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Multi-layered micellar interpolyelectrolyte complexes (IPECs) were built up by the complexation of
two oppositely charged homo- or block copolymer systems. First, an ampholytic polybutadiene-block-
poly(sodium methacrylate)-block-poly{2-[(methacryloyloxy)-ethyl]trimethylammonium
methylsulfate} (PB-b-PMANa-b>-PDMAEMAQq) ABC triblock terpolymer formed stimuli-responsive
micelles in a pH 10 aqueous solution with a soft PB core, a PMANa/PDMAEMA( intramicellar [IPEC
(im-IPEC) shell, and a positively charged PDMAEMA( corona. With the addition of either negatively
charged homopolymers (poly(sodium 4-styrenesulfonate) (PSSNa)) or bis-hydrophilic block
copolymers comprising a neutral segment (poly(sodium acrylate)-block-poly(N-isopropylacrylamide)
(PANa-h-PNIPAAm)), a second IPEC shell was formed. The structure of the resulting complex
particles at different ratios of oppositely charged segments was investigated using cryogenic
transmission electron microscopy (cryo-TEM) and dynamic light scattering (DLS). We show that the
initial terpolymer micelles with the im-IPEC shell exhibit significant dynamic behavior upon further
complexation, resulting in changes in core size distribution and aggregation number. We attribute this
to the soft core-forming PB block. Upon crosslinking of the PB core such dynamic processes are
suppressed, thus more uniform IPEC particles are formed. We further demonstrate that the PNIPAAm
corona formed after complexation with PANa-b-PNIPAAm diblock copolymers renders these
multicompartment particles thermo-responsive.

formation of interpolyelectrolyte complexes (IPECs)."® The
main driving force for complex formation in aqueous media is
the entropy gain caused by the release of the low molecular
weight counterions. IPEC formation is reversible as the addition
of large amounts of salt leads to a screening of charges and a
break-up of the complexes. In the case of weak polyelectrolytes,
the extent of interpolyelectrolyte complexation can be further
controlled by varying the pH of the medium.*

Since the 1980s, IPECs have attracted attention due to a
variety of applications, e.g. as environmentally friendly binders
for soil and sand, or as flocculants of colloidal dispersions.” Their

Introduction
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The successful build-up of multifunctional macromolecular
architectures using co-assembly processes has been one of the
major objectives in polymer science within the last two decades.
Thereby, one elegant and straightforward approach to direct
these processes and, at the same time, provide utmost control
over the properties of the resulting architectures, is to exploit
electrostatic interactions. More specifically, the mixing of two
oppositely charged polyelectrolytes leads to the spontaneous
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thermo-responsive  properties of the micellar IPECs with
PANa-b-PNIPAAm. See DOI: 10.1039/c2sm26221e

further use has been demonstrated more recently in the build-up
of polyelectrolyte multilayer films or capsules via the layer-by-
layer technique®® or for the incorporation of DNA into stimuli-
responsive  polymer-based particles for gene delivery
purposes.’®*?> Moreover, it has been shown that IPECs can be
used for the immobilization of other biologically active
compounds, e.g. proteins.

If polyelectrolytes of different architectures, such as branched
polymers or block co- and terpolymers, are used for IPEC
formation, a variety of structures can be realized. For example,
IPECs based on branched polyelectrolytes, such as star-shaped
polymers or cylindrical polymer brushes, have been recently
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reviewed.® Using charged block copolymers, micellar IPECs can
be obtained, where the complexes form either the core'*'* or
the shell® of the structures. By mixing bis-hydrophilic block
copolymers containing a charged and an uncharged segment
with oppositely charged polyelectrolytes at stoichiometric charge
ratios (Z = 1), water-soluble micellar IPECs are formed, which
are stabilized by a corona of the hydrophilic, uncharged
segments. This has been shown for either homopolymers'®'® or
diblock copolymers.’®?° If two different (incompatible)
uncharged, hydrophilic blocks build up the corona, Janus
micelles can be obtained, as demonstrated by Cohen Stuart and
coworkers.”’ Micellar aggregates with an IPEC shell can be
realized if preformed block copolymer micelles with a charged
corona are mixed with oppositely charged polyelectrolytes.?*2¢
Studies on micelles with a soft polyisobutylene core and a poly-
(methacrylic acid) corona showed that these micelles exhibit
dynamic properties even after IPEC formation.?® Structures with
a core-shell-corona architecture and an IPEC shell can also be
formed by ampholytic ABC triblock terpolymers, containing
both a cationic (B or C) and an anionic (C or B) segment. These
then can form an intramicellar IPEC (im-IPEC) shell, as has been
shown for both spherical?”*® and cylindrical micelles.?® It has
been further demonstrated that these charged particles can be
used as templates for the complexation with oppositely charged
polyions, enabling the build-up of multi-layered structures.3%*!

In this contribution, we demonstrate that triblock terpolymer
micelles with an intramicellar IPEC (im-IPEC) shell are of
dynamic nature and thus capable of undergoing changes in core
size distribution and aggregation number during the formation
of subsequent IPEC shells. The self-assembly of ampholytic
polybutadiene-block-poly(sodium methacrylate)-block-poly{2-
[(methacryloyloxy)ethyl]trimethylammonium methylsulfate}
(PB-h-PMANa-b-PDMAEMA(q) triblock terpolymers in
aqueous media at high pH leads to stimuli-responsive multi-
compartment micelles with a soft PB core, a PMANa/
PDMAEMAq im-IPEC shell, and a positively charged
PDMAEMAQq corona. The latter is formed as the degree of
polymerization (DP) of PDMAEMA(q is higher than that of the
middle block, PMANa. Upon electrostatic co-assembly with
negatively charged homopolymers (PSSNa) at different charge
ratios, further IPEC formation occurs. We show that during
the formation of this shell the size of the PB core and, thus, the
aggregation number of the micelles changes significantly.
Similar observations have already been made earlier?®3' and
we attribute this to the low glass transition temperature
(Iy ~ =15 °C) of the PB block with a predominant
1,2-microstructure.?? If now the PB core is crosslinked prior to
IPEC formation, such dynamics can be suppressed and
uniform, multi-layered micellar IPECs can be prepared.
Crosslinking was performed by introducing a UV photo-
initiator, Lucirin® TPO, into the micellar core during self-
assembly of the PB-b-PMANa-b-PDMAEMAq triblock
terpolymers. We also show that by using PANa-b-PNIPAAm
diblock copolymers for electrostatic co-assembly, micellar
IPECs with a PNIPAAm corona can be formed and that these
multi-layered structures exhibit thermo-responsive properties.
For the characterization of all micellar structures, a combina-
tion of cryogenic transmission electron microscopy (cryo-TEM)
and dynamic light scattering (DLS) was used.

Experimental part
Synthesis

Materials. Poly(sodium 4-styrenesulfonate) (PSSNa, M,, =
70 000 g mol~!, PDI ~2 (determined by size exclusion chroma-
tography (SEC) in H,O with 30% MeOH, 0.1 M NaNj3, and 0.01
M NaH,PO, calibrated with poly(ethylene oxide) standards)) and
poly(acrylic acid) (PAA, M, = 125 x 10° g mol™") were
purchased from Aldrich and used as received. Narrowly distrib-
uted PSSNa (M,, = 20 000 gmol ', PDI = 1.02) was purchased as
a molecular weight standard from Polymer Standard Service PSS.
Lucirin® TPO (2,4,6-trimethylbenzoylphosphine oxide), the UV
photoinitiator, was kindly provided by BASF and used as
received. All solvents were purchased in p.a. grade and used
without further purification. All aqueous solutions were prepared
either from Millipore water or pH 10 buffer solutions (VWR, AVS
Titrinorm, boric acid buffer) with an ionic strength of ca. 0.05 M.
Water was purified with a Milli-Q water purification system by
Millipore. For all dialysis steps in this work, membranes of
regenerated cellulose (Spectra/Por, Roth) with a molecular weight
cut-off (MWCO) of 3500 g mol ! were used. Prior to use, the tubes
were immersed in de-ionized water to open the pores.

Synthesis of PB-b-PMANa-b-PDMAEMA(q triblock terpoly-
mers. The polybutadiene-block-poly(tert-butyl methacrylate)-
block-poly(2-(dimethylamino)ethyl methacrylate) (PB-b-
P/BMA-b-PDMAEMA) terpolymer was synthesized via
sequential living anionic polymerization in THF and modified to
polybutadiene-block-poly(sodium methacrylate)-block-poly{2-
[(methacryloyloxy)ethyl]trimethylammonium methylsulfate}
(PB-b-PMANa-b-PDMAEMAq, BMANaDq). We obtained the
triblock terpolymer BggoMANaso0D(ag5 (subscripts denote the
degrees of polymerization of the corresponding blocks, M, =
110000 g mol~!, PDI = 1.10). Details about the synthetic
procedure and a comprehensive investigation of the PB-b-
PMANa-b-PDMAEMA(q triblock terpolymers in solution can
be found elsewhere.?®

Synthesis of PAA-b-PNIPAAm diblock copolymers. The poly-
(acrylic acid)-block-poly(N-isopropylacrylamide) (PAA-b-PNI-
PAAm) diblock copolymer, AA,;NIPAAm;s, (M, = 18900 g
mol~!, PDI = 1.08), was synthesized vie RAFT polymerization.
The synthesis and characterization have been reported elsewhere.*

Preparation of PB-b-PMANa-b-PDMAEMA(q micellar solu-
tions. After modification of the terpolymer to PB-b-PMANa-b-
PDMAEMA(q (BMANaDq), a micellar stock solution (¢ =0.5 g
L") was prepared via dialysis against pH 10 buffer solution.

Crosslinking of the micellar aggregates. Crosslinking of the PB
core in BMANaDq micelles was performed directly after the
quaternization reaction in a dioxane/water mixture (1 : 1, v/v) by
the addition of a UV photoinitiator, Lucirin® TPO (2,4,6-tri-
methylbenzoylphosphine oxide, BASF). 25 wt% Lucirin® TPO,
calculated according to the weight fraction of polybutadiene,
were added to the polymer solution (¢ ~ 0.5 g L™!) under the
exclusion of light. After stirring for 1 hour, the mixture was
dialyzed against pH 10 buffer solution. The dialysis was carried
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out in the dark to prevent decomposition of the UV photo-
initiator. Afterwards, the micellar solution was irradiated with a
UV lamp (Hoehnle UVAHAND 250 GS, equipped with a quartz
glass filter) under continuous stirring for 30 min.

Preparation of interpolyelectrolyte complexes. PSSNa, PAA,
and the PAA-b-PNIPAAm diblock copolymer were dissolved in
pH 10 buffer solution (¢ = 0.5 g L™!). Afterwards, the corre-
sponding volumes to reach a certain Z_,, value (overall ratio of
negative to positive charges, where the positive charges represent
PDMAEMA( units, which are not involved in intramicellar IPEC
formation, see also eqn (1)) were added to a micellar solution of
BMANaDq or core-crosslinked BMANaDq (xBMANaDq) in
pH 10 buffer (¢ = 0.2 or 0.25 g L™") in small glass vials and stirred
atroom temperature. The final micellar concentrations were in the
range of 0.2-0.3 g L™!. In general, measurements on the IPECs
were performed after one week of continuous stirring.

Characterization

Dynamic light scattering (DLS). DLS measurements were
performed on an ALV DLS/SLS-SP 5022F compact goniometer
system with an ALV 5000/E cross-correlator and a He—Ne laser
(A =632.8 nm). The measurements were carried out in cylindrical
scattering cells (d = 10 mm) at an angle of 90° and a temperature of
20 °C. Prior to the measurements, the sample solutions were
filtered using nylon filters (Magna, Roth) with a pore size of 5 um.
For temperature-dependent measurements, the temperature of
the decaline bath of the instrument was controlled using a
LAUDA Proline RP 845 thermostat. The temperature was
increased in steps of 2 K followed by an equilibration time of 5 min
prior to each measurement. The CONTIN algorithm was applied
to analyze the obtained correlation functions. Apparent hydro-
dynamic radii were calculated according to the Stokes—Einstein
equation. Apparent polydispersities for the aggregates in solution
were determined from unimodal peaks via the cumulant analysis.

Cryogenic transmission electron microscopy (cryo-TEM). For
cryo-TEM studies, a drop (~2 pL) of the aqueous micellar solu-
tion (¢ ~ 0.5 g L™1) was placed on a lacey carbon-coated copper
TEM grid (200 mesh, Science Services), where most of the liquid
was removed with blotting paper, leaving a thin film stretched
over the grid holes. The specimens were shock vitrified by rapid
immersion into liquid ethane in a temperature-controlled freezing
unit (Zeiss Cryobox, Zeiss NTS GmbH) and cooled to approxi-
mately 90 K. The temperature was monitored and kept constant in
the chamber during all of the preparation steps. After freezing the
specimens, they were inserted into a cryo-transfer holder
(CT3500, Gatan) and transferred to a Zeiss EM922 OMEGA
EFTEM instrument. Examinations were carried out at tempera-
tures around 90 K. The microscope was operated at an accelera-
tion voltage of 200 kV. Zero-loss filtered images (AE = 0 eV) were
taken under reduced dose conditions. All images were registered
digitally by a bottom-mounted CCD camera system (Ultrascan
1000, Gatan), combined, and processed with a digital imaging
processing system (Gatan Digital Micrograph 3.9 for GMS 1.4).

Flow tube reactor. IPEC formation with ultrafast mixing of the
components was carried out in a specially designed flow tube

reactor containing a mixing jet with a mixing time of <1 ms.3*3*
For this experiment, a PSSNa solution was prepared in pH 10
buffer and mixed with BMANaDq micelles at a ratioof Z_,, = 1.
As the components could only be mixed in the flow tube reactor in
equal volumes, the concentrations of both solutions were adjusted
toreach Z_,. = 1. Therefore, the BMANaDq micelles were used
at a concentration of 0.5 g L™ and PSSNa at 0.08 g L™".

Turbidity measurements. Turbidity measurements were per-
formed using a Metrohm Titrando 809 system equipped with a
Spectrosense turbidity sensor (A = 523 nm, Metrohm) and a Pt
1000 temperature sensor. The measurements were carried out in a
thermostatted glass chamber. The temperature program (0.15 K
min~') was run by a LAUDA RE 306 thermostat. The turbidity
measurements were performed with freshly prepared solutions at
a concentration of approximately 0.3 g L~ for the micellar IPECs
and 0.5 g L™! for the PANa-h-PNIPAAm diblock copolymer. All
measurements were conducted in buffer solutions to keep the pH
constant over the entire temperature range. The solutions were
degassed by applying vacuum (50-100 mbar) for 15 min at room
temperature to minimize bubble formation during heating. Prior
to the measurements, the sample solutions were filtered using
nylon filters (Magna, Roth) with a pore size of 5 pm.

Results and discussion

Core—shell-corona micelles from PB-b-PMANa-b-
PDMAEMAq

Recently, we reported on the self-assembly of ampholytic poly-
butadiene-block-poly(sodium methacrylate)-block-poly{2-
[(methacryloyloxy)ethyl]trimethylammonium methylsulfate}
BgooMANazoquzgs (Mn = 110 000 g molfl, PDI = 110) tri-
block terpolymers in aqueous media.?® The subscripts denote the
degrees of polymerization of the corresponding blocks. For
simplicity reasons, the terpolymer will be denoted as BMANaDq
throughout the manuscript. The chemical structure of the
terpolymer is shown in Fig. 1A. In an aqueous solution at high
pH, the terpolymer forms core—shell-corona micelles with a soft
PB core, an intramicellar interpolyelectrolyte complex (im-IPEC)
shell formed between negatively charged PMANa and positively
charged PDMAEMAgq, and a positively charged corona of
excess PDMAEMAq (DP,(PDMAEMAq) > DP,(PMANa)).
This renders micelles with a positive corona charge. A cryo-TEM
micrograph of the micelles at pH 10 and the proposed solution
structure are shown in Fig. 1B and C. The inset in Fig. 1B depicts
two adjacent micelles connected by a hydrophobic bridge (dark
grey), possibly showing the fusion of the two structures. At
pH 10, the micelles exhibit a hydrodynamic radius of (Ry). ~
107 nm, as determined via dynamic light scattering (DLS). We
showed that the micelles are able to react on changes in pH and
salinity. Here, these structures will be used as “precursor”
micelles for the complexation with different oppositely charged
polyelectrolytes and the consequent build-up of IPEC layers.

Interpolyelectrolyte complex formation

We started by mixing a commercially available negatively
charged strong polyelectrolyte, poly(sodium 4-styrenesulfonate)
(PSSNa), with positively charged BMANaDq micelles. In that
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Fig. 1 Structure and composition of the BMANaDq triblock terpolymer (A); cryo-TEM micrograph of BMANaDq precursor micelles in aqueous
solution (¢ = 0.5 g L") at pH 10 (B), the inset shows hydrophobic bridges between two adjacent micelles; the proposed core-shell-corona structure at

pH 10 (C).2*

way, one can expect an additional IPEC shell to be formed
through the complexation of PSSNa with PDMAEMA(q as the
corona-forming block. The whole process is depicted in Scheme
1. In all cases, IPEC formation is performed at high pH (pH 10),
leading to complete ionization of PMAA. Different charge ratios
of polyanion to polycation are used, represented by the Z_,.
value. Z_,. refers to the number of anionic PSSNa (or later
PANa) units added to the micellar solution divided by the
number of free (not involved in im-IPEC formation) cationic
PDMAEMAQq units present (eqn (1)).

NpSSNa/PANa
Z_j, =TSPt (1)
Nppgq — HPMANa

We have recently shown that hydrophobic bridges between
individual BMANaDq micelles (Fig. 1B, inset)*® or poly-
butadiene-block-poly(1-methyl-2-vinyl pyridinium)-block-poly-
(sodium methacrylate) (BVqQMANa) micelles with a rather thin
corona can be formed.?! This was attributed to the low glass
transition temperature (7) of the core-forming PB block and the
lower density of the im-IPEC between PMANa and PDMAE-
MAq, as compared to the earlier work on PMANa and P2VPq.*!
We therefore now also crosslink the PB core using a UV pho-
toinitiator and compare the micellar structure and any additional
IPEC shells formed between both core states (crosslinked and
non-crosslinked). The strategy involving crosslinked micelles,
xBMANaDq, is depicted in Scheme 1.

BMANaDq xBMANaDq
Precursor Micelles
Crosslinking
M PB
M im-IPEC PMANa + PDq of PB Core
M excess PDq
y 0 il (o]
H,O, pH 10 HO  HN
Z,=05-2 T T >_
c~02-03glL Qmmgemp) =$=0
ONa ONa PANa-b-PNIPAAM
PSSNa PSSNa — _\S\\g\A

IPEC Particles

H PB

M im-IPEC PMANa + PDq

M new IPEC PDq + PSSNa/PANa
[ PSSNa/PANa

M PNIPAAM

Dynamic IPEC Particles

Suppressed Core Dynamics

Scheme 1 Formation of various micellar IPECs from positively charged BMANaDq precursor micelles and negatively charged PSSNa homopolymers;
by crosslinking of the PB core of the precursor micelles, the dynamics of the micellar core are suppressed; and complexation with bis-hydrophilic PANa-
b-PNIPAAm diblock copolymers renders thermo-responsive micellar IPECs with a water-soluble PNIPAAm corona.
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Not only homopolymers, but also diblock copolymers can be
used for the formation of the additional IPEC shell. We have
already shown this for the complexation of negatively charged
micelles with poly(ethylene oxide)-block-poly(1-methyl-2-vinyl
pyridinium) (PEO-b-P2VPq)** and PEO-b-PDMAEMAg*
diblock copolymers. Here, we used bis-hydrophilic poly(sodium
acrylate)-block-poly(N-isopropylacrylamide) (PANa-h-PNI-
PAAm). PNIPAAm is well-studied and shows temperature-
dependent solubility in aqueous solution (LCST = 32 °C).*¢
Complexation between crosslinked xBMANaDq micelles and
PANa-b-PNIPAAm should also lead to the formation of an
additional IPEC shell of PANa and PDMAEMAq, but the
particles will be surrounded by a hydrophilic PNIPAAm corona.
In this case, even for Z_,, = 1, the micellar IPECs are expected to
remain water-soluble. The use of diblock copolymers for the
complexation provides the opportunity to introduce further
functionality to IPEC particles. Here, our aim was to transfer the
thermo-responsive properties of the PNIPAAm block to the
IPEC structures.

For all complexation reactions, BMANaDq or core-cross-
linked xBMANaDq precursor micelles were used at a concen-
tration of 0.20 or 0.25 g L™! in pH 10 buffer solutions. The
targeted amounts of homo- or diblock copolymers were added at
a concentration of 0.5 g L™, using identical pH 10 buffer solu-
tions. The polyanions were added under vigorous stirring, and
the resulting micellar IPECs were examined after approximately
one week of continuous stirring.

Complexation of BMANaDq micelles with PSSNa

We used commercially available PSSNa as a strong anionic
polyelectrolyte with a molecular weight of M, = 70 000 g mol ™",
corresponding to an average of 170 repeating units. The
precursor micelles were mixed with PSSNa at different Z_,,
ratios (Scheme 1) and the size of the IPECs was determined by
DLS measurements. The corresponding CONTIN plots are
shown in Fig. 2. Initially, the BMANaDq precursor micelles
exhibit a hydrodynamic radius of (Ry). = 107 nm. After the
addition of PSSNa at Z_,, = 0.5, 1, and 2, slight changes
in hydrodynamic radius indicate a successful complexation: at
Z_;+ = 0.5, the formed particles ((Ry,). = 101 nm) are smaller,
which can be attributed to a partial collapse of the PDMAEMAq
corona chains upon interaction with PSSNa. Further, the
micellar IPECs remain stable in aqueous environment, which can
be explained by the remaining positive net charge. At Z_,, = 1,
the size of the aggregates increases to (Ry). = 111nmatZ_,. =1
and (Ry). = 114 nm at Z_,, = 2. The particles remain soluble
even at Z , = 1, and only a slight broadening of the size
distribution according to DLS can be observed, indicating
changes induced via further IPEC formation. For all Z_, values,
the distributions are significantly broader as compared to the
precursor micelles.

To further investigate the structure of the micellar IPECs, we
performed cryogenic transmission electron microscopy (cryo-
TEM) experiments at different Z_,, ratios (Fig. 3B-D). In all
cases, predominantly spherical micellar IPECs with a grey PB
core surrounded by a thick, fuzzy IPEC shell are visible.
Compared to the “bare” (precursor) BMANaDq micelles
(Fig. 3A), the thickness of the IPEC shell slightly increased,

100 150 200
Rr. [nm]

Fig. 2 Intensity-weighted DLS CONTIN plots for BMANaDq
precursor micelles in aqueous solution at pH 10 (-M-, (Ry). = 107 nm,
PDI = 0.06) and micellar IPECs with PSSNa at Z_,, =0.5(-O-, (Ry). =
101 nm, PDI = 0.08), Z_/+ = 1 (-A-, (Ry). = 111 nm, PDI = 0.10), and
Z_;+=2(-C-, (Ry): = 114 nm, PDI = 0.11).

hinting towards a successful complexation with PSSNa.
However, the two individual IPEC layers (the “old” im-IPEC
shell and the “new” IPEC shell formed between PDMAEMAq
and PSSNa) cannot be distinguished, as both seem to exhibit
similar electron densities. In the case of Z_,. = 1, an average
thickness of the IPEC shell of 40 nm was found, which is larger
than the shell thickness for the former im-IPEC (31 nm). A
detailed analysis of the shell thickness at different Z_,, ratios was
not possible due to the rather low electron contrast of the IPEC
shell.

Upon IPEC formation, the polydispersity of the micellar
IPECs dramatically increases, when compared to the original
BMANaDq structures (Fig. 3A). This is in accordance with the
DLS studies described above (Fig. 2). To obtain further quan-
titative evidence of the broadening of the micellar size distribu-
tions, several cryo-TEM micrographs were subjected to a
detailed image analysis determining the core radius of the
micelles. The core radius distributions for the precursor micelles
and the micellar IPECs at Z_,, = 1, obtained from approxi-
mately 100 to 250 (spherical) micelles for each sample, are dis-
played as histograms fitted using a Gaussian distribution in
Fig. 3E. The number-average core radii, (Rcore)s, are listed
together with the corresponding standard deviations, o, in Table
1. Comparing the histograms before and after IPEC formation, a
significant broadening of the core radius distribution upon
complexation can be observed. In particular, the fraction of
micelles with a rather small radius increases. Consequently, the
average core radius of the IPECs at Z_,, = 1 ((Reore), = 26 nm) is
lower than that of the precursor micelles ((Reore), = 36 nm).
Apparently, a smaller core size and consequently a smaller
aggregation number are favored after complexation and increase
of the thickness of the hydrophobic IPEC shell around the PB
core.

These changes in core size strongly indicate a dynamic
behavior of the BMANaDq precursor micelles during complex-
ation. Since exchange of unimers with a long PB block is
impossible, we propose micellar fusion/fission processes as the
mechanism. This is enabled by the low glass transition

This journal is © The Royal Society of Chemistry 2012
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 im-IPEC PMANa + PDq

W new IPEC PDg + PSSNa
PSSNa

Fig. 3 Cryo-TEM micrographs of BMANaDq precursor micelles (A, Z_,+ = 0; reproduced with permission from ref. 28; Copyright 2011, The Royal
Society of Chemistry) and micellar IPECs from BMANaDq and PSSNa in aqueous solution at pH 10 at different Z_,, ratios; Z_,» = 0.5 (B), Z_;+ =
1 (C), and Z_,; = 2 (D); core radius distributions for BMANaDq precursor micelles (black, (Rcore), = 36 nm, 0(Rcore) = 4 nm) and micellar IPECs from
BMANaDq and PSSNa at Z_,, = 1 (red, (Reore)n = 26 nm, o(Rcore) = 8 nm) (E); proposed solution structure of the micellar IPECs at Z_,,. > 1 (F).

temperature of the core-forming block, PB, and relatively low
electrostatic repulsion between the precursor micelles. Recently,
Lodge et al. confirmed that the T, of polystyrene (PS) in block
copolymer micelles with a PS core is comparable to the 7, of the
bulk material.*” Thus, we can assume that the T, of the core-
forming PB for BMANaDq micelles is below room temperature.
Further, we operate at rather low salt concentrations (ca.
50 mM). This is in accordance with earlier studies on the solution
properties of BMANaDq micelles in response to various external
stimuli, such as pH, temperature, or salinity.?® Another obser-
vation supporting this hypothesis is the presence of hydrophobic
bridges between different PB cores of adjacent micelles (Fig. 1B,
inset). Such bridges between PB cores have previously been
observed in micellar systems of other ABC (linear and miktoarm
star) terpolymers in water.3!*%

Cryo-TEM micrographs of micellar IPECs at different Z_,,
ratios are depicted in Fig. 3B-D (Z_,+ = 0.5, 1, and 2,
respectively). For Z_,; = 0.5 and 2, some elongated micellar
structures with similar width but a significantly increased
length are also observed. This is another indication for the
occurrence of micellar fusion processes. Bearing in mind that
hydrophobic bridges were already present between individual

BMANaDq micelles, one single PSSNa chain might be incor-
porated into the IPEC shell of two precursor micelles in such
cases.

More remarkably, the particles remain water-soluble at
Z_;+ = 1, although all PDMAEMA( corona segments should be
complexed with PSSNa. For Z_,. > 1, an explanation could be
that a fraction of the excess PSSNa chains is rather loosely
associated, forming non-equilibrium structures analogous to
“loops” and “trails”, known from the adsorption of poly-
electrolytes onto oppositely charged surfaces.®** This would
lead to a charge overcompensation of the structures and a net
negative charge. This effect plays a crucial role in the formation
of polyelectrolyte multilayers and capsules via the layer-by-layer
technique, where charge inversion enables the consecutive
adsorption of alternating layers of polyanions and poly-
cations.?*!*2 For micellar systems, charge overcompensation has
already been shown to operate for the complexation of PSSNa
with protonated polystyrene-block-poly(2-vinylpyridine) (PS-b-
P2VPH™) micelles in water at low pH.** This would explain the
observed colloidal stability of the micellar IPECs in aqueous
solution in our case. The proposed solution structure of the
micellar IPECs at Z_,; > 1 is depicted in Fig. 3F.

Table 1 Average hydrodynamic radii <R,>, and average core radii <R,>, with standard deviations ¢ of BMANaDq and core-crosslinked
xBMANaDq micelles and micellar IPECs formed from both types of precursor micelles and PSSNa at Z_,, =1

<Rh>za [nm]

o(Ry) [nm]

<Rcore>nb [nm] U(Rcore)b [nm]

BMANaDq 107 6
BMANaDq + PSSNa 111 11
xBMANaDq 107

xBMANaDq + PSSNa 124 7

36 4
26 8
33 4
34 4

“ Determined by DLS. ? Determined by image analysis of cryo-TEM micrographs.
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An important point that has to be discussed is the possible
substitution of PMAA™ segments in the im-IPEC shell of the
initial BMANaDq micelles by added PSS™ chains. The polyion
exchange and substitution reactions within IPECs have been
extensively studied by Kabanovs and coworkers.***" They
showed that the kinetics and the position of the equilibrium
substantially depend on the chemical nature of the polyions. In
particular, polysulfonates (e.g. PSSNa) generally replace poly-
carboxylates (e.g., PMANa) in IPECs containing polyamines as
the polycation.*** In addition to Coulombic attraction, the
driving force for this substitution is a specific affinity of the
sulfonate groups for protonated or quaternary amino groups.
This strong selective binding of polycations with sulfonate-con-
taining polyanions has also been shown for polyelectrolyte
multilayers.* Schlenoff and coworkers reported a significant
difference in the free energy of association of a quaternized amine
group with a sulfonate group compared to a carboxylate
group.’®™! A different study by the Kabanov group showed that
the direction of substitution reactions in IPECs strongly depends
on the chain length of the competing polyion.5*> Due to entropic
reasons, the substitution reaction is favored by an increasing
degree of polymerization of the competitive polyanion. In our
case, however, the average length of the PSSNa chains (DP,, =
170) is comparable to that of the PMANa chains (DP,, = 200). In
addition, the kinetics of such polyion reactions are drastically
affected by the ionic strength. They have been shown to be absent
in salt-free solutions.*> With increasing salt concentration some
of the ionic bonds dissociate, resulting in defects in a system of
interpolymer salt bonds, accelerating any polyion substitution.

In summary, these earlier findings do suggest that the
replacement of PMA™ in the im-IPEC shell through PSS~ is
probable in our case, especially at high Z_,, values. This would
lead to rearrangements within the micellar shell and to the release
of some MA™ groups from the im-IPEC by substitution with
added PSSNa. We assume that this exchange, however, is
incomplete, as for the used Z_,; values the amount of added
PSSNa is not sufficient for a complete substitution. Additionally,
in our system the interaction of PMANa with PDMAEMA(q
might be enhanced, since PMANa as the middle block is cova-
lently bound to PDMAEMA(q, hindering rearrangement
processes within the im-IPEC shell. Consequently, the released
MA™ groups might remain as MANa groups within the IPEC
shell, forming a ternary mixed shell of PMANa/PSSNa/
PDMAEMA(q, in which free ionic groups of PMAA are present.
These charges then are only compensated by Na counterions
and may consequently impart a certain hydrophilicity to the
IPEC shell, rendering it loose and rather swollen. This also
would improve the solubility of these structures in water even at
Z_;+ = 1, where the overcharging effect might be negligible.
Additionally, this partial substitution of PMAA by PSS would
change the actual Z_,, ratios.

The molecular weight distribution of the PSSNa homopoly-
mer might influence the size distribution of the micellar IPECs.
So far, commercially available PSSNa with a broad molecular
weight distribution was used. Therefore, we also used narrowly
distributed PSSNa (M,, = 20 000 g mol™!, DP, = 100, PDI =
1.02). IPECs were prepared at pH 10 and Z_,. = 1 and cryo-
TEM investigations (Fig. S11 ESI) show that here also the
micellar core size distribution broadened in a similar way. In

conclusion, the polydispersity of the polyanion used for
complexation seems to be negligible for our system.

It might be argued that the polydispersity of the micellar
IPECs is due to the mixing of reactants being slow compared to
IPEC formation, as it has been shown that this process occurs
within less than several ms.*> We therefore performed TPEC
formation using ultrafast mixing of the components in a flow
tube reactor and compared the results with those obtained for
conventional mixing via magnetic stirring (Fig. 4). The setup
contains a mixing jet that allows for mixing times lower than
1 ms.?**> The precursor micelles and PSSNa solutions were
prepared in pH 10 buffer and mixed at a ratio of Z_,, = 1. A
cryo-TEM micrograph of the resulting structures is shown in
Fig. 4B. Again, the polydispersity of the micelles increased upon
IPEC formation. The micellar core size distributions for Fig. 4A
and B broadened comparably, both after slow and fast mixing.
We therefore conclude that the influence of the mixing rate in our
case is negligible, at least with regard to the IPEC formation with
PSSNa. Therefore, all following complexation experiments have
been carried out by conventional, “slow” mixing as described
before.

Core crosslinking of BMANaDq precursor micelles

Several aspects, e.g. the occurrence of hydrophobic bridges or
deformations and size changes of the micellar core, point
towards a dynamic behavior of BMANaDq micelles. We there-
fore crosslinked the PB core using a UV photoinitiator, Lucirin®
TPO. This should suppress any segmental dynamics and also
micellar fusion/fission processes. 25 wt% Lucirin® TPO (calcu-
lated according to the PB content of the triblock terpolymer)
were added to a solution of the BMANaDq terpolymer in a
mixture of dioxane and water (1 : 1, v/v). The solution was dia-
lyzed against pH 10 buffer (in the dark, to avoid any decompo-
sition of the UV photoinitiator) to trigger the formation of
micelles and the anticipated incorporation of the photoinitiator
into the hydrophobic PB core of the micelles. After dialysis, the
micellar core was crosslinked via UV irradiation for 30 minutes.
The photoinitiator, Lucirin® TPO, has already been used to
crosslink PB in micellar aggregates of PB-b-P2VP in solution®® as
well as in different PB-containing terpolymers in the bulk.?3
The DLS CONTIN plots of the core-crosslinked xBMANaDq
micelles in comparison to the non-crosslinked analogues are
shown in Fig. 5. The size of the BMANaDq micelles did not

Fig. 4 Cryo-TEM micrographs of micellar IPECs from BMANaDq
precursor micelles and PSSNa in aqueous solution at pH 10 and Z ;. =1
prepared by conventional (A) and ultrafast mixing in a flow tube reactor (B).
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Fig. 5 Intensity-weighted DLS CONTIN plots for BMANaDq
precursor micelles before crosslinking in aqueous solution at pH 10 (-[J-,
(Ry). = 107 nm, PDI = 0.06), after crosslinking in aqueous solution at
pH 10 (-M-, (Ry). = 107 nm, PDI = 0.06), after crosslinking in dioxane
(-®@-, (Ry): = 99 nm, PDI = 0.06), and micellar IPECs from crosslinked
xBMANaDq precursor micelles and PSSNa at Z_,. = 1 (-A-, (Ry). =
124 nm, PDI = 0.06).

change upon crosslinking. Before and after crosslinking, the
micelles exhibit a hydrodynamic radius of (Ry). = 107 nm. To
prove the successful crosslinking of the PB core, the micellar
solution was dialyzed from pH 10 buffer against dioxane. The
corresponding DLS CONTIN plot shows that micellar aggre-
gates with a hydrodynamic radius of (Ry). = 99 nm are still
present. The smaller hydrodynamic radius in dioxane is
explained by a partial collapse of the positively charged
PDMAEMAq corona. The existence of micelles in dioxane
indicates a successful crosslinking of the PB core.

A cryo-TEM micrograph of the crosslinked xBMANaDq
micelles is shown in Fig. 6A. The micelles are of uniform size and
still exhibit the core—shell-corona structure as observed before
crosslinking (Fig. 1B and 3A). Also here, we analyzed the cryo-
TEM micrographs quantitatively to estimate the radius of the PB
core. Approximately 100 micelles were measured for each sample
to calculate the average radii. For the crosslinked xBMANaDq
micelles, an average radius of the micellar core of (Reore) =
33 nm was obtained. This is very close to the radius of the non-
crosslinked BMANaDq micelles of (Rcore), = 36 nm (Table 1).

uoom i'
pe———_ |

Complexation of core-crosslinked xBMANaDq micelles with
PSSNa

To confirm our assumption that core crosslinking suppresses any
changes in core size, the xBMANaDq micelles were then mixed
with PSSNa (Scheme 1). Micellar IPECs with PSSNa were
prepared in pH 10 buffer solution at Z_,, = 1 applying the same
procedure as described before. DLS CONTIN plots of the
obtained micellar IPECs are shown in Fig. 5, giving a hydrody-
namic radius of (Ry,). = 124 nm. The fact that the overall size of
the micellar IPECs increases despite the formation of another
IPEC shell supports our proposed structure with at least partial
substitution of PMANa in the im-IPEC with PSSNa and, hence,
the existence of a swollen and partially hydrophilic IPEC shell.
The polydispersity of the IPECs is in the same range as that of the
precursor micelles and did not increase upon complexation. This
is already an indication for the suppression of any rearrange-
ments in the micellar core. Further, the size of the core-cross-
linked micellar IPECs ((Ry,). = 124 nm) is even slightly larger
than that of the IPECs obtained earlier without core crosslinking
at Z_ ;4 = 1 ((Ry). = 111 nm). In that case, an additional
significant broadening of the micellar size distribution was
observed.

A cryo-TEM micrograph of the core-crosslinked micellar
IPECs with PSSNa at Z_,, = 1 is shown in Fig. 6B. Uniform
micellar IPECs can be seen. In contrast to the non-crosslinked
particles (Fig. 3C), here the core size distribution did not seem to
change upon IPEC formation. The average core radii of the
xBMANaDq micelles and the corresponding micellar IPECs
were determined via image analysis of the cryo-TEM micro-
graphs by measuring approximately 100 micelles for each
sample. The respective core radius distributions are displayed as
histograms with a Gaussian fit in Fig. 6C. As can be seen, the
average core radius for the XBMANaDq micelles ((Reore)n =
33 nm) and for the micellar IPECs ((Rcore), = 34 nm) remained
constant (Table 1). We believe that this convincingly demon-
strates that core crosslinking suppresses any changes in core size
or aggregation number upon further IPEC formation. Obvi-
ously, the lack of mobility of the PB core after crosslinking
inhibits any fusion/fission processes to which we attributed
the observed dynamics. Moreover, the crosslinking procedure
presents a facile way to generate uniform and well-defined
multi-layered micellar IPECs.

B
N

AN

Fig. 6 Cryo-TEM micrographs of core-crosslinked xBMANaDq precursor micelles in aqueous solution at pH 10 (A); and micellar IPECs from
xBMANaDq and PSSNa at Z_,, = 1 (B); core radius distributions for xBMANaDq precursor micelles (black, (Reore)» = 33 nm, 0(Rcore) = 4 nm) and
micellar IPECs from xBMANaDq and PSSNa at Z_,, = 1 (red, (Reore)n = 34 nm, 6(Reore) = 4 nm) (C).
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Fig. 7 Intensity-weighted DLS CONTIN plots for core-crosslinked xBMANaDq precursor micelles in aqueous solution at pH 10 (-M-, (Ry,). =
107 nm, PDI = 0.06) and micellar IPECs with ANay;NIPAAm;spat Z ;=1 (-A-, (Ry). =99 nm, PDI = 0.08) (A); cryo-TEM micrograph of micellar
IPECs from xBMANaDq and ANa,;NIPAAm;5, at Z_,. = 1 (B); and proposed solution structure of the micellar IPECs (C).

Complexation of core-crosslinked xXBMANaDq micelles with
bis-hydrophilic PANa-5-PNIPAAm diblock copolymers

After the successful formation of well-defined micellar IPECs
with PSSNa homopolymers, our aim was to introduce further
functionality into the precursor micelles via IPEC formation. For
this  purpose,  poly(sodium  acrylate)-block-poly(N-iso-
propylacrylamide (PANa-b-PNIPAAm) diblock copolymers
were used for complexation to transfer the thermo-responsive
properties of the PNIPAAm segment to the micellar IPECs.
Prior to IPEC formation with PANa-b-PNIPAAm, comparable
experiments were carried out using a PANa homopolymer
(Fig. S2, ESI¥). The bis-hydrophilic PANa-»-PNIPAAm diblock
copolymer, ANa,;NIPAAm;sy, exhibits thermo-responsive
properties, owing to the LCST behavior of the PNIPAAm block
(LCST of PNIPAAm = 32 °C).3¢ Again, IPEC formation takes
place at pH 10, where full ionization of the PAA segments can be
expected. The resulting micellar IPECs should remain water-
soluble, even at Z_,; = 1, as they are stabilized through the
PNIPAAm corona (Scheme 1).

Core-crosslinked xBMANaDq precursor micelles and
ANa,;NIPAAm;5, were mixed at pH 10 and Z_,, = 1. The
corresponding DLS CONTIN plots of the core-crosslinked
precursor micelles and the resulting IPEC particles are shown in
Fig. 7A. With (Ry). = 99 nm, the core-crosslinked IPECs are
smaller than the precursor micelles due to the collapse of the
PDMAEMA(q corona upon IPEC formation. The hydrophilic
PNIPAAm corona stabilizes the formed IPECsevenat Z_,, = 1.
A schematic depiction of the proposed solution structure is
shown in Fig. 7C. Fig. 7B displays a cryo-TEM micrograph of
the structures at Z_,. = 1, showing narrowly distributed IPEC
particles with a uniform core size.

Next, we investigated the thermo-responsive properties of the
micellar IPECs with PNIPAAm corona at Z_,, = 1. Cloud
points, T, of the micellar solutions (c =0.5 g L~ ! for PANa-b-
PNIPAAm and ¢ ~ 0.3 g L™! for the micellar IPEC) were
determined via turbidity measurements applying a constant
heating rate (0.15 K min~'). The measurements were conducted
in pH 10 buffer solutions to avoid changes of the pH with
increasing temperature. The cloud points were obtained as the

intersections of the tangents at the onset of turbidity. First, we
performed a turbidity measurement of the ANa,;NIPAAm,s,
diblock copolymer in pH 10 buffer solution (Fig. 8A) showing a
cloud point of 38 °C.

Comparable turbidity measurements were performed for
the micellar IPECs of xBMANaDq and ANa,;NIPAAm,s, at
Z_;+ = 1 (Fig. 8B). Here, a cloud point of 34 °C was observed,
comparable to the obtained value for the “free” diblock copolymer.
We further carried out temperature-dependent DLS measurements
to confirm the cloud point of the micellar IPECs determined via
turbidimetry. The IPEC solution was gradually heated in steps of
2 K with an equilibration time of 5 minutes before each measure-
ment. As shownin Fig. 9A, the hydrodynamic radius of the micellar
IPECs increased distinctly when heated above ~34 °C and the
IPEC:s precipitated. At 7> T, two populations can be seen in the
intensity-weighted DLS CONTIN plot for 7 = 36 °C (inset
in Fig. 9A). We tentatively assign the first population with Ry, 5, =
63 nm to individual micellar IPECs with a collapsed PNIPAAmM
corona. The second population with Ry, ,p, = 517 nm might orig-
inate from the aggregation of the same structures under these
conditions. The results are in good agreement with comparable
measurements for micellar IPECs from non-crosslinked BMA-
NaDq micelles and ANa,;NIPAAm,spat Z_, =1 (Fig. S3, ESIY).
Here, a cloud point of 36 °C (Fig. S4t) was observed.

We further investigated whether this thermo-responsive
behavior is fully reversible. Therefore, temperature-dependent
DLS measurements were carried out for five consecutive heating
and cooling cycles, in which the IPEC solution was gradually
heated from 20 °C to 42 °C in steps of 2 K as described before
and then directly cooled to 20 °C. Fig. 9B shows the apparent
hydrodynamic radii obtained at 20 °C and 42 °C for each cycle.
At 42 °C only the first population of aggregates with Ry, ,pp ~
900 nm is shown for simplicity reasons, as it corresponds to the
major fraction of aggregates. After cooling to 20 °C, the micellar
IPECs resume their original size of (Ry,). = 99 nm for all five
cycles, indicating that the thermo-responsive behavior is revers-
ible. In this way, we demonstrate that thermo-responsive,
uniform, and multi-layered micellar IPECs can be prepared
via the complexation of bis-hydrophilic block copolymers by
core-crosslinked precursor micelles.

This journal is © The Royal Society of Chemistry 2012
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Fig.8 Cloud point determination for ANa,,NIPAAm; s, (c = 0.5 g L~") (A) and micellar IPECs from core-crosslinked xBMANaDq precursor micelles
and ANay;NIPAAmspat Z ,+ =1(c~03¢g L’l) (B) in aqueous solution at pH 10 via turbidity measurements.
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Fig. 9 Dependence of hydrodynamic radius on the temperature for micellar IPECs from core-crosslinked xBMANaDq precursor micelles and
ANa,,NIPAAm; 5o at Z_,; = 1 (¢ ~ 0.3 g L") in aqueous solution at pH 10 as determined by DLS (A); the insets show intensity-weighted DLS
CONTIN plots for the micellar IPECs at different temperatures: 20 °C (-[0-, (Ry)- = 99 nm, PDI = 0.08) and 36 °C (- A -, Ry, 4pp = 63 nm and 517 nm);
the onset of aggregation is highlighted at 34 °C; dependence of hydrodynamic radius for various temperature cycles from 20 °C (- A -, (Ry). = 99 nm) to
42 °C (-W-, Ry, app ~ 900 nm, only the first population of aggregates is shown) as determined by DLS (B).

Conclusion

We have successfully prepared multi-layered particles through
the ionic complexation of positively charged BMANaDq
triblock terpolymer micelles with negatively charged homopoly-
mers or diblock copolymers, PSSNa and PANa-b-PNIPAAm.
Mixing of the components in aqueous solution at high pH
resulted in the formation of micellar IPECs, apparently with
a ternary IPEC shell (in the case of PSSNa) or with two
IPEC shells (in the case of PANa-»b-PNIPAAm). The initial
BMANaDq terpolymer micelles comprising an im-IPEC shell
exhibited significant dynamic behavior upon complexation,
resulting in changes in both the core size distribution and the
aggregation number. We attribute these rearrangements to
micellar fusion/fission processes, enabled by the soft core-form-
ing block, PB. Hydrophobic bridges observed between the
micellar PB cores could further trigger these dynamic processes.
Under the applied conditions the dynamic nature of the micellar
system was preserved upon different changes regarding the
nature of the polyanion (weak or strong), its polydispersity, its
composition (homopolymers or diblock copolymer), and the
mixing rate of polyanion and polycation (conventional or
ultrafast). Crosslinking of the PB core, on the other hand,
represents a facile way to suppress such dynamics. Any
complexations performed for the core-crosslinked micelles led to
well-defined, uniform IPEC particles, and the core radius

remained constant as shown by a detailed investigation using
cryo-TEM. We further demonstrated that such micellar IPECs
could be “equipped” with thermo-responsive properties, as
realized via complexation with bis-hydrophilic diblock copoly-
mers, PANa-b-PNIPAAm, and the formation of particles with a
PNIPAAm corona.

In combination with our recent work on BMANaDq micelles,
this micellar system shows multi-stimuli-responsive properties
and dynamic behavior in response to external triggers, both in
solution®® as well as after the immobilization on surfaces.>*** As
in both cases crosslinking of the micellar core succeeded in
suppressing any rearrangements, the soft nature of the PB core
enables these dynamic processes. Here, we could further
demonstrate that this charged micellar system provides a
straightforward building block for the generation of multi-
layered nanostructures (as well as stimuli-responsive poly-
electrolyte multilayers)®® that could easily be functionalized, e.g.,
with stimuli-responsive properties, by choosing appropriate
block copolymers for complexation. In this way, the micelles
could be promising candidates for smart trigger and release
systems, both in solution and in thin films.
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