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ABSTRACT: We report on a small angle neutron scattering (SANS) study of
self-organization of a novel triblock copolymer containing a crystalline poly-
(ethylene terephthalate) oligomer, a rubbery poly(lauryl acrylate) midblock,
and a polyelectrolyte block (quaternized poly(2-(dimethylamino)ethyl
methacrylate)) of various length. The rheology of the solutions showed a
transition from Newtonian flow at low concentrations, to shear-thinning at
intermediate concentrations, and finally a yield behavior at high concentrations.
The microstructure of the samples investigated by SANS was found to evolve
strongly with the polyelectrolyte block length. The data were analyzed in terms
of aggregation numbers, radius of gyration, and aggregate hydration. Complete
modeling of the intensity curves was achieved by an inversion method extracting
an average aggregate radial volume fraction profile. In both rheology and
microstructure, a surprising strong impact of the small PET block was observed.
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1. INTRODUCTION

Ampbhiphilic block copolymers have attracted considerable
attention due to their ability to self-assemble in selective
solvents.'© In aqueous solution, micelles consisting of a hydro-
phobic core surrounded by a shell of the solvated hydrophilic part
of the block copolymer can be formed, as with simple surfactants.
Moreover, due to the wealth of accessible conformations, amphi-
philic macromolecules can aggregate into various microstructures.
For example, a polyelectrolyte block can not only adopt different
conformations depending on ionic strength, but also induce
repulsive interactions between a§gregates in solution even at
low nominal concentrations.” " This leads to a significant
increase in viscosity of the solutions, possibly changing their
nature from purely viscous to highly elastic or yielding. Another
interesting case is found with telechelic copolymers, e.g., copoly-
mers having two hydrophobic stickers.'> At high enough con-
centrations, such molecules induce the formation of a phys-
ical network due to attractive interactions between micelles.">
Generally, the rheological behavior of these systems thus depends
on the volume fraction @ of polymers in solution.

The triblock copolymers studied in this contribution have an
additional original feature, a short poly(ethylene terephthalate)
(PET) oligomer. PET is a frequently used industrial polymer,
with important applications for fibers and packaging, in particular
due to its transparency, mechanical strength and chemical
resistance. Its high consumption makes PET recycling an
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important issue.'"* Chemical recycling consists in the PET
depolymerization, which produces oligomers or monomers.'**®
These products can be used as chemical intermediates for the
production of new materials, and such oligomers have been syn-
thesized as starting point for the present study. The second block
of the hydrophobic segment is poly(lauryl acrylate) (PLAc). PET
oligomers are semicrystalline polymers with relatively high
glass transition temperature (Tg) whereas PLAc possesses a
low T, value. Moreover, due to the difference in behavior of
crystalline PET and rubbery PLAc at room temperature, these
two polymers are not miscible, and interesting new physics of the
self-assembly of the hydrophobic core can be expected. This is
similar to mixtures of hydrocarbon and fluorocarbon chains of
copolymers and surfactants.'*'® The hydrophilic block is a
polyelectrolyte, the poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) quaternized with methyl iodide. Since quaterni-
zation of the amine groups in the PDMAEMA component yields
a strong cationic polyelectrolyte PDMAEMAg, the hydrophilic
character of the copolymer and its solubility in water is
improved.”

A series of triblock copolymers based on PLAc and PDMAE-
MA were prepared by atom transfer radical polymerization
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Scheme 1. Chemical Structures of the Four Block Copolymers Used in This Study
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Table 1. Copolymer Molecular Characteristics: Number Average Molecular Weights of the Polyelectrolyte Block
and of the Copolymer, Molecular Volumes, and Difference in Scattering Length Density between the Polymer

and the Solvent”

block copolymers

MPDMAEMAq (g mOI-l)

COoro 1 PET,-b-PLAco-b-PDMAEMAQ,5 7700
COPO 2 PET 4-b-PLAc,o-b-PDMAEMAG, 13200
COPO 3 PET 4-b-PLAc,5-b-PDMAEMAQ 40 24000
COPO 4 PLAc29 b-PDMAEMAq; 19600

MPET 500 g lTlOl
Psolvent = 6.4 x 10
calibration before quatermzutton PDI of PET,-b-PLAc was 1.17.

MLAC =7000g- ~mol !

. M values were determined using "H NMR spectra. Ap; =
” Determined by 'H NMR. “ Determined by size exclusion chromatography using THF as eluent (1 mL/ mln) and PS

M (g mol™) PDI* V; (cm®) Ap? (em™)
15200 1.38 2.8 x 1072° 6 x 10"
20700 1.30 3.7 x 10°%° 6 x 10"
31500 132 57 x 1072° 6 x 10"
26600 1.30 48 x 107 6 x 10"

Psotvent — 0 With p; = 0.4 x 10'® cm™? and

(ATRP) using the PET block as macroinitiator.'” These novel
block copolymers may be attractive for diverse applications such
as drug delivery, coatings, and colloids stabilization. Their
structure depends on the nature and molecular weights of the
blocks, solvent interactions, and the architecture of the block
copolymer.”'®

In this article, we have studied the rheological behavior and
structure of different triblock copolymers in aqueous solution. In
particular, we have focused on the influence of the PDMAEMAq
block molecular weight, as well as that of the PET block. To our
knowledge, it is the first time that the influence of the poly-
ethylene terephthalate on the self-assembly of block copolymers
was reported in the literature. The obtained results are important
as they open the way to the use of recycled PET oligomers for
purposes implying structuring and modifications of dynamics.
Small-angle neutron scattering (SANS) was performed to in-
vestigate the relationship between microstructure of the aggre-
gates and the rheological behavior. SANS data were first analyzed

with standard methods and then using a model specially devel-
oped for core—shell structures.

2. METHODS: EXPERIMENTAL AND MODELING

2.1. Sample Preparation. Different polymers were prepared:
three triblock (poly(ethylene terephthalate)-block-poly(lauryl acrylate)-
block-quaternized poly(2-(dimethylamino)ethyl methacrylate)) (PET-b-
PLAc-b-PDMAEMAQq) and one diblock copolymer (poly(lauryl ac-
rylate)-block-quaternized poly(2-(dimethylamino)ethyl methacrylate))
(PLAc-b-PDMAEMAQ), as shown in Scheme 1. The triblocks (COPO
1 to 3) differ by the mass of the hydrophilic block, whereas the diblock
(COPO 4) lacks the PET block.

All materials were synthesized by atom transfer radical polymerization
(ATRP) in two steps (Supporting Information): (i) the polymerization
of lauryl acrylate from PET macroinitiator or ethyl-2-bromoisobutyrate
and (ii) the polymerization of the 2-(dimethylamino)ethyl methacrylate
followed by permethylation with methyl iodide. Details of the synthesis
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Figure 1. Evolution of shear stress with shear rate (measured by dynamic
experiments where the stress was ramped from 0 to 25 Pa) for COPO 1 to
4 at @ = 3.6%. COPO 1 to 3 are triblock copolymers with PET with
increasing polyelectrolyte block length (PDMAEMAq 8k, 13k, 24k),
COPO#4 is a diblock copolymer (PDMAEMAq 20k), without PET.

and characterization of these copolymers will be described in a forth-
coming publication.'® Polymerizations were carried out using Schlenk
line and syringe techniques under nitrogen. Polymer conversions were
determined by 'H NMR spectra (J, ppm) recorded on a Bruker DRX
300 MHz spectrometer. Molecular weights and molecular weights
distributions were determined through size exclusion chromatography
(SEC) with a system equipped with a Water 2410 refractive index
detector and PLgel columns. THF was used as the mobile phase at a flow
rate of 1 mLmin ' at 25 °C. Monodispersed polystyrene standards
(Polymer Laboratories) were used to generate the calibration curve. The
main characteristics of the triblock copolymers are gathered in Table 1. As
the molecular weight distributions, determined before the quaternization
step, were close for all copolymers, we assumed that this parameter did
not influence the aggregation behavior.

2.2. Small Angle Neutron Scattering (SANS). SANS measure-
ments were carried out at Laboratoire Léon Brillouin (Saclay, France).
The data were collected on instrument PACE. Three configurations
(sample-to-detector distance, incident neutron wavelength) were used:
Imat6Aand45mat6and 12 A, covering a g-range from 0.003 to
0.3 A~ ". The samples were prepared in pure D,0. Empty cell scattering
has been subtracted and detector efficiency has been corrected with 1 mm
H,O scattering. All measurements were carried out at 25 °C and 2 mm
light path Hellma quartz cells were used. Data were normalized to obtain
absolute units (cm ') by an independent measurement of the incoming
flux. For simplicity, the resulting scattering cross section per unit volume
(dX)/(dQ)|v is called I(q) here. The incoherent background was
estimated with H,O/D,O mixtures. The excess scattering length density
(Ap) of aggregates with respect to D,O, reported in Table 1, were
calculated from data established by Sears™® and the molecular volumes
estimated from the monomer density (Supporting Information).

2.3. Modeling of SANS Data. A classical way of analyzing small
angle scattering data of dilute aggregated objects in solution is to check
first that only form factor information is measured by superimposing
I/®, where ®@ denotes the polymer volume fraction. One can then
extract the average aggregation number from the low-q limit of the
intensity I. The typical size of the aggregates can be deduced from the
radius of gyration, and some information on average conformation is
given by high-q data. For other copolymers, we have deduced an esti-
mate of the typical hydration of each aggregate from the combination of
the aggregation number and the typical dimensions.”'”>*> We now
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Figure 2. Evolution of shear stress with shear rate measured by dynamic
experiments where the stress was ramped (from 0 to 25 Pa) (a) for
COPO 2 at ® = 3.6 and 6% and (b) for COPO 3 at ® = 2.4 and 3.6%.

present a more detailed analysis based on a multishell modeling of the
monomer density profile of average aggregates. In this approach, the
connectivity of the chain molecules is explicitly discarded.**

In our model, it is assumed that the monomers, the average number of
which was deduced from Iy, were distributed over concentric spherical
shells of thickness Ar. The maximum shell radius R,,,, was taken as two
times the experimental radius of gyration, without any impact on the
resulting profile which vanished above 1.5R;. The intrinsic problem of
such a model was that the number of parameters—given by the
monomer volume fractions in each shell—was greater than the amount
of information actually contained in the scattering curve. The solution
for this ill-posed problem was conceptually close to the indirect Fourier
transform.”® It consisted in searching profiles @ (r) which did not only
optimize the agreement with the experimental curve I(g), but also
contained a minimum amount of spurious information. In practice, this
was achieved by simultaneously optimizing the agreement between the
model prediction I,,4(q) calculated from the radial volume fraction profile
®(r) and the experimental result I(q) via °, which is a measure of the
discrepancy between the experimental and the modeled intensity values

g (1) ~ Tnoa(q)
2 =y (2490 T fmod(di) 1
P (M v
and a parameter characterizing the smoothness of the profile
1 Mot
= Dy — D) 2
N1 L (@) @

In egs 1 and 2, N, denoted the number of intensity data points, N, the
number of points in the volume fraction profile, and AI the possibly
g-dependent error bar on the experimental intensity. The radial volume
fraction profile ®(r) was approximated as a discrete set of points @, one
for each shell. The simultaneous minimization of y* and k* was done by
minimizing the sum

2+ (3)

using a random motion of the monomers from one shell to another as
Monte Carlo steps, coupled to a simulated annealing procedure.***” In
eq 3, A was the stability parameter (commonly called Lagrange multi-
plier) to be found. The stability plot analysis was performed by screening
values of x> and k” for different 4, and identifying the point where the
constraint on smoothness decreased the quality of the fit (). An
example of the stability plot and parameters of the model such as shell
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Figure 3. Structure of aqueous solutions of COPO 2. Scattered
intensities I(q) as a function of wave vector q are plotted for different
volume fractions @ ranging from 0.1 to 6%.

thickness, maximum shell radius, and molecular volumes were given in
the Supporting Information. Because of the absence of any description
of chain connectivity, and to the finite Ar, the model was expected to
break down in the high-q range.

2.4. Rheology. Measurements were carried out at 25 °C using a
stress-controlled rheometer Physica UDS 200 with Couette geometry
(inner radius = 12.5 mm, gap = 1.06 mm). Two different kinds of
experiment were achieved: (i) creep experiment and (ii) dynamic experi-
ment. In the first one, a given stress was held constant and the strain rate
was measured as a function of time. In both cases, the sample was sheared
at 25 Pa during S min and then it was left at rest (stress equal to zero) for
24 h. In dynamic experiment, the stress was increased from 0.1 to 25 Pa
with a logarithmic ramp. Copolymer solutions were prepared by vigorous
dispersion for 1 h in deionized water. After complete dissolution, gels were
stored at 4 °C and were analyzed 3 days after their preparation.

3. RESULTS

3.1. Rheology. The rheological behavior of solutions of
amphiphilic copolymers considered in this study was investigated
using dynamic (stress ramp) and creep experiments. Aqueous
solutions of COPO 1 to 4 with polymer volume fraction ®
comprising between 1.2 and 6% have been prepared. We have
observed that: (i) the rheological nature of the solutions changed
with concentration, higher concentrations leading to very viscous
solutions, and that (ii) a transient flow behavior was observed
during a creep test before the shear rate reached a steady-state
value, which was zero if the applied stress was below the yield
stress.

COPO 1 to 3 differ only in their hydrophilic (PDMAEMAq)
block length: the one of COPO 2 is two times longer than the one
of COPO 1, and the one of COPO 3 three times. The flow curves
of these three copolymers at ® = 3.6% were compared
(Figure 1). The hydrophilic block length was immediately seen
to have an influence on the rheological behavior of the copolymer
solutions. The longer the PDMAEMAq block, the higher the
stress at a given shear rate, with a marked increase when going
from COPO 2 to COPO 3. The influence of the PET block was
evidenced by superimposing the stress of the diblock copolymer
without the PET block (called COPO 4) to the other triblock
copolymers, which included its analogue, COPO 3. The stress is
slightly lower, indicating that the missing PET block affected the
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Figure 4. Scattered intensity I(q) (in cm ™ ") normalized by the volume
fraction from aqueous solutions of COPO 2 for @ = 0.1 to 2.4%. The
solid line is the Guinier approximation valid at small g.

structure of the solution. An important feature of Figure 1 is that
the growth of a yield stress was clearly visible. For COPO 1 and 2,
there was no yield stress, and the sample flowed when an
infinitesimally small stress was applied. COPO 3, however,
displayed a yield stress of about 7 Pa, which decreased to 1 Pa
as the PET block was removed (COPO 4). This indicated again
that the PET block had an influence on the rheological behavior
of the copolymers in aqueous solution. The existence of a yield
stress after a transient suggested that the solutions contained
interacting aggregates which induced an equilibrium solid-state
behavior at low stress. When the stress was sufficiently high, the
aggregates were reorganized, and the solutions started flowing, as
it was typically observed for Bingham fluids.”®

In a second series of experiments, the concentration of the
copolymer solutions was increased up to 6%v. In Figure 2, the
flow curves of COPO 2 and 3 are shown at volume fractions of
3.6% and 6% (COPO 2), and 2.4% and 3.6% (COPO 3). Similar
curves to those of COPO 2 were obtained for COPO1. Two
transitions were observed for COPO 1 and 2: for low concentra-
tions (® < 3.6%), the solutions had a Newtonian behavior. At this
concentration, the viscosity of these solutions was of the same
order of magnitude as water (from 3 X 10 °to1 x 107 % Pa-s
depending on the concentration). At ® = 3.6%, they showed a
slightly shear-thinning behavior. At high concentrations (& =
6%), high stress and existence of a yield stress were observed, as
shown in Figure 2a. For the COPO 3, a transition from a
Newtonian behavior at @ = 2.4% to a yielding one at ® = 3.6%
was noticed as shown in Figure 2b. With COPO 3, the transition
to solutions displaying significant yield stress behavior occurred
thus at lower volume fractions than with COPO 1 and 2.

At high concentration, a yield stress of about 14 and 15 Pa for
COPO 1 and 2 at ® = 6%, and about 7 Pa for COPO 3 at ® =
3.6% was observed (Figure 2). Higher concentrations were
difficult to equilibrate. Solutions of COPO 4 at high concentra-
tions were also analyzed and have shown a transition from a
shear-thinning fluid to a stress yielding one at the same con-
centration as for the COPO 3.

3.2. Structural Characterization by Small Angle Neutron
Scattering (SANS). It was necessary to characterize the micro-
structure as a function of concentration to shed light on the
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Table 2. Aggregates Characteristics in Solution Determined
from the Guinier Approximation

COPO 1 COPO 2 COPO 3* COPO 4*
R, (A) 170 180 250 290
V, (A% 11.6 x 10° 10.2 x 10° 4.8 x 10° 16.7 x 10°
Ry (A) 140 134 104 160
p 420 270 85 350

“ Estimations of the Guinier regime.

transition from Newtonian to shear-thinning behavior and finally
to a yielding fluid with concentration for the different copoly-
mers. As a consequence, surface activity and small angle neutron
scattering experiments were performed in D,0O.

Influence of Copolymer Concentration. Amphiphilic poly-
mers usually have surface activity: in aqueous media, the copo-
lymers form a monolayer at hydrophilic—hydrophobic inter-
faces. As with surfactants, tensiometry was usually used to
determine the critical aggregation concentration (cac). Surface
tension 7 of all copolymers studied in this paper was measured at
different volume fraction of polymer (® = 0.01% to 0.6%). For
all samples, ¥ was constant in the concentration range studied,
and its value was close to that of pure water (71.9 mN/m at
20 °C). From these measurements, it could be concluded that the
studied block copolymers were surface inactive. This curious
behavior was already described by Matsuoka et al.** " who studied
amphiphilic diblock copolymers which had polyelectrolytes as
hydrophilic segment and showed no surface activity but formed
micelles in water. They attributed this phenomenon to a strongly
ionic nature of the hydrophilic chain. Antoun et al.** studied
the micellization of quaternized poly(2-(dimethylamino)ethyl me-
thacrylate)-block-poly(methyl methacrylate) copolymers (PD-
MAEMAQq-b-PMMA) in water. They showed that when the hydro-
phobic block length increased, the cac was more difficult to
determine because of kinetic restrictions related to decreased chain
mobility. They concluded that the apparent absence of a cac might
result from an exceedingly long time to reach the equilibrium
conformation at the interface. In the context of dynamical properties
of self-assembled aggregates, Jacquin et al.>>** compared diblock
copolymers made of the same hydrophilic block of poly(acrylic
acid) (PAA) and different hydrophobic blocks: polystyrene (PS),
polybutyl acrylate (PBA) and poly(diethylene glycol ethyl ether
acrylate) (PDEGA). They showed that whereas PS-b-PAA and
PBA-b-PAA formed kinetically frozen aggregates in solution, PDE-
GA-b-PAA led to micelles at thermodynamic equilibrium. Their
work proved that the self-assembly dynamics of amphiphilic
copolymers could be controlled by the chemical nature of the
insoluble block. These results were in agreement with theoretical
work, which predicted that the hydrophobicity of the insoluble block
was a major factor in amphiphilic copolymer self-association.*>*¢

In aqueous solutions, COPO 1 to 4 were found to form solutions
with high viscosity at rather low concentrations (less than S wt %).
This suggested that in water COPO 1 to 4 self-associated to form
aggregates. With increasing concentration, interactions between
the objects led to an increase of the viscosity of the solution.

To observe and understand this phenomenon, aqueous solu-
tions of these copolymers were prepared at different volume
fractions @ ranging from 0.1 to 6% and were analyzed by SANS.
In what follows, we focus on COPO 2, which is intermediate in
polyelectrolyte mass between COPO 1 and 3, and then widen
our observations to the other two.

Figure 3 shows the scattered intensities of aqueous solutions of
COPO 2 for different volume fractions ranging from 0.1 to 6%.
This figure shows that for the solutions with concentrations
ranging from 0.1 to 2.4%, the intensity started from a plateau
value and then decreased monotonously: it thus contained form
factor information only as we will also show in the next graph. For
the solutions at 3.6% (not shown for clarity, see Supporting
Information) and 6%, a correlation peak appeared at gm., =
58 x 10> and 69 x 107> A" (see the arrow in Figure 3),
respectively. This indicated interactions between aggregates lead-
ing to a liquid-like order. We could thus distinguish the dilute
regime (P = 0.1 to 2.4%) where independent objects were
observed by SANS, from what one might call a semidilute regime
(® = 3.6 and 6%) where correlations between objects lead to an
interaction peak.

For monodisperse suspensions of spherically symmetric ob-
jects, the scattered intensity can be expressed as a product of
normalized form factor P(q) and structure factor S(g):

1(q) = IoP(q)S(q) = ®VoAp*P(q)S(q) (4)

where g is the magnitude of the wave vector, @ is the aggregate
volume fraction, Vj, is the dry volume of an aggregate, and Ap the
difference in scattering length density between the polymer and
the solvent.

We applied eq 4 to the data measured in the dilute regime
supposing absence of interactions, S(q) = 1. The equation
suggested plotting the scattered intensity normalized by the
volume fraction, 1(q)/®, which was shown for dilute solutions
of COPO 2 in Figure 4. The intensities were seen to superimpose
nicely, apart from minor deviations at high g, which were caused
by difficult background corrections. This indicated that the
aggregate shape remains unchanged with the concentration,
and that there were indeed no interaggregate interactions: the
normalized intensity represented the form factor P(q) of aggre-
gates for solutions in the dilute regime. In this case, the scattering
functions could be described by the Guinier approximation
according to eq 5 within the small angle limit g << 1/Ry:

I(q) = Iy exp <_q3Rg ) = OV,Ap® exp (ﬂ) ()

3

Equation 5 allowed us to determine the radius of gyration R,
which gave information on the size in solution of the aggregate.
The radius of gyration of COPO 2 in dilute solution was
estimated as R, = 180 A. From Iy, the extrapolated scattered
intensity at g — 0, the average aggregation number (p) could be
determined using the molecular volume given in Table 1 and the
relationship Iy = VoA~ Aggregates of COPO 2 were found to
be made of about 270 macromolecular chains (unimers). To
summarize, for dilute solutions of COPO 2 (® < 2.4%),
aggregate structure was unchanged whatever the concentration
and described by R, = 180 A and p = 270.

Influence of Hydrophilic Block Length in the Dilute Regime.
We then studied copolymers which differed from COPO 2 by
their hydrophilic block length. In the dilute regime, COPO 1 and
COPO 3 presented the same behavior as COPO 2: the form and
the composition of the aggregates did not change with concen-
tration as shown in the Supporting Information. As for the
COPO 2, we could distinguish the dilute (® = 0.1 to 2.4%)
from the semidilute regime (P = 3.6 and 6%).

Equation S was applied to these data and we estimated the size
of the aggregates. For the COPO 3, it was unclear if the Guinier
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Figure 5. Comparison between COPO 1 to 3. Normalized scattered
intensities are plotted at volume fractions ® = 0.6% and 3.6% for (a)
COPO1, (b) COPO 2, and (c) COPO3.

limit was observed in our experimental g-range. Therefore, the
parameters determined for COPO 3 are only estimations. The
radius of gyration R, and the aggregation number p extracted from
the Guinier regime were summarized for COPO 1 to 3 in Table 2.
The radius of gyration R, was found to increase with the
hydrophilic block length. This could be easily understood: the
aggregate formation in aqueous solution consisted of a hydro-
phobic core formed by hydrophobic segments and a charged
corona/shell which ensured the solubility of aggregates in water.
The increase of the hydrophilic block length induced an increase
of the charged corona which led to an increase of the aggregate
size. On the contrary, the aggregation number (p) decreased
quickly when the hydrophilic block length went up. This might be
explained by the charges of the hydrophilic block which also
increase causing repulsive interactions between chains and limit-
ing their aggregation. To summarize, with increasing polyelec-
trolyte block, aggregates became lighter and more swollen.
Influence of Hydrophilic Block Length in the Semidilute
Regime. Figure 4 (and Supporting Information) showed that
the aggregate structure did not change within the dilute regime.
We then compared this structure to the one in the semidilute
regime. Figure S represents the scattered intensity normalized by
the volume fraction from aqueous solutions of COPO 1 to 3 at 0.6
and 3.6%. For a same copolymer, the scattering curves super-
imposed nicely at intermediate and high q. This indicated that the
local aggregate structure remained unchanged when the concen-
tration increased from 0.6% to 3.6%. A correlation peak appeared
at Gax = 5.8 X 10> A~ for solutions at 3.6% of COPO 1 and 2
indicating interactions between aggregates. For the COPO 3, the
peak appeared at the same concentration at g, = 9.2 X 10 > A~
In SANS experiments, the wave vector gy, provided informa-
tion about the most probable distance D between aggregates
which could be determined from D = 277/q,,,... Considering that
the hydrophilic block was charged, the structure factor S(q) was
due to repulsive electrostatic interactions between aggregates.
Such structure factors can be described quantitatively using
integral equation theories®” and, in particular, the rescaled mean
spherical agproximation (RMSA) closure relation and renormal-
ization.***” Such models are rather involved and are not the scope
of this article, where we have already strong evidence that the
aggregate shape does not change with concentration. In the

a) b) c)
I SoFose=0en ® COPO30=3.6%] ] COPO4 o= 06%]
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Figure 6. Scattered intensity(in cm ') normalized by the volume fraction
for aqueous solutions of COPO 3 and 4. (a) COPO 3 and 4 at ® = 0.6%,
(b) COPO 3 and 4 at ® = 3.6%, (c) COPO 4 at ® = 0.6% and 6%.

Supporting Information, a simplified modeling is presented for
comparison.

Influence of the Poly(ethylene terephthalate) Block. In the
triblock copolymers, the hydrophobic segment is composed of
two blocks: a crystalline block, poly(ethylene terephthalate) and
arubbery one, the poly(lauryl acrylate). To analyze the influence
of the crystalline block we compared aqueous solutions of COPO
4 which differs from the COPO 3 by the absence of the PET
block. As previously, the form and the composition of the
aggregates formed in dilute regime did not change with concen-
tration (Supporting Information).

In Figure 6, the scattering of COPO 3 and 4 was compared for
different concentrations, in the normalized presentation I/®. In
the dilute regime (® = 0.6%), they did not have the same form
factor. These observations suggest that form, size, and composi-
tion of aggregates were governed by two parameters: the PET
block, and also (as shown before), hydrophilic block length. At
higher concentration, a correlation peak appeared for the solu-
tion of COPO 3 at ® = 3.6% indicating interactions between
aggregates. On the contrary, the solution of COPO 4 at 3.6% did
not present a structure peak, as shown in the comparison in
Figure 6c. This might indicate that there are no interactions
between the objects, or that the structure peak was outside the
range of investigation. This latter point was also suggested by the
intensity decrease at low q at higher concentration, and the high
aggregation numbers implying large interaggregate distances, the
correlation of which would be visible at small g. This last
hypothesis would also be compatible with the rheological study
of these solutions which showed that at 3.6% the behavior
changed from a shear-thinning fluid to yielding one (Figure 1).

Average Swelling Rate of the Aggregates. From the Guinier
analysis, we had information on both mass and typical spatial
extension of the copolymer aggregates in solution. It appeared
thus interesting to extract the evolution of the aggregate swelling
with the increase of the charged hydrophilic block length. For
this, we supposed aggregates were homogeneously hydrated
spheres of radius Ry, the Guinier relationship of which yields:

3
R} = gRSP2 (6)
The swelling of the aggregates could thus be estimated from
the ratio of the dry volume of the aggregate V, = (47)/ (3)R,®
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Table 3. Estimation of the Equivalent Hydrated Sphere
Radius and the Hydration of Aggregates in the Dilute Regime
for COPO 1 to 4
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Figure 7. Swelling rate expressed as the solvent volume fraction inside
aggregates as a function of the PDMAEMA(q fraction in the copolymer
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Figure 8. Radial volume fraction profile extracted from the scattering
intensity for COPO 1 to 3.

and the volume of the hydrated sphere (477)/(3)R,,’, which led
to the following hydration:

3
Ro

Ry,

(7)

%solvent =1-

Table 3 summarizes the sphere radius and the hydration of
aggregates estimated for COPO 1 to 4. Although the absolute
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q(A")

Figure 9. Fits of COPO 1 to 3 corresponding to the density profiles.
Intensity is given in em

Table 4. Core Radius Determined from the Density Profile
and from the Aggregate Composition

COPO 1 COPO 2 COPO 3

core radius from the density profile (A) 80+10 80410 40+£10
core radius for a dense PET core (A) 40 34 23
core radius for a dense PET—PLAc core (A) 112 96 65

value of this parameter remained unknown (the hydration
estimated has an unknown prefactor), its relative increase with
the hydrophilic block length seemed trustworthy.

We plotted the hydration as a function of PDMAEMAq
fraction @ pppriaemag in the copolymer in Figure 7, and a linear
dependence was found. By extrapolation, we have found the
hydration at around 35% for @ppyvaemaq = 0%. Even if the
extrapolation was delicate, this suggested that the hydrophobic
segment was also hydrated. This phenomenon was previously
reported for aggregates of polymers.”>**

The COPO 4, which differs from the others by the absence of
the PET block in the hydrophobic segment, also seemed to
obey the same linear law. This suggested that PET and PLAc
blocks formed the hydrophobic block which was partially
hydrated.

3.3. SANS Modeling and Density Profile Determination.
Up to here, we have made use only of the low-g information on
the scattered intensity for a quantitative analysis. We have
recently developed a model based on an “inversion” of the
complete intensity curve into an average radial density profile
of aggregates™* and applied it to our data. The resulting density
profiles are shown as volume fraction profiles in Figure 8, for
COPO 1 to 3. The corresponding fits in reciprocal space are
plotted in Figure 9.

This model described well the scattering of our copolymers in
solution in the dilute regime at low and intermediate q. However,
at large g, the model broke down, due to the insufficiently fine
description of the density profile (finite number of points N,,).
Note that a compromise has to be found between the number of
points in the profile, and the amount of available information.
Upon inspection of Figure 8, the aggregate core was found to be
rather dry and well-defined (®(r) ~ 1). It had the same radius
for COPO 1 and 2, and was smaller for COPO 3. Although the
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Table 5. Relationship between Rheological Properties and Microstructure

COPO 1 COPO 2 COPO 3 COPO 4
D=24% P=36% DP=6% P=24% DP=36% P=6% DP=24% DP=36% DP=6% P=24% DP=36% P=6%
rheological behavior Newt. shear. yield Newt. shear. yield Newt. yield yield Newt. yield yield
structure peak no yes yes no yes yes no yes yes no no no
density parameter (%) S.S 8 129 6.2 9 14.5 6.5 9.4 15.3 3.9 5.8 9.4

general tendency of the aggregation number was a decrease with
increasing polyelectrolyte block (Table 2), the evolution of the
core volume was not directly related to the aggregation number.
Indeed, the size of the core could be compared to the dry size of a
pure dense PET core, or a core made of both PET and PLAg, as
shown in Table 4. It was seen that the aggregate core could not
contain all the hydrophobes, and that some the hydrophobic
segments were hydrated in the aggregate shell. In each volume
fraction profile, the shell volume fraction was to seen to decrease
from about 30% down to zero. This was in line with the
observation in Figure 7 of a nonzero hydration when extrapolat-
ing our data to very small polyelectrolyte blocks.

The spatial extension of the hydrated shell could be read oft
from the profiles (Figure 8). It was about the same (200 A) for
COPO 1 and 2. The situation was less clear for COPO 3, where
the highly hydrated shell extended up to very high radii. This
was compatible, e.g.,, with the high radius of gyration. The
densest part of the shell, proved to be smaller, ca. 180 A, for
COPO 3.

4. DISCUSSION

We attempted to rationalize the results on the microstructure
and the rheological properties of the copolymer solutions. The
structure of the copolymer aggregates could be analyzed at low
concentrations: the radius of gyration and the aggregation
number has been measured for COPO 1 and 2, and estimated
with reasonable accuracy for the other two. The aggregation
number showed a strong dependence on the mass of the
polyelectrolyte block, decreasing by almost a factor of 2 from
COPO 1 to 2, then again by a factor of 3. By superimposing the
scattered intensity of low and high concentrations (P > 2.4%) in
the normalized presentation I/®, we could show that the local
structure of the aggregates remained unchanged. Plotting the
aggregation number p as a function of the polymerization degree
of the polyelectrolyte block PD showed that p followed a power
law (p &~ PD ). The exponent could be compared to predic-
tions of theories for weakly and strongly charged chains,***'
which found exponents varying between 1 and 3.

Finally, the copolymer without PET had also a very high
aggregation number. This illustrated the strong influence of the
PET block on the structure, and concomitantly, on the rheology.
Indeed, the radius of gyration increased, and simultaneously, the
aggregation number increased much more, leading to less space
filling aggregates having a lower degree of hydration. In the
semidilute regime, traces of the interaction between the big
aggregates were visible from the very small angle scattering, but
the scattering peak (if it exists) was outside the g-range of
investigation.

The internal structure of the aggregates was studied using both
a simple estimation of their average hydration, and a more
elaborate model based on an “inversion” of the scattering data
into a volume fraction profile ®(r). As a cross-check, the radii of
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gyration could be estimated from the profile:

The values for COPO 1 and 2 (Ry =182 + 10 Aand 173 £
10 A, respectively) were in good agreement with those deter-
mined with the Guinier-analysis, (Table 2). For COPO 3, the
agreement was also good (R, = 243 £ 10 A). However, it was
observed that ®(r) did not tend to zero quickly enough in the
r-range of investigation, and shells of very low density located at
rather large r still contributed significantly to the integral in eq 8.
It would be straightforward to model the high-r data, but lower
g-values would be needed. For the g-range measured here, it
could be concluded that most of the monomers of COPO 3 were
captured by the volume fraction profile given in Figure 8, with a
more extended low-density shell existing at r > 300 A.

The hydration was estimated from the equivalent homoge-
neous sphere radius. It showed a surprising linear law in poly-
electrolyte mass, which could be extrapolated to suggest con-
siderable hydration of a hypothetical polyelectrolyte-free aggre-
gate (i.e., consisting only of a hydrophobic core). This finding was
backed up by the volume fraction profiles. The latter always
displayed a solvent-free core of 80—40 A radius, followed by a
small shell containing solvent and about 20—30% of polymer.
From a geometric estimation of the available volumes of mono-
mers, it could be concluded that the core was probably made of
PET and some PLA, the rest of the PLAc being hydrated in the
shell surrounding the core. The polyelectrolyte, finally, occupied
an outer shell of even lower density. The estimation of the
hydration using eq 7, which had an unknown prefactor, could
be compared to the volume fraction profiles by locating the
equivalent homogeneous sphere radius Ry, by the arrows in
Figure 8. It was concluded from the low values of the volume
fraction profiles at Ry, that the unknown prefactor for eq 7 was
close to one, and our estimation of hydration trustworthy.

We tried to relate the rheology of the studied system to the
microstructure. It appeared that the volume spanning properties
of the hydrated aggregates had to be of primary importance to the
transition from a liquid to a solid state. We have therefore defined
a parameter expressing the degree of occupation of available
volume by an average aggregate:

am )

where @ is the aggregate volume fraction, R, the radius of the
aggregate determined from the density profile in agreement with
the dense shell thickness (280, 280, and 220 A, for COPO 1, 2,
and 3, respectively), Ap the Debye length (which characterizes
the electrostatic range of interaction), and R, the dry radius of the
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aggregate. Note that this parameter v reflects both the hydration
and volume fraction of matter in the sample.

Table 5 links the rheological behavior of each copolymer
studied to the microstructure of the aggregates and the concen-
tration. If one excludes the only diblock copolymer, COPO 4,
from the discussion, it was found that a limiting value of least 6.5
for the density parameter could be found: all samples with
density parameters below this value showed Newtonian beha-
vior. The sample without the PET-block, COPO 4, displayed
yielding already at 3.6%, with a density parameter of 5.8. This
might be due to the influence of the glassy state of PET, as its
presence induced an increase of stress leading to the formation of
frozen micelles. Although the PET-block was quite short, appar-
ently its glassy dynamics (Tgper = 80 °C) affected the reorgani-
zation dynamics of the micelles. Then, the morphology and
structure of frozen micelles depended on sample preparation.****
Copolymer micelles without PET had a liquid-like core at room
temperature (Tgppac = —3 °C) which, in principle, favored
unimer exchange and micellar reorganization.

5. CONCLUSION

We have investigated the structure of a series of poly(ethylene
terephthalate)-b-poly(lauryl acrylate)-b- quaternized poly(2-
(dimethylamino)ethyl methacrylate), or PET-b-PLAc-b-PDMA-
EMAq triblock copolymers in aqueous solutions differing from
the polyelectrolyte block molecular weight (and the absence of
PET for one). The rheological nature of these solutions changed
with concentration, and a nonzero yield stress was found at rather
low concentrations (below typically $%). This was put in parallel
with interactions visible in scattering between copolymer aggre-
gates in solution, resulting from their increasingly space-filling
properties as the polyelectrolyte block grew. The rheological
behavior of solutions of these amphiphilic copolymers was
investigated using dynamic and creep experiments. We observed
that the rheological nature of the solutions changed with con-
centration from a Newtonian flow at low concentrations, to a
shear-thinning one at intermediate concentrations, and finally to
a yield behavior at large concentrations. The PET block had a
strong influence on the rheology and on the aggregate micro-
structure. SANS experiments and density profile showed
that PET-b-PLAc-b-PDMAEMAq triblock copolymers formed
frozen aggregates in aqueous solutions composed of a solvent-
free core made of PET and some PLAc, followed by a small
shell containing of the rest of PLAc which was hydrated and
finally an outer shell of the hydrated polyelectrolyte. The
aggregation number p presented dependence over the poly-
electrolyte mass.
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