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ABSTRACT: Triblock copolymers were synthesized by ATRP
with a poly(acrylic acid) (PAA) central block and random
copolymer end blocks containing both AA and n-butyl acrylate
(nBA) units. Self-assembly in aqueous solution was investigated
over a wide range of concentrations. The degree of ionization of
the AA units (0) was varied between 0.1 and 0.9 by varying the
pH. The dynamic mechanical properties of the systems were
investigated using oscillatory shear measurements. With increas-
ing pH a transition from frozen hydrogels to dynamic networks
was observed at pH = 5.2 (o = 0.30). The dynamic polymer
networks behaved as viscoelastic liquids with a terminal relaxa-
tion time that decreased over 7 decades with increasing pH. This
remarkable feature enables fine-tuning and control of the
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I. INTRODUCTION

Triblock copolymers of BAB type self-assemble into multi-
plets when dissolved in a selective solvent for block A. The
properties of these systems have been investigated extensively in
the past and are well understood when the association is
dynamic.' ® We will briefly review this situation first. The
multiplets are constituted of a dense core containing 1, B blocks
surrounded by a corona of solvated A blocks. In highly diluted
solutions, the chains form loops and the multiplets are flowerlike.
When the concentration is increased, the B blocks of a single
chain may enter the cores of two different multiplets which
become bridged by an A block. With increasing concentration
the multiplets connect into larger aggregates until at a critical
percolatlon concentration (C ) a space spanning network is
formed”” (see Figure 1). As a consequence, the viscosity rises
sharply with increasing concentration above C,,, but it does not
diverge because the bonds break and re-form spontaneously.

The rheological properties of the transient network depend on
both the amount and the lifetime of the bridges. The high-
frequency elastic shear modulus (G.) is well described by the
theory of rubber elast1c1ty at least if the bridging chains are flexible
and not entangled.'® Mechanical strain relaxes by the spontaneous
exchange of B blocks between multiplets and the relaxation is often
characterized by a single relaxation time so that the frequency
dependence can be well described by the Maxwell equation. If the
relaxation time is very long, the solution behaves like a gel. The
chemical nature of both blocks has been varied in order to control
the exchange rate of the B blocks between multiplets. Dynamic
self-assembly with fast exchange rates are found when the B blocks
are very short™""'* or not very solvophobic."*~**
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Figure 1. Schematic drawing of the aggregation of associating poly-
mers. The associating blocks B are red, and the solvophilic block A
is blue.

The description given above is valid only if the self-assembly is
dynamic. However, for many systems the exchange rate is
imperceptibly small and the systems are kinetically frozen.'®”2°
In the case of triblock copolymers, absence of exchange may lead
to the formation of gels that display no viscoelasticity and whose
properties depend on the preparation method.*' ** For such
systems the viscosity is found to become immeasurably large
above a critical concentration. The frozen character of block
copolymers can be explained by the fact that the energy barrier
that needs to be overcome for a block to escape from the core is
E o< N*/3y, where N is the polymerization degree of the B block
and y its surface tension with respect to the solvent.> In aqueous
solutions the high value of y for typical hydrophobic blocks such
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as polystyrene or poly(n-butyl acrylate) prevents any exchange
between the multiplets even for small values of N.>%*’

One way to decrease Y is to incorporate solvophilic units within
the solvophobic blocks as was reported earlier by our research
group for diblock copolymers based on acrylic acid (AA) and
n-butyl acrylate (nBA).**** When dissolved in water, P(1nBAsqo;-
stat-AAsos ) 99-b-PAAogg, containing 50% AA units in the moderately
hydrophobic block, forms polymeric micelles whose aggregation
number varies reversibly with varying pH,” whereas PrBAgy-b-
PAA;(o, consisting of a pure PnBA hydrophobic block, forms
frozen aggregates.” pH-dependent self-assembly was also reported
for so-called bis-hydrophilic diblock copolymers for which one of
the blocks becomes solvophobic when the pH is changed.®' ~**

Here we report an investigation of triblock copolymers with a
pure poly(acrylic acid) (PAA) A block and B blocks that
contained both hydrophobic n-butyl acrylate and hydrophilic
acrylic acid units incorporated in a controlled manner. In water,
these polymers form viscoelastic liquids or hydrogels. The
objective of this study was to demonstrate that including acidic
units into the hydrophobic block renders the system dynamicin a
controlled manner and allows control of the rheology via the pH.
The viscoelastic properties of the networks will be discussed in
detail as a function of the ionization degree and the polymer
concentration, and we will show how they can be easily tuned by
varying the pH. Our investigation demonstrates that dynamic
mechanical measurements are a convenient way to determine the
exchange rate of self-assembled block copolymers and to estab-
lish whether they are equilibrated or kinetically frozen.

Il. MATERIALS AND METHODS

1. Materials. n-Butyl acrylate (nBA) and tert-butyl acrylate (tBA)
(Acros, 99%) were stirred overnight with hydroquinone (Prolabo) on
calcium hydride (Acros, 93%) and distilled under vacuum. Copper
bromide (CuBr, Acros, 98%) was stirred overnight in glacial acetic acid
(CH3COOH, Aldrich, 99.7%), filtered, and rinsed successively with
acetic acid, ethanol, and ether to remove traces of CuBr,. N,N,N',N’,
N'"'-Pentamethyldiethylenetriamine (PMDETA, Acros, 99%), dimethyl
2,6-dibromoheptandioate (DMDBHD, Aldrich, 97%), acetone (Aldrich,
99.5%), copper(Il) bromide (CuBr,, Acros, 99%), n-decane (Acros,
99%), SiO, (63—200 um, Fluka, chromatography grade), chloroform
(Aldrich, 99.8%), methanol (Aldrich, 99%), trifluoroacetic acid (CFs-
COOH, Acros, 99%), dichloromethane (Aldrich, 99.5%), sodium
hydroxide (0.1 M, VWR; 1 M, Lab-online), and chlorhydric acid
(1 M, VWR) were used as received.

2. Synthesis. For the bifunctional macroinitiator Br-PtBA,o4-Br,
Cu(I)Br, (0.044 g, 1.95 x 10~ * mol), PMDETA (0.71 g, 4.1 x 10°
mol), and acetone (50 g) were introduced in a S00 mL round-bottom
flask. After complete dissolution of the copper complex, n-decane (20 g),
DMDBHD (1.34 g, 3.9 x 10 > mol), and fBA (200 g, 1.56 mol) were
added. The flask was closed with a screw cap equipped with a septum,
and the solution was degassed by argon bubbling for 10 min. CuBr (0.56 g,
3.9 x 1072 mol) was introduced in a second 500 mL round-bottom
flask. The latter values correspond to the molar ratio [fBAJ:
[DMDBHD]:[CuBr]:[ PMDETA] =400:1:1:1.05. The flask was closed
with a screw cap equipped with a septum and degassed by a flow of argon
for 15 min. The content of the first flask was transferred in the second
one under pressure of argon using a double-tipped needle. A few drops
of the solution were taken as sample t, and the flask was dipped in an oil
bath at 60 °C.

Samples were withdrawn throughout the reaction to follow the
kinetics as reported elsewhere.””° The conversion was determined by
gas chromatography using n-decane as internal standard.*”** Number

(M,) and weight (M,,) averaged molar mass were determined after
copper removal using size exclusion chromatography (SEC) in THF
calibrated with polystyrene (PS) standards (see below). The reaction
was stopped at $1% conversion by cooling the flask to 0 °C (ice—water)
and opening it to air. The polymer was purified by column chromatog-
raphy (SiO,/CHCl;) followed by precipitation in methanol/water (90/
10 vol/vol), yielding a viscous yellowish liquid: M,, (calculated from the
conversion) = 2.6 x 10* g/mol, M, (SEC) =2.4 x 10* g/mol, dispersity
M,/M, (SEC) = 1.16.

For the triblock copolymer Br-P(nBAss-stat-tBAsos ) 101-b-PtBAo4-
b-P(nBAsoe-stat-tBAsps) 101-Br, a similar procedure was used with the
following amounts of reagents: Cu(II)Br, (0.028 g, 1.25 X 10~* mol),
PMDETA (0.46 g, 2.6 X 10 mol), acetone (16.1 g), n-decane (6.5 g),
Br-PtBAyo,-Br (33.4 g, 1.26 x 10> mol), tBA (323 g, 2.52 x 10 '
mol), nBA (323 g 2.53 x 10" mol), and Cu(I)Br (0.362 g, 2.53 x
102 mol). The latter values correspond to the molar ratio [nBA +
{BA]:[DMDBHD]:[CuBr]:[ PMDETA] = 400:1:2:2.10. The reaction
was stopped at 50% conversion. M, (calculated) = 5.2 x 10* g/mol,
M, (SEC) = 4.9 x 10* g/mol, dispersity M,,/M, (SEC) = 1.10.

The Br-P(nBAggo-stat-tBAgg)101-b-PtBA,o4-b-P(nBAgge-stat-
tBAso9)101-Br triblock copolymer was dissolved in dichloromethane
(C ~ 150 g/L) and stirred at room temperature for 48 h with S equiv of
trifluoroacetic acid relative to the amount of tBA units.** The polymer
was collected after rotating evaporation of the solvent and the trifluor-
oacetic acid. The elimination of the residual CF;COOH was achieved
by three cycles of redissolution in methanol/dichloromethane mixture
(1/10 v/v), rotating evaporation, and vacuum pumping. BC NMR
revealed the absence of significant quantities of residual trifluoroacetic
acid after drying as already published for PnBA-b-PAA diblocks.*

3. Sample Preparation. Every sample was prepared indepen-
dently using the following procedure. The quantity of NaOH required to
reach the desired ionization degree of the AA units (@) was calculated
from the chemical structure of the polymer and considering that all AA
units could be ionized (as was verified by potentiometric titration). The
polymer was dissolved in demineralized water (Millipore) containing
the required amount of NaOH. The polymer solutions were homo-
genized while stirring during at least 1 day. The samples were degassed
under vacuum for 3—35 min. This procedure led to homogeneous and
perfectly transparent solutions except at higher concentrations and low
o where the system remained a strong gel even at 80 °C. The difficulty to
homogenize strong gels limited the range of concentrations that could
be explored.

4. Methods. 4.1. Potentiometric titration were performed at room
temperature with an automatic titrator (TIM 856, Radiometer Ana-
lytical) controlled by the TitraMaster 85 software.

4.2. Dynamic mechanical measurements were carried out with two
controlled-stress rheometers equipped with a cone—plate geometry:
AR2000 (angle = 4°—1°—0.58°, diameter = 20—40—60 mm depending
on the viscosity of the sample) and MCR301 (angle = 1°, diameter = 24
mm). To prevent water evaporation, the geometry was covered with
silicon oil. The temperature was controlled with a Peltier system.
Oscillatory shear measurements were done in the linear response
regime. Samples were loaded onto the rheometer, and it was verified
that the system was stable before the frequency dependence of the
storage (G') and loss (G') shear moduli was measured.

The viscosity of the solutions (77) was determined by oscillatory shear
or by shear flow measurements. A controlled-speed rheometer (Low
Shear 40) equipped with a Couette geometry (din 412) was used to
determine the viscosity of solutions with low viscosities (10> < 77 <
10" % Pa-s). The temperature was controlled by a thermostated bath.

4.3. Size exclusion chromatography (SEC). was performed using a
PL-gel Mixed C, S um, 60 cm column with THF as eluent (flow rate =
1.0 mL/min), at room temperature, and using refractometry for detec-
tion (Shodex RI 71 refractometer, Showa Denko). The number-average
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Figure 2. Steps of the polymerization of the P(nBAsq,-stat-AAsox ) 101-
b-PAA,4-b-P(nBAsgs-stat-AAses) 101 triblock copolymer (THS0) by
atom transfer radical polymerization (ATRP): (a) synthesis of the Br-
PtBA,o4-Br precursor, (b) synthesis of the P(nBAggo-stat-tBAso) 101-b-
PtBA,4-b-P(nBAsgs-stat-tBAsos ) 101 triblock copolymer, and (c) acid-
olysis into THS0.

molecular weight (M,,) and dispersity (M,,/M,,) were determined using
polystyrene standards for calibration. It should be noted that this
conventional calibration of SEC yields apparent values of M,,, M,,, and
dispersity (M,,/M,).>> However, the Mark—Houwink—Sakurada (MHS)
parameters for PS, PnBA, and PtBA in THF are very similar®®®” so that
the molecular weights and dispersities estimated from SEC may be used
to prove the good control of the polymerization.****** The molecular
weights of the final polymers were calculated from the conversion
assuming that termination and transfer reactions were negligible. They
are close to the values measured by SEC, as expected given the MHS
parameters.

Ill. RESULTS

1. Synthesis. The P(nBAggy-stat-AAsoo)101-b-PAA,p4-b-
P(nBAsgo-stat-AAsos) 101 triblock copolymer, noted henceforth
THS0, was synthesized by atom transfer radical polymerization
(ATRP). The three-step procedure shown in Figure 2 was similar
to what was already reported for a P(nBAggy-stat-AAsgo)oo-
b-PAAyg diblock copolymer,™ except that a difunctional initiator
(dimethyl 2,6-dibromoheptandioate)®” was used instead of a
monofunctional one. First, the Br-PfBA,o,-Br difunctional macro-
initiator was prepared by polymerization of tBA initiated by
dimethyl 2,6-dibromoheptandioate (Figure 2a). The Br-
PtBA,4-Br block (M, = 2.6 x 10* g/mol, M,,/M, = 1.16) was
purified and used to initiate the copolymerization with tBA and
nBA to form the two P(nBAgg-stat-AAsge)101 outer blocks
(Figure 2b), yielding a P(nBAsqs-stat-tBAsos) 101-b-PtBA,o4-b-
P(nBAsgo-stat-tBAsos) 101 triblock copolymer (M, = 5.2 X 10*
g/mol, M,,/M, = 1.10). Finally, the targeted P(nBAsqq,-stat-
AAso%)101-b-PAA04-b-P(nBAsoy-stat-AAsos) 101 (M = 3.3 X
10" g/mol) was obtained by trifluoroacetic acid-catalyzed elim-
ination of isobutylene from the tBA units of the P(nBAsgy-stat-
tBAs0s) 101-b-PtBA04-b-P(nBAss-stat-tBAsos) 101 (Figure 2c).

The synthesis of this triblock was very similar to what was
already reported for the P(nBAsoo-stat-AAsos)oo-b-PAAgs di-
block copolymer;* thus, detailed kinetic studies are not pre-
sented here. They revealed that the first two ATRP steps
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Figure 3. Evolution of o as a function of the pH for a THS0 solution at
C=2.5g/L. The inset shows the evolution of the pH as a function of the
volume of added 1 M HCL

proceeded in a controlled manner. The triblock copolymer is
narrowly distributed in terms of molecular weight and chemical
composition. Moreover, it contains no significant trace of
residual Br-PtBA,(,-Br, indicating an efficiency of the macro-
initiator close to 100%. Furthermore, copolymerization of tBA
and nBA units was purely statistical, leading to a random
distribution of these units in the B blocks. Finally, the third step
of the synthesis was already shown to be quantitative and
selective, implying that it transforms all {BA units into AA
without affecting the nBA units or the ester linkages of the
difunctional initiator.>

2. Potentiometric Titration. A solution of TH50at C=2.5g/L
was brought to pH ~ 11 using an excess of NaOH and
subsequently titrated by HCI (inset of Figure 3). The concen-
tration of sodium acrylate units determined by titration*’ was in
agreement with the value calculated from the chemical structure
of the polymer within the experimental error, indicating that all
AA units of the three blocks could be ionized. The ionization of
the hydrophilic PAA central block is favored over that of the
hydrophobic outer blocks. Nevertheless, AA units, whatever
their location, are ionized concomitantly. Their overall degree
of jonization (o) was calculated as a function of the pH (see
Figure 3). Borukhov et al.*' showed that titration of polyelec-
trolytes depends on the polymer concentration at low concen-
trations. We verified that the results obtained at a higher
concentration were the same.

3. Viscosity. Figure 4a shows the evolution of the viscosity
relative to that of water (77,) as a function of the concentration for
different ionization degrees at T = 20 °C. For o < 0.3, 7,
increased steeply with increasing concentration above a char-
acteristic value of the latter until it became too high to be
determined experimentally. For larger o the sharp increase was
followed by a much weaker increase at higher concentrations.
The latter behavior is expected for transient networks formed by
triblock copolymers above the percolation threshold, as was
mentioned in the Introduction.

We will define the percolation concentration (C,) as the
concentration where the viscosity starts to increase strongly.
Good superposition was obtained when 77, is plotted as a function
of C/C, (see Figure 4b) except at large o where C, is large and
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Figure 4. (a) Dependence of the relative viscosity (7,) of THSO as
a function of the concentration at different ionization degrees (), at
T =20 °C. The solid lines are guides to the eye. (b) Evolution of 77, as a
function of C/ Cpat different o

the viscosity is already significantly increased before the transient
network is formed. The dependence of C, on @ is shown in
Figure S. Between o = 0.1 and 0.3, C,, was relatively small and
only weakly dependent on @, but at higher ionization degrees C,
increased strongly with increasing o from about 5.5 g/L at
o =0.32 to 100 g/L at a. = 0.9.

4. Frequency Dependence of the Shear Moduli. 4.1. Effect
of Temperature. In Figure 6a, the frequency dependences of G’
and G” at temperatures between 20 and 5SS °C are plotted for a
solution at C = 87 g/L and & = 0.48. At all temperatures, the
system behaved as a viscoelastic fluid, demonstrating that the end
groups exchanged spontaneously between multiplets. The term-
inal relaxation time decreased strongly with increasing tempera-
ture, but the results at different temperatures could be super-
imposed using horizontal shift factors (see Figure 6b). Vertical
shifts were also used, but they were small for all systems (less than
a factor of 2). Comparison with the Maxwell model shows that
the transient network studied here was characterized by a broad
distribution of relaxation times (see the solid line in Figure 6b).

We will define a characteristic average relaxation time (7) as
the inverse of the radial frequency (w = 27f) where G’ and G”
cross. We found that the temperature dependence of 7 could be
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Figure 5. Dependence of the percolation concentration on the ioniza-
tion degree.

described by the Arrhenius law: 7 o< exp(E,/RT), where R is the
gas constant with activation energy E, &~ 110 kJ/mol. The same
activation energy was found at all concentrations and ionization
degrees where 7 could be determined (see Figure 7). The elastic
modulus (G,) was estimated from G’ at high frequencies (100
times the crossover frequency).

4.2. Effect of Concentration. In Figure 8a, the frequency
dependence of G’ and G"' is plotted at concentrations between
16 and 87 g/L at o = 0.48 and 20 °C. Viscoelastic behavior was
observed at each concentration. At low concentrations (C < 27
g/L), the elastic modulus increased strongly with increasing
concentration, while the relaxation time increased more
weakly. At higher concentrations (C > 27 g/L), G’ increased
more slowly with the concentration and the relaxation time
became constant.

We attempted to superimpose the results at different concen-
trations using horizontal and vertical shift factors. Good super-
position could be obtained for the highest concentrations, but
not at lower concentrations (see Figure 8b) where the width of
the relaxation distribution increased. However, good time—tem-
perature superposition was obtained for a given concentration
even at lower concentrations. We will discuss the origin of this
phenomenon below. Similar observations were made at other
degrees of ionization for a > 0.30. The effect of the concentration
and o on G, and 7 (Figures 10 and 11) will be discussed below.

4.3. Effect of lonization Degree. In Figure 9a, the frequency
dependence of the shear moduli is plotted for different o
between 0.48 and 0.62 at C = 67 g/L and T = 20 °C. For these
values of @, the system behaved as a viscoelastic fluid with a
terminal relaxation time that decreased strongly with increasing
0. The results could be superimposed using horizontal and
vertical shifts and a master curve was obtained with O..f = 0.48
(see Figure 9b). Similar results were obtained at other concen-
trations. We conclude that results obtained at all temperatures,
concentrations, and degrees of ionization could be superimposed
to form a single master curve as long as & > 0.30 and the
concentration was significantly larger than C,. The situation at
@ < 0.30 was quite different and will be discussed below.

5. Elastic Modulus. The concentration dependence of G, is
plotted at different ionization degrees in Figure 10a. For most values
of 0, G, increased sharply with increasing concentration starting
from C, followed by a weaker increase at higher concentrations.
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However, at o = 0.32 and 0.38 the increase was more gradual. If
the elasticity is determined purely by the entropy, then G, = VRT,
where v is the molar concentration of elastically active network
strands.** For a fully developed network, all chains are elastically
active and v = C/M,,, where M,, is the number-average molar
mass of the polymers. The solid line in Figure 10a shows
G. = RTC/M,, which describes the experimental results
obtained at higher concentrations, within the experimental
error. The transition from a liquid to a fully formed transient
network can be clearly seen if G, is normalized by RTC/M,,
and C by C, (see Figure 10b). The results are similar in this
representation with the exception of those obtained at & =
0.32 and 0.38.

6. Relaxation Time. The dependence of the relaxation time at
20 °C on the degree of ionization is shown in Figure 11 for
different concentrations. For o > 0.30, T decreased exponentially
over 7 decades (from about 10*s to 10~ s) with increasing o up
to 0. & 0.70 and leveled off at higher ionization degrees. At most
ionization degrees there was no systematic effect of the concen-
tration on 7, except very close to C,. However, we found that 7
increased significantly with the concentration at o. = 0.38 and
even more at o = 0.32.
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A dramatic slowdown of the relaxation was observed between
0. = 0.32 and o = 0.29. This is illustrated in Figure 12 which
shows master curves of G’ and G’ at T,.s = 80 °C for ionization
degrees between 0.10 and 0.48. The moduli were normalized by
G. in order to facilitate comparison of data that were obtained at
different concentrations. Even at this high temperature no
crossover was observed at & = 0.29 down to f = 10~ Hz, while
at o = 0.32 it occurred at about 0.1 Hz for C = 21 g/L. By
comparing the frequency dependence at 0 = 0.29 with thatat 0. =
0.32 and assuming that the relaxation time distributions are the
same, we may estimate that relaxation at 0. = 0.29 was about 3
orders of magnitude slower than at o0 = 0.32. Remarkably, the
frequency dependence appears to become independent of the
ionization degree for o < 0.3.

IV. DISCUSSION

The rheology of THS0 shows that for ot = 0.32 the self-
assembly of this polymer is dynamic. This result is in stark
contrast with the behavior of block copolymers consisting of pure
PAA and PnBA blocks that form frozen aggregates in aqueous
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Figure 10. (a) Concentration dependence of G, for solutions at 0.10 <
< 0.70, T =20 °C. The dotted lines are guides to the eye whereas the
solid line represents the prediction for a fully formed rubber elastic
network, ie, G. = CRT/M,. (b) Evolution of G./(CRT/M,) as a
function of C/ G, at different 0. The dotted lines are guides to the eye.

solution.'””” We thus demonstrated that incorporating hydro-
philic units into the hydrophobic block(s) of an amphiphilic
block copolymers can transform a frozen system into a dynamic
one.

In addition, the associative polymer system described here has
the originality that its rheology can be controlled by the pH due
to the introduction of the right amount of hydrophilic, pH-
sensitive AA monomers into the hydrophobic block. Remark-
ably, the same solutions showed both the behavior of kinetically
frozen and dynamic triblock copolymers at low and high pH,
respectively. The transition between these two kinds of behavior
occurs over a small range of o between 0.29 and 0.32. We will first
discuss the behavior of the dynamic systems at ionization degrees
above 0.32 and then speculate on the features of the frozen
system at smaller values of Q..

1. Dynamic Systems. In aqueous solution at &t = 0.32 the
hydrophobic end-blocks of the triblock copolymers associated
into multiplets, whereas the hydrophilic central block either
formed loops or bridged two multiplets. Bridging led to aggrega-
tion of the multiplets and above a critical concentration to the
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Figure 11. Evolution of the average relaxation time as a function of the
ionization degree at different concentrations, T = 20 °C. The solid line is
a guide to the eye.

formation of a system spanning, percolating network.” ® A
consequence of the formation of a transient network was that
the viscosity started to increase sharply, and the system re-
sponded elastically to deformation at high oscillation frequen-
cies. Close to the percolation concentration the elastic modulus
measured at high frequencies was small, because only a small
fraction of the polymers was part of the network and the
network itself contained many defects. With increasing con-
centration an increasing fraction of chains were integrated
into the network and the amount of defects decreased, which
led to an increase of G..** Defects of the network also explain
why the relaxation time distribution was broader and 7 was
smaller close to C,. At high concentrations the amount of
defects became negligibly small, and the elastic modulus was
close to that expected for an ideal rubber-elastic network
where all chains are elastically active.*

The behavior described above was earlier studied in detail for
PEO end-capped with (fluoro)alkyl groups.>>'"* For these
systems the terminal relaxation of the shear modulus is char-
acterized by a single well-defined relaxation time contrary to the
system investigated here, which showed a broad distribution of
relaxation times. Broad relaxation distributions have earlier been
observed for systems with longer and less mobile hydrophobic
blocks.%*

Relaxation of the shear modulus occurs by escape of a bridging
hydrophobic group from a multiplet, which may schematically be
described in three steps: (1) retraction of the chain to the
interface with the corona; (2) entering of the corona; (3)
diffusion through the corona.'**® A single relaxation time implies
that the escape rate is determined by a single rate-limiting
process, which is generally thought to be step 2. However, when
the diffusion of the chains is restricted, step 1 may become rate-
limiting, which leads to a broad distribution of relaxation times. A
different possible origin of a broad relaxation process is the
polydispersity of the hydrophobic blocks in both length and
composition, regardless of whether step 1 or step 2 is rate-
limiting.

The energy barrier that the hydrophobic block has to over-
come to exit the core and enter the corona is proportional to the
interfacial tension between the core and the corona as well as to

(G,G")/G,

0.001 0.01 0.1 | 10 100 1000 10000
f (Hz)

Figure 12. Master curves of the normalized storage (open symbols)
and loss (filled symbols) shear moduli with T.¢ = 80 °C for different
degrees of ionization indicated in the figure. For clarity, not all data
points are shown.

the length of the hydrophobic block.'**® Therefore, the relaxa-
tion time increases with increasing hydrophobicity of the asso-
ciating block. This explains for instance the strong increase of 7
with increasing length of the hydrophobic group and the increase
that is observed if normal alkyl is replaced by fluorinated alkyl.>""
However, for a range of systems an Arrhenius temperature
dependence was observed with similar activation energies to
that observed here**”>' in spite of the fact that the terminal
relaxation times were very different. Here we have found for the
same system a strong variation of the relaxation time with @, but
nevertheless the same activation energy. Clearly, the absolute
exchange rate of end groups between multiplets is not correlated
to the activation energy that appears in the Arrhenius equation.

The most striking feature of the system studied here was the
exponential decrease of the relaxation time with decreasing
ionization degree between o = 0.32 and 0.7. The implication is
that the energy barrier for the escape of an end-block decreases
linearly with the charge density in this range. Interestingly, while
the relaxation time varied by about 7 orders of magnitude, the
width of the relaxation time distribution remained the same. This
suggests that the escape of the end-blocks is rate limited by step 2
and that the broad relaxation time distribution is a consequence
of the polydispersity that does not change with o. At larger
ionization degrees the relaxation time no longer depended
strongly on @, indicating that either the effective charge density
no longer increased due to counterion condensation or that a
further increase of the electrostatic interaction no longer strongly
influenced the escape process.

Not only the relaxation but also the propensity to form a
system spanning network depended on o. The percolation
concentration increased with increasing @ and reached values
as high as 100 g/L at a = 0.9 (see Figure S). At such high
concentrations, the polymer chains started to overlap, and one
may argue that the increase of the viscosity could be caused by
entanglements. However, the viscosity of pure PAA chains with
higher molar mass is much smaller,** and we may therefore safely
conclude that even at & = 0.9 the chains associate at sufficiently
high concentrations. The increase of C,, with increasing o may
have several causes. If the aggregation number increases with
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Figure 13. State diagram of the concentration versus the pH for THS0.
The solid line indicates the percolation concentration, and the dotted
line indicates the transition between frozen and dynamic assemblies at
lower pH and higher pH, respectively. The drawings are schematic
representations of the systems in different regions of the state diagram
(see text).

increasing 0, fewer multiplets are formed so that more polymer is
needed to fill up the space. However, this is counterintuitive as
the polymer becomes more charged and thus less hydrophobic at
higher a. Moreover, an investigation of the corresponding
diblocks referred to in the Introduction showed that the aggrega-
tion number decreased with increasing 0..> A second possibility
is that the corona size decreases with increasing o. This is also
unlikely since the charge density of the corona increases with
increasing 0, and thus one would expect, if anything, that the
corona increases in size with increasing . The remaining
explanation is that the fraction of polymers that associates at a
given concentration decreases with increasing o.

For a monodisperse diblock or triblock copolymer, association
is a cooperative process akin to micellization of surfactants that
starts at a critical association concentration (CAC). CAC de-
pends on the hydrophobicity of the B blocks**** and is therefore
expected to increase with increasing a.. For a polydisperse system
the transition is more gradual, but still with increasing concen-
tration an increasing fraction of the polymers associates.’>*°
Indeed, in spite of a well-controlled synthesis the THSO chains
are somewhat polydisperse in both molar mass and chemical
composition. The increase of C;, with increasing o can thus be
understood by the increase of the association concentration. At
sufficiently high polymer concentrations most polymers are
associated and elastically active for all values of Q.

2. Frozen Systems. For a < 0.29 no flow behavior was
observed for C > C, in oscillating shear measurements down to
10> Hz even at 80 °C and the viscosity was immeasurably large.
By comparing the frequency dependence of the shear moduh of
these systems with that at larger @, we may estimate 7 = 10” s at
20 °C, assuming that the activation energy remains the same.
Thus, on the time scales that are experimentally accessible these
systems were frozen with negligible exchange of end-blocks
between multiplets. Nevertheless, the elastic modulus was com-
parable within experimental error to that expected for a rubber-
elastic network. When the systems were forced to flow, they
showed strong shear thinning, but after cessation of flow, gel-like

behavior was recovered immediately. Similar behavior has been
reported for other triblock copolymers that did not show a
measurable relaxation time.*' >*%7>?

For not too high concentrations, homogeneous perfectly
transparent gels could be obtained within a day even below o
= 0.3, which means that we can exclude that a network is formed
by very slow exchange of end-groups. In addition, when the gel is
loaded onto the rheometer, a system spanning network is
necessarily broken up. Nevertheless, the response was elastic
over the whole frequency range immediately after loading. The
rapid recovery after cessation of shear flow also shows that the
system is elastic before the network had time to heal. This
behavior can be explained by considering that the network is
broken up into a suspension of close-packed microgels. When
small oscillatory stress is applied, the stress is carried by the
microgels. The elastic modulus of such a system is therefore not
expected to be very different from the unperturbed network in
the linear response regime.

The question remains why the relaxation does not continue to
slow down exponentially with decreasing o, but becomes
practically arrested at . & 0.3. We have as yet no answer to this
question and can only speculate that below this ionization degree
a different, much stronger, type of interaction between the
hydrophobic blocks occurs. Possibly, the strong increase of the
relaxation time observed for a = 0.32 at higher concentrations is
also due to a transition between the two types of behavior. A
better understanding of this transition can perhaps be obtained
by varying the fraction of AA segments in the hydrophobic block.
We have observed that P(nBA-stat-AA)-b-PAA diblocks contain-
ing 80 mol % AA units in the hydrophoblc block instead of
50 mol % self-assemble more weakly.”® Therefore, we expect that
increasing the fraction of AA segments will lead to a decrease of
the relaxation time at a given pH and to a systematic shift of the
pH dependence of 7 to lower pH. Thus, by simply varying the
fraction of AA segments, it will be possible to adjust the strongly
pH-dependent rheology to different pH ranges.

V. CONCLUSIONS

Triblock BAB copolymers can form a system spanning net-
work by self-assembly above a critical percolation concentration.
For many aqueous systems exchange of B-blocks is extremely
slow so that the structure is frozen on experimental time scales.
Here we have demonstrated for the first time that the association
can be rendered dynamic by incorporating hydrophilic mono-
mers into the hydrophobic end blocks. In addition, we showed
that by introducing acidic units the dynamics and thus the
rheological properties of the system can be fine-tuned and
controlled by the pH.

For THSO a transition was observed with increasing pH
between frozen hydrogels at pH < 5.2 and viscoelastic solutions
at higher pH. The terminal relaxation time and thus the viscosity
decreases sharply with increasing pH. In the state diagram of the
polymer concentration versus the pH we may distinguish four
regions (see Figure 13). For C > C, and pH > 5.2 (&t > 0.3), the
polymers form a transient network and the system behaves as a
viscoelastic liquid with a viscosity that strongly depends on the
pH and C. For C < C, and pH > 5.2 (o > 0.30), the solutions
contain free polymers, micelles, and clusters of micelles and the
viscosity is low except close to C,. For C> C, and pH < 5.2 (0 <
0.30), the system is dynamically frozen and behaves as an elastic
solid on the time scales of the experiment. It probably consists of
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densely packed microgels. Finally, for C < C, and pH < 5.2 (o <
0.30) the system forms a very low-viscosity liquid containing
aggregates. Notice that the line separating frozen from dynamic
systems is not necessarily exactly vertical.
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