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ABSTRACT: We investigate surface charged “starlike” micelles in
aqueous solution formed by carboxy terminated n-octacosyl-poly-
(ethylene oxide) block copolymers, C28-PEO5-COOH with 5 the PEO
molar mass in kg/mol, by small angle neutron scattering (SANS), zeta-
potential measurements, and rheology. The -COOH end group was
introduced by selective oxidation of the -CH2-OH end group of a C28-
PEO5-OH precursor using Bobbitt’s salt. Micellar solutions of different
concentrations in the dilute and semidilute range were investigated at
pH 2, 6, and 12 to vary ionic strength and the number of effective
surface charges Zeff. Zeff was further varied by using mixtures of C28-
PEO5-COOH and C28-PEO5-OH at different mixing ratios. SANS
measurements reveal that the intramicellar form factor P(Q) is identical
at the different pH values, which implies that the individual micellar structure is unaffected by the number of surface charges. On the
contrary, the intermicellar structure factor S(Q) and the phase behavior show a strong dependence on Zeff. In particular, we observe a
distinct shift of the liquid−fcc crystal phase boundary. A quantitative analysis in terms of a screened Hard Sphere Yukawa potential
reveals very good agreement between experiment and theory. Because of this consistency and of the tunability of the n-alkyl-PEO
starlike micelles, we consider this system to be an excellent model for further studies on the interplay between steric and electrostatic
interactions in soft colloids.

■ INTRODUCTION
Sterically stabilized colloids constitute an important class of
soft matter materials encompassing regular star polymers,
polymer micelles, microgels, and polymer grafted nano-
particles. The term “softness” can be classified into intra- and
interparticle softness.1,2 Intraparticle softness refers to the
deformability and compressibility of an individual particle,
whereas interparticle softness is linked to particle interactions
described by an effective pair potential. An ultrasoft potential
to describe repulsive interactions of regular star polymers was
derived by Likos et al.3 This potential combines a logarithmic
form at small interparticle distances and screened Yukawa-type
exponential behavior at larger distances. The number of arms is
the only control parameter for star−star interactions varying
from 2 for a linear polymer chain to ∞ for hard spheres. A
suitable model system to investigate soft colloidal properties is
amphiphilic block copolymer micelles. The number of arms or
aggregation number, and thus, their softness can be effectively
adjusted by changing block copolymer characteristics4−7 and/
or solvent quality.8

This inherent variability enables systematic studies of
interactions and phase diagrams of ultrasoft colloids as already
presented in earlier publications.9−11 In addition to steric
interactions, electrostatic interactions play an important role

for the stabilization of colloidal dispersions. Charge-stabilized
dispersions are relevant for many natural and industrial
products, such as for food articles, paints, ink, and rubber. A
large variety of charged soft colloids have been prepared and
investigated by experiments, theory, and computer simulation.
Important classes of charged soft colloids are PSS and PMMA
latex particles,12−14 ionic dendrimers,15−20 polyelectrolyte
block copolymer micelles,21−25 star branched polyelectro-
lytes26−29 and μ-gels.30 The internal particle structure was
frequently investigated in dependence of the charge and ionic
strength. Moreover, numerous studies were devoted to
interparticle interaction. The electrostatic interaction of
charged spheres is generally described by a screened Coulomb
or Yukawa potential,31 where the main parameters are the
(effective) particle charge Zeff, the Debye−Hückel screening
length κ−1, the particle radius R, and the interparticle distance
r.
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In the present work, we investigate starlike block copolymer
micelles formed by carboxy-terminated n-octacosyl-poly-
(ethylene oxide) block copolymers, C28-PEO5-COOH,
synthesized by selective end-group oxidation of an anionically
polymerized C28-PEO5-OH precursor. Digit 5 denotes the
PEO molar mass in kg/mol. Structural properties of micelles
formed by the OH-terminated block copolymer have been
thoroughly studied and published earlier.32−36 Since carboxylic
acids are weak acids, the number of surface charges can be
conveniently varied by adjusting the pH. Thus, we are able to
systematically investigate properties of sterically and electro-
statically stabilized soft colloids. We particularly emphasize that
micellar solutions of C28-PEO5 exhibit fast unimer exchange
dynamics as one important prerequisite to reach thermally
equilibrated samples after altering experimental parame-
ters,34,37 even though it has been reported that slower fusion
and fission events play an important role to reach equilibrium
structures.38 The above-mentioned properties make the C28-
PEO5-COOH micelles a “tunable” soft colloidal model which
can be classified as hybrid between neutral and polyelectrolyte
block copolymer and ionic and nonionic surfactant micelles.
Because of the long PEO chain (NPEO = 113), it differs from
low molar mass polyoxyethylene alkyl ether carboxylic acid
surfactants recently studied by Chiappisi et al.39−42 Our study
also differs from pH-dependent structural investigations on
polyelectrolyte block copolymer micelles,22,23,25 where ioniz-
able groups are located all along the corona blocks. Here, we
systematically investigate the intra- and intermolecular
structure of surface charged C28-PEO5-COOH micelles as a
function of pH, ionic strength, and concentration. We point
out that the C28-PEO5-COOH micelles carry only one charge
per corona chain in the terminal position. As a main
experimental tool we employ small angle neutron scattering
(SANS) for the structural study. Micellar interactions are
analyzed in terms of the well-established screened Hard Sphere
Yukawa potential. In detail, we apply the modified penetrating
background rescaled mean spherical approximation (MPB-
RMSA), a recent approach introduced and thoroughly
discussed by Heinen et al.31 Therein, the authors modified/
combined the screened Coulomb repulsion from the
Derjaguin−Landau−Verwey−Overbeck (DLVO) potential43

and the RMSA closure44 by the penetrating microion
background scheme of Snook and Hayter.45 We obtain very
good agreement between experimental and theoretical S(Q) at
finite concentrations in the liquid regime. Complementary, the
zeta-potential is determined via measurements of the electro-
phoretic mobility. Liquid−solid transitions are additionally
studied by rheology.

■ EXPERIMENTAL SECTION
Synthesis and Characterization. The carboxy-terminated

polymer C28-PEO5-COOH was prepared by oxidation of C28-
PEO5-OH using 4-(acetylamino)-2,2,6,6-tetramethyl-1-oxo-piperidi-
nium tetrafluoroborate (Bobbitt’s salt) as oxidizing agent.46,47 The
OH-precursor polymer with a PEO molar mass of 5 kg/mol was
synthesized by ring opening living anionic polymerization of ethylene
oxide in toluene at 95 °C as described in detail in previous
publications.4,33 For the -CH2-OH end-group oxidation, 5 g (∼1
mmol) of C28-PEO5-OH was dissolved in 100 mL Milli-Q water until
a homogeneous clear micellar solution was obtained. An excess
amount of Bobbitt’s salt (2.25 g = 7.49 mmol) was added, and the
resulting orange solution was stirred for 20 hours at room temper-
ature. Subsequently, 20 mL of sodium bisulfite (40%) and 20 mL of
sodium hydroxide solution (20%) were added and stirred for another

hour before the pH was adjusted to ∼3 with hydrochloric acid. The
resulting mixture was then carefully washed five times with 50 mL
ethyl acetate to remove residues of Bobbitt’s salt. The carboxylated
polymer was extracted from the aqueous phase with chloroform ((3−
4) × 50 mL). The combined phases were dried with magnesium
sulfate. After filtration, CHCl3 was removed on a rotating evaporator,
and the residual polymer was recrystallized three times from acetone
at −20 °C.
For further utilization, the polymer was additionally purified by

dialysis against ultrapure H2O (0.055 mS/cm) using Slide-A-Lyzer
Dialysis Cassettes G2 with 2.5 kg/mol molar mass cut off from
Thermo Fisher Scientific. Polymer solutions in H2O of ∼3% polymer
volume fraction were prepared and dialyzed for at least 72 h. In
between, the water bath was exchanged several times until a constant
conductivity of about 0.3− 0.4 mS/cm was obtained. Finally, the
polymer was retrieved by freeze-drying the dialyzed polymer solution
in vacuum.
The molar characteristics of the C28-PEO5-COOH and -OH

polymers were determined by 1H NMR and size exclusion
chromatography (SEC). SEC data were obtained by a chromato-
graphic setup consisting of autosampler, isocratic pump (Agilent
Technologies, Series 1260 infinity), column oven (Shimadzu CTO-
20A), refractive index detector, 18 angle light scattering detector
(Wyatt Technologies, Optilab T-rEX and DAWN HELEOS-II) and
three Agilent PlusPore GPC columns with a continuous pore size
distribution. A mixture of tetrahydrofuran, N,N-dimethylacetamide,
and acetic acid (84:15:1) was taken as eluent. Acetic acid was added
in order to prevent interactions of -COOH end-groups with the
column material. The measurements were conducted at 40 °C at a
flux rate of 1 mL/min. Analysis of the SEC data using Astra Software
of Wyatt Technologies yields the number and weight-average molar
masses, Mn and Mw, and the dispersity Mw/Mn.

1H NMR spectra were recorded in pyridine-d5 with a Bruker
Avance III 600 MHz spectrometer equipped with a CryoProbe
Prodigy. The degree of PEO-polymerization, NPEO = 113, was
determined using the integral intensity of the 57 protons of the n-alkyl
resonances as internal reference, and the total number-average molar
mass Mn calculated thereof. Molar masses and dispersities of the
polymers are summarized in Table 1. The 1H NMR spectra

additionally served as proof of the completeness of the oxidation
process. In pyridine-d5 the signals of the terminal EO units are well
separated from the main PEO resonance. These signals show a
characteristic change by the oxidation as indicated in the NMR
spectra of -OH-terminated and -COOH-terminated polymers shown
Figure 1.
Complementary to NMR, the oxidized polymers were reinvesti-

gated by SEC. The elution curves of -OH and -COOH polymers were
compared and found to be exactly identical which confirms that no
oxidation and/or degradation of the PEO chains occurred.
Chromatograms are shown in Figure 2a).
For further characterization, aqueous solutions of the oxidized

polymer were titrated with 0.1 M NaOH-solution. pH-values were
measured with a Knick Portamess 911 pH-meter combined with a
Hamilton BioTrade electrode. The device has been calibrated with
Mettler Toledo buffer solutions of pH 4.01, 7, and 9.21. Titration
curves for various concentrations are depicted in Figure 2b).
Sigmoidal fits were used to extract the equivalence point, which was
found at pH 7.9 ± 0.1 for the different concentrations. Moreover,
from the initial pH value of each solution, we calculated pKa-values of
4.3 ± 0.2, which is a typical value for weak acids.

Table 1. Total Molar Massesa and Dispersity of the C28-
PEO5 Polymer Obtained from NMR and SEC

Polymer Mn
b(g/mol) Mn

c(g/mol) Mw
c(g/mol) Mw/Mn

c

C28-PEO5 5390 5760 5900 1.03
aMn/w = Mn/w(PEO) + M(C28H57 = 393g/mol).

bFrom NMR. cFrom
SEC.
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Generally, the degree of dissociation α is defined as the
concentration of the disscociated form cR COO relative to the total
concentration c0 = cR COO + cR‑COOH, i.e. cR COO= /c0. It is
important to note that for weak acids, α depends on c0, which in turn
affects the number of charges per micelle. Since cR COO = c OH3

+, the
oxonium-ion concentration, the degree of dissociation α of C28-
PEO5-COOH solutions were calculated from pH measurements.
Accordingly, α varies from 0.04 for polymer volume fraction ϕ = 4.7%
up to α = 0.46 for ϕ = 0.08%. In order to facilitate interpretation of a
concentration-dependent study of micellar solutions, a constant
number of surface charges per micelles, i.e. α = constant, is desirable.
This was achieved by adjusting the pH to 2, 6, and 12 with
hydrochloric acid and sodium hydroxide solution. This fixes α to
either 0 at pH 2 or 1 at pH 6 and 12, respectively, as described in
more detail in the subsequent section.
For SANS experiments, micellar solutions of C28-PEO5-COOH in

D2O (99.9% D) with volume fractions ranging from ϕ = 0.05% - 10%
were prepared at 3 different pH-values around 2, 6, and 12. pH 2 is
reached by addition of more than one equivalent of DCl with respect
to the terminal carboxy-groups. At this point, the carboxy groups are
essentially undissociated. pH 6 is reached by the addition of almost
one equivalent of NaOD. Under these conditions more than 99% of
the carboxy groups are dissociated. pH 12 requires more than one
equivalent of NaOD, leading to fully dissociated -COOH groups. The
difference between the degree of dissociation at pH 6 and pH 12 is
small, but the ionic strength [I] is significantly different, ≈
0.7 mmol/L compared to ≈7 mmol/L, due to the excess amount of
sodium and hydroxy ions which screens electrostatic interactions

between micelles (Figure 3). The resulting Debye−Hückel screening
length κ−1 decreases by a factor of ≈2. As a reference for uncharged

micelles, two solutions of C28-PEO5-OH in D2O at ϕ = 0.15% and ϕ
= 5% were additionally prepared. In order to further vary the number
of surface charges, three mixtures of -OH and -COOH terminated
polymers at ratios of 3:1, 1:1 and 1:3 have been prepared at ϕ = 5%
and pH 6. For ζ-potential and viscosity measurements, micellar
solutions at ϕ = 1% were produced at five different pH-values. For the
sake of consistency, these solutions were also prepared in D2O.
For the preparation of solutions at ϕ = 1, 4, 5, 7.5 and 10% dry

polymer powder were directly solubilized in D2O. In order to support
dissolution and ensure micelle equilibration, the polymer/D2O
mixtures were initially heated up to 50 °C for 4 h and were
subsequently left to cool down to room temperature overnight under
constant shaking. For low volume fractions, this procedure leads to
homogeneous, clear micellar solutions. At higher concentrations,
homogenization was achieved by repeated centrifugation and turning
sample vials in between. Solutions with volume fractions ϕ = 0.15%
and 2.5% were obtained by dilution of stock solutions of ϕ = 1% and
5%, respectively. Each solution was split into three parts and adjusted
to the respective pH by the addition of NaOD (0.185 mol/L) or DCl
(0.1 mol/L). After addition, the equilibration procedure, heating for 4
h at 50 °C and shaking overnight at room temperature, was repeated.
For some samples at higher concentrations, solidification was
observed after the addition of NaOD. In these cases, homogenization
was achieved by centrifugation as described above. For the
preparation of mixed micelles, 5% stock solutions were mixed at the
desired ratio and equilibrated at 50 °C for 4 h. At this temperature,
molecular exchange is fast such that a random distribution of -OH and
-COOH terminated polymers is guaranteed.34,37 The mixed micelles
were subsequently adjusted to pH 6 with NaOD and again
equilibrated by heating to 50 °C for 4 h. The ionic strength [I] of
each sample was calculated solely from the amount of excess NaOD
or DCl and finally corrected for CO2 absorption at the given
experimental pH (see Appendix). We note that an exact adjustment of
the pH-values was difficult, in particular at pH 6, because of
solidification, limited sample volume, and the required tiny amount of
DCl or NaOD. However, all important parameters were exactly
measured and calculated and are compiled in Tables 2, 3 and 4.
Zeta Potential Measurements. The electrophoretic mobility

(Ue) of micellar solutions at volume fractions of ϕ = 1% were
determined by a Malvern Zetasizer Nano ZS instrument. The
solutions were adjusted to five different pH values, as shown in Table
4. Prior to measurements, the solutions were filtered by Whatman
poly(ether sulfone) filters with 0.2 μm pore size. The zeta potential ζ

Figure 1. Relevant sections of 1H NMR spectra of C28-PEO5-OH and
-COOH polymers recorded in pyridine-d5. A characteristic shift of
signals resulting from the terminal methylene protons is observed
after oxidation. Full oxidation can be assumed based on the complete
disappearance of signal 2 in C28-PEO5-OH originating from protons
adjacent to the hydroxy group.

Figure 2. a) SEC-traces of C28-PEO5 polymers before and after end-
group oxidation. b) Titration curves of C28-PEO5-COOH at three
different polymer concentrations. Numbers denote nominal polymer
volume fraction in %.

Figure 3. Illustration of characteristic length scales.
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is calculated from the electrophoretic mobility using Henry’s
equation:

U f R
3

2 ( )0 e
=

(1)

with η the sample viscosity and ϵϵ0 = 7.06 · 10−10 AsV−1m−1 the
permittivity of D2O at 20 °C. f(κR) is Henry’s function with κ−1 the
Debye−Hückel length and R the particle radius. For κ · R ≫ 1, the
Smoluchowski approximation can be used, and f(κR) = 1.5 in aqueous
media. Exact viscosities of the 1% solutions at the different pH-values
were determined using a Lovis M rolling ball viscometer of Anton
Paar at 20 °C. Following the considerations of van Gruijthuijsen et
al.,48 the electrophoretic effective charge Zep can be estimated from
the ζ-potential by

Z
z

R R(4 (1 ))ep
e

0 m s m= +
(2)

Here ze denotes the positive elementary charge. For the
calculations, we have taken the micellar radius Rm for the particle
radius R as obtained from SANS form factor analysis. A summary of
the experimental and calculated values, respectively, is shown in Table
4.
Small Angle Neutron Scattering Experiments (SANS). Small

angle neutron scattering (SANS) experiments were conducted at

archetypical pinhole geometry instrument D11 at Institut Laue-
Langevin (ILL), Grenoble, France. Three sample to detector
distances of 2, 8 and 28 m, and a neutron wavelength of λ = 6 Å
were used. This configuration yields scattering data in the Q range 2.5
× 10−3−0.47/Å, where Q = (4π sin(θ/2))/λ denotes the scattering
vector with θ as the scattering angle. The collimations were set
identical to the sample to detector distances except for 2 m where the
collimation was set to 4 m in order to avoid detector saturation.
According to instrument specifications the installed velocity selector
delivers neutrons with a wavelength spread of Δλ/λ = 9% (fwhm).
Samples were measured in 404-QX Hellma quartz cells with 1 or 2
mm path length. A circular sample aperture was used with a 15 mm
diameter. The experimental temperature was 20 °C. The scattering
data were reduced according to standard instrument software taking
into account corrections for detector sensitivity, electronic noise, and
empty cell scattering. The reduced data were brought to an absolute
scale by measuring the direct attenuated beam intensity. The obtained
macroscopic differential scattering cross section Q( )d

d
was

subsequently corrected for solvent scattering and calculated
incoherent contributions mostly originating from hydrogens of the
unlabeled polymer chains.
SANS Data Modeling. Following previous works on the analysis

of n-alkane-PEO block copolymer micelles by Zinn et al.4 and König
et al.,35 the scattering cross sections Q( )d

d
are excellently modeled by

Q
N V V

P Q S Q I Qd
d

( )
( )

( ) ( ) ( )
agg C28 PEO

blob=
+

[ · + ]
(3)

with ϕ the polymer volume fraction, Nagg the aggregation number and
VC28, VPEO the molar volume of core and corona block, respectively.
P(Q) denotes a core−shell form factor for starlike micelles. Within
this model, the n-alkyl core is considered as a compact sphere of
radius Rc with constant density distribution. The PEO chains in the
corona are highly swollen with water and exhibit a radially decaying
density profile ∝ r−4/3, in agreement with theoretical predictions.49,50

It should be mentioned that we have not used the aspherical core−
shell model introduced recently by König et al.36 to account for the
effect of n-alkyl chain packing because of neglibible contributions to
the scattering profile under full contrast conditions. Iblob(Q)
represents the so-called “blob” scattering originating from the internal
structure of the coronal PEO chains and is added incoherently. The
full analytical expressions of both P(Q) and Iblob(Q) can be found in
refs 4 and 35. Data analysis and form factor fits were done with the
open source software QtiSAS.51

The intermicellar structure factor S(Q) observed at finite
concentrations is due to direct interactions caused by steric or
electrostatic repulsion between different micelles. Whereas the first
results from inherent osmotic pressure between the polymeric corona
(entropic interactions), the latter stems from tunable electrostatic
Coulomb interactions between charges on the corona surface
(enthalpic interactions). Which of them dominates structure
formation and phase behavior in concentrated solutions crucially

Table 2. Experimental Volume Fractions (ϕ), pH-Values and Calculated Ionic Strength ([I]), of the Different C28-PEO5-
COOH and C28-PEO5-OH Micelle Solutions Prepared for SANS Experiments

C28-PEO5-COOH pH 2 C28-PEO5-COOH pH 6 C28-PEO5-COOH pH 12 C28-PEO5-OH

Samplea ϕb (%) pH [I]c (mmol/L) ϕb (%) pH [I]c (mmol/L) ϕb (%) pH [I]c (mmol/L) ϕ (%)

0.05 - - - 0.049 - - - - - -
0.15 0.143 2.3 0.56 0.148 7.1 1.520 0.147 11.7 4.073 0.148
1 0.972 2.1 3.77 0.991 6.2 0.726 0.976 11.7 7.154 -
2.5 2.44 2.4 1.09 2.41 6.5 1.030 2.33 11.7 4.520 -
4 - - - 4.11 6.1d 0.629 - - - -
5 4.9 2.3 2.17 4.79 6.1d 0.629 4.66 11.8 5.480 5.48
7.5 7.2 2.4d 3.59 7.51 10.5d 0.085 6.92 12.1d 8.980 -
10 9.4 2.3d 4.66 9.98 11.2d 0.117 8.99 12.1d 10.56 -

aNominal volume fraction. bVolume fraction recalculated after pH adjustment. cFrom added HCl/NaOH and corrected for CO2 absorption.
dMacroscopically gelled at 20 °C.

Table 3. Experimental Volume Fractions (ϕ), pH-Values
and Calculated Ionic Strength ([I]), of C28-PEO5-COOH
and C28-PEO5-OH Micelle Mixtures

Samplea ϕb (%) pH [I]c (mmol/L)

3:1 5.39 9.4 2.00
1:1 5.32 9.3 1.96
1:3 5.26 9.1d 1.90

aRatio of C28-PEO5-OH: C28-PEO5-COOH.
bVolume fraction

recalculated after pH adjustment. cFrom added HCl/NaOH solution
and corrected for CO2 absorption.

dMacroscopically gelled at 20 °C.

Table 4. Zeta Potentiala (ζ), Viscosityb (η), Ionic Strengthc
([I]) and Effective Number of Charges Zep of C28-PEO5-
COOH Solutions at ϕ = 1% and Different pH-Values

pH 2.4 3.3d 6.2 10.3 11.8

ζ (mV) −0.982 −12.2 −33.5 −21.5 −14.9
η (Pas) 1.509 1.726 2.2 1.836 1.66
[I] (mmol/L) 3.77 0 0.726 3.50 7.154
|Zep| 1 20 66 59 49

aCalculated from the electrophoretic mobility. bObtained by falling
ball viscometry. cFrom added HCl/NaOH solution and corrected for
CO2 absorption.

dpH of neat polymer solution at ϕ = 1%.
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depends on the given molecular/experimental parameters like molar
mass of the PEO block, aggregation number, pH value, ionic strength,
etc.
For the liquid phase, i.e., for distances r larger than the particle

diameter 2Rm, steric and electrostatic repulsion can both be described
by a screened Yukawa-type potential U(r) ∼ (1/r) · exp(−κr). Its
explicit form and quantitative relation to molecular/experimental
parameters is given in the Appendix and described in detail in the
literature.3,31 Using standard liquid state theory, the direct correlation
function g(r) and its Fourier transform S(Q) can be calculated and
finally compared to experimental SANS data. The challenging task is
to relate all crucial parameters of the interaction potential
unambiguously to experimental parameters given by the samples.
The crossing of the liquid−solid phase boundary typically occurs at

intermicellar distances r close to R2 m. For smaller r the archetypical
potential for charged stabilized colloids assumes “Hard Sphere”-like
interactions, i.e. an impenetrable sphere with radius RHS ≈ Rm. For
sterically stabilized colloids, where diffuse polymeric coronae can
substantially overlap, a logarithmic potential U(r) ∼ − ln(r) for r
smaller than R2 m is proposed.3 In the solid regime, the decoupling
of P(Q) and S(Q) is no longer strictly valid due to increasing three
body forces but still reasonably describes data in the amorphous glass
phase. In the crystalline phase, we restrict our analysis of SANS data
to the identification of the crystal structure and an evaluation of the
corresponding lattice parameters.

■ RESULTS AND DISCUSSION
Zeta Potential and Electrophoretic Effective Charge.

The zeta potential ζ and the viscosity η of C28-PEO5-COOH
solutions at ϕ = 1% in D2O at different pH-values are shown in
Figure 4. As expected, ζ is almost zero at pH 2 indicating that

the carboxy groups are not dissociated, and micelles are
electrically neutral. With increasing pH, the zeta potential
drops rapidly to a minimum value of −33.5 mV around pH 6
and increases again to higher values at higher pH. The
opposite trend is observed for the viscosity with a maximum
around pH 6.
To rationalize these findings, we have to consider that below

the equivalence point, all added NaOH reacts in a classical
neutralization reaction with the carboxy groups forming H2O

and C28-PEO5-COO− Na+. At the equivalence point, all
carboxy groups are dissociated/deprotonated. We thus observe
at low pH an increasing number of surface charges up to
(nominally) Nagg and, consequently, an increasing absolute
value of the zeta-potential. In this range, however, the number
of ions and thus the ionic strength stays constant. Above the
equivalence point, added NaOH increases further the pH but
additionally acts as a “simple” 1:1 electrolyte leading to a larger
number of ions in solution and thus to a higher ionic strength
[I]. Hence, κ and screening of electrostatic interactions
increase, while all carboxy groups are dissociated. Therefore,
the absolute value of ζ decreases according to eq 1. From the
zeta-potential, the electrophoretic effective charges were
calculated by eq 2 ranging from Zep ≈ 0 at pH 2 to a
maximum value of Zep ≈ 66 at pH 6 before it decreases again
to Zep ≈ 49 at pH 11.8.
The observed maximum in viscosity is a direct consequence

of the maximum in Zep. Although at a polymer volume fraction
of only ϕ = 1%, samples can be considered to be already in the
concentrated regime in case electrostatic interactions are
effective. This is corroborated by the structure factor analysis
discussed subsequently.
Small Angle Neutron Scattering. Small angle neutron

scattering data of C28-PEO5-COOH are shown in a double
logarithmic representation in Figure 5 for different pH-values
and concentrations. The scattered intensity Q( )d

d
in absolute

units (cm−1) is normalized by the respective volume fractions
ϕ. The fact that the data fall on top of each other at high Q
values for all pH-values is a direct proof of precise sample
preparation and data correction. Furthermore, it reflects the
same intramicellar structure at small length scales (“blob
scattering” due to excluded volume interactions) without any
biasing fitting procedure.
At low Q, one observes for all pH values a decrease of the

intensity with concentration and simultaneously the evolution
of a correlation peak at intermediate Q. This is a typical sign of
increasing structure factor contributions arising from inter-
micellar interactions. There are however significant differences
for the different pH-values. At pH 2, where micelles are
uncharged, for the lowest concentration at ϕ = 0.15% the
scattered intensity solely stems from the form factor of the
starlike micelles, i.e. S(Q) ≈ 1. At higher volume fractions at ϕ
= 1%, 2.5% and ϕ = 5% the scattering pattern suggests a liquid
like order arising from soft colloidal interactions due to steric
repulsion analogous to the behavior of C28-PEO5-OH micelles
studied previously.33 At ϕ = 7.5%, higher-order Bragg peaks
occur, indicating a transition to a crystalline structure. At pH 6
on the other hand the concentration dependence of the
scattering pattern significantly differs from that at pH 2. Here,

Q( )d
d

displays a pronounced structure factor peak even at the
lowest volume fraction at ϕ = 0.15%, a liquid like structure at ϕ
= 1% and 2.5% and the onset of a crystalline order already at a
significantly lower volume fraction of ϕ = 4%. We relate this
behavior to stronger interactions due to long-range electro-
static repulsion between the micelles now bearing a surface
charge that reaches a maximum at pH 6. The concentration
dependence of the scattering curves at pH 12 is similar to pH 2
except for the scattering curve at the lowest concentration
where a shallow peak is still present at intermediate Q.
According to the zeta-potential results, the electrostatic
repulsion between charged micelles is mitigated at higher pH
values because of the higher ionic strength resulting from the

Figure 4. Zeta-potential ζ and viscosity η of C28-PEO5-COOH
solutions at ϕ = 1% in D2O for different pH-values. Solid lines are
guides to the eye.
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addition of NaOD for pH adjustment. In the following, we will
analyze the SANS curves in more detail by dividing our
approach into form factor analysis at low volume fractions and
structure factor analysis in the liquid and crystalline state for
intermediate and high concentrations, respectively.
Form Factor Analysis. Figure 6 (top) shows SANS curves

of C28-PEO5-OH (black) and C28-PEO5-COOH at pH 2
(red) at the lowest measured concentration at ϕ = 0.15% in
D2O. Within experimental error bars the two data sets are
identical over the whole measured Q-range when normalized

to the volume fraction ϕ. Without any further quantitative
analysis, this directly indicates that the -COOH end group in
the undissociated state, i.e., Z ≈ 0, has no effect on single
micellar properties and intermicellar interactions.
From previous analysis of SANS data of Cn-PEO−OH

micelles, it is known that for dilute solutions at ϕ ≤ 0.25%,
structure factor contributions resulting solely from steric
interactions are negligible.4 Accordingly, the scattering data
were analyzed by eq 3 with S(Q) = 1 and P(Q) the spherical
core−shell form factor described in section “SANS data
modeling”. The scattering data were fitted as earlier reported in
detail by Zinn et al.4 Since both SANS curves are basically
identical, a simultaneous fit was performed yielding a common
set of parameters. The fit is shown as solid line in Figure 6
(top). Fixed parameters were the given experimental volume
fraction ϕ, the molar volumes of core VC28 = MC28/dC28 and
corona block VPEO = MPEO/dPEO, respectively, with MC28 = 393
g/mol the molar mass of the octacosyl block and MPEO = 4997
g/mol the molar mass of PEO (NMR-result, see Table 1). The
corresponding densities are dC28 = 0.9 g/cm3 for partially
crystalline octacosyl chains35 and dPEO = 1.196 g/cm3 the
density of PEO in the micellar state.52 The total coherent
scattering lengths of the two blocks and the solvent ∑bC28 =
−2.712 × 10−12cm, ∑bPEO = 4.73 × 10−11cm and

b 1.914 10 cmD O
12

2
= × were calculated and also fixed.

The internal parameters, effectively controlling the mid to high
Q-range, were the blob size of the PEO chain Rg = 46 in the
corona, the smearing of the core/corona interface σint = 2 Å,
and the relative smearing of the outer corona σout = 0.12.
These parameters are slightly adjusted values of a previously
performed analysis4 and were fixed in the final fit. The only
remaining parameters to be fitted are the aggregation number
Nagg = 145 ± 5 and the micellar radius Rm = 125(5) Å. The
core radius Rc = 29(1) Å is coupled to Nagg and calculated by
N V Ragg C28

4
3 c

3· = assuming a spherical core of densely packed
partially crystalline octacosyl chains. All fit parameters
describing micellar form factor P(Q) are summarized in
Table 5.
Figure 6 (bottom) compares SANS curves of C28-PEO5-

COOH solutions in D2O at ϕ = 0.15% at pH 6 and pH 12.
The scattering profiles of the two solutions overlap perfectly at
Q > 0.02/Å-1 with the calculated form factor. This implies that

Figure 5. Macroscopic scattering cross-section Q( )d
d

vs scattering vector Q of C28-PEO5-COOH in D2O at pH 2, 6, and 12 normalized by
polymer volume fraction ϕ for various concentrations in the dilute to semidilute region. Numbers denote nominal polymer volume fraction in %.

Figure 6. (top) Comparison of scattering curves of uncharged
micelles at ϕ = 0.15% formed by C28-PEO5-OH and C28-PEO5-
COOH at pH 2 in D2O. Solid line represents the core−shell form
factor fit (data are normalized by volume fraction). (bottom)
Comparison of scattering curves at ϕ = 0.15% of C28-PEO5-COOH
at pH 6 (data multiplied by 10) and pH 12, solid lines are fits to the
core−shell form factor P(Q) coupled with the classical Hayter-
Penfold approach for S(Q), see text.
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the structure of a single micelle does not change with pH, or
strictly speaking, with the number of surface charges on the
periphery of the micelles. In contrast to charged soft colloids
based on polyelectrolytes (PE) as PE block copolymer
micelles, PE stars, PE dendrimers, and PE microgels, the
corona swelling as a function of ionic strength and/or pH is
minimized due to the localization of charges only at the corona
chain end. Significant deviations, however, are observed at Q <
0.02/Å-1. In this range, the scattered intensity decreases, and a
correlation peak develops due to the presence of surface
charges. The resulting electrostatic repulsion lead to long-range
interactions, such that the micelles at ϕ = 0.15% are no longer
in the dilute regime and structure factor contributions need to
be considered in the SANS data analysis. (Note: It should be
mentioned that a test measurement of a further diluted sample
at pH 6 at ϕ ≃ 0.05% still shows significant structure factor
contributions at low Q. Because of the low scattering intensity
we relinquished from accurate measurements on more diluted
samples.) As expected, the electrostatic interactions are most
pronounced at pH 6 at which the number of electrophoretic
effective charges Zep was found to be maximum (see Table 4
and related discussion in section “Zeta Potential Measure-
ments”).
In a first approach, a simple model coupling the described

core−shell form factor P(Q) and the classical Hayter−Penfold
approach for the structure factor S(Q) of charged spheres53,54

has been used to fit scattering curves at pH 6 and pH 12.
Additional parameters used in S(Q) are the effective charge
Zeff, the hard sphere radius RHS, the corresponding hard sphere
volume fraction ϕHS, and the ionic strength [I]. Using RHS =
Rm and calculating ϕHS from the given experimental number
density of micelles Nz as well as [I] unambigously given by
sample composition, the only parameter to be fitted remains
Zeff. The best fit was obtained for pH 12 with an effective
charge of 30 and with fixed parameters for the form factor as
obtained from a simultaneous analysis of C28-PEO5-OH and
C28-PEO5-COOH at pH 2 (see Table 5). A reasonable fit can
also be obtained for pH 6, interestingly also with an effective
charge of 30, but the RHS of 290 Å instead of 125 Å does not
seem physically reasonable. Moreover, all fit curves only
provide a marginally better description of our experimental
data; therefore, we show as solid lines in Figure 6 (bottom)
those with all parameters fixed to experimental values including
Zeff = Zep = 66. For higher concentrations ϕ ≫ 0.15%, an
experimental S(Q) can be extracted from the scattering
intensity. This provides a much larger and more precise data
set, and therefore, we discuss a detailed analysis of S(Q) as a
function of concentration by a more elaborate theoretical
model separately in the next section.
Structure Factor Analysis. In this section, we focus on

the analysis of samples at pH 6 and pH 12, where all carboxy
groups are dissociated and electrostatic interactions play an
important role. The difference lies in the ionic strength which
varies from ≈0.7 mmol/L at pH 6 to ≈7.0 mmol/L at pH 12.

We start the structure factor analysis by calculating theoretical
S(Q) for the liquid phase. These are solely based on given,
precisely defined experimental parameters. Without any fitting
procedure we compare the calculated S(Q) to our
experimental data and check how observed experimental
results coincide with expected theoretical predictions. For the
crystalline phase, we restrict our analysis to the characterization
of the observed crystal structure and corresponding lattice
parameters.

Structure Factor in the Liquid State. Using liquid state
theory, S(Q) can be calculated from the Ornstein−Zernike
equation and an appropriate closure relation. We choose the
modified penetrating background corrected rescaled mean
spherical approximation (MPB-RMSA) of Heinen et al.,31 an
established and frequently used theoretical approach.48,55 This
approach is shortly summarized in the Appendix, but for
details, we refer the interested reader to the original literature.
As can be seen in Figure 6, for Q ≤ 0.1 Å−1 the blob

scattering in eq 3 can be neglected. The amplitude normalized
to volume fraction Q( )/d

d
of the blob scattering is small

≈20 cm−1 compared to a total amplitude of ≈3300 cm−1 and
to the amplitude of the micellar core of ≈47 cm−1 (see also
Figure S1 in the SI). Therefore, the experimental scattering
curves Q( )d

d
were divided by the previously determined form

factor P(Q) to extract the experimental structure factors, with
S Q Q P Q( ) ( )/ ( )d

d
. Structure factors at different pH values

and concentrations in the liquid regime are shown in Figure 7.

For all volume fractions ϕ ≥ 1% a distinct main peak can be
observed and even secondary and tertiary peaks appear at
higher concentrations. When the concentration increases, the
main peak position Qmax is shifted to the larger Q vectors. Qmax
reflects the intermicellar distance D ∼ 2 · π/Qmax, and its shift
is the signature of the decreasing distance between micelles
with an increasing concentration. The peak position Qmax does
not vary significantly when the pH is changed, implying that
the intermicellar distance is pH independent. Small differences

Table 5. Compilation of Micellar Parameters Obtained by
Simultaneous Core/Shell Form Factor Analysis of SANS
Data of -COOH-terminated Polymer at pH 2 and -OH-
terminated Polymer at ϕ = 0.15%

Nagg Rm (Å) Rc (Å) Rg (Å)
a σint (Å) σout

145 ± 5 125 ± 5 29 ± 1 46 2 0.12
aRadius of gyration of PEO chain

Figure 7. Experimental structure factors as a function of volume
fraction ϕ, pH 6 (lines) and pH 12 (symbols). The sample with ϕ =
5% at pH 6 is already in the solid regime, all other samples are liquids.
Inset: Comparison between experiment (symbols) and theory (lines)
for ϕ = 2.5% at pH 6 (see text).
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observed at different pH values are attributed to the variation
of the experimental volume fraction (shown in Table 2). Since
form factor analysis revealed a pH independent micellar radius
Rm as well as a pH independent internal structure of the single
micelle (see section “Form factor analysis”), a constant peak
position Qmax can be expected.
But for the same concentration, the structure factor peak is

always substantially higher at pH 6 than pH 12 due to the
stronger electrostatic interactions which leads to more
pronounced long-range ordering.
The structure factor can be fitted by the MPB-RMSA model

with effective charge Zeff as the only fitting parameter. Fixed
parameters are the ionic strength [I] and corresponding κ, the
micellar volume fraction ϕHS, the micellar radius Rm, and the
solvent dielectric constant given by the experimental values.
Two limiting values for Zeff are obvious, the lowest limit being
the electrophoretic charge Zep = 66 (for pH 6) and Zep = 49
(for pH 12) whereas the highest limit Zmax = Nagg= 145 is given
by the aggregation number. Since each copolymer chain carries
only one ionizable function, the number of charges cannot be
larger than the aggregation number. The two limiting S(Q)
were calculated and are exemplary shown for ϕ = 2.5% at pH 6
in the inset of Figure 7. Also shown is the best fit obtained with
a number of charges of Zeff = 99. The agreement between
experiment and theory is promising, in particular if theoretical
S(Q) are shifted along the Q-axis by a factor of only 6% which
is within experimental errors for Rm.
Structure Factor in the Solid State. For all pH values,

macroscopic freezing of samples with increasing concentration
is observed. The liquid−solid transition is confirmed by
rheology where the elastic modulus G’ is always larger than the
loss modulus G” over the entire frequency range (see SI).
Simultaneously with macroscopic freezing, Bragg reflections
appear in the 2D detector data, indicating unambiguously the
presence of a crystalline phase. The radially averaged data of all
solid samples show strong structure factor peaks, which have
higher intensity and are sharper than in the liquid regime.
Higher order peaks up to the fifth order become visible (see
Figure 5).
The phase transition at pH 2 and 12 occurs at ϕ = 7.5%

while the crystalline phase at pH 6 already appears at a much
lower concentration at ϕ = 4%. All crystalline samples fulfill the

Hansen-Verlet criterion which predicts frozen systems when
S(Q)max ≥ 2.85.56 An exception is the 4% sample at pH 6
which is crystalline but shows a main peak smaller than 2.85.
This apparent contradiction is explained by the resolution of
the SANS data significantly reducing the height of S(Qmax). As
in the liquid regime, the main peak is shifted to larger Q values,
and the intensity of the main peak increases with
concentration. The crystalline structure can be determined
from the position of the higher order peaks, knowing that the
most probable phases, according to the theoretical phase
diagram, are face centered cubic (fcc) and body centered cubic
(bcc) at those intermediate concentrations. Higher order
crystalline peaks correspond to the theoretical values for an fcc
structure for all samples at all pH: a (4/3) , a (8/3) ,

a (12/3) and a (19/3) with a the position of the maximum
of the main peak.
Mixtures of Uncharged (-OH) and Charged (-COOH)

Polymers. Adjusting a small number of surface charges, Zeff ≪
Zmax, by a lower degree of dissociation and/or by variation of
pH is challenging, in particular, for pH-values below the
equivalence point (pH 7.9). In this range the degree of
dissociation depends additionally on concentration such that
for weak acids a systematic study at a constant number of
surface charges per micelle is almost impossible. Yet, to further
fine-tune the number of surface charges we have used mixtures
of C28-PEO5-OH and C28-PEO5-COOH at pH 6 in a 3:1, 1:1
and 1:3 ratio at an overall volume fraction ϕ = 5%. At pH 6 all
ionizable groups are dissociated, and we know exactly the
maximum number of charges Zmax per micelles due to the given
mixing ratio. Radially averaged scattering curves show a
transition from the liquid state to an fcc crystalline structure.
The same transition can be observed in the 2D data, by the
appearance of Bragg peaks on the Debye−Scherrer rings. The
liquid-crystal transition occurs between mixing ratios 1:1 and
1:3, i.e., approximately between Zmax = 72 and Zmax= 108 (or
between Zeff = 50 and Zeff = 75, respectively) as shown in
Figure 8.
Figure 9 shows exemplarily the corresponding experimental

and calculated theoretical S(Q) for 1:1 mixtures at pH 6. This
mixing ratio gives an expected Zeff = 50, and the observed
agreement between experiment and theory is again convincing.

Figure 8. 2D SANS images (top), and SANS scattering curves (bottom) of micellar solutions in D2O of mixtures of -OH and -COOH terminated
polymers at different mixing ratios (indicated in the figure) at pH 6 and a total polymer volume fraction of ϕ = 5%.
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Therefore, mixing uncharged (-OH) and charged (-COOH)
polymers is a “smart” way to adjust even a small number of
surface charges, a regime which is important for many classes
of soft colloids. Even PMMA-colloids13 or PNIPAM-μ-gels30
exhibit weak electrostatic interactions. These systems have
been thought for a long time to be uncharged, but both contain
a small number of residual charges from chemical synthesis.
Phase Diagram. The experimental phase diagram of all

investigated samples including mixtures is shown in the ϕ, pH
representation in Figure 10 left. Here open symbols denote
liquid and closed symbols solid samples (all fcc). The solid line
is a guide-to-the-eye to illustrate the liquid−solid phase
boundary. The liquid−solid transition was confirmed by
additional rheology experiments as crossover from G” > G’
to G’ > G” (see SI). We want to point out that all solid samples
were crystalline, no amorphous “gel-like” or glassy samples
were observed in contrast to many similar systems stabilized by
pure steric repulsion.7,9 Puaud et al. reported the general
importance of fast unimer exchange dynamics to achieve the
equilibrium crystalline state for micelles formed by amphiphilic
block copolymers,57 which is consistent with our findings.
Obviously, for our C28-PEO5-COOH micelles, the liquid−
solid transition is shifted to lower volume fractions when the
electrostatic interactions remain unscreened at pH 6 as already

discussed in the previous sections. To rationalize the
experimentally observed concentration and pH dependence
of S(Q) and to quantify its comparison with theory, we have to
consider several characteristic length scales as illustrated in
Figure 3.

• the particle radius R ≈ Rm,
• the mean geometrical distance between charges on the
surface of a single particle D R N4 /charge m

2
agg

• the mean geometrical distance between particles
D Nz

3, with Nz the micellar number density.
• the Debye−Hückel screening lengths κ−1 (see eq 7).

Rm = 125 Å and Dcharge = 37 Å are constant, whereas D and
κ−1 depend on concentration and ionic strength [I]. The
starting value is D = 9 Å R8 m in dilute solution at ϕ = 0.15%
which decreases to D = 225 Å R2 m at the highest
concentration at ϕ = 10%. The corresponding Debye−Hückel
screening length κ−1 decreases from ≈74 Å at ϕ = 0.15% to
≈19 Å at ϕ = 10% at pH 6 and from ≈47 Å to ≈20 Å at pH 12.
In addition, we calculated the overlap volume fraction ϕ* at

which micelles are in direct contact by

N V

N
R/

4
3

agg C28 PEO5

A
m
3i

k
jjj y

{
zzz* =

(4)

where VC28‑PEO5 is the molar volume of the polymer and NA
Avogadros number. Taking R m = 125 Å from the form factor
analysis we calculated for our micelles ϕ* ≈ 14%. Irrespective
of the number of surface charges, we however observe
crystallization at much lower concentrations than ϕ* for all
investigated pH-values. To take all concentration dependencies
into account more quantitatively, a reduced phase diagram is
constructed from the parameters given by the sample
composition and obtained from the structure factor analysis.
Using the mean geometrical distance between colloids
D Nz

3= , reduced potential parameters R D2 /m= and
D R/(2 )m= can be defined as well as a reduced

temperature T e /= . Here ( )l Z e
RB eff

2
1

2RHS

HS
= + is the

amplitude or prefactor of the Yukawa potential defined in eq
6. The reduced phase diagram in the T , representation is
shown in Figure 10 right. The experimental error bars result
from uncertainty in the ionic strength and effective charge. The
theoretical melting line as predicted by Kremer et al.58 is

Figure 9. Comparison of experimental and calculated (solid line)
S(Q) for a mixture of C28-PEO5-OH and C28-PEO5-COOH
polymers with a mixing ratio 1:1 at ϕ = 5% and pH 6.

Figure 10. left: Experimental phase diagram in the ϕ,pH-representation, the dotted line is a guide-to-the-eyes, right: Reduced phase diagram for pH
6 in the T , representation, see text. Open symbols denote liquid, closed symbols fcc crystalline samples, and circles mixtures. The solid line is the
theoretical melting line.31,58
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shown as a solid line. This reduced phase diagram allows a
direct comparison between experiment and theory. At least for
pH 6 a reasonable agreement for the phase boundary is
observed; however, for other pH-values, huge experimental
error bars are obtained and the agreement becomes worse
(data not shown). Nevertheless, when keeping in mind that the
only adjustable parameter used to generate the reduced phase
diagram is the effective charge Zeff from analysis of S(Q) and all
other parameters are fixed starting from unambiguous
experimental values, the agreement is reasonable.

■ CONCLUSION
Surface charged micelles formed by carboxy terminated n-
octacosyl-poly(ethylene oxide) block copolymers, C28-PEO5-
COOH with 5 the PEO molar mass in kg/mol of the PEO
block, are appropriate model systems for charge stabilized
colloids. The main advantage is the relative control of the
number of surface charges and its relation to microscopic
structural parameters unambiguously given by sample
composition (“tunability”). In aqueous solution, the micellar
surface charge can be varied from 0 to the maximum possible
number of surface charges Zmax = Nagg by adjusting the pH
relative to pKa. By using mixed micelles of oxidized (-COOH)
and nonoxidized block copolymers (-OH) Zmax can be further
controlled by the stoichiometric mixing ratio. The surface
charges on these micelles introduce electrostatic interactions in
addition to the inherently present steric repulsion.
Micellar solutions of C28-PEO5-COOH (-OH) were

investigated at different concentrations, pH-values, ionic
strengths, and mixing ratios by SANS, zeta potential measure-
ments, and rheology. By accurately analyzing the intramicellar
form factor P(Q) we found that the structure of the individual
micelles is not affected by the presence of surface charges. On
the contrary the intermicellar structure factor S(Q) and the
phase behavior show a strong dependence on the number of
surface charges. Both were quantitatively analyzed in terms of
screened Hard Sphere Yukawa potential. Starting from
parameters given by the microscopic structure of the individual
micelle and sample composition, we found very good
agreement between experiment and theory using almost no
adjustable parameter. In particular, we observe a strong
dependence of the liquid - fcc crystal phase boundary on the
number of effective surface charges. Therefore, we propose our
micelles as a model system to further investigate the
competition between steric and electrostatic interactions in
colloidal solutions.
As an outlook for future work, we want to point out that our

system is a hybrid in several ways. First, with respect to the
“tunability” of the number of surface charges, it bridges not
only between sterically and charge stabilized colloids but also
between neutral polymer and polyelectrolyte block copolymer
micelles as well as between nonionic and ionic surfactant
micelles. Second, it interconnects colloids, block copolymer
micelles, and surfactant micelles. As for most block copolymer
systems, the PEO block length can be adjusted and
additionally offers a “tunability” in size. Finally, we can easily
control the activation energy for unimer exchange by adjusting
the molar mass of the hydrophobic (n-alkane) block, which
allows us to switch between kinetically “frozen” and “living”
surface charged polymeric micelles.
To summarize, such “tunable soft colloids” can be

considered as a very versatile hybrid material connecting
properties of a variety of different classes of synthetic systems.

These may even bridge the gap to biological materials where
surface charges for instance determine the structure, function,
and solubility of proteins.

■ APPENDIX - EFFECTIVE POTENTIALS AND
RELATED EXPERIMENTAL PARAMETERS

The effective potential3 for regular star polymers, and more
general for sterically stabilized ultrasoft colloids, separated by a
distance r is given by
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with β = 1/kBT, f the number of arms, and σ the star diameter.
For star-like micelles9 f = Nagg and σ ≈ 2Rm.
The potential U(r) resulting from electrostatic interactions

between charge stabilized colloids with hard sphere radius RHS
and effective charge Zeff can be described by a screened
Yukawa form:31
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All prefactors can be combined as ( )l Z e
RB eff

2
1

2RHS

HS
= + .

Here, lB is the Bjerrum length with a value of 7.1 Å in water at
T = 20 °C. The screening parameter κ is given by

Figure 11. Bjerrum plot showing the concentrations of ionic species
from CO2 absorption as a function of pH.

Table 6. Concentration of (Micro)Ions and Resulting Ionic
Strength of C28-PEO5-COOH-Solutions in mmol/L Taking
into Account CO2 Absorption

ϕa pH c−COOH
cHCO3

cCO3
2 [I]b

0.15 7.1 0.316 1.52 9.57 · 10−4 1.520
1.00 6.2 2.118 0.73 5.77 · 10−5 0.726
2.50 6.5 5.153 1.03 1.64 · 10−4 1.030

aNominal volume fraction in %. bCalculated by eq 8.
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κ has the dimension of an inverse length, therefore κ−1 is also
known as Debye−Hückel length and describes the range of
electrostatic interactions. The first term in eq 7 results from
counterion release of the colloidal (macro)ion whereas the
second summarizes all other (micro)ions (e.g., by additional
salt or buffer etc.) present in solution excluding those from the
ionized colloidal particles themselves. The so-called ionic
strength [I] is defined by

I c z
1
2 i i

2[ ] =
(8)

Here ci is the concentration of (micro)ion of species i in mol/L
with charge zi. It is important to note that only for 1:1
electrolytes the ionic strength [I] is identical to the total salt
concentration cs = ∑ci.
Since we were aiming to maximize electrostatic interactions

we used no additional salt nor buffer, all ions present in
solution solely stem from the block copolymer and added acid
HCl or base NaOH to adjust the pH. To calculate the ionic
strength from experimental values, we have to take into
account the following two chemical reactions, which affect the
total number of ions present in the solution.
a. The reaction between the terminal carboxy group (a weak

acid) of the block copolymer and sodium hydroxide (a strong
base):

C PEO5 COO H Na OH

C PEO5 COO Na H O
28

28 2

+
+

+ +

+

This neutralization reaction takes place instantaneously, is
irreversible and therefore reduces the number of ions since H+

and OH− are recombining to H2O.
For practical reasons we worked in addition at ambient

pressure (“open samples”) and together with the absence of
additional salt/buffer (“no electrostatic background”, i.e. low
ionic strength) we have to consider:
b. The absorption of atmospheric CO2 by our samples and

corresponding dissociation reactions in the solutions:

F F F

F

CO (g) CO (aq) H CO H HCO

2H CO
2 2 2 3 3

3
2

+

+

+

+

The amount of each species in these reactions series
depends on pH and can be quantified by the known
dissociation constants/pKa values. We combined an approach
described by Kang et. al59 and reference data given by Zeebe
and Wolf-Gladrow.60 Using pKa,1 = 6.37 and pKa,2 = 10.3
together with a value of 1.8 · 10−3 mol/L for the total dissolved
inorganic carbon (DIC), which results from a correction factor
on molal basis of 0.902 for D2O

61

c c c cDIC CO (aq) H CO HCO CO2 2 3 3 3
2= + + + (9)

we generate a Bjerrum plot to estimate the amount of ionic
species HCO3 and CO3

2 at each given sample pH.
Finally, the ionic strength [I] and total concentration of ions

cs present in solution is calculated.

c c c c cs NaOH COOH HCO CO3 3
2= + + (10)

Only at pH ≫ pKa,2 the amount of the carbonate ion CO3
2

has to be taken into account, at lower pH the dominant species
is the hydrogen carbonate HCO3 and for pH ≪ pKa,1 ions
resulting from CO2 absorption can be neglected (see Figure 11
and Table 6.
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Present Address: L.T.: Sorbonne Universite,́ UMR 8234,
laboratoire PHENIX, 4, place Jussieu 75005 Paris, France
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Christin Waldorf − Jülich Centre for Neutron Science (JCNS-
1), Forschungszentrum Jülich GmbH, 52425 Jülich,
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