dependence
of micellar size on preparation protocol, suggesting that in-
deed these C3Ms might be equilibrium structures. At the
same time, the data suggest that neither concentration
nor a change of solvent from H2O to D2O, has considerable
effect on micellar characteristics.

3.2. Micellar structure

Figs. 3 and 4 show the angular dependence of the fre-
quency, C (Fig. 3), and the excess Rayleigh ratio, R(h, C)
(Fig. 4) as a function of q2. We observe a linear dependence
of C on q2 (Fig. 3), which is a signature of a diffusive mode,
and an upturn for small q values in the static light scatter-
ing results (Fig. 4), indicative of an increase in average scat-
tering mass; that is, the presence of a small fraction of
larger aggregates. These results are corroborated by a CON-
TIN analysis which clearly reveals the presence of two dis-
tinctive modes for all three systems (Fig. 5). For the fast
mode corresponding to single micelles we again find a lin-
ear dependence of C on q2 (Fig. 3b). Therefore, we have

Table 2
Light scattering results for the mixtures of polymer stock solutions in Table 1. Data obtained for T = 21.5 ± 0.3 �C. Viscosity of D2O was calculated to be
1.2062 ± 0.0095 CP at this temperature [56]. For all C3Ms, dn=dc has been estimated at 0.158 cm3 g�1. Radii/nm, D0/10�8 cm2 s�1), Mw/kg mol�1.

Cationic polymer f+ D0 Rh
0 c Rh

0 d Mw
a Mw

b Pagg
+ a Pagg

� a Rg
0 a Rg

0 b Rg
0/Rh

0 a Rg
0/Rh0 b

P2MVP38-b-PEO211 0.40 9.9 14.2 18.3 800 794 41 8 26.1 24.5 1.43 1.34
P2MVP42-b-PEO446 0.39 8.0 17.4 22.4 706 701 23 5 26.2 24.6 1.17 1.10
P2MVP71-b-PEO454 0.40 7.4 20.4 24.2 1436 1434 37 13 18.8 18.2 0.78 0.75

a Obtained by the Zimm approximation.
b Obtained by the Guinier approximation.
c Obtained from a CONTIN analysis.
d Obtained from a cumulant analysis.
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used the linear dependence of C on q2 for 30� 6 h 6 145�
(CONTIN analysis, fast mode) and the near-linear depen-
dence of R(h, C) on q2 for 70� 6 h 6 145� to obtain D0 and
Rg

0 respectively. We might speculate that these aggregates
originate from the rather poor solubility of PVOH [37,38] or
from interpolymer complexation between PVOH/PEO and
PAA chains which is known to yield insoluble complexes
under more acidic conditions; that is, pH <4 [39,40]. Khu-
toryanskiy et al. [39,41] reported on the formation of insol-
uble polycomplexes below pH 2.67 ± 0.05 for PAA and
PVOH in salt-free solution (Mw,PAA = 450 kg mol�1,
Mw,PVOH = 205 kg mol�1, [PAA] = [PVOH] = 0.01 M in base-
mole units) and for pH 2.88 ± 0.05 for PAA and PEO in
salt-free solution (Mw,PAA = 450 kg mol�1, Mw,PEO = 20 kg
mol�1, [PAA] = [PEO] = 0.01 M in base-mole units). It has
also been reported that water is only a marginal solvent
for PVOH [37], and aggregation was observed in dilute
aqueous solutions of PVOH homopolymers [38]. Note,
however, that the marginally soluble vinyl alcohol mono-
mers constitute only a minor part (614%) of the micellar
corona.

To obtain detailed information on the micellar struc-
ture, we have obtained quantitative values for Rh

0, Rg
0,

Rg
0/Rh

0, Mw, and Pagg from the static and dynamic light
scattering measurements. The results are summarised in
Table 2. Rh

0 values obtained through CONTIN analysis of
the data are 14.2, 17.4, and 20.4 nm for C3Ms of PAA305-
b-PVOH184 and P2MVP38-b-PEO211, P2MVP42-b-PEO446,
and P2MVP71-b-PEO454 respectively. They are considerably
smaller than those obtained from the cumulant analysis,
which is due to the fraction of aggregates. The obtained
Rg

0/Rh
0 values agree well with those found in literature

for spherical block copolymer micelles, where a Rg
0/Rh

0 of
0.75 (Guinier approximation)/0.78 (Zimm approximation)
for C3Ms consisting of PAA305-b-PVOH184 and P2MVP38-
b-PEO211 is close to the theoretical value of a hard sphere
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Fig. 3. (a) Cumulant and (b) CONTIN results. C as a function of q2 for
mixtures of PAA305-b-PVOH184 and P2MVP38-b-PEO211 (triangles,
Cp = 7.86 g l�1, f+ = 0.40), P2MVP42-b-PEO446 (diamonds, Cp = 8.48 g l�1,
f+ = 0.39), and P2MVP71-b-PEO454 (squares, Cp = 8.01 g l�1, f+ = 0.40) at
1 mM NaNO3 and T = 21.5 ± 0.3 �C.
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Fig. 4. Static light scattering results. R(h, C) as a function of q2 for the
same mixtures as in Fig. 3.
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Fig. 5. CONTIN results. Equal area representation (h = 90�) for mixtures of
PAA305-b-PVOH184 and P2MVP38-b-PEO211 (dotted line, Cp = 7.86 g l�1,
f+ = 0.40), P2MVP42-b-PEO446 (continuous line, Cp = 8.48 g l�1, f+ = 0.39),
and P2MVP71-b-PEO454 (chain dotted line, Cp = 8.01 g l�1, f+ = 0.40) at
1 mM NaNO3 and T = 21.5 ± 0.3 �C.
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(0.775), while a Rg
0/Rh

0 of 1.34 (Guinier approximation)/
1.43 (Zimm approximation) for C3Ms consisting of
PAA305-b-PVOH184 and P2MVP71-b-PEO454 is close to the
values reported for star-like micelles. Moreover, Mw and
Pagg show the expected trends, i.e., decrease with increas-
ing lyophilic block length (compare P2MVP38-b-PEO211

and P2MVP42-b-PEO446) and increase with increasing
core-forming block length (compare P2MVP42-b-PEO446

and P2MVP71-b-PEO454). Rh
0 seems to increase with overall

degree of polymerisation, as observed previously [34,42],
while Rg

0 shows the opposite trend. Hence, we observe
an expected decrease in Rg

0/Rh
0 with an increase in block

length of the core-forming block (compare P2MVP42-b-
PEO446 and P2MVP71-b-PEO454), which may be attributed
to a more compact micellar structure.

A comparison has been made between our light scatter-
ing results and a simple geometrical model for spherical
micelles that has been introduced in a previous paper
[10]. The results in Table 3 show that model and experi-
ment are in rather good quantitative agreement. From
the PEO cross-sections, APEO, and the radii of gyration for
the PEO polymer chains [43] in salt-free aqueous solutions,
Rg,PEO, we can estimate the amount of overlap between PEO
chains using Rg,PEO

2/APEO. For C3Ms of PAA305-b-PVOH184

and P2MVP38-b-PEO211, P2MVP42-b-PEO446 and P2MVP71-
b-PEO454, we find values of 0.79, 1.41, and 1.32 respec-
tively, implying that the coronal chains stabilise the mi-
celles sufficiently as soon as they start to overlap. Note
that in the above calculation, we have not taken the PVOH
chains into account, which represent <14% of the corona
monomers (see below).

3.3. Corona structure

Recently, we have shown that in 2D 1H NMR NOESY
experiments it is possible to observe cross-peaks between
protons of two different polymer blocks in a micellar coro-
na provided that they are in close proximity (<0.5 nm) [11].
On the contrary, when polymer chains were locally segre-
gated, as was observed in C3Ms of PAA42-b-PAAm417 and
P2MVP42-b-PEO446, no cross-peaks were observed between
these chains [12,24,25]. Similarly, 2D 1H NMR NOESY
experiments can provide information on the extent of
chain mixing/segregation within C3Ms of PAA305-b-
PVOH184 and P2MVP38-b-PEO211, P2MVP42-b-PEO446, and

P2MVP71-b-PEO454. The corona forming polymer blocks
are rather incompatible, as was the case in the Janus-mi-
celles containing the relatively immiscible PAAm/PEO pair.
In macroscopic systems, immiscibility of PEO and PVOH
chains was reported for binary blends [44,45], while Wanc-
hoo et al. found the ternary PEO (565 kg mol�1)/PVOH
(127 kg mol�1)/salt-free water system to satisfy four previ-
ously posed criteria for miscibility [46]. Apart from the
obvious difference in block chemistry between PVOH and
PAAm, there is another important difference between the
previously investigated and the current system, namely
the relative size and abundance of the immiscible corona
blocks and the overall shape of the micelle. While the ellip-
soidal Janus-micelles contained approximately equal
amounts of approximately equally sized PEO and PAAm
chains, the spherical C3Ms studied here contain only
<14% PVOH blocks that are at most equally sized as com-
pared to the PEO blocks that constitute >86% of the micel-
lar corona.

Fig. 6 presents contour plots of C3Ms of PAA305-b-
PVOH184 and (a) P2MVP38-b-PEO211, (b) P2MVP42-b-
PEO446, and (c) P2MVP71-b-PEO454. The hydroxyl protons
of the polyvinyl alcohol chains are not visible in the 1D
spectrum due to proton exchange with the solvent (D2O).
The relatively sharp peaks correspond to 13C satellite sig-
nals (�3.5 and 3.8 ppm) and trace amounts of solvents
used during the synthesis and quaternisation procedures
of P2MVPx-b-PEOy, as been observed previously [12]:
2.2 ppm (acetone), 2.7, and 3.1 ppm (presumably DMF).
As observed previously [12], protons of P2MVP are not vis-
ible (arguably, as a consequence of peak broadening due to
chain stiffness), so that we cannot observe cross-peaks be-
tween protons within P2MVPx-b-PEOy, nor within the
micellar core. More importantly, we do observe large NOE’s

Table 3
Comparison of model [10] with experiment for C3Ms of PAA305-b-PVOH184 and P2MVP38-b-PEO211, P2MVP42-b-PEO446, and P2MVP71-b-PEO454. Radii/nm,
cross-section, A/nm2.

System Model Experiment

Cationic polymer A Rtotal Rcore n+ n� Rh
0 Pagg

+ a Pagg
� a

P2MVP38-b-PEO211 12.0 17.7 6.9 41 8 18.3 41 8
P2MVP42-b-PEO446 15.3 21.1 5.8 23 5 22.4 23 5
P2MVP71-b-PEO454 16.6 25.3 8.1 37 13 24.2 37 13

Cross-section, A, micellar radius, Rtotal, core radius, Rcore, aggregation number of cationic diblock copolymer, n+ and aggregation number of anionic diblock
copolymer, n�, were obtained from a simple geometrical model as described by Eqs. (2)–(6) in a previous publication [10]. Input: total volume fraction of
polyelectrolyte in the micellar core, u = 0.4, density of the polyelectrolyte blocks, q± = 1.1 kg l�1, density of the neutral blocks, q = 1.127 kg l�1, PAA charge
density, aPAA = 0.60, P2(M)VP charge density, aP2(M)VP = 0.91, total volume fraction of PEO in the micellar corona, /PEO211 = 0.03, /PEO446 = /PEO454 = 0.02, total
volume fraction of PVOH in the micellar corona, /PVOH = /PEO. /PEO446 = /PEO454 < /PEO211, as the density of a polymer brush is expected to increase with
decreasing block length. For a detailed explanation of the model and choice of input parameters, we refer to the publication of Hofs et al. [10].

a Obtained by the Zimm approximation.

Table 4
Chemical shifts (d in ppm) for C3Ms of P2MVPx-b-PEOy and PAA305-b-
PVOH184. The numbers 1–5 correspond to protons as indicated in Fig. 1.

Proton PAA305-b-PVOH184 P2MVPx-b-PEOy

1 1.5–1.85
2 2.15
3 1.5–1.85
4 3.95–4.1
5 3.68
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between neighbouring protons within PAA305-b-PVOH184,
but no cross-correlations between protons of PVOH and
PEO, i.e., indicative of segregation of PEO and PVOH chains
in the micellar corona.

Hence, whereas previously we observed chain mixing in
spherical micelles and chain segregation in ellipsoidal mi-
celles, we now have indications for local segregation with-
in the corona of spherical micelles. Naturally, one starts to
wonder whether this is related to a difference in the type of
local segregation that occurs in the micellar corona of ellip-
soidal PAAm/PEO and spherical PVOH/PEO micelles. In-
deed, if we take into account that the corona constitutes
of 614% vinyl alcohol monomers, and the fact that water
is only a marginal solvent for PVOH and a good solvent
for PEO at T = 25 �C, we might argue that a Janus-type seg-
regation into two equally sized laterally segregated do-
mains is rather unlikely, whereas a combined radial and
lateral segregation into a certain number and size of
patches – as schematically depicted in Fig. 7 – seems much
more likely. Such ‘patchy micelles’ (also known as ‘rasp-
berry-like’ micelles, micelles with a ‘spheres-on-sphere’
morphology, or ‘multicompartment (core) micelles’) have
been achieved lately in a number of micellar systems con-
sisting of self-assembled terpolymers and H-bonded di-
block and triblock copolymers, that were typically
asymmetric; that is, with a large asymmetry in size and/
or abundance between the two incompatible core-forming
blocks (see for example Refs. [47–50]) or corona-forming
blocks (see for example Refs. [51–53]). Finally, we would
like to point out that self-consistent field calculations on
bimodal (bidisperse) brushes (polymer brushes consisting
of two types of polymers differing only in size; that is,
identical in chemical composition) have demonstrated that
patchy brushes can arise merely as a result of a distinct dif-
ference in polymer block length [54]; that is, without any
chemical incompatibility as all polymer chains were of
identical chemical composition.

Fig. 6. 2D 1H NMR NOESY contour plot of complex coacervate core
micelles of (a) PAA305-b-PVOH184 and P2MVP38-b-PEO211, (b) P2MVP42-b-
PEO446, and (c) P2MVP71-b-PEO454 for the same mixtures as in Fig. 3.
Peaks have been assigned (Table 4) on the basis of the 1D spectra. Cross-
correlations between PEO (proton 5) and PVOH blocks (protons 3, 4) were
not observed, while there are large NOE’s within PAA305-b-PVOH184

(proton 4 and 1 and/or 3; proton 1 and 3).

Fig. 7. Schematic representation of C3Ms of P2MVPx-b-PEOy and PAA305-
b-PVOH184 at 1 mM NaNO3 and 25 �C (x1 = 38, y1 = 211, x2 = 42, y2 = 446,
x3 = 71, y3 = 454). The C3Ms consist of a mixed PAA/P2MVP complex
coacervate core, surrounded by a two-layered shell. The PVOH chains
form ‘patches’ on the core, i.e., they are less swollen, and less stretched,
than the PEO chains, as water is a marginal solvent for the vinyl alcohol
segments and a good solvent for the PEO segments. Hence, the C3Ms
could be described as a ‘patched’ micelle.
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3.4. Self-consistent field calculations

To investigate whether a difference in chemical compo-
sition between two polymers within the same brush can
likewise give rise to a patchy brush structure, we turned
to self-consistent field (SCF) modeling. In particular, we
investigated brushes of strongly asymmetric composition –
as is the case in the current experimental system – and
varied the relative length of the polymer blocks, the poly-
mer–solvent interaction parameter (related to the solvent
quality of one of the polymers), and the polymer–polymer
interaction parameter (related to the miscibility between
the polymers) to study their effect on the brush structure.
Preliminary results are described in the following. We refer

to previous work, for example Ref. [55] for a detailed
explanation of the theory, SCF machinery, and for SCF cal-
culations on polymer brushes. We assume that the choice
of geometry will not significantly influence the results
and thus opt for a flat geometry to maximise the computa-
tional speed, whereas in reality of course, the PEO/PVOH
brush is of spherical geometry. Hence, in the calculations
the system consists of two polymers A and B, representing
PVOH and PEO. The chains are grafted to an impenetrable
surface. Two types of calculations were performed. First,
only gradients in the volume fraction profiles normal to
the surface were considered (one-gradient (1G) calcula-
tions, i.e., in the z-direction and mean field approximation
in the x–y plane). Here the chains can not diffuse laterally

Fig. 8. Results of SCF calculations for a flat brush composed of PVOH and PEO polymers. (a, b) Brush height, hg (in units of lattice sites) of PVOH (lines) and
PEO (dashed) as a function of the PVOH–water Flory Huggins interaction parameter, vPVOH-W, for 0 6 vPEO–PVOH 6 0.4 as indicated, for (a) NPEO = 200 (1G),
(b) NPEO = 400 (1G). (c, d) Two-gradient volume fraction, /(x,z) profiles for (c, e) PVOH and (d, f) PEO, for (c, d) NPEO = 400 and (e, f) NPEO = 200. vPEO–

PVOH = 0.4 and vPVOH-W = 0.52. Input parameters: vPEO-W = 0.4, NPVOH = 300. In the 2G calculations, the chains have lateral mobility in the x-direction. A cubic
lattice is used with reflecting boundary conditions in the x-direction. The grafting surface is positioned at z = 0. The lateral inhomogeneity of the brush
follows from the fact that the profiles vary in the x-direction. We have chosen to place the collapsed chain (PVOH) to be around x = 30. In all cases the brush
consists of 90% vinyl alcohol monomers and 10% ethylene oxide monomers and the total amount of polymer equals 3.3 equivalent monolayers.
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and can only segregate in the normal direction. Second,
two gradients, one perpendicular and one parallel to the
surface, were considered (2G calculations, i.e., both in the
x- and z-direction and the mean-field approximation in
the y-direction). In the latter case the chains can translate
along the surface and the system can segregate both in the
normal as well as in the parallel direction with respect to
the surface. The amount of ethylene oxide monomers is
fixed to 90% and the amount of vinyl alcohol monomers
to 10%. The PEO–water Flory Huggins interaction parame-
ter, vPEO-W, is fixed at 0.4 (i.e., good solvent conditions),
while both vPVOH-W and vPEO–PVOH are varied. Moreover,
calculations were performed for systems with both longer
(NPEO = 400) and shorter PEO (NPEO = 200) than PVOH
chains (NPVOH = 300). Results are given in Fig. 8. In panels
a and b the 1G results are given. Here the first moment
over the end-point distribution of both the PEO as well
as the PVOH polymers, hg, is plotted versus vPVOH-W. In
panels c–f the volume fraction profiles u(x,z) for PEO and
PVOH are shown for a special case: vPEO–PVOH = 0.4 and
vPVOH-W = 0.52 potentially resembling the experimental
situation, as described above, where the solvent quality
of PVOH is marginal, that of PEO is slightly better, and
PEO and PVOH are rather incompatible [37,44,45]. Note
that we purposely neglected potential disparities in surface
affinity et cetera, as they are, to the best of our knowledge,
not known for the system.

It is clear from the 1G calculations in Fig. 8a and b that
the PEO and PVOH are segregated in the z-direction, thus
avoiding each other, under nearly all conditions. In part
this is due to the difference in solvent quality, the differ-
ence in the length of the chains, and differences in grafting
density (the majority component is closest to the surface),
moreover, the miscibility of PEO and PVOH segments is
naturally of importance. Strikingly, the PVOH chains nearly
always reside on the outside of the brush hg,PEO < hg,PVOH
(even if they are shorter than the PEO chains), except for
very poor solvent quality for PVOH (vPVOH-W > 0.5) where
they collapse onto the surface. The vPVOH-W where the
transition occurs is shifted to lower values for longer PEO
chains, and less repulsion between PEO and PVOH seg-
ments (i.e., smaller values of vPEO–PVOH). For NPEO = 400
and vPEO–PVOH = 0.4 (Fig. 8b), we observe a hysteresis in
the volume fraction profiles proving the segregation transi-
tion is a jump-like (first-order) transition. In such case the
natural question arises whether the transition is influenced
by lateral mobility. Hence, 2G calculations were performed
(Fig. 8c–f). As expected, we observe both lateral and radial
segregation of PEO and PVOH chains for vPEO–PVOH = 0.4
and vPVOH-W = 0.52 for NPEO = 400. The swollen PEO chains
surround and enclose these collapsed chains. Interestingly
for NPEO = 200, where in the 1G calculations one homoge-
neous solution was found, we also observe a lateral inho-
mogeneous layer.

The difference between 1G and 2G results for a mixed
polymer brush definitely needs further investigation. To
our opinion, these preliminary SCF results (even though
we did not yet focus on the correct geometry and neglected
several other complications) support the conclusion that
the C3Ms of PAA-b-PVOH and PMVP-b-PEO are likely to
resemble a ‘patched micelle’ as depicted in Fig. 7. Whether

the patches that are surrounded by relatively swollen poly-
mer blocks, consist of PVOH or PEO segments depends on
PVOH solvent quality, the PEO/PVOH block length ratio,
and the extent of PEO/PVOH incompatibility.

4. Conclusions

Using light scattering measurements, we have followed
the formation of micelles of poly(N-methyl-2-vinyl pyridi-
nium iodide)-block-poly(ethylene oxide), P2MVP38-b-
PEO211 and poly(acrylic acid)-block-poly(vinyl alcohol),
PAA305-b-PVOH184 in aqueous solutions. At the preferred
micellar composition, f+ = 0.40, spherical micelles are
formed of relatively low polydispersity (PDI < 0.2) with
Rh,90� = 18.1 ± 0.3 nm (Cp = 1.87 g l�1, 1 mM NaNO3,
T = 25.0 ± 0.1 �C). DLS and SLS experiments on aqueous
solutions of PAA305-b-PVOH184 and P2MVP38-b-PEO211,
P2MVP42-b-PEO446, or P2MVP71-b-PEO454 show a coexis-
tence of these micelles with larger aggregates. The experi-
mental results were compared to a simple geometrical
model, yielding cross-sections from 12–17 nm2 and coronal
volume fractions 60.03, implying that colloidal stabilisa-
tion can be achieved when coronal chains start to overlap.
From a careful consideration of the experimental observa-
tions in combination with our self-consistent field (SCF)
calculations, we infer that the relatively immiscible PEO/
PVOH pair does not yield ellipsoidal Janus-micelles, but
rather spherical patchy micelles as schematically depicted
in Fig. 7. Whether the patches correspond to PVOH or PEO
(and conversely, the swollen chains to PEO or PVOH) de-
pends on the PVOH–water and PVOH–PEO interaction
parameters (in other words, the PVOH solvent quality and
the PVOH/PEO miscibility) and the PEO/PVOH block length
ratio. Finally, wewould like to remark that these dependen-
cies might be investigated quantitatively in for example
Cryo-TEM experiments on a system where one of the coro-
nal blocks could be stained selectively, which is not the case
in the present system. Moreover, we suppose that a more
symmetric PEO/PVOH system would consist of ellipsoidal
Janus-micelles, as was found for the rather symmetric
P2MVP42-b-PEO446/PAA42-b-PAAm417 system.
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Appendix A

A.1. Light scattering-titrations (LS-T)

irrel is defined in Eqs. (3)–(5) as the Rayleigh ratio of the
sample minus the reduced Rayleigh ratios of the ‘blanks’
(the polymer solutions in the burette and scattering cell),
all divided by the total polymer concentration at f+ = 0.5, c�.

irrel ¼
Isample � Isolvent � ict � ibt

c� � Itoluene
¼ Isample � Isolvent � ict � ibt
ðcb;fþ¼0:5 þ cc;fþ¼0:5Þ� Itoluene

¼ Isample � Isolvent � ict � ibt

cc;fþ¼0:5 1þ qc
qb
�Mb
Mc

� �
� Itoluene

ð3Þ

ict ¼ ðIc0 � IsolventÞ� cct
cc0

ð4Þ

ibt ¼ ðIb0 � IsolventÞ� cbt
cb0

ð5Þ

The subscripts ‘b’ and ‘c’ denote the polymer in the bur-
ette and scattering cell respectively, prior to the LS-T. The
subscripts ‘0’, ‘f+ = 0.5’ and ‘t’ denote before LS-T, during
LS-T at f+ = 0.5 and during LS-T at f+ corresponding to a cer-
tain value ‘t’, respectively. qb and qc are the number of
chargeable groups in polymer b and polymer c, while Mb

and Mc are their molar masses.
In this manner, the ‘blanks’ are subtracted according to

what they would contribute to the scattering at the actual
f+ if no complexation would occur, ict and ibt, i.e., only excess
scattering due to complexation remains. Furthermore, divi-
sion by the total polymer concentration is necessary to be
able to compare measurements independent of the initial
concentration of the stock solutions. For C3M systems, it
seemsmost logical to divide by c�, the total polymer concen-
tration corresponding to thepreferredmicellar composition,
PMC[34] in the ideal case, i.e., when the charge neutrality
condition is met at f+ = 0.5 (equal amounts of chargeable
groups). Whether the PMC occurs at f+ = 0.5, depends on
the pH of the polymer stock solutions in case one or both
of the polymers contain(s) weak polyelectrolyte groups.

Appendix B

B.1. Static light scattering (SLS)

The excess Rayleigh ratio, R(h, C), is given by

Rðh;CÞ ¼ Isample � Isolvent
Ireference

n2

n2
reference

� �
RðhÞreference ð6Þ

In the Zimm approximation, for sufficiently dilute con-
ditions, R(h, C) is given by

KC
Rðh;CÞ �

1
Mw

1þ 1
3
R2
gq

2
� �

; and ð7Þ

K ¼ 4p2n2

Navk
4
0

dn
dc

� �2

; ð8Þ

where K is an optical constant, Nav is Avogadro’s number,
k0 is the wavelength of the laser (514.5 nm), n is the sol-
vent refractive index (1.332 for H2O, T = 25.0 ± 0.1 �C;
1.331 for D2O, T = 21.5 ± 0.3 �C), dn=dc the specific refrac-
tive index increment, and q the magnitude of the scattering
wave vector, given by

q ¼ 4pn
k0

sin
h
2

� �
ð9Þ

Alternatively, in the Guinier approximation for suffi-
ciently dilute conditions, KC=Rðh;CÞ is given by

KC
Rðh;CÞ �

1
Mw

exp
1
3
q2R2

g

� �
ð10Þ

Thus, from the intercept and slope in the extrapolation
of KC=Rðh;CÞ to zero angle at a given concentration, one ob-
tains the apparent molecular weight, Mw of the scattering
particle and its apparent radius of gyration, Rg0.

Appendix C

Consider a strict core–shell segregation where all PAA/
PVOH and P2MVP/PEO junctions are locked to the core/
corona interface, restricting the number of possible chain
conformations. It is likely that the short cationic blocks
are incapable of compensating all charges of the much
longer anionic blocks, i.e., it would involve a considerable
stretching penalty if at all possible, so that small, monova-
lent counterions are taken up by the micellar core to estab-
lish charge neutrality. To test this latter proposition, one
should determine the PMC for C3Ms of P2MVP-b-PEO
and PAA-b-PVOH of which the PAA/P2MVP block length ra-
tio is systematically varied. Finally, we note that a consid-
erable difference in solubility between the cationic and the
anionic polymer, could also give rise to a displacement of
the PMC from f+ = 0.5. However, if we follow this line of
reasoning, we should regard the minority component, here
the cationic copolymer, as the more soluble component,
which is in contradiction with the presence of residual ex-
cess scattering at large values of f+ as discussed in the main
body of the text.
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