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Abstract
A triblock copolymer with hydrophobic end blocks and a polyampholytic middle block is investigated in a mixture of water and
acetone with a focus on the dependence of the rheological properties and of the micellar structure and correlation on the content of
acetone. The polymer under study is PMMA86-b-P(DEA190-co-MAA96)-b-PMMA86, where PMMA stands for poly(methyl
methacrylate) and P(DEA-co-MAA) for poly(2-(diethylamino) ethyl methacrylate-co-methacrylic acid). The pH is chosen at
3. Rheological measurements reveal a transition from a viscoelastic solid over a viscoelastic liquid to a freely flowing liquid upon
addition of 5 or 10 wt% of acetone to a 3 wt% aqueous polymer solution, respectively. Using small-angle neutron scattering on
0.5 wt% polymer solutions in water/acetone with the content of the latter ranging between 0 and 30 wt%, significant structural
changes are observed as well, such as a decrease of the distance between the PMMA cross-links and of the size of the network
clusters upon increasing acetone constant. These changes are attributed to the reduction of the dielectric constant by the addition
of the cosolvent acetone, enhancing the flexibility of the middle blocks and their tendency to backfolding, as well as to the
decrease of the solvent selectivity, inducing significant exchange rate enhancement of the core-forming PMMA blocks.
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Introduction

Self-assembled hydrogels from telechelic polymers form by
hydrophobic interaction, i.e., the hydrophobic end blocks
formmicelles and a part of the hydrophilic blocks form elastic
bridges [1–4]. Using polyelectrolytes as the middle blocks,
hydrogels which are responsive to pH and ionic strength have
been designed [5–11]. Using a polyampholyte middle block

has the advantage of an even stronger pH response. However,
non-equilibrium states cannot be excluded especially for long
and strongly hydrophobic blocks [4].

We investigated previously a telechelic polyampholyte,
namely PMMA-b-P(DEA-co-MAA)-b-PMMA, where
PMMA stands for poly(methyl methacrylate) and P(DEA-
co-MAA) for poly(2-(diethylamino)ethyl methacrylate-co-
methacrylic acid) [12–14]. While the end blocks are perma-
nently hydrophobic and form “frozen” micelles, the middle
block changes from being positively charged at low pH values
to being negatively charged at high pH values with an isoelec-
tric point (iep) at pH ~ 8.2. This is reflected both, in the dy-
namic mechanical properties and the structure of the micellar
hydrogel. At pH 3 (the condition chosen in the present work),
a freestanding gel is formed at a polymer concentration of
3 wt%. Small-angle neutron scattering (SANS) revealed that,
at this pH value, micelles having an average radius of a few
nanometer sare formed. Their small size is due to the expand-
ed, strongly charged P(DEA-co-MAA) blocks, which only
allows for a small aggregation number. The micelles are con-
nected by a low number of stretched P(DEA-co-MAA) blocks
(bridges) forming loosely packed, large aggregates [12].
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In the present work, we alter the nature of the solvent by
using water/acetone mixtures. This is expected to have two
effects. First, the dielectric permittivity is reduced compared
with the one of pure water, which results in an enhanced ion
condensation [15]. Second, acetone is a good solvent for
PMMA [16] and thus, the mobility of the PMMA end blocks
forming the micellar cores is enhanced, while the interfacial
tension with water is decreased, enabling the exchange of the
PMMA blocks between different micellar cores. Thus, we
expect a rearrangement of the network structure, as the ace-
tone content is increased. Besides, acetone is a good solvent
for P(DEA-co-MAA) [17, 18].

The effect of organic solvent addition on aqueous polymer-
ic systems was addressed previously. Ibraeva et al. studied the
effect of addition of ethanol on solution properties of alternat-
ing polyampholytes based on N,N-dimethyldiallylammonium
chloride (DM-DAAC) and alkyl (aryl) substituted maleamic
acids in water-ethanol mixtures containing 0.15 M KCl [19].
The authors observed that the viscosity, which was low in an
aqueous solution containing salt, gradually increased upon
addition of ethanol. The underlying change of the conforma-
tion of the polymer chains from compact in ethanol-free solu-
tions to expanded in water-ethanol mixtures was attributed to
the preferential solvation of both polymer segments. The ionic
and hydrophilic segments interact with the polar solvent, i.e.,
water, whereas the hydrophobic segments interact with the
organic solvent.

Tsitsilianis et al. investigated the effect of addition of
dimethylformamide (DMF) on the rheological properties of
a reversible hydrogel from the telechelic polyelectrolyte poly-
styrene-b-poly(acrylic acid)-b-polystyrene (PS-b-PAA-b-PS)
[20]. A transition from a concentrated suspension of swollen
polyelectrolyte clusters (microgels) to a more homogeneous,
kinetically controlled 3D network was observed. This struc-
tural rearrangement was assigned to a two-fold effect of DMF.
Firstly, it lowers the dielectric permittivity of the medium,
and, hence, increases the flexibility of the elastically active
PAA chains. Secondly, being a good solvent for the PS
blocks, DMF increases their mobility, which enhances the
exchange rate of solvated PS stickers between the physical
cross-links.

The effect of addition of methanol on the structure and
rheological properties of hydrogels from a pentablock terpoly-
mer PMMA-b-PAA-b-P2VP-b-PAA-b-PMMA, comprising
the polyampholytic triblock copolymer PAA-b-P2VP-b-
PAA and hydrophobic PMMA end blocks, was studied by
Tsitsilianis et al. [21]. The authors observed a sol-gel-sol tran-
sition in the high pH regime, induced by varying the metha-
nol/H2O ratio. They explained this effect by the opposite sol-
ubility effect of MeOH on the two blocks of the elastically
active chains, namely, PAA and P2VP. On the one hand,
MeOH increases the solubility of the P2VP segments which,
at high pH values, are non-ionized. On the other hand, MeOH

reduces the dielectric permittivity of the medium and thus
lowers the degree of ionization of the PAA segments due to
enhanced ion condensation. Thus, the interplay between the
hydrophobic and electrostatic interactions defines the
resulting polymer behavior in solution.

We investigate here PMMA86-b-P(DEA190-co-MAA96)-b-
PMMA86 in mixtures of D2O and (CD3)2CO of varying com-
position at pH 3. At this pH value, a freestanding gel was
observed in pure D2O for a polymer concentration of 3 wt%
[13]. It consists of network clusters with the cross-links being
formed by PMMA, which are connected by expanded
P(DEA-co-MAA) blocks [13]. A similar micellar structure
was obtained at a much lower polymer concentrations (0.05
wt%, [14]). Rheological measurements on solutions having a
polymer concentration of 3 wt% indicate strong changes of
the mechanical properties upon addition of small amounts of
acetone. To investigate the mesoscopic structures, we use
SANS on solutions with polymer concentrations of 0.5 wt%
prepared in predeuterated solvents. This lower polymer con-
centration is chosen so equilibrium can be installed, while at
the same time, decent scattering intensities can be obtained.
For the sample preparation, we chose two methods, i.e., (i)
addition of polymer to the solvent mixture (method I) and (ii)
dissolution of the polymer in (CD3)2CO, partial evaporation
of (CD3)2CO, and subsequent addition of D2O (method II). In
the former case, both solvents are present at once, whereas in
the latter case, the PMMA blocks are presumably fully dis-
solved in (CD3)2CO and form micelles only upon addition of
D2O.

Materials and methods

Materials

The sample under study is the triblock terpolymer
poly(methyl methacrylate)-b-poly(2-(diethylamino)ethyl
methacrylate-co-methacrylic acid)-b-poly(methyl methacry-
late), PMMA86-b-P(DEA190-co-MAA96)-b-PMMA86. Its mo-
lar mass is Mw = 60,100 g mol−1 and its dispersity Đ = 1.30
[13]. The details of the synthesis are given elsewhere [13]. For
SANS investigations, D2O and (CD3)2CO (both fromDeutero
GmbH, Kastellaun, Germany) were used as solvents. The di-
electric constants of D2O and (CD3)2CO at room temperature
are ɛr = 78.1 [22] and 20.7 [23], respectively, leading to di-
electric constants of the D2O/(CD3)2CO mixtures between
78.1 and ~ 61 for fractions of (CD3)2CO between 0 and 30
wt%.

Samples for rheology were prepared by adding acetone to
3 wt% polymer solutions in H2O. All samples were prepared
following the same protocol. In detail, PMMA86-b-P(DEA190-
co-MAA96)-b-PMMA86 was dispersed in low pH distilled
water, controlled by HCl. Then, the samples were
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homogenized using a Sigma 2K15 centrifugator with
3500 rpm/min at 20 °C for several hours. Finally, 5 or
10 wt% acetone was added, and the samples were again ho-
mogenized. In all cases, the pH value was adjusted at a value 3
by addition of 0.1 M HCl.

Samples for SANS were prepared in two ways. In method
I, pre-weighed amounts of PMMA86-b-P(DEA190-co-
MAA96)-b-PMMA86 were dissolved in D2O/(CD3)2CO mix-
tures at room temperature to achieve a polymer concentration
of 0.5 wt%. These solutions were stirred for 24 h at 26 °C,
taking care to prevent the evaporation of (CD3)2CO. The pH
value was found at 3.4–3.6. A small drop of 0.1 M hydrochlo-
ric acid (HCl) in D2O was added, and the solution was stirred
for 1 h at 26 °C. This step was repeated until the pH had
reached a value of 3.0. The solutions were left to shake over-
night and were then centrifuged at 3000 rpm for 15 min. For
(CD3)2CO contents below 15 wt%, the solutions were once
more shaken and were centrifuged again. In all cases, com-
plete dissolution of polymer was achieved by centrifuging
several times, also with the bottle placed upside down. The
pH was tested once more. In most cases, the pH was slightly
higher than 3.0; therefore, more acid was added, and the sam-
ple was shaken and centrifuged once more. Samples contain-
ing up to 15 wt% of (CD3)2CO were slightly turbid, whereas
those with higher contents were transparent. Samples contain-
ing 0–10 wt% of (CD3)2CO were gels, whereas those with
15–30 wt% were liquids.

In method II, the polymers were dissolved in
(CD3)2CO at room temperature. The solution was stirred
for 24 h at 26 °C and was subsequently centrifuged at
3000 rpm for 15 min, also with the bottle placed upside
down. This procedure was repeated several times, and
the samples were left to shake for at least 2 desired
amount of (CD3)2CO in the sample was achieved by
letting the superfluous acetone evaporate. Afterwards, a
calculated amount of D2O was added to install the de-
sired concentration of polymer of 0.5 wt%. The pH value
was adjusted at 3.0 by adding 0.1 M hydrochloric acid
(HCl) in D2O. The gels were again homogenized by
stirring and centrifuging. Samples containing 0–10 wt%
of (CD3)2CO were gels, whereas those with 15–30 wt%
were liquids. The fraction of (CD3)2CO was chosen at
values between 0 and 30 wt%.

Methods

Rheology

Rheological measurements were conducted using a stress rhe-
ometer (AR-2000ex, TA instruments) with a cone-and-plate
geometry (20 mm, 4° angle). All experiments were conducted
at 25 °C.

Small-angle neutron scattering

SANS measurements on the samples prepared by method I
were carried out at the instrument KWS-1 (JCNS at theMaier-
Leibnitz-Zentrum (MLZ) in Garching, Germany) [24, 25].
The neutron wavelength was chosen at λ = 0.47 nm with a
spread Δλ/λ = 20%. Using sample-detector distances
(SDDs) of 1.17 m, 7.67 m, and 19.67 m, a range of momen-
tum transfers q = 0.026 to 4.6 nm−1 was covered. q = 4π ×
sin(θ/2)/λ where θ is the scattering angle. The exposure times
were 10, 25, and 45 min at SDD = 1.17 m, 7.67 m, and
19.67 m, respectively. The samples were mounted in 1 mm
quartz glass cuvettes (Hellma) and were measured at room
temperature. Boron carbide was used for measurement of the
dark current. Poly(methyl methacrylate) was used to measure
the detector sensitivity and for calibration of the intensity. The
scattering of the D2O filled cell was subtracted from the sam-
ple scattering, taking the transmissions into account. The data
were azimuthally averaged. All data reductions were per-
formed with the software QtiKWS provided by JCNS.

SANS measurements on the samples prepared by method II
were carried out at the instrument D33 at the Institut Laue-
Langevin (ILL) in Grenoble, France. The neutron wavelength
was chosen at λ = 0.5 nm with a spread Δλ/λ = 10%. The scat-
tering signal was collected by a 128 × 1288 3He tube detector
having a pixel size of 0.5 × 0.5 cm2. Using SDDs of 2 m and
additionally 12.8 m, a range of momentum transfers q= 0.036 to
5.7 nm−1 was covered. Some samples were additionally mea-
sured at a SDD of 12.5 m with λ= 1.0 nm, which enlarges the
q range to 0.024 to 5.7 nm−1. The samples with (CD3)2CO con-
tents from 0 to 10 wt% were mounted in 1 mm quartz cuvettes
(Hellma), whereas the samples with (CD3)2CO contents of 15–
30 wt% were mounted in 2 mm quartz cuvettes (Hellma). All
samplesweremeasured at room temperature. The exposure times
were 15 min and 30 min at SDD= 2 m and 12.5 m (λ = 0.5 nm)
and 55 min for 12.5 m and λ = 1.0 nm, respectively. Boron
carbide was used to determine the dark current. For detector
sensitivity measurements and for bringing the data to absolute
scale, H2O was used. The scattering of the empty cell was
subtracted from the sample scattering, taking the transmissions
into account. The data were azimuthally averaged. Data reduc-
tion was performed using the software LAMP provided by ILL.

SANS data analysis

For fitting of the SANS curves, the following fitting function
was used:

I qð Þ ¼ I ls qð Þ þ Psph qð ÞSHS qð Þ þ I fluct qð Þ þ Ibg ð1Þ

where Ils(q) denotes scattering from large-scale struc-
tures. Psph(q) denotes the form factor of spheres, formed
by PMMA, and SHS(q) denotes the structure factor
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describing their correlation. Ifluct(q) denotes concentra-
tion fluctuations on small length scales, mainly by the
P(DEA190-co-MAA96) midblocks forming the matrix be-
tween the PMMA-rich spheres. Ibg denotes the incoher-
ent background.

For Ils(q), a modified Porod law was used [26]:

I ls qð Þ ¼ IP;0
qα

; ð2Þ

where IP,0 is a scaling factor and α is the Porod exponent of
the large-scale structures. The values of the exponent α char-
acterize the surface roughness of the aggregates at large length
scales [27].

The form factor of sphere form factor was used [28]:

Psph q; rð Þ ¼ I sph;0
V

3V Δρð Þ sin qrð Þ−qr cos qrð Þð Þ
qrð Þ3

" #2

ð3Þ

where Isph,0 is the scaling factor, V is the sphere volume,Δρ is
the difference of scattering length densities (SLDs) of the
sphere and the surrounding, and r is the radius of the spheres.
The SLD values of the solvent mixture was calculated as a
weighted average of the values for D2O, 6.36 × 1010 cm−2, and
(CD3)2CO, 5.35 × 1010 cm−2 [29]. The SLD value of the
spheres was treated as a floating parameter. The distribution
of r was accounted for by the following integration [30]:

Pcs qð Þ ¼ 1

Vmic
∫∞0 f rð ÞPsph q; rð Þdr ð4Þ

where f(r) is the normalized Schulz distribution [31].

f rð Þ ¼ zþ 1ð Þzþ1 u2
uexp − zþ 1ð Þu½ �

σ Γ zþ 1ð Þ ð5Þ

u = r/R, where R is the average sphere radius, and z is related
to the polydispersity by z = 1/(p2–1). p = σ/R, and σ2 is the
variance of the distribution. In most cases, p was 0.5.

To describe the interparticle interactions, the Percus-
Yevick hard-sphere structure factor SHS(q) was used [32]:

SHS qð Þ ¼ 1

1þ 24ηG 2RHSqð Þ= 2RHSqð Þ ; ð6Þ

where RHS denotes the hard-sphere radius, or half the average
distance between the centers of correlated particles, and η
denotes the volume fraction of correlated micelles. The func-
tion G(x) is given by:

G xð Þ ¼ γ
sin x−x cos x

x2
þ δ

2x sin xþ 2−x2ð Þcos x−2
x3

þ ε
−x4 cos xþ 4 3x2−6 cos xþ x3−6xð Þsin xþ 6ð Þ

x5

ð7Þ

with the parameters

γ ¼ 1þ 2ηð Þ2
1−ηð Þ4 ; δ ¼ −6η 1þ η=2ð Þ2

1−ηð Þ4 ; ε ¼ γη
2

ð8Þ

The local concentration fluctuations, mainly due to the
P(DEA190-co-MAA96) blocks in the shell and the matrix, are
modeled using the Ornstein-Zernike structure factor:

I fluct qð Þ ¼ IOZ
1þ q2ξ2

ð9Þ

where IOZ is the amplitude and ξ is the correlation length.
Fitting was carried out using the software SASView 4.2.2
[33]. At this, the resolution function was taken into account.

Results

In this section, we first present and discuss preliminary results
obtained from rheology. Then, SANS results on samples pre-
pared by the two methods described in the “Introduction”
section are presented. Finally, we compare the results and
draw conclusions on the effect of the cosolvent on the network
structure.

Rheological results

The addition of 5 or 10 wt% of acetone has a strong effect on
the macroscopic flow properties of a 3 wt% solution of
PMMA86-b-P(DEA190-co-MAA96)-b-PMMA86 in H2O at
pH 3 (Fig. 1). While the sample in pure H2O is a freestanding
gel, in accordance with our previous investigations [13], it
becomes a viscoelastic liquid after addition of 5 wt% of ace-
tone and flows after addition of 10 wt% of acetone.

In Fig. 2 a and b, rheological results are presented, namely,
the shear viscosity versus the shear rate for a 3 wt% polymer
solution at pH 3 in pure water and with 5 wt% of acetone. As
seen, by just adding 5 wt% of acetone, the viscosity decreases
by about two orders of magnitudes at all shear rates applied
(Fig. 2a). In agreement with the usual behavior of telechelic
associative gelators, no Newtonian plateau can be observed at
low shear, neither in pure water nor in water/acetone.

Moreover, from the creep experiments, the compliance J(t)
is obtained which reaches a linear region with a constant de-
formation rate almost after 450 s of the measurements (Fig.
2b). From the relationship J(t) = Jo + t/η0, we can estimate the
zero shear viscosity, the compliance in the plateau region, Jo,
and the terminal relaxation time of the network, given by the
equations Jo =G0

−1 and τR = η0/G0, respectively (Table 1). It
is seen that J(t) strongly depends on the presence of the or-
ganic solvent. While the polymer dissolved in pure water be-
haves like a viscoelastic solid (freestanding gel), for 5 wt%
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acetone, the hydrogel loses much elasticity and behaves like a
viscoelastic liquid. Importantly, acetone causes a substantial
decrease of τR by about one order ofmagnitude, which in turn,
affects the zero shear viscosity. Moreover, the elasticity of the
system is decreased at 5 wt% of acetone, and it vanishes at 10
wt%, resulting in a freely flowing liquid (Fig. 1).

The lower relaxation time in the presence of acetone indicates
that the exchange dynamics of the network is enhanced. As is
well known, the terminal relaxation time of networks, formed in
selective solvents by physically cross-linked triblock copolymers
with associative end blocks, depends on the exchange kinetics of
the core-forming blocks (physical cross-links). These cores are

formed because of the unfavorable interactions between the end
blocks and the solvent (selective media), which are reflected in
the Flory-Huggins interaction parameterχ. The relaxation time is
related to the energy barrier that has to be overcome for a core-
forming block to escape from its core. This barrier is proportional
to N2/3 γ, where N is the degree of polymerization of the end
block and γ is the surface tension of the core with respect to the
solvent, which, in turn, is related to the χ parameter [34].
Recently, Lodge et al. quantified the role of χ in chain exchange
kinetics of block copolymer micelles in binary solvent mixtures
[35, 36]. By exploring the influence of solvent composition on
the chain exchange kinetics between micelles, a dramatic accel-
eration of the exchange rate was found. The rate increased by
about 5 orders of magnitude, when just 25 vol% of good solvent
for the core-forming block were added to the solvent mixture,
imposing a decrease of the χ parameter [36]. In the present case,
the addition of 5wt% acetone reducesχ aswell, which reducesγ
and hence increases the exchange rate of the stickers by about an
order of magnitude, as reflected in the decrease of the relaxation
time. Even faster exchange kinetics are observed at 10 wt% ac-
etone, when the relaxation time is unmeasurably low (freely
flowing liquid). Our results in aqueous media are in good agree-
ment with the hypersensitivity of the exchange rate to the Flory-
Huggins interaction parameter χ (solvent selectivity), as theoret-
ically predicted and experimentally observed in other micellar
systems in organic solvents [36] and ionic liquids [35].

In pure water, a kinetically “frozen” hydrogel (out of equi-
librium) is formed, and its rheological characteristics depend
strongly on the preparation conditions. By adding acetone, the
selectivity of the solvent is decreased, and the hydrogel is
transformed into a viscoelastic system with detectable ex-
change kinetics. Based on the above findings, we tried to
prepare a 3 wt% aqueous polymer solution in the presence

Table 1 Data from creep experiments for 3 wt% polymer hydrogels

Acetone content (wt%) Go (Pa) ηο (Pa s) τR (s)

0 17.43 49.5 × 103 2840

5 2.36 613.5 260

Fig. 2 Rheological data from a 3wt% solution of PMMA86-b-P(DEA190-
co-MAA96)-b-PMMA86 in pure H2O (black squares) and in a mixture of
H2O with 5 wt% of (CH3)2CO (red triangles). a Viscosity in dependence
on the shear rate. b Time evolution of the compliance in presence (applied
shear stress, σ = 0.05 Pa) and absence (σ = 0.5 Pa) of 5 wt% of acetone

Fig. 1 Macroscopic images of
3 wt% PMMA86-b-P(DEA190-co-
MAA96)-b-PMMA86 solutions in
H2O at pH 3 at different
concentrations of acetone, as
depicted with red letters
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of 10 wt% of acetone in order to detect a possible improve-
ment of the network structure. First, we added the polymer to
water in the presence of HCl and acetone. The sample was
homogenized, and subsequently, the solution was placed in
the oven at 40 °C for the evaporation of acetone. Finally,
distilled water was added to the solution to adjust the 3 wt%
polymer concentration, and the gel was again homogenized.
After removing the acetone by evaporation, an oscillatory
shear experiment was conducted. The storage modulus was
found to be increased by about one order of magnitude with
respect to the hydrogel formed directly in water [13] without
the aid of acetone (Fig. 3). Thus, a rearrangement of the net-
work structure was achieved, due to the enhanced mobility of
the PMMA end blocks, which leads to an increase of the
number of bridging chains, as reflected in the enhanced elas-
ticity of the network.

Obviously, the preparation method affects the underlying
structure of the gel. This motivated us for a more systematic
investigation of the influence of acetone and the preparation
method on the micellar structure using SANS.

Structural changes as revealed by SANS

The SANS data of solutions of PMMA86-b-P(DEA190-co-
MAA96)-b-PMMA86 at 0.5 wt% in D2O/(CD3)2CO mixtures
with varying (CD3)2CO content prepared by method I (i.e., dis-
solution of the polymer in the D2O/(CD3)2CO mixtures) are
presented in Fig. 4. The curve of the solution in pure D2O and
the ones of solutions with (CD3)2CO contents in the solvent
mixture up to 10 wt% have a similar shape, namely, a shallow
maximum at ~ 0.12–0.13 nm−1. In contrast, the curves between
15 and 25 wt% feature forward scattering, which ranges up to ~
0.06 nm−1 at 15 wt% and up to 0.09 nm−1 at 25 wt%, i.e., it
moves to higher q values. It may be attributed to large clusters of
micelles. Moreover, the above mentioned maximum becomes
more pronounced and is now located at q = 0.13–0.14 nm−1.
The scattering at q values higher than the maximum has a

different shape than at lower (CD3)2CO contents, and this “shoul-
der” moves to higher q values. At 30 wt% of (CD3)2CO, the
curve shape is significantly different. Strong and steep forward
scattering extends to ~ 0.18 nm−1, the maximum is very weak
and shifted to 0.35 nm−1, and a broad shoulder extends to high q
values (up to ~ 2.3 nm−1).

We first discuss the results of the solution in pure D2O. The
scattering curve was fitted using Eq. 1, and good agreement is
achieved. Possibly, better fits might have been obtained with
more complexmodels, such as those used in our previous studies
[14]; however, these would imply a higher number of fitting
parameters, making the results more ambiguous. The resulting
average radius of the spheres, deduced from the form factor of
polydisperse spheres (Eq. 3) isR = 2.61 ± 0.02 nm (Fig. 5a). This
value is similar to the one obtained by us earlier for polymer
concentrations of 0.05 and 3.0 wt% [14]. We assume that the
particles correspond to the PMMA cores along with the inner
dense part of the shell formed by the middle blocks. From fitting
of the Percus-Yevick structure factor (Eqs. 6–8), we derive the
value of the hard-sphere radius atRHS = 24.2 nm (Fig. 5a), which
corresponds to half the distance between the correlated micelles.
The half-distance is thus significantly larger than the average
micellar radius. At the pH value chosen, a large fraction of
DEA segments is protonated, which leads to repulsive electro-
static interactions between similarly charged units along the
polyampholyte middle block. As a result, the middle block
adopts a stretched conformation and can bridge distant neighbor-
ing micelles. The hard-sphere volume fraction is found at ηHS =
0.1 (Fig. 5b), thus the spheres are weakly correlated with each
other. Thismorphology is consistent with the viscoelastic appear-
ance of the sample. The correlation length ξ is found at 7 nm,
which reflects the concentration fluctuations of the middle
polyampholyte blocks between the PMMA spheres.

Fig. 4 SANS curves of 0.5 wt% PMMA86-b-P(DEA190-co-MAA96)-b-
PMMA86 solutions at 26 °C at pH 3.0 in mixtures of D2O/(CD3)2CO
prepared by method I. The weight fractions of (CD3)2CO in the solvent
mixture are indicated in the graph. The symbols represent the data, and
the solid lines represent the model fits. The curves are shifted vertically by
factors of 3 with respect to each other (5–25 wt%) and 6 (25 and 30 wt%)

Fig. 3 Viscoelastic parameters of 3 wt% PMMA86-b-P(DEA190-co-
MAA96)-b-PMMA86 solutions prepared with the evaporation of
10 wt% acetone as a function of angular frequency. The strain
amplitude was 0.1%

Colloid Polym Sci



With the (CD3)2CO content in the solvent mixture increasing
to 25 wt%, the sphere radius and the correlation length are rather
unchanged, but the distance between the spheres decreases
steadily to 16 nm at 25 wt%. At 5 and 10 wt%, the volume
fraction of correlated micelles is low, but scatters around 0.07
and 0.1 at 15–25 wt%. (The uncertainties of this parameter are
rather high.) At 5–10 wt%, (CD3)2CO lowers the dielectric per-
mittivity of the medium by 5–6 units; thus, due to ion condensa-
tion, the strength of the repulsive electrostatic interactions be-
tween the charged DEA units in the bridging polyampholytic
blocks is slightly reduced. As a consequence, the middle blocks
are more flexible than in pure D2O. The slight increase of for-
ward scattering indicates that the micellar clusters break up in
consistency with the rheological findings (Fig. 3). At 15–25
wt%, the correlation between the micelles within the clusters
becomes stronger, but the strong forward scattering at low q
values (q < 0.06–0.09 nm−1) shows that the micellar clusters
are of finite size. Presumably, the larger clusters in pure D2O or
lower (CD3)2CO contents are disrupted, when the middle blocks
become more flexible, enabling a bridge-to-loop transition. This
is consistent with the liquid appearance of the samples. The
Porod exponent increases from 2.85 at 10 wt% of (CD3)2CO to
3.15 at 30 wt%, i.e., the clusters become more compact.

Significant differences are observed at 30 wt% of
(CD3)2CO (Fig. 4). The structure factor peak is much weaker
than at lower (CD3)2CO contents, and forward scattering is

strong and extends to higher q values (up to ~ 0.18 nm−1). The
average sphere radius has decreased to R = 1.4 nm, suggesting
that the micelles are now very small and consist of very few
PMMA end blocks, i.e., the micellar network has transformed
into clusters of random networks. These clusters are smaller
than at lower (CD3)2CO contents. The correlation length and
the hard-sphere radius have also decreased significantly. We
suppose, that at this relatively high concentration of
(CD3)2CO, the selectivity of the solvent has been significantly
reduced, resulting in a weak association of the PMMA blocks
and hence in very low aggregation numbers. Moreover, the
lower dielectric permittivity of the medium promotes the flex-
ibility of the P(DEA190-co-MAA96) polyelectrolyte chains
due to ion condensation, facilitating backfolding. Both effects
lead to small micelles and small clusters.

The question arises whether the samples described above are
in equilibrium. Therefore, we chose an alternative preparation
method which targets the initial dissolution of the PMMA end
blocks in (CD3)2CO and the subsequent micelle formation by
addition ofD2O (method II). The SANSdata are shown in Fig. 6.
Interestingly, already for the lowest (CD3)2CO contents, forward
scattering is observed, which becomes steeper with increasing
content. As the (CD3)2CO content in the solvent mixture is in-
creased to 7 wt%, the maximum becomes shallower. At 15–30
wt%, the forward scattering extends to higher q values, the max-
imum is at a higher q value (~ 0.28 nm−1), and a second shoulder
appears. These curves are fitted with the same model as before
(Eqs. 1–9). Again, good fits are obtained (Fig. 6).

Fig. 5 Parameters from fitting of the SANS curves in Fig. 4. (a) Blue
circles, average sphere radius R; black squares, hard-sphere radius RHS;
green triangles down, correlation length ξ. (b) Volume fraction of corre-
lated spheres, η

Fig. 6 SANS curves of 0.5 wt% PMMA86-b-P(DEA190-co-MAA96)-b-
PMMA86 solutions at 26 °C at pH 3.0 in mixtures of D2O/(CD3)2CO,
prepared by method II. The weight fractions of (CD3)2CO in the solvent
mixture are indicated in the graph. The symbols represent the data, and
the solid lines the model fits. The curves are shifted vertically by factors
of 3 with respect to each other, except the data at 7, 15, and 30 wt%,
which were shifted by factors of 9, 6, and 6, respectively. The minimum
value of q is lower at 1–7 wt%, because in these cases, an additional
setting was used. The data from the solution in pure D2O from Fig. 1
are added (a constant of 0.05 cm−1 was added to the intensities to
compensate for the difference in incoherent background)

Colloid Polym Sci



The resulting fitting parameters are shown in Fig. 7.
Between 1 and 15 wt% of (CD3)2CO, the radius of the spheres
decreases, i.e., the aggregation number decreases (Fig. 7a). In
this range, the hard-sphere radius decreases as well, and the
volume fraction increases from 0.1 to 0.2 (Fig. 7b). Thus, the
distance between the correlated micelles decreases, and the
volume fraction of the correlated micelles increases. The cor-
relation length ξ decreases from 7.0 to 2.7 nm (Fig. 7a). The
Porod exponent which characterizes the clusters of micelles,
increases from ca. 2.5 to 2.8 (not shown), indicating loosely
packed clusters of micelles.

In the range 20–30 wt%, all parameters stay rather con-
stant. Only, the correlation length decreases from 1.8–
2.7 nm at 15–25 wt% to 1.0 nm at 30 wt% of (CD3)2CO in
the solvent mixture, i.e., the chains become more densely
packed, which may reflect their increasing flexibility.

Comparing these values with the ones from preparation
method I in pure D2O (Fig. 5), it is seen that the sphere radii
are rather similar. For method I, the hard-sphere radius is
throughout larger, and the volume fraction of correlated mi-
celles is smaller than with method II. The forward scattering is
less pronounced in the SANS curves from the samples pre-
pared by method I, i.e., the network clusters are more extend-
ed. Thus, while both sample series overall show the same
trends upon addition of (CD3)2CO, the sample preparation
method seems to play a certain role.

Conclusion

The effect of addition of acetone on the rheological and struc-
tural properties of a micellar network from the telechelic
polyampholyte PMMA-b-P(DEA-co-MAA)-b-PMMA in
aqueous solution at pH 3 was studied in a wide range of
acetone concentrations. Rheology on 3 wt% solutions of the
polymer in water revealed a transition from a freestanding gel
over a viscoelastic liquid to a viscous liquid, as 5 and 10 wt%
of acetone were added. SANS on a 0.5 wt% solution in pure
water reveals clusters from spherical micelles formed by
(presumably) glassy PMMA blocks, which are bridged by
strongly stretched polyampholytic middle blocks. The addi-
tion of acetone has a strong influence on the network archi-
tecture, which is assigned to its twofold effect. Firstly, it de-
creases the dielectric constant of the solvent, which reduces
the effective charge density on the polyampholytic middle
blocks. This results in a higher flexibility of the middle blocks
and reduces the distance between the micelles and the size of
the network clusters. Secondly, and more importantly, being a
good solvent for PMMA, (CD3)2CO alters dramatically the
exchange dynamics of PMMA stickers between the different
hydrophobic physical cross-links in the network, inducing al-
so lower aggregation numbers, due to the reduction of the
solvent selectivity. The second effect dominates the rheolog-
ical properties. While altering the sample preparation method
results in quantitative differences, SANS gives detailed infor-
mation about the effects of the cosolvent on a wide range of
length scales. Addition of a cosolvent is thus, apart from
changes of the pH and the ionic strength, another route for
the manipulation of the network architecture and thus the me-
chanical properties.
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