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Introduction

Lowest gelation concentration in a complex-
coacervate-driven self-assembly system, achieved
by redox-RAFT synthesis of high molecular weight
block polyelectrolytest

Aleksander Guzik,
Patrizio Raffa (2 *@

% Fabrice de Maere d'Aertrycke,® Marc C. A. Stuart & ¢ and

The objective of this work was to synthesize high molecular weight polyelectrolyte complex (PEC)
micelles that are effective in controlling the rheology of aqueous solutions at low concentrations, paving
the way for industrial applications of thickeners based on the principle of electrostatic self-assembly.
Redox-initiated RAFT (reversible addition—fragmentation chain-transfer) polymerization was used to
obtain anionic block polyelectrolytes based on poly(sodium 2-acrylamido-2-methylpropane sulfonate)
and poly(acrylamide)-poly(AMPS)-block-poly(AM) (di-block) and poly(AMPS)-block-poly(AM)-block-
poly(AMPS) (tri-block), with molecular weights of 237 kDa and 289 kDa and polydispersities of 1.29 and
1.34, respectively. A random poly(AMPS)-co-poly(AM) copolymer was also synthesized for comparison.
PEC micelles were obtained upon mixing with cationic poly(N-[3-(dimethylamino)propyllmethacrylamide
hydrochloride) — poly(DMAPMA), forming viscoelastic gels at unprecedented low concentrations of
<3 wt% for the di-block and <1 wt% for the tri-block, which to date is the lowest demonstrated
gelation concentration for a synthetic PEC micelle system. Differences between tri-block and di-block
architectures are discussed, with the former being more affected by the addition of salt, which is
attributed to percolated network breakdown. The random co-polymer was shown not to be an effective
thickener but displayed a surprising lack of phase separation upon coacervation. The assemblies were
characterized using dynamic light scattering (DLS) and cryo transmission electron microscopy (cryoTEM),
revealing spherical micelles with a diameter of approximately 200 nm for the diblock and a mixture of
spherical micelles and network particles for the tri-block PEC micelles. The micelles were not affected
by dilution down to a polymer concentration of 7.8 x 10~*% (approx. 0.03 pM). Responsiveness to
salinity, pH, and temperature was studied using DLS, revealing a critical NaCl concentration of 1.1 M for
the block copolymer micelles.

controlled polymerization methods such as RAFT,” charged
blocks can be incorporated into controlled co-polymer archi-

Complex coacervation is a mechanism of polymer aggregation,
where two oppositely charged polyelectrolyte chains coalesce
together in solution, driven by the gain of entropy from the
release of counter-ions as well as by coulombic interactions."
When the polyelectrolyte homopolymers are mixed, typically a
macroscopic phase separation occurs. However, by using
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tectures like block copolymers to confine the phase separation
into the colloidal domain, leading to what is known in the
literature as PEC (polyelectrolyte complex) micelles.*>* In such a
system, typically, a hydrophilic electrically neutral polymer
chain is responsible for the stabilization of the micelles, similar
to amphiphilic block copolymer micelles.

The unique feature of PEC micelles is that the core, despite
being phase-separated from the rest of the water solution,
remains hydrophilic and can therefore be used to embed
hydrophilic compounds like small molecule drugs, DNA,
RNA, and proteins® for targeted therapeutics, which seems to
be the primary application of these systems.®® Since the forces
keeping the core together are dependent on the presence of
charges, such assemblies are naturally highly responsive and
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tuneable, for example due to changes in the ionic strength or
pH. This fact, along with the multitude of shapes, sizes
and available chemistries, has led to the adoption of PEC
micelles in various other branches of industry. PEC micelles
can be used as nanoreactors for synthesis of hydrophilic oxide
nanoparticles,” and the strong adsorption of coacervates to
solid surfaces makes them suitable for applications in adhe-
sives and coatings.' The various applications of PEC outside of
biomedical applications have been summarized in a recent
review.'"

In general, PEC systems are much more intricate than the
hydrophobically driven micelle assemblies, with factors like
water content, solid vs. liquid nature of the coacervates, influ-
ence of salt, pH, and charge stoichiometry, and mechanisms of
micellization,* all being crucial for the given applications.

By analogy to amphiphilic block copolymers, ionic self-
assembly can be used to influence the rheology of solutions.
For instance, a tri-block copolymer with polyelectrolyte-end
blocks can form a percolated network in solution upon mixing
with oppositely charged polyions, leading to viscosity increase
and gelation. First examples of utilizing this approach to
compose hydrogels for biomedical applications have already
been published,"*'® where the tunability, responsiveness, and
the ability to embed compounds are attractive features. Since
the dynamics and relaxation of a coacervate core tend to be
fast,"” the viscosifying power of ionically driven self-assembled
copolymers is rather low (compared to hydrophobically mod-
ified copolymers), with gelation concentrations close to 10 wt%.

The viscosity control afforded by ionic self-assembly could
potentially be useful for industrial applications as well, such as
in paints, the oil industry, drilling fluids, and other related
fields. It could constitute an interesting alternative to typically
applied hydrophobically modified polymers, potentially
offering “easier formulation preparation (dissolution of fully
hydrophilic copolymers), and more dynamic behaviour
with no kinetically frozen aggregates. The inherent aggregate
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responsiveness, and ability to stabilize colloids,
be additional advantages. However, in order to consider
these applications, the viscosifying power of PEC micelle-
forming copolymers would need to be increased, so that
lower and more industrially relevant concentrations could be
utilized.

Many aspects of the electrostatically driven hydrogels are a
subject of ongoing research with the aim of improving applic-
ability: micelle morphology, tunable viscoelasticity, biocompat-
ibility/biodegradability, increasing the shear strength, and
broadening the range of available stimuli.” Interestingly, how-
ever, there has not yet been a clear effort to tackle the issue of
high gelation concentration/low viscosifying power.

In this work, we attempt to address this challenge by
utilizing recent advances in RAFT controlled polymerization,
which allow achieving high molecular weights while preserving
the control over the structure of the copolymers.*'~>*> Molecular
weights up to MDa can be obtained through the application of
various radical generation strategies, such as redox initiation
or photoinitiation, which have recently been applied to
obtain ultra-high molecular weight coacervate-forming block
copolymers.”>® Since the viscosifying capacity is known to
increase with the molecular weight of the unimers forming
the micelles,”” here we aimed to demonstrate a high molecular
weight block polyelectrolyte system synthesized using
redox-RAFT (Scheme 1) based on poly(acrylamide) PAM,
and poly(sodium 2-acrylamido-2-methylpropane sulfonate)
poly(AMPS) complexed with poly(N-[3-(dimethylamino)propyl]-
methacrylamide hydrochloride) (poly(DMAPMA)), capable of
much lower gelation concentrations than previously reported.
These monomers have been chosen for their relevance to
industrially applicable copolymers; additionally, the strong
polyelectrolyte nature of poly(AMPS) makes our system signifi-
cantly different from previously reported acrylic acid-based
complex coacervates. The responsive features afforded by the
coacervate nature were preliminarily studied.

¥
self-assembly

wu 00z~
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Illustration of the synthesized polymers and self-assembly into PEC micelles.
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Experimental
Materials

2-Acrylamido-2-methylpropane sulfonic acid (AMPS, Sigma-
Aldrich, >99%), acrylamide (AM, Sigma-Aldrich, >99%), sodium
hydroxide (NaOH, Sigma-Aldrich, >98%), hydrochloric acid (HCI,
Sigma-Aldrich, 37%), potassium persulfate (K,S,0s, KPS, Sigma-
Aldrich, >99%), ammonium persulfate((NH,),S,0g, APS, Sigma-
Aldrich, >99%), and ascorbic acid (Sigma-Aldrich, >99%) were
used as received. N3 (dimethylamino)propyljmethacrylamide
(DMAPMA, Sigma-Aldrich, >99%) was filtered through a basic-
Al,O; column prior to use in polymerization reactions. Removal of
the inhibitor was confirmed by "H NMR. 4,4-Azobis(4-cyanovaleric
acid) (ACVA, Sigma-Aldrich, >98%) was recrystallized from
methanol. The RAFT chain transfer agents (CTAs) used,
BDMAT?® and DMACTTC,® were synthesized according to known
literature protocols. Water used for all synthetic and analytical
steps was obtained from a Merck Milli-Q filtration system.

Polymer synthesis

Example synthesis of the (NaAMPS),,, anionic macroCTA
(CTA_1). In a 250 mL round-bottom flask with a magnetic stir
bar, 20.44 g (9.86 x 10> mol) of solid acid AMPS was dissolved
in a small volume of Milli-Q water. The solution was neutralized
with a concentrated sodium hydroxide aqueous solution and
then fine-adjusted with 0.1 M NaOH until the pH reached 7 as
measured by a pH meter. The temperature rise during neutral-
ization was prevented by keeping the flask in a cool water bath.
To the prepared NaAMPS solution, approx. 3 mL of ethanolic
solution containing 0.125 g (4.93 x 10~* mol) of BDMAT was
added. Next, the mixture was diluted with water until the
desired [M], close to 2 mol L™ was reached. Previous experi-
ence shows that this monomer concentration leads to quick
and quantitative AMPS polymerization. The solution was
purged by bubbling argon gas for 60 minutes. Subsequently,
freshly prepared and air-free 10 mg mL ™" initiator solutions
were added: 0.9 mL of ascorbic acid (4.93 x 107> mol) and
2.2 mL of ammonium persulfate (9.86 x 10> mol) following
[CTA]/[INI] = 10 and [ox]/[red] = 2. The mixture was left to react
on a magnetic stirrer at room temperature (around 22 °C) for
24 hours. Monomer conversion was tracked with "H NMR by
taking samples in D,O from the reaction mixture under argon
at predetermined time intervals. Upon the completion of the
reaction, the macroCTA was precipitated in 3 times the volume
of acetone, and subsequently washed three times with acetone.
The yellow powdery solid was dried at 80 °C overnight.

Synthesis of the NaAMPS/AM anionic high molecular weight
block copolymers. The procedure is illustrated using the exam-
ple of the (NaAMPS),0-block-(AM)3400 di-block copolymer. The
procedure for the synthesis of the tri-block copolymer is
analogous, only with a symmetric (NaAMPS),,,~DMACTTC-
(NaAMPS),o, macroCTA being used instead of BDMAT-
(NaAMPS) 0.

1.01 g (2.19 x 10> mol) of the BDMAT-(NaAMPS),,, macro-
CTA was added to a round-bottom flask along with 4.67 g
(6.57 x 107> mol) of acrylamide, and sufficient amount of

This journal is © The Royal Society of Chemistry 2024
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water to ensure the desired [M],. The flask was sealed, and
the solution was then flushed by bubbling argon gas for
30 minutes. Polymerization was then initiated by the addition
of air-free, freshly prepared solutions of 1 mg mL™* ascorbic
acid (0.77 mL, 0.77 mg, 4.38 x 10~° mol) and potassium
persulfate (2.37 mL, 2.37 mg, 8.76 x 10~ ° mol), maintaining
a [CTA]/[INT] ratio of 5 and an [ox]/[red] ratio of 2. The reaction
mixture was then heated to 45 °C and left to react for 24 hours.
The reaction progress was monitored by "H NMR. Upon full
conversion, the reaction mixture was diluted in twice the
volume of Milli-Q water, before being dialyzed against Milli-Q
water for two days using an 8k MWCO RC membrane. The solid
was recovered by evaporating the water overnight at 80 °C.

Preparation of coacervate solutions

Coacervate solutions were prepared at a specified anionic/
cationic molar ratio (typically 1.0, and 0.9-1.1 for experiments
shown in Fig. 3) by assuming the theoretical polymer composi-
tions derived from monomer conversion measurements. The
solutions were added by weight, measured on a 4-decimal
analytical scale. The solution of the cationic and anionic
component was dissolved in MQ water at equal wt% concentra-
tions. The wt% concentrations of PEC micelles reported
throughout the text refer to total polymer concentrations. For
example,. to reach a 3 wt% PEC micelle concentration, a 3 wt%
solution of the anionic co-polymer would be mixed with a
3 wt% solution of the cationic homopolymer in a weight ratio
resulting from the charge stoichiometry calculation. NaCl
produced during the coacervation process was not removed
from the solutions.

Analytical methods

Nuclear magnetic resonance. 'H-NMR kinetic data were
obtained using a 400 MHz Varian Mercury Plus using deuter-
ated water for all polymers. Quantitative "*C-NMR spectra were
recorded on a 600 MHz Bruker Avance Neo in deuterated water
using an inverse-gated decoupling pulse sequence. 'H DOSY
experiments were performed on a 600 MHz Bruker Avance NEO,
using the bPGSTE pulse sequence and a 60 G cm™ " diffusion
probe. The raw data were processed using options available in
the MNova package. The mol% AMPS content was calculated
from the '*C spectra according to the formula: 100(a + b + e)/
2(c + d), where a, b, ¢, d, and e are integrals of peak groups as
shown in Fig. 1.

Elemental analysis. Elemental analysis measurements of
carbon (C), nitrogen (N), hydrogen (H), and sulfur (S) were
performed using the Vario MICRO cube from Elementar. The
samples were desiccated prior to measurement. The mol%
content of AMPS was calculated according to the formula: 100
x (0.4369/NS), where NS = ratio of nitrogen to sulfur by weight.

Size exclusion chromatography. Gel permeation chromato-
graphy (GPC) analysis for all synthesized anionic (co)polymers
was performed using aqueous GPC on a Thermo Scientific
Vanquish HPLC equipped with a refractive index (RI) detector
and using a PSS SUPREMA analytical column (300 x 8 mm,
10 pm particle size) and a precolumn. The column and detector

Soft Matter, 2024, 20, 8727-8741 | 8729
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Fig. 1 Synthesis of the copolymers and analysis of the products. (A)-(D) Kinetic plots for the polymerization reactions determined using *H NMR, (E)
quantitative **C NMR spectra of the products recorded in D>O with an inverse-gated decoupling pulse sequence, (F)—(l) molecular weight distributions

determined using aqueous SEC.

were thermostatted at 40 °C with a flow rate of 1 mL min~* and

an injection volume of 10 pL. The eluent used was 0.05 M
NaNO; with an ethylene glycol tracer. P(NaAMPS) homopoly-
mer samples were acidified with 0.1 M HCI prior to injection to
minimize polymer-column interactions. Cationic P(DMAPMA)
polymers were analysed using a PSS NOVEMA Max analytical
Linear M column (300 x 8 mm, 10 pm particle size) and a
precolumn with a 0.1 M NaCl, 1 w/v% AcOH aqueous eluent
using the same setup. The columns were calibrated using PEG
molecular weight standards from PSS.

Rheology. Rheological measurements for solutions up to
and including 3 wt% were performed on a Haake Mars III
rheometer at 25 °C, using 2 mL of solution in a 60/2 cone-plate
geometry. A solvent trap was used to minimize the evaporation
of water during the measurements. Measurements at concen-
trations 6 wt% and 20 wt% were performed on a TA Instru-
ments HR-2 rheometer with a 25 mm parallel plate geometry
and a gap of approx. 700 pm.

Dynamic light scattering. The results were recorded on a
Zetasizer Ultra instrument, with back scatter detection in
polystyrene low-volume cuvettes. All samples were filtered
through 5.0 pm hydrophilic cellulose nitrate filters prior to
measurements. The reported scattering intensities were
obtained from the ZS Xplorer software as the “derived mean
count rate”.

Cryo transmission electron microscopy. The vitrified solu-
tions were observed using an FEI Tecnai T20 microscope,
operating at 200 keV. Images were recorded under low-dose

8730 | Soft Matter, 2024, 20, 8727-8741

conditions using a slow-scan CCD camera. A few microliters of
each sample solution were placed on mesh carbon-coated
copper grids (Quantifoil 3.5/1, Quantifoil Micro Tools, Jena,
Germany). The grids with the samples were vitrified in liquid
ethane (Vitrobot, FEI, Eindhoven, The Netherlands). The solu-
tions were not filtered prior to observations. Features sizes were
measured using Image].

Results & discussion
Synthesis and molecular characterization of the copolymers

As outlined in Table 1, three different anionic copolymer
architectures were synthesized for the study (di-block, tri-
block and random) to compare the coacervation behaviour
and the influence on the solution rheology.

The copolymers were synthesized using redox-initiated
RAFT polymerization according to Schemes 2 and 3 (Experi-
mental section), using RAFT agents BDMAT for the diblock and
symmetrical RAFT agent CVPTTC for the triblock (Fig. S1, ESIT).
The targeted amount of AMPS ionic units was 200 per block to
maintain a similar magnitude of the driving force for self-
assembly in the di-block and tri-block copolymers. In the
random copolymer, the same amount of 200 AMPS units was
randomly distributed along the chain. In all cases, the targeted
amount of neutral co-monomer acrylamide was kept constant,
at 3000 units per chain, placing the total molecular weight of
the copolymers in the range of 200-250 kDa. Separately, a

This journal is © The Royal Society of Chemistry 2024
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Table 1 Synthesized copolymers and their properties

RAFT M]o [M]o/ Monomer Theoretical degree Theor. mol. ~ SEC Mn SEC AMPS* AMPS?
Sample agent [mol L] [CTA] conversion® [%] of polymerization” wt.” [kg mol™'] [kg mol™'] D [mol%] [mol%]
CTA_.1 BDMAT 14 200 100 AMPS, o 46.10 52.68 1.18 — —
Di-block CTA_1  1.85 3000 89.7 AMPS,50-b-AM,60;  237.37 161.7 1.29 6.38 (6.92°) 7.72 (6.92°)
CTA 2 DMACTTC 1 400 84.5 AMPS 34 77.73 98.48 1.78 — —
Tri-block CTA_2 2.17 3000 99.1 AMPS;69-b-AM 473 289.08 198.2 1.34 9.91 13.19

b-AMP; o (10.21°  (10.219
Cationic BDMAT 1.4 200 96.7 DMAPMA o3 40.15 67.03 1.37 — —
Random BDMAT AM =2.32; AM = 3000, Total = 88.4%, AM,e55-c0-AMPS,g, 229.95 164.5 1.30 — 7.18 (6.37°)
AMPS = 0.16 AMPS =200 AM = 88.4%

AMPS = 90.2%

“ Based on 'H NMR. ” Based on monomer conversion. ¢ Based on elemental analysis. ¢ Based on '*C NMR. ¢ Theoretical value.

P(DMAPMA) homopolymer was synthesized using RAFT poly-
merization to serve as the cationic component in coacervate
preparation, targeting a chain length equal to that of the ionic
blocks of the block copolymers to provide the strongest ionic
association.

The reactions proceeded quickly, adhering to the 1st order
kinetics (Fig. 1A-D) and leading to high monomer conversions
(Table 1). Additional kinetic plots for the polymerization of
P(NaAMPS) macroCTA and its chain extension with acrylamide
are shown in Fig. S2 and S3 (ESIt), respectively, along with a full
kinetic plot for the random copolymer (Fig. S4, ESIt). The
dispersities reached were reasonably low (Table 1), even though
the molecular weight of the copolymers is well beyond the
practical limit for thermally initiated RAFT polymerization,
showing that the redox-RAFT at low-to-moderate temperature
was an effective strategy to obtain controlled block copolymers
with high molecular weights. The SEC traces are monomodal
and shifted to higher molecular weights during chain exten-
sion. The measured dispersity of CTA_2 (1.78) is high, which is
likely caused by the less suitable RAFT agent CVPTTC posses-
sing no Z-group. However, the chain extension of the signifi-
cantly polydisperse CTA_2 resulted in a decrease of the
dispersity again to an acceptable value (triblock, 1.34), indicat-
ing that this particular RAFT agent may work better with the
acrylamide monomer. This should be considered in interpret-
ing the observed micelles’ properties, as it could mean that the
obtained triblock probably has a high polydispersity of the
ionic blocks, containing fractions significantly exceeding the
targeted 200 unit chain length.

The molecular weights measured by SEC are consistently
lower than the theoretical prediction for the co-polymers, which
may be attributed to the relative calibration of the column with

0
Ho”xs\gs\/\/

® 0

Vit.C:APS, H,0, RT

PEG standards of different hydrodynamic coil radii than the
studied acrylate-based copolymers. Furthermore, unlike the
macroCTA poly(AMPS) samples, the block copolymer samples
have not been acidified prior to injection, to minimize the risk
of poly(acrylamide)hydrolysis. Thus, it is possible that some
column adsorption occurred, shifting the measured molecular
weights to lower values. Due to this reason, the theoretical
molecular weight values for the co-polymers are considered
more accurate than the ones obtained from SEC. This is further
supported by the AMPS content measurements from *C NMR
and elemental analysis, which show much better agreement
with the theoretical molecular weights.

The copolymers were further studied using NMR and ele-
mental analysis. The content of AMPS in the copolymers was
derived independently using **C NMR (Fig. 1E) and elemental
analysis, finding the values obtained are in agreement with
each other as well as with the theoretical prediction (Table 1).
"H NMR spectra were not useful for analysis due to lack of
relevant peaks in poly(acrylamide). The spectra for all products
are shown in Fig. S5 (ESIt). '"H DOSY measurements were
attempted (see Fig. S6, ESIt for the di-block spectrum) but
were found to be limited by the capabilities of the applied
diffusion probe to measure polymers with high molecular
weight and high viscosity of solutions. Even though the diffu-
sion coefficients of the backbone peaks and AMPS peaks were
similar, which could be taken as evidence for a co-polymer
nature of the products, the observed peak intensity decrease
was too small to classify the "H DOSY results as reliable.

Polyelectrolyte complex micelles’ morphology

The complex coacervate micelles were prepared from anionic
poly(acrylamide)-poly(NaAMPS) block copolymers by directly

(]
Na o

0=8=0

VA

O 0

Nao/
\S/\X )k//’
radh

H [CTA/I) = 10

Scheme 2 Redox-RAFT polymerization leading to anionic macroCTA.
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Scheme 3 Redox-RAFT polymerization yielding a high molecular weight anionic block copolymer.

mixing their solutions with a solution of oppositely charged
homopolymer P(PMADMA) at the same concentration. The wt%
values reported throughout the text are total solids’ concentra-
tions. The self-assembly was accompanied by the appearance of
cloudiness in the solutions (Fig. S7, ESIt), a rise in scattering
intensity measured by DLS (Fig. S8, ESIf) and generally a
significant increase in viscosity (see the rheology section later).
The hydrodynamic sizes measured by DLS also grew signifi-
cantly compared to the distributions obtained for the solutions
of the polymers before mixing (Fig. 2A and B). The DLS
measurement for these ‘“unimers” provides an estimate of
the hydrodynamic size of the polymer coil, which is relatively
close to the value of 35.4 nm calculated by us from an excluded
volume polymer coil model with DP = 3200. DLS size distribu-
tion for the cationic polymer is shown in Fig. S9 (ESIf). The
hydrodynamic diameter values obtained for the PEC micelles
are almost an order of magnitude higher than for the unimers,
suggesting significant stretching of the PAM chains in the
micelle coronas. Macroscopic phase separation was prevented,
in line with the previous observation that a corona block three
times longer than the core block, yields stable PEC micelles.*®
From the CryoTEM observations (Fig. 2F and G), it is evident
that the block copolymers self-assembled into spherical
micelles with large coacervate cores of size approx. 27.3 =+
8.1 nm for the diblock and 39.9 + 10.3 nm for the triblock,
suggesting that the number of end blocks involved in the di-
block and tri-block micelles is similar.

The aggregates were stable across a large range of concen-
tration, which is shown in Fig. 2D and E. Even at the lowest
tested concentration of 7.8 x 10 “% (equivalent to approx.
0.03 uM), the large micelles were still present, signifying that all
tested concentrations were above the critical micellar concen-
tration (CMC). In general, the notion of a CMC is not as
straightforward to define for polyelectrolyte complexation-
driven micelles as it is for surfactant micelles, and it is known
to heavily depend on the polymer structure and ionic
strength.?’ Some simulations have shown that the presence
of PEC aggregates is expected even at experimentally inacces-
sible low concentrations.®> However, the present system
seems to be significantly more stable than some other PEC
micelle systems reported to have CMCs of 2 x 10 °%>* and
20 pMm."”

Presumably, the relatively high DP (200) of the ionic blocks
is responsible for the increased stability.*® In this way, the
application of redox-RAFT to reach high molecular weights of

8732 | Soft Matter, 2024, 20, 8727-8741

the corona is indirectly a new way of increasing the micelle
stability, as the long coronal chains enable stabilization against
the phase separation of micelles with much longer polyelec-
trolyte blocks than typically used, resulting in their increased
stability. The measured micelle size remains unchanged until
the concentration of 2.5 x 10~ >%, where it begins to increase
slightly (Fig. 2D and E), likely indicating the onset of viscosity
increase of the solution (affecting the hydrodynamic size read-
ing), while the scattering intensity increases in proportion to
concentration. The application of z-average as a measure of size
in a multi-population mixture is not recommended, but is
acceptable to demonstrate the existence of micelles and general
changes to the system.

The block copolymer architecture had a strong impact on
the morphology of the PEC micelles formed. In the di-block, a
uniform dispersion of isolated micelles is created, as reflected
in a monomodal and narrow DLS size distribution (Fig. 2A),
which is also clearly visible in the cryoTEM picture (Fig. 2F). On
the other hand, the tri-block copolymer displays a multimodal
size distribution. The smaller size population in the DLS size
distribution of the triblock (Fig. 2B peak ‘“1”) corresponds to
isolated “flowerlike” micelles (Fig. 2G), with two poly(AMPS)
blocks residing inside the same micelle, and the neutral
poly(acrylamide) chain forming a loop, causing this population
to display a lower hydrodynamic diameter than the di-block
micelles with star-like corona chains. The larger size popula-
tion (Fig. 2B peak “2”) is attributed to the spontaneously
created nanogel particles, likely consisting of a few PEC cores
bridged by poly(acrylamide) chains, forming a network. The
presence of a network (at a concentration of 1 wt%) is also
suggested by the more tightly packed PEC cores in the CryoTEM
picture (Fig. 2G). Such a mixture of isolated micelles and
network particles is consistent with previous observations
made for ionically associating triblock copolymers, where net-
work formation has been observed to be in equilibrium with
isolated micelles even under extreme dilution.**** This behav-
iour (which is completely different from hydrophobically asso-
ciating triblock copolymers where network formation is
observed only above a certain critical concentration) is linked
to the lower driving force of a hydrophilic end block entering
into a hydrophilic PEC core unable to overcome the entropic
penalty associated with the neutral middle block forming a
loop, exacerbated by a possible repulsion of polyelectrolyte end
blocks from the like-charged PEC cores, leading to a favored
inter- rather than intra-micellar connections.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Self-assembly of the complex-coacervate core micelles. (A)—(C) Size distributions obtained from DLS comparing the copolymers before and after
complexation with the cationic component. The Z-average size and PI (polydispersity index) values given are derived from the analysis of cumulants. For
tri-block (B), mean size values for each population in the size distribution are also given (derived using the NNLS algorithm), which are a better
representation of the actual size of nanoobjects. Concentrations are: 0.1 wt% for unimers, 0.05 wt% for PEC micelles. (D) and (E) Dependence of micelle
size and scattering intensity on PEC micelle concentration, (F)—(H) cryoTEM pictures of the self-assembled structures (all solutions at 1 wt% in DI water).

As is shown in the later sections, the tri-block’s micelle size
distribution can transform to a monomodal one upon various
stimuli, e.g. addition of salt, pH cycling, and altering charge
stoichiometry. It is speculated that these factors affect the
association strength inside the coacervate cores, leading to
changes in the preferred self-assembled nanoobject composi-
tion. Finally, it cannot be excluded that the nanogel particles

This journal is © The Royal Society of Chemistry 2024

observed here could be remaining frozen aggregates after the
process of aggregate formation, which progresses through a
stage of non-equilibrium nanoobjects followed by
equilibration,*® especially given the polydisperse nature of the
triblock end blocks.

The coacervation behaviour of the random copolymer is
completely distinct from the behaviour of the block
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copolymers. The expected behaviour of the anionic random
copolymer would be to form an insoluble complex upon the
addition of the cationic component at the 1: 1 charge ratio, due
to the lack of long neutral stabilizing chains.?” Surprisingly, no
such effect is observed. In fact, the appearance of the coacervate
solution changed very little compared to the solution of the
unimeric copolymer. Even at concentrations up to 10 wt%, the
sample remains transparent, homogenous and does not phase-
separate. Upon investigation with DLS, only a slight increase in
size can be seen upon complexation, along with a reduction in
polydispersity (Fig. 2C). The scattering intensity increases by
approximately 3 times for the coacervate sample (Fig. S10,
ESIT). As is evident by TEM, at a concentration of 1 wt%, the
solution consists of large micron-sized pieces of a continuous
network with water pockets, mixed with sub-100 nm irregular
objects, which are understood to be soluble macrosalt ion
complexes (Fig. 2H). The fact of weak light scattering by these
objects suggests that they are extremely loosely aggregated and
contain high water content.

Preliminary study on the influence of charge ratio on the
structure of the polyelectrolyte complex micelles

The lack of phase separation in the random copolymer coacer-
vate mentioned above may be caused by the extreme asymmetry
between molecular weights and linear charge densities between
anionic and cationic components. The cationic short and high-
charge-density DMAPMA,o; chains contain approximately the
same amount of chargeable units per chain as the long and low-
charge-density AMPS;gy-c0-AM,¢53, despite the expected radius
of gyration of the latter being approximately 5 times larger. This

random

di-block

View Article Online

Soft Matter

could introduce extreme steric frustration into the aggregates,
resulting in the inability to complex all negative charges
even though the global charge ratio is 1:1. The uncomplexed
charges would then contribute to the colloidal stability.

To investigate this behaviour of the random copolymer
further, experiments at varying cationic/anionic ([+]/[—]) charge
ratios were conducted. Bulk precipitation of the white solid
coacervate phase accompanied by the extreme growth of the
size populations upon DLS was induced by raising the [+]/[—] to
1.3 and above (Fig. 3, random), as the excess positive charge
could now reach the anionic domains. When the ratio is
reversed with [+]/[—] < 1, the system experiences very little
change, ie. precipitation is not observed and the DLS size
distribution remains relatively unchanged, which is in line
with the above explanation of a sterically frustrated system. It
is likely that the excess negative charge can be localized at
the periphery of the aggregates, similar to what has been
observed for blocky structures under deviation from charge
stoichiometry,®® further contributing to aggregate stabilization
at [+][-] < 1.

The investigations of the random copolymer system were
not pursued further within this study, concluding that the
described effects disqualify it from applications as an efficient
rheology modifier (see the following rheology section). How-
ever, it is a system worthy of further exploration, where the
exact structure and charge distribution in such frustrated
solutions would need to be thoroughly examined by zeta
potential, SAXS, detailed DLS titrations and possibly simula-
tions. The hypothetical presence of strong electric field gradi-
ents within the material even at the 1:1 charge ratio, caused by
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Influence of charge ratio on the coacervate dispersions, studied with DLS. Random: photos — appearance of the coacervate solutions at varying

charge ratios. Tri-block: the Z-average mean size values and polydispersity indices are not representative of the object sizes in the multi-modal
dispersions, but are provided to visualize the change happening in the system.
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the introduction of molecular weight and charge density mis-
matches, could be an interesting way of providing building
blocks for applications such as field-driven soft actuators.*®

The charge stoichiometry was also found to influence the
block copolymer PEC micelles. Preliminary experiments invol-
ving DLS measurements at [+]/[—] ratios of 0.9, 1.0, and 1.1 have
been performed. For the di-block micelles, increasing the
[+]/[<] ratio results in a slight increase in size and polydisper-
sity, which could potentially be explained by coacervate core
swelling due to excess charge (Fig. 3, di-block). Micelle aggrega-
tion number N,, is not expected to increase, as it
would contribute to unfavorable deformation of the corona
poly(acrylamide) chains in a star-like micelle formed by very
asymmetric block copolymers.*® In contrast, the tri-block
micelles are affected much more profoundly by the charge
ratio. When excess anionic component is present, multiple size
populations are seen upon DLS, which are attributed to the co-
existence of flowerlike micelles and network particles described
before. However, at [+]/[—] = 1.1, it seems that only (nano)gel
particles are present, with a single size population having a
mean size of almost 1 um (Fig. 3, tri-block). This is a surprising
outcome, as deviation from charge balance generally results in
decreased stability, partial disruption of the micelles and
coexistence of soluble ion pairs,*®*! which should favour the
disappearance of the triblock copolymer network. Furthermore,
the observed effects seem to counter previous observations
for the triblock + homopolymer PEC system, where the excess
of the charged homopolymer component leads to micelle
disruption,*® with an important remark that the charge imbal-
ance applied here might not have been large enough to observe
these effects. Hypothetically, if the addition of extra cationic
charge weakens the micelle cores, the entropic gain due to the
formation of bridges over loops could lead to stronger prefer-
ence for network formation. In that case, the absence of the
same effect at [+]/[—] = 0.9 could be explained by the lack of core
weakening due to a mechanism proposed in the previous work,*®
involving excess charge localization in the corona. Overall how-
ever, the behaviour of PEC micelle systems at deviation from 1:1
charge stoichiometry is still not fully understood,” thus the
observed effects, both for the di-block as well as the tri-block
are at present difficult to explain satisfactorily without a more
detailed experimental investigation.

Rheology of the polyelectrolyte complex micelle solutions

The block copolymer coacervates are very effective thickeners
and gelators. Both the di-block and the tri-block copolymers
significantly raise the viscosity of the aqueous solution upon
complexation with cationic poly(DMAPMA) and lead to the
formation of gels. In Fig. 4A and B, the oscillatory frequency
sweeps of the solutions are presented. All samples were mea-
sured within the linear viscoelastic regime (Fig. S11, ESIt). The
high molecular weight of the neutral poly(acrylamide) block
achieved by redox-RAFT polymerization resulted in unprece-
dentedly low gelation concentrations. The tri-block PEC
micelles form an elastic gel already at 1 wt% due to the creation
of a percolated network. The elastic modulus G’ clearly exceeds

This journal is © The Royal Society of Chemistry 2024
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the loss modulus G”, which suggests that the precise gelation
concentration is even lower than 1 wt%. The di-block PEC
micelles at 2 wt% display characteristics of a critical gel, with
evident gels being formed between 2 and 3 wt% polymer,
resulting from a jammed system of micelles and potential
interdigitation of the non-charged poly(acrylamide) chains. At
1 wt%, the di-block PEC micelle solution is free-flowing, but the
exact frequency behaviour cannot be measured reliably due to
the low modulus mostly outside of the rheometer measurement
window. Concentrations up to 20% were tested, resulting in
gels of differing softness, ranging from extremely soft gels with
moduli of approximately 0.1 Pa to moderately rigid gels at
10 kPa. This range conveniently overlaps with the rigidity of
animal soft tissue,*® predisposing such materials for applica-
tions such as injectable gels and tissue engineering. At a high
concentration of 20 wt%, the tri-block coacervate exhibits a
hard gel scaling behaviour with the moduli almost independent
of the frequency (G’ o« ®'®), while the di-block can be
described as a frequency-dependent glass (G’ oc ©®3?).

The gel concentrations obtained for the tested materials are
significantly lower than in other attempts to make coacervate-
driven gels found in the literature, where the concentrations at
which the systems displayed a gel behaviour were 15 wt%,"*
8-9 wt%,""** and 4%."® The obtained moduli are also signifi-
cantly higher at the respective concentrations. It is noteworthy
that the presented system is a mixture of a block and homo-
polymers, while the mentioned examples from the literature
typically use the more efficient'* block + block coacervate
micelles, which makes our system even more remarkable in
comparison. Lower gelation concentrations (although still
higher than described herein) such as 2.5 wt% were possible
for other network-forming strategies, such as polyampholytic
block copolymers.*” However, due to their narrow pH stability
window and the absence of a neutral hydrophilic block stabiliz-
ing controlled structures, the applicability of such systems is
limited. To date, we believe that our system displays the lowest
gelation concentration obtained in a synthetic charge-
complexation-driven system. Further optimization is clearly
possible by targeting even higher molecular weights (of the
neutral, as well as the charged blocks), as new strategies for
RAFT synthesis permit molecular weights well into the range of
MDa.*® Additionally, it is expected that architectures involving
multiple ionic blocks should be more effective than di-blocks
and tri-blocks.*’

In contrast, the random copolymer proved to be completely
ineffective in the modification of rheology. Even at a concen-
tration of 10 wt%, very little change was observed upon coa-
cervation (Fig. 4E). The solution was a completely free flowing
and Newtonian fluid with a viscosity of approximately
440 mPa s (Fig. S12, ESIT). The mixture displayed a remarkable
lack of macroscopic phase separation and remained optically
clear, as discussed in the previous section.

Responsiveness of the polyelectrolye complex micelles

The salt stability of the block copolymer micelles was tested by
performing DLS measurements at varying concentrations of
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NaCl (Fig. 5A and B). A disruption of the micelles caused by the
screening of the ionic interactions is clearly detected by the
sharp decrease in the measured scattering intensity and hydro-
dynamic size. For both di-blocks and tri-blocks, this critical salt
concentration is around 1.1 M NacCl, which is higher than the
value observed for the other systems in the literature.”® The
increased static stability of the micelles could be a result of
both polyelectrolytes involved having higher than usually
reported molecular weights, increasing the thermodynamic
driving force for coacervation, as well as due to possible non-
ionic (e.g hydrophobic) interactions between AMPS and
DMAPMA monomers, both of which possess relatively highly
hydrophobic alkyl units in their structures.’" It is also known
that the homopolymer + block copolymer PEC micelle configu-
ration displays higher stability than the block + block.>” Addi-
tionally, the large-sized populations (observed by DLS) in the
tri-block micelles attributed before to (nano)gel network parti-
cles seem to disappear upon the addition of small amounts of
salt, lower than the critical concentration (Fig. S13, ESIY),
potentially signifying that the fragments of the percolated
network display less stability than the isolated flowerlike
micelles.

The salt concentration also has an effect on the micelle size
measured by DLS. For both di-block and tri-block micelles, a
gradual size decrease is seen, followed by a sharp increase just
before reaching the critical salt concentration, which is accom-
panied by a change in light scattering (Fig. S14, ESI{). The size
decrease could be driven by a reduction in N,g, following a
change in the preferred micelle curvature, resulting from the
expansion and increased crowding of polyacrylamide chains,
which are better hydrated in salt solution than in water.”® In
general, the addition of salt causes a reduction in surface
energy (interfacial tension) of the PEC core; however, in this
case, due to the extreme asymmetry between the blocks, the
size of the micelles is expected to be completely controlled by
the entropic effects arising from crowding within the corona
polymer brush according to the star-like micelle model,*
rather than by the core surface energy.

8736 | Soft Matter, 2024, 20, 8727-8741

The brief spike in size at high salt concentration has been
observed for other PEC systems and could be linked to strong
core swelling and loosening of the aggregates resulting from
severely weakened ionic attractive interactions and the vanish-
ing difference between the coacervate and solution phase. As
the interfacial tension approaches zero, large, loose and non-
spherical aggregates could appear,® accounting for the
increased size.

In the random copolymer coacervate, the addition of NaCl
seems to reverse the effects observed earlier upon coacervation,
with a small decrease in the scattering intensity and little
change in the measured hydrodynamic size (Fig. S15, ESIf).
The reversal seems to be complete already at 0.5 M NacCl, which
is much lower than for the block copolymers, which is in line
with previous observations that coacervates with less degree of
blockiness of the charged co-monomers exhibit lower entropic
driving force for coacervation and are therefore less stable.”

Beyond the critical salt concentration at 1.5 M NacCl, both
the di-block and tri-block solutions behave as completely New-
tonian fluids, signifying that only unimers (or neutral anionic/
cationic soluble pairs) are present in the solution (Fig. 5C
and D). However, interestingly, the effects of salt on the shear
viscosity of the solutions are also seen before the critical salt
concentration is reached. For the di-block, at 0.5 M NacCl, the
flow curve remains unchanged in the shear-thinning region,
but in the low-shear region, the behaviour changes from a clear
yield point to a Newtonian plateau (Fig. 5C). Potentially, this
effect is caused by increased intermicellar chain exchange®
and micelle core softening (increased deformability) observed
for coacervates in solutions of electrolytes, which would lead to
the mobilization of the jammed micelle system responsible for
the gelation of the di-block solution.

A particularly strong effect of salt is seen for the tri-block
(Fig. 5D). At just 0.5 M NaCl, the viscosity is severely decreased
and the solution becomes Newtonian over a wide range of shear
rates. Here, the micellar bridges in the network could be
preferentially affected by the increased mobility within the
coacervate cores. Since the rheology of the tri-block solution

This journal is © The Royal Society of Chemistry 2024
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is primarily controlled by the presence of the network and by
the relaxation rate of the linkages,”®”” these changes would
lead to a drastic decrease in viscosity even at salt concentrations
that are not high enough to disrupt the micelle cores

This journal is © The Royal Society of Chemistry 2024

completely. This explanation coincides with the prior observa-
tion of disappearance of the larger-sized population in the tri-
block micelles at 0.5 M NaCl. Our observations are in line
with other experimental work where lower-than-critical salt
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concentrations have been shown to weaken the triblock net-
work by reducing the number of elastically active links and
causing the micelle arrangement to change, resulting in a
weaker gel.'"* However, it has also been suggested before that
the number of linkages does not change upon salt addition,
which would imply that the elasticity of the solutions is
insensitive to salt concentration.?® According to that model,
the observed drop in viscosity would be only connected to the
decreased loss modulus, affected by the decreased lifetime of
the linkages.

The aggregates were found to be pH-responsive due to the
weak base nature of the cationic amine block (Fig. 5E and F). At
high pH, coinciding with the pKa of the DMAPMA monomer
(9.2), a breakdown of the aggregates is observed, accompanied
by a drastic drop in the scattering intensity and a drop in size
measured by DLS. The aggregates are stable under acidic pH
conditions, as AMPS is a relatively strong acid. Based on the
DLS size distributions, a small amount of the micelles persists
both for the di-block as well as for the tri-block in the strongly
basic regime (Fig. 5E and F insets). As DLS measurements were
carried out immediately after adding a portion of the base to
prevent polyacrylamide hydrolysis under the basic conditions,
this may reflect a kinetic effect related to micelle reorganization
through fission before reaching equilibrium which for some
PEC systems can take tens of minutes’®®® or even
hours, especially if polydisperse chains are present.>® Alterna-
tively, other interactions, such as hydrophobic ones, can still
lead to some aggregation even if one of the polymers is not
charged.”®

The pH effect is fully reversible for the diblock, with similar
sized micelle population re-appearing upon adding acid. How-
ever, for the triblock, the larger-sized population attributed
earlier to nanogel particles is not re-formed, and only a popula-
tion related to single micelles is present in the distribution
after a pH cycle (Fig. S16, ESIf). It is known that for PEC
micelles, the self-assembly pathway can affect the morphology
of the created nanoobjects,®® and micelle re-formation in con-
ditions of uniform molecular mixing of anionic and cationic
chains could potentially favor a more uniform micelle distribu-
tion. Alternatively, the small amount of salt that is created
during a NaOH — HCI pH cycle could disrupt the nanogel
particles, which would be in line with the above observations
regarding the influence of salinity.

Finally, the effect of temperature on the PEC micelles was
tested. For both the tri-block and di-block, the micelles exist in
the entire temperature range tested (0-80 °C), and the system
does not display an LCST nor UCST behaviour reported for
some other PEC micelle systems.’™®> For the di-block, the
micelles grow slightly in size, reversibly with temperature. It
may be related to the hydration and slight expansion of the
polyacrylamide corona, or a growth of the micelle cores in
response to decreased Bjerrum length.®! For the tri-block, a size
increase with temperature is observed as well. However, due to
the complex multi-modal size distribution and the existence of
very large particles, the size readings are very noisy, making
identification of a clear trend impossible.

8738 | Soft Matter, 2024, 20, 8727-8741

View Article Online

Soft Matter

Conclusions

We successfully demonstrated a PEC micelle system capable of
efficient viscosification of aqueous solutions and forming a
viscoelastic gel at below 1 wt% concentration of solids, which
we believe to date is the lowest gelation concentration reported
for a synthetic ionically self-assembled block copolymer system
and is comparable to some hydrophobically modified systems
used as thickeners and gelators. With this, we open the
possibility to consider broader industrial applications of
coacervate-driven self-assembled systems such as in the petro-
leum industry, paints, and cosmetics, where up to now they
remained inaccessible due to high polymer concentrations
required. The gels exhibited a range of moduli depending on
polymer concentration, ranging from extremely soft (0.1 Pa) to
moderately rigid (10 kPa), further predisposing these systems
for applications in injectable gels and tissue engineering.

The high viscosification capacity was achieved by targeting
a high molecular weight of the synthesized block copolymers,
which was made possible by utilizing redox-initiated RAFT
polymerization in water at low (RT-45 °C) temperatures.
Poly(NaAMPS)-block-poly(acrylamide)-block-poly(NaAMPS) tri-
block, poly(NaAMPS)-block-poly(acrylamide) di-block, and
poly(acrylamide)-co-poly(NaAMPS) random copolymers with
respective theoretical molecular weights of 289 kDa, 237 kDa,
and 230 kDa, respectively, were synthesized. A synthesis proto-
col was developed allowing such copolymers at high conver-
sions and moderate dispersities to be obtained.

Upon mixing with cationic homopolymer poly(DMAPMA),
large (~200 nm) PEC micelles were created, which was con-
firmed by DLS and cryoTEM observations. Responsiveness of
the micelles was preliminarily tested, finding the critical salt
concentration to be 1.1 M NaCl, and confirming a pH-
responsive behaviour leading to a reversible breakdown of
micelles under alkaline conditions. The micelles formed from
the di-block copolymer were well defined and spherical, while
the tri-block formed a mixture of flower-like micelles and
(nano)gel particles created from fragments of a percolated
network. The (nano)gel particles were observed even under
strong dilution and were found to be more sensitive to ionic
conditions than the isolated micelles: they vanished at sali-
nities well below the critical NaCl concentration, as well as
during a NaOH — HCI pH cycle. Surprisingly, changing the
charge ratio in favour of the cationic component seemed to
favour (nano)gel formation and diminish the amount of iso-
lated triblock micelles.

The rheology of solutions of tri-block copolymer PEC
micelles was more sensitive to salt than the di-block, with a
drastic reduction in viscosity observed already for salt concen-
trations well below the critical concentration, which was attrib-
uted to the preferential breaking of the inter-micellar bridges,
combined with high sensitivity of the solution to the presence
and dynamics of the transient network. On the other hand, the
di-block PEC micelle solution was affected only in the low-
shear-rate region, which is attributed to the un-jamming of the
micelles. In this regard, the di-block system presents an

This journal is © The Royal Society of Chemistry 2024
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interesting new way of obtaining coacervation-driven
rheology modifiers with increased salt resistance and well-
defined aggregates, in contrast to typically applied network-
forming copolymers.

On the other hand, the random poly(acrylamide)-co-
poly(NaAMPS) copolymer proved to be completely ineffective
as a rheology modifier, with concentrations as high as 10 wt%
still exhibiting a free flowing liquid behaviour. Interestingly, no
macroscopic phase separation was observed at the 1:1 charge
ratio. The system only phase-separated when a significant
deviation towards excess positive charge ([+]/[—] = 1.3) was
reached, while it did not phase-separate upon excess negative
charge. These effects are speculated to arise from the frustra-
tion brought about by the extreme mismatch between molecu-
lar weights and charge densities of the anionic and cationic
components, leading to the separation of charged domains and
this phenomenon could be relevant to other applications of
random co-polymer coacervates.
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