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Polyelectrolyte-Micelle Coacervates: Intrapolymer-Dominant vs
Interpolymer-Dominant Association, Solute Uptake and
Rheological Properties

Mengmeng Zhao,? Chao Wang, 2 Haowei Jiang, 2 Mahesh B. Dawadi,® Bryan D. Vogt, 2 David A.
Modarelli® and Nicole. S. Zacharia*?

The effects of polyelectrolyte charge density, polyelectrolyte-to-surfactant ratio, and micelle species on coacervation were
studied by turbidity, dynamic light scattering, and zeta potential measurements to examine the coacervation of the weak
polyelectrolyte branched polyethylenimine (BPEI) and oppositely charged sodium dodecyl sulfate (SDS) micelles as well as
BPEI and mixed micelles composed of SDS and poly(ethylene glycol) 4-nonylphenyl 3-sulfopropyl ether potassium salt
(PENS). The results of dynamic light scattering and zeta potential measurements are discussed in terms of pH and BPEI-to-
surfactant ratio. An intrapolymer-dominant to interpolymer-dominant association model for the BPEI-micelle coacervates was
proposed based on the variation of size and zeta potential of coacervate particles by their BPEI-to-surfactant ratio. The partition
coefficient of solutes into BPEI-micelle coacervates was determined using UV-vis measurement as a function of pH, BPEI-
to-surfactant ratio, and mixed micelle composition. Both the hydrophobicity of solutes and micelles, as well as the association
mode of coacervates, impact the solute uptake efficiency. Dynamic rheological measurements on the coacervates suggest that
the rheological properties of the complex coacervates are impacted by the association mode of the coacervates as well as the

charge density on BPEI chains during coacervation.

1. Introduction

The association of polyelectrolytes with oppositely charged
micelles has been long known to give rise to the formation of
soluble complexes or to lead to a phase separation, either
liquid-liquid phase separation (complex coacervation) or liquid-
solid phase separation (precipitation).’™* Coacervation is a
phenomenon in which a macromolecular aqueous solution
separates into two immiscible liquid phases.?® The polymer rich
dense phase, which is concentrated in macromolecules, is called
the coacervate, while the other is a relatively dilute, water rich,
phase.
influenced by a variety of factors including micelle properties,

Polyelectrolyte-micelle coacervation can be easily

such as size and surface charge density; polymer properties,
such as molecular weight, linear charge density and molecular
geometry; polymer to micelle stoichiometry; ionic strength; and
temperature.®8 Polyelectrolyte-micelle complexes are of great
interest and importance because of their unique properties that
enable potential applications, such as hydrophobic core of
micelles capable of drug loading and delivery® and smart
response to CO,/N, 19, light'112 or temperature!3!* stimuli.
Although all polyelectrolyte-surfactant mixtures are at times
referred to as complexes without regard to whether a phase
separation occurred,’>16 here materials formed when the
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mixing of surfactant and polyelectrolyte leads to a phase
separation are referred to as coacervates.
Complex coacervation provides a
compartmentalization of chemical reactants, nanoparticles, as
well as proteins within the microscale water-filled
environments.'”~20 This compartmentalization or partitioning
can be of interest for multiple reasons; to load pharmaceutical
compounds into pH-sensitive coacervates for drug delivery
purposes,?® to concentrate and remove dilute contaminants
from aqueous solutions,'71921 to selectively purify proteins,?? as
well as to serve as a non-membrane bound protocell for origin
of life studies.?3

Membrane-bounded microcompartments in the form of self-
assembled bilayer vesicles,?*2® polymer capsules,??’ and
inorganic vesicles?®?® have been widely examined to
compartmentalize solutes, and therefore might be appropriate
as a microreactor or proposed as a protocell model. However,
some key processes such as chemical or enzymatic reaction
within the membrane-bounded microcompartments can be
limited by the poor permeability of the membrane.3%31 This
transport limitation may inhibit the continuous chemical
activity within the microcompartments due to the limitation of
mass transfer of reagents to those microcompartments. In this
regard, spontaneous complex coacervation provides a simple
and versatile alternative procedure for compartmentalization,
but without a membrane, theoretically resulting in higher
permeability. In addition to that, the low surface tension
between the macromolecule-rich and water-rich phases can
facilitate the transfer of small molecules into the coacervate
phase.3?

route to the
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Specific intermolecular interactions, such as electrostatics,
hydrogen bonding, m-mt stacking, as well as hydrophobic
interactions, between the solutes and macromolecules in the
coacervate droplets strongly influence the ability to partition
solutes into specific complex coacervate phases. For example,
our previous study on the sequestration of a cationic dye,
methylene blue (MB), into complex coacervates composed of
oppositely charged polyelectrolytes showed that this process is
highly dependent on electrostatic and m-m interactions.
Specifically, complex coacervate materials capable of forming
both electrostatic and m-mt interactions with the solute show a
significantly higher sequestration for aromatic dye molecules
than those capable of electrostatic interactions only.1733 In
addition, another study on a hydrogen-bonding coacervate
system indicates that the formation of hydrogen bonding
between solutes and polymer or increase in hydrophobicity
within the coacervate droplets facilitate the uptake of solutes
into coacervates.'” Micelles are well-known for their nonpolar
core which allows an enhancement of solubility of hydrophobic
materials.34-36

Complexation of polyelectrolyte with surfactant has been
extensively explored with the focus on the factors that impact
the size and phase behaviour of the polyelectrolyte-surfactant
complexes, including polyelectrolyte molecular weight,”3”
polyelectrolyte charge density,3® concentration,3® micelle
surface charge density,*®*2 surfactant chain length,3’
polyelectrolyte-to-surfactant ratio,** ionic strength* and
temperature.*> Additionally, the literature does contain
examples of work regarding the complexation of
polyethylenimine (PEI) with SDS. As an example, Mezei et al.
observed that different mixing protocols of PElI with SDS can
have a significant impact on the size distribution and phase
behavior of the PEI-SDS complexes.’> Another study on the
interaction of PEI with SDS at a concentration of SDS lower than
its critical micelle concentration (CMC) reveals that an increase
in the hydrophobicity and a decrease in the zeta potential of the
complex particles can lead to the precipitation of the
complexes.*® The impact of NaCl concentration on the phase
behavior of PBEI and SDS has also been investigated, showing
that a moderate salt concentration reduces the composition
range over which BPEI-SDS complexes are kinetically stable.*”
Recently, the removal of dyes from solutions has gained
increasing attention as the industry are required to lower the
colour content in their wastewater. A study on the removal of
dyes from solutions by polyelectrolyte-surfactant complexes
indicates that the charge of the system is the most important
property that influences flocculation behavior and therefore
the dye sequestration.*® Another study using chitosan hydrogel
beads impregnated with carbon nanotubes shows that the
incorporation of carbon nanotubes significantly enhances the
removal of congo red in solution.*?

Although a large number of studies have examined the
complexation of polyelectrolyte-surfactant system and
specifically the complexation of PEl and SDS, much less
attention has been paid to the systematic study of the impact
of BPEI charge density, BPEI to SDS ratio and the introduction
of anionic mixed micelles on the size and phase behavior of

2| J. Name., 2012, 00, 1-3

BPEI-SDS complexes. In addition, though there are a variety of
studies on the removal of dyes from wastewater, most of the
studies lack the comparison of the sequestration efficiency of
different dyes into complexes prepared at various conditions,
and an in-depth study on the driving forces for the
sequestration of these dyes.

Presented here is a study of how the polymer charge density
(controlled by solution pH), polymer to surfactant ratio, and
composition of mixed micelles can influence complex
coacervation, as well as dye uptake and rheological properties
of polyelectrolyte-micelle and polyelectrolyte-mixed micelle
coacervates. The complex coacervate materials were formed
simply by mixing a weak polyelectrolyte, branched
polyethylenimine (BPEI) and oppositely charged sodium
dodecyl sulfate (SDS) micelles or mixed micelles composed of
sodium dodecyl sulfate (SDS) and poly(ethylene glycol) 4-
nonylphenyl 3-sulfopropyl ether potassium salt (PENS). With
the introduction of PENS into a BPEI-SDS coacervate system via
formation of mixed SDS/PENS micelles, the hydrophobicity
within the complex coacervate and therefore the hydrophobic
solute encapsulation efficiency is supposed to be enhanced, as
both the phenyl group and longer tails of PENS contribute to the
micelle hydrophobicity.3>36:5051 The introduction of PENS can
also allow for different types of interactions between a dye (or
other molecule to be encapsulated) and the coacervate
material than just electrostatic (e.g. -1t stacking). The influence
of pH or charge density of BPEI on the phase behaviour of BPEI-
surfactant system was qualitatively determined by turbidity
measurements. The role of pH and BPEI to surfactant ratio on
the complexation of BPEl and micelles was determined by
dynamic light scattering (DLS) and zeta potential measurements.
To better explain the variation of coacervate size and zeta
potential with BPEIl/surfactant mixing ratio, an intrapolymer-
dominant vs interpolymer-dominant association model was
proposed. The partition coefficient of dyes into the formed
coacervates was determined from UV-vis spectroscopy, which
shows that the partition coefficient is dependent on both the
hydrophobicity of solutes and the number of micelles per BPEI
chain in the coacervate. By using mixed SDS/PENS micelles
instead of SDS micelles, the partition coefficient of MB into
coacervates can be enhanced due to the more hydrophobic
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Fig. 1 Chemical structures of SDS and PENS.

PENS

environment produced by PENS. In addition to that, dynamic
measurements of the coacervates show that the rheological
properties of the complex coacervates are impacted by the

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 13



Page 3 of 13

association mode of the coacervates as well as the charge
density of the BPEI chains.

2. Experimental methods

2.1 Materials

Sodium dodecyl sulfate (SDS), Poly(ethylene glycol) 4-
nonylphenyl 3-sulfopropyl ether potassium salt (PENS) and
branched polyethylenimine (BPEI, M, =10000 g/mol, M,
= 25000 g/mol) were purchased from Sigma-Aldrich. The
chemical structures of SDS and PENS are shown in Fig. 1. Dyes
including methylene blue (MB), Janus green B (JGB), fluorescein
sodium salt (FL) and Sudan Il were purchased from Sigma-
Aldrich.  9-Methylanthracene  (9-MeA) and  Tris(2,2’-
bipyridyl)dichlororuthenium(ll) hexahydrate (Ru(bipy)s;2*) were
purchased from Sigma-Aldrich. Copper (ll) chloride dehydrate
(CuCl,.2H,0) was purchased from Alfa Aesar. All water was
dispensed from a Milli-Q water system at a resistivity of 18.2
MQ.cm. All these materials were used as received without
further purification.

2.2 Preparation of Coacervates

Stock solutions of BPEI (40 x 103 M) and SDS (40 x 10-3 M) with
pH adjusted to 3.0, 6.0 and 9.0 were prepared separately. BPEI-
SDS coacervates were formed simply by mixing the BPEI and SDS
stock solutions with the same pH at different mixing ratio,
keeping the total concentration of BPEI and SDS fixed at 40 x 10"
3 M. For the formation of coacervates using BPEI and mixed
micelle of SDS and PENS (BPEI-(SDS/PENS)), stock solutions of
BPEI (40 x 103 M) and mixtures of SDS and PENS (SDS/PENS)
with varying SDS to PENS ratio (total concentration at 40 x 103
M) were prepared at pH of 6.0. BPEI-(SDS/PENS) coacervates or
soluble complexes were prepared by mixing the BPEl and
SDS/PENS stock solutions at pH 6.0, with a mixing molar ratio of
BPEI : (SDS/PENS) = 0.5.

2.2 Turbidity measurement

Turbidity was used to qualitatively measure the extent of
coacervate formation as a function of BPEI-to-SDS
stoichiometry (BPEI/SDS), charge ratio of BPEI to SDS (+/-) and
pH. Turbidity measurements were performed using a 2 cm path
length fiber-optic colorimeter (Brinkmann PC 950) at a
wavelength of 420 nm. Turbidity was reported as 100 — 7%,
where T corresponds to the transmittance. Stock solutions of
BPEI (40 x 103 M) and SDS (40 x 10 M) at pH 3.0, 6.0 and 9.0
were prepared separately. Titration of BPEI stock solution into
SDS stock solution was done with stirring. The transmittance (T)
was recorded at 60 s after each titration of BPEI.

2.3 Zeta potential measurement

Zeta potential measurement of the as-prepared BPEI-SDS and
BPEI-(SDS/PENS) coacervates following method described in
Section 2.2 was performed using Zeta PALS instrument
(Brookhaven, USA). Each measurement was repeated for at
least 3 times. The electrophoretic mobility of the complex

This journal is © The Royal Society of Chemistry 20xx
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coacervate was converted into zeta

Smoluchowski equation.

potential using

2.4 Dynamic light scattering

Dynamic light scattering measurements of the coacervates
prepared using the method illustrated in section 2.2 were
performed using a Zeta PALS instrument (Brookhaven, USA).
Each measurement was repeated for at least 3 times.

2.5 Determination of partition coefficient of dyes into coacervates

After the preparation of coacervates following method in
Section 2.2, 0.3 mL of 1 x 103 M MB, JGB or FL with the same
pH as the polyelectrolyte solution was added to 29.7 mL BPEI-
SDS coacervate system. For the mixed micelle containing
coacervates, 0.3 mL 1x 103 M MB with the pH pre-adjusted to
6.0 was added to 29.7 mL BPEI-(SDS/PENS) coacervate. In all
cases, the final dye concentration was 0.01 x 103 M. After
stirring for 24 h, samples were centrifuged for 3 h at 8000 rpm
(Allegra X-30R Centrifuge, Beckman Coulter). After
centrifugation, the supernatant was removed using a
micropipette, and the coacervate phase was left in the bottom
of centrifuge tubes. The pH of the supernatant was adjusted to
pH 6.0 before the UV-vis measurements. UV-vis measurement
(Agilent 8453 spectrophotometer) was used to determine the
dye concentration in the supernatant and coacervate. The
maximum absorbance wavelength for MB, JGB and FL are 664
nm, 608 nm and 475 nm at pH 6.0. The extinction coefficient of
MB, JGB and FL at their corresponding maximum absorbance
wavelength are 7.24 X104, 5.23 X104 and 2.52 X10* cm1.M?,
respectively. The partition coefficient (K) was calculated
according to equation 1.

[Solute in Coacervate]

D

- [Solute in Supernatant]

2.6 Determination of SDS Micelle Aggregation Number

Fluorescence measurements of SDS solution were performed at
excitation and emission wavelengths of 450 and 630 nm
respectively, using a Horiba FluoroMax 4 spectrofluorometer,
with the addition of Ru(bipy)s%* as the luminescent donor and
9-MeA as the luminescence quencher. The concentration of the
M and the
concentration of the former was maintained at 7.2 x 10° M,

latter in solution was fixed at 1.05 x 10
while the concentration of SDS was varied. The micelle
aggregation number (Ng,) was obtained by following the
previously reported method of Turro and Yekta (equation 2).52

0
n (1)] — [QINGHIS], — (eme/[QN) ()

where I, is the emission intensity of the probe Ru(bipy)s;?* in the
SDS solution without the addition of the quencher 9-MeA, while
I is the emission intensity of the probe in the SDS solution with
addition of quencher. [S], is the concentration of SDS, CMC is
the critical micelle concentration of SDS, and [Q] is the quencher
concentration added in the SDS solution. The SDS concentration
dependence of Ru(bipy)s;?* luminescence intensity is shown in
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Fig. S1, which leads to N,,4 of approximately 60 for SDS, which
is comparable with the previously reported aggregation number
of SDS.5253

2.7 Determination of Number of SDS Micelles per BPEI Chain

Copper ions can react with the amine groups of the
polyethylenimine, to produce a dark blue cuprammonium
complex, which exhibits two absorption peaks at 275 and 630
nm as shown in Fig. S2. UV-vis measurement of a series of BPEI-
Cu?* complex solutions with the addition of different amounts
of BPEI (0 to 0.7 x 103 M) and the presence of excess copper
ions (1 x 10% M) was performed on Agilent 8453
spectrophotometer, to produce a UV-vis absorbance calibration
curve at 275 nm, as shown in Fig. S3a. The UV-vis measurement
of the same series of BPEI-Cu?* complex solutions with the
presence of 1 mM SDS was carried out as well, to illustrate that
the presence of low concentrations of SDS has little impact on
the quantification of BPEI concentration (Fig. S3a). The linear fit
of absorbance at 275 nm vs. BPEI concentration indicates that
forming cuprammonium complex with copper ion is a facile and
accurate method to determine BPEI concentration in the
solution. The concentration of residual BPEI in the supernatant
of each coacervate sample after centrifugation was determined
by UV-vis using copper ions as a UV-visible probe of BPEI
concentration.

To determine the concentration of SDS in the supernatant,
Sudan Il was added to the supernatant as a UV-visible probe of
SDS concentration. The solutions were prepared by adding 20
mg Sudan Il to 10 mL SDS solutions with a variety of SDS
concentration to produce a UV-vis absorbance calibration. The
solutions were then sonicated for 30 min and then centrifuged
at 6000 rpm for 15 min to remove unsolubilized excess dye
particles. Then the transparent supernatant was carefully
removed using a micropipette. UV-vis measurements of the
clear red supernatant were used to generate the absorbance
calibration curve, as shown in Fig. S3b. By using this calibration
curve, the concentration of SDS in the supernatant could be
determined.

The number of SDS micelle per BPEI chain (N) is defined by
equation 3.

N {[SDS] initial — [SDS]supernatant}Mn
B {[BPEI] initial — BPEIsupernatant}MrNagg

(3

where [SDS]initial and [SDS]supernatant are the initial concentration
in the system and the concentration of SDS residue in the
supernatant, M, is the number average molecular weight of
BPEI, [BPEl]initial and [BPEl]Jsupernatant are the initial
concentration of BPEI in the system and concentration of BPEI
in the supernatant, M, is the molecular weight of the BPEI
repeat unit, and N,y is the aggregation number of SDS micelle,
as calculated from section 2.6, which is assumed to be constant
throughout the study. Though it has been reported that in some
cases polyelectrolyte-surfactant binding can affect the
surfactant aggregation number,>* it has also been reported that
when surfactant are in a complex with a weak polyelectrolyte,
the impact of the binding on the surfactant aggregation number

4| J. Name., 2012, 00, 1-3

is much more limited compared to when binding with strong
polyelectrolyte.>> The assumption is therefore made in this
study that the aggregation number of SDS micelle remains
unchanged at approximately 60, as BPEl is a
polyelectrolyte.

weak

2.8 'H NMR

1H NMR of SDS, PENS, and various molar ratios of SDS to PENS
using D,0 as the solvent, was carried out on a Mercury 300
spectrometer at a proton resonance frequency of 300 MHz at
30 °C to provide information on the formation of mixed
SDS/PENS micelles based on the upfield or downfield shifts of
the proton chemical shift of SDS and PENS.

2.9 Simulation of the lipophilic partition coefficient contributions

The pH dependence of the theoretical lipophilic partition
coefficient (logD) values of the dyes into the coacervates were
estimated using the physico-chemical property predictor plugin
in  MarvinSketch (ChemAxon). This approach followed a
previously reported method that used the calculated octanol-
water partition coefficient to predict antibiotic activity.>® Briefly,
the partition coefficient of dyes was predicted using a
redefinition of the selected atom types to include electron
delocalization and the addition of contributions from ionic
species. The calculations were dependent on estimates of the
pK, of the ionisable groups, thus the values of logD are
dependent on pH.

2.10 Rheological measurements

This journal is © The Royal Society of Chemistry 20xx
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The coacervate samples were prepared as previously discussed
by mixing 40 x 103 M BPEI stock solution (pH = 3.0, 6.0 or 9.0)
and 40 x 103 M SDS stock solution (pH = 3.0, 6.0 or 9.0) with the
same pH at various mixing ratio (the details on mixing ratio are
shown in Table S1, Supporting Information). In the BPEI-SDS
complex coacervate samples, SDS micelles can be regarded as
the ionic crosslinkers between the BPEI chains. To present a
more straightforward comparison of the impact of pH (or
charge density of BPEI) on the rheological property of either the
intrapolymer-dominant  complex coacervates or the
interpolymer-dominant complex coacervates, the factor of SDS
micelle number per BPEl chain should be removed by
controlling it at a closest value for each intrapolymer-dominant
complex coacervate series and interpolymer-dominant
coacervate series, respectively (Table S1). The coacervate was
collected by centrifuging the mixtures at 8000 rpm for 3 h
(Allegra X-30R Centrifuge, Beckman Coulter). The dynamic
rheological properties of the coacervates were characterized
using a TA Instruments ARES-G2 rheometer in parallel plate
geometry using an 8.00 mm diameter aluminium upper plate
and 43.9 mm diameter aluminium lower plate along with a
solvent trap. For dynamic rheological experiments, a constant
strain amplitude of 0.6%, which is within the linear viscoelastic
response region for all the collected coacervate samples, was
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Fig. 2 Turbidity vs. (a) BPEI/SDS ratio and (b) initial +/- charge ratio profiles for
BPEI-SDS system, obtained by titrating BPEI (40 x 10 M) into SDS (40 x 103
M) stock solutions with the same pH pre-adjusted to 3.0, 6.0 or 9.0. Y. and ¥,
represent the onset of complex coacervation and precipitation in the system,
respectively.
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used. The frequency was swept from 0.1 — 100 rad/s for these
dynamic measurements.

3. Results and discussion

3.1 Role of pH on complexation of BPEI and SDS micelles

Turbidity was used to qualitatively assess the complex
coacervate formation as a function of pH and the stoichiometry
of BPEI to SDS, as shown in Fig. 2a. The charge density of BPEI
can be modulated by adjusting solution pH.

The point of initial increase in turbidity is designated as Y. which
represents the onset of complex coacervation in the system,
while the point of abrupt decrease in turbidity is indicated as Y),,
which is related to the formation of complexes that precipitate
from solution. From the turbidity profile, one can see that the
complex coacervation as well as the formation of precipitates is
highly dependent on the pH, which means the ionization degree
of BPEI. Specifically, a lower pH is associated with higher BPEI
ionization degree and leads to an earlier onset of complex
coacervation and precipitation with respect to the BPEI/SDS
molar ratio, indicating that higher ionization of BPEI promotes
both coacervation and precipitation during the titration. The
ionization degree of BPEI as a function of pH was determined
using potentiometric titration, as shown in Fig. S4. It was
assumed that the different types of amine groups have the
same ionization constant and did not influence the ionization of
the nearby groups. >7°8 Converting the BPEI/SDS stoichiometry
to the ratio of positive to negative (+/-) charges as shown in Fig.
2b allows a more direct assessment of the impact of charge
compensation. From Fig. 2b, it is obvious that precipitation is
strongly dependent on the initial charge ratio rather than
BPEI/SDS molar ratio, since the precipitates always form at
similar charge ratios (~0.65). The value of this ratio is interesting
as precipitation is generally expected to take place at a 1:1
charge The non-stoichiometry of the insoluble
polyelectrolyte complexes is known to occur when weak

ratio.>®

polyelectrolyte is involved in the complexation.®® Studies on
weak polyelectrolyte multilayer films suggest that (1) at a given
pH, the charge density of an adsorbing weak polyelectrolyte can
increase substantially from its solution-state value when it is
incorporated into a multilayer film and (2) the effective pKa of
a weak polyelectrolyte in a multilayer film shifts dramatically
from its solution-state value.®! It is possible that in this BPEI/SDS
system there might be pKa shifts of BPEI and enhanced
ionization degree of BPEIl due to charge-charge interactions,
making BPEI more basic.%? In addition, it was previously shown
that the precipitation of oppositely charged polyelectrolytes is
concentration dependent, in which a higher total
polyelectrolyte concentration promotes precipitation.33
Therefore, it might be possible that decreasing the total
concentration of BPEl and SDS can lead to an increase in Y, to a
value much closer to 1. Unlike in the case for precipitation,
charge ratio is not the only dominant factor for coacervation. At
pH 3.0 and 6.0, coacervation takes place immediately as the
BPEI solution was titrated into SDS solution. However, at pH 9.0,
at low BPEI/SDS stoichiometry or charge ratio, there is no

J. Name., 2013, 00, 1-3 | 5
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Fig. 3 Hydrodynamic diameter (D) and zeta potential (§) of BPEI/SDS

coacervates as a function of BPEI/SDS stoichiometry and pH. The coacervates

were prepared mixing BPEI (40 x 10 M) with SDS (40 x 10 M) stock solutions

with the same pH pre-adjusted to 3.0, 6.0 or 9.0, at different stoichiometry.
coacervate formed. BPEI chains are not highly charged at pH 9.0,
with a large spacing between charges along the BPEI chains.
There might be some charge “mismatch” between the slightly
charged BPEI and SDS at pH 9.0, leading to the shift of Y. to a
higher charge ratio.

3.2 Intrapolymer-dominant vs interpolymer-dominant association

The hydrodynamic diameter and zeta potential of the BPEI-SDS
complex coacervates formed at various mixing molar ratios and
pH values are shown in Fig. 3. Both the hydrodynamic diameter
and zeta potential of the BPEI-SDS coacervates are strongly
dependent on the pH. BPEI-SDS coacervates formed at lower pH
tend to have a larger particle size and higher absolute value of
zeta potential, due to the higher degree of ionization of BPEI at
lower pH, allowing it to associate with more SDS micelles. For
example, at the same BPEI to SDS stoichiometry of 0.05, the
hydrodynamic diameter of the coacervate formed at pH 3.0 is
~300 nm, while that formed at pH 6.0 is ~240 nm. For each
series of BPEI/SDS complex coacervates formed at a given pH
value, the hydrodynamic diameter of the particles first
decreases as the BPEI/SDS molar ratio increases, then at a
certain stoichiometry (BPEI/SDS ratio), which are 0.4, 1.0 and
2.5 for pH of 3.0, 6.0 and 9.0, respectively, the size of the
coacervates begins to increase, as shown in Fig. 3a. The
hydrodynamic size of BPEI-SDS coacervates was also examined
as a function of the ratio of positive to negative (+/-) charges, as

6 | J. Name., 2012, 00, 1-3

shown in Fig. S5, in which the charge ratio for the minimum size
of BPEI-SDS coacervates is dependent on pH as well. As the pH
increases, both the BPEI/SDS molar ratio and the charge ratio
(+/-) for the minimum size shift to a larger value. In addition, the
zeta potential of BPEI-SDS coacervates initially become less
negative as the BPEI/SDS ratio increases until the stoichiometry
for the minimum hydrodynamic size of the coacervates is
reached. As the BPEI/SDS ratio increases further, an abrupt
change in the trend of zeta potential versus BPEI/SDS molar
ratio occurs.

To better understand and explain the changes in both
hydrodynamic diameter and zeta potential, we propose a model
of intrapolymer-dominant and interpolymer-dominant
association, as depicted in Fig. 4, which is consistent with
previous reports.2®384 In this work, the intrapolymer
association and interpolymer association refer to the
probability of the association occurring for a given SDS micelle.
In the case of intrapolymer association, the SDS micelles
associate with a single BPEIl chain, while in the case of
interpolymer association, the SDS micelles can associate with
multiple BPEI chains. The probability of the association mode
for BPEI and SDS is dependent on the BPEI/SDS molar ratio. At
low BPEI/SDS molar ratio, there are many more SDS micelles
than there are BPEI chains, which leads to the formation of BPEI-
SDS complexes where the intrapolymer association dominates
(intrapolymer-dominant complexation) with a relatively large
number of SDS micelles per BPEI chain. With the increase in
BPEI-SDS molar ratio, the number of SDS micelles that can be
assigned to each BPEI chain decreases, resulting in a decrease
in the hydrodynamic diameter as well as the absolute value of
the formed coacervates. The decreasing number of SDS micelles
per BPEI chain (N) for the intrapolymer-dominant complexes
with increasing BPEI/SDS mixing ratio also supports this
assumption, as shown in Fig. S6, consistent with published
studies.»®3 The number of micelles per BPEI chain in the
coacervate phase was decreased from approximately 49 to 11,
32 to 9, and 9 to 6 as the BPEI to SDS stoichiometry increases
from 0.05 to 0.4, 0.05 to 1.0 and 1.0 to 2.5 for pH 3.0, 6.0 and
9.0, respectively. For the intrapolymer-dominant complex
coacervates, the hydrodynamic diameter of the coacervates
decreases as the number of micelles per BPEI chain decreases
as shown in Fig. S7. Interestingly, the hydrodynamic diameter
collapses as a function of N (for intrapolymer-dominant
coacervate case) for all pH examined, indicating that the
number of micelles per BPEI chain is the dominant factor for the
size of coacervates. However, when the BPEI/SDS molar ratio
was further increased, for example, at BPEI/SDS stoichiometry
of 0.5 for the BPEI-SDS complexes formed at pH 3.0, the
association between BPEl and SDS tends to become
interpolymer-dominant because of the reduced number of SDS
available for each BPEI chain. The number of micelles per BPEI
chain for the transform from intrapolymer-dominant complex
to interpolymer-dominant complex is pH-dependent, which is
approximately 11, 9, and 6 for pH at 3.0, 6.0, and 9.0,
respectively.
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The electrophoretic mobility of the intrapolymer-dominant
BPEI-SDS coacervates was plotted as a function of N, as shown
in Fig. 5. Irrespective of pH, the absolute values of mobility
increase with N, since SDS micelles contribute to the negative
mobility of the coacervates. Although the trend of mobility vs.
N is similar for the BPEI-SDS coacervates at different pH, the
mobility does not collapse exactly with N due to the pH
dependent BPEI ionization.

3.3 Partition coefficient of dyes into intrapolymer-dominant
BPEI/SDS coacervates

The nonpolar core of micelles allows an enhancement of
solubility of hydrophobic materials. In this study, we examined
how the type of association between BPEI and SDS as well as
the hydrophobicity of the solute itself can influence the uptake
ability of these solutes. Three different dyes, MB, FL and JGB,
were utilized as representative solutes with different
hydrophobicity to determine the solute uptake property of the
BPEI-SDS coacervates, using UV-vis measurements. Fig. S8 and
Table S2 show the predicted lipophilic partition coefficient
values of MB, FL, and JGB as a function of pH, which can be used
to evaluate the hydrophobicity of the solutes.?’ The micelle-
water partition coefficient of hydrophobic organics has been
reported to have a strong positive correlation with the lipophilic
partition coefficient.®> The partition coefficient of MB, FL, and
JGB into intrapolymer-dominant BPEI-SDS coacervates at pH 3.0,
6.0, and 9.0 was plotted as a function of the number of SDS
micelles per BPEI chain (N), as shown in Fig. 6. As shown in Fig.
S6, for the dye MB and JGB, the log D values are always greater
than 0in the studied pH range from 3.0 to 9.0, which means that
these two dyes favour hydrophobic or non-polar environments,
while for the dye FL, its log D value is highly dependent on the
pH. Particularly, at low pH of 3.0, FL favours hydrophobic
environment more than the hydrophilic one, while at pH 9.0 it
prefers polar environment instead, since the log D value is less
than 0 at pH 9.0. As shown in Fig. 6, the partition coefficient of
dyes into BPEI-SDS coacervates is highly dependent on the
hydrophobicity of the dye itself. Specifically, the higher the log

L]
mﬁjﬁ\}é@”ﬂs Micelle = =
s

Increasing BPEI/SDS mixing ratio

Intrapolymer

Interpolymer

Fig. 4 Schematic illustration of conversion of intrapolymer mode to
interpolymer mode as the BPEI/SDS mixing ratio increases.
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Fig. 5 Electrophoretic mobility of intrapolymer-dominant

D value or the hydrophobicity of the dye, the higher the
partition coefficient into BPEI-SDS coacervates is. In addition,
for the dyes with a log D value larger than 0, their partition
coefficient into BPEI-SDS coacervates increases linearly with N,
indicating that the hydrophobic interaction between SDS and
the dye plays an important role in the partitioning process.
However, for the dye FL at pH 6.0 and 9.0, the partition
coefficient is quite low and decreases with N, suggesting that
the hydrophobic interaction is not the dominant factor for the
solute uptake of the solutes with such a low log D. To better
explain the decreasing partition coefficient of FL into BPEI-SDS
coacervates with N at high pH values, the fraction of different
charge species of FL was obtained as shown in Fig. S9. At the pH
higher than 6.0, the charge of FL molecules is negative, which
might be attracted by positively charged BPEI but ejected by
negatively charged SDS molecules via electrostatic interaction,
as reported in previous studies on the uptake of solutes into
polyelectrolyte complexes.®® Therefore, the competition of sites
on the BPEI
repulsion between SDS and FL lead to a lowered partition

between SDS and FL as well as the electrostatic

coefficient as the number of SDS micelles per BPEI chain
increases. The lipophilic partition coefficient or hydrophobicity
of MB almost does not vary with pH in the pH range from 3.0 to
9.0. Interestingly, the partition coefficient of MB into BPEI-SDS
coacervates vs. N falls onto the same linear plot, as shown in
Fig. 6e, which strongly supports the assumption that the
hydrophobicity of the solute is crucial for the partitioning
process.
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3.4 Mixed micelles of SDS and PENS

Mixed micelles of SDS and PENS (SDS/PENS) were obtained by
mixing SDS and PENS at different molar ratio (SDS:PENS = 1:0,
3.26:1,1.25:1 and 0:1) in D,O for 'H NMR measurements, while
fixing the total surfactant concentration at 40 x 103 M. 'H NMR
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Fig. 7 Hydrodynamic diameter (D,) and zeta potential (§) of BPEI-SDS
coacervates as a function of PENS mole fraction of total surfactant. The
coacervates were prepared by mixing BPEI (40 x 103 M) solutions with
SDS/PENS mixtures (40 x 103 M) with the same pH pre-adjusted to 6.0, at a
fixing BPEI to surfactant stoichiometry of 0.5.

has been previously utilized to indicate the formation of mixed
micelles. Wang et al. reported that after forming mixed micelles
with Trixon-100, the protons of SDS undergoes upfield shift,
which is evidence of the ring-current effect of the aromatic
phenoxy group of Trixon-100 on the protons of SDS.®7 In this
study, similarly, *H NMR was applied as well to determine the
formation of mixed micelles between SDS and PENS. The H
NMR spectra of SDS, PENS and several mixtures of SDS and PENS
with different mixing ratio in D,0O were obtained, as shown in
Fig. S10. The details on the chemical shifts of SDS and PENS are
listed in Table S3. Similarly, because of the ring-current effect of
the aromatic phenoxy group of PENS, the chemical shift of SDS
protons also undergoes a upfield shift as the fraction of PENS in
the system increases, which suggests the mixed micellization of
SDS and PENS.

The hydrodynamic diameter of mixed micelles was investigated
using DLS measurement at various mixing ratios, as shown in
Fig. S11. As the molar fraction of PENS increases, the
hydrodynamic diameter of the micelles increases gradually
from approximately 3.0 to 4.5 nm.

3.5 Complexation of BPEI with the mixed micelles

Complexation of BPEI with mixed SDS/PENS micelles prepared
at different PENS content with a fixed total surfactant
concentration of 40 x 103 M, was studied at pH 6.0, at a fixed
ratio of BPEI/(SDS/PENS) of 0.5 in the initial solutions. The
hydrodynamic diameter as well as the zeta potential of the
BPEI-(SDS/PENS) complexes was measured, as shown in Fig. 7.
PENS% is defined as shown in equation 4 to better illustrate the
composition of the mixed micelles.

PENS% = nPENS/(nSDS + nPENS) %X 100%
where npgns and Nsps represents the number of moles of SDS
and PENS in the mixed micelle system.
As shown in Fig. 7a, at low PENS mole fraction (0 — 40%), BPEI
undergoes complex coacervation with SDS/PENS mixed micelles,
with hydrodynamic diameter increasing from ~150 nm to 365
nm as the PENS mole fraction increases from 0 to 40%. Upon
consideration of the zeta potential values of the solution after
complex coacervate has occurred (with that phase dispersed in
the water rich phase) at low PENS mole fraction (0 — 40%), one
sees a maximum in the absolute value of zeta potential at ~-48
mV for the BPEI-(SDS/PENS) complex coacervate formed at
PENS% = 10%. We further propose that at this condition, with
the addition of PENS into the system, the mixed micelles tend
to form interpolymer-dominant complexes with BPEI rather
than the intrapolymer-dominant complexes formed in the pure
SDS micelle case. The increase in hydrodynamic diameter with
PENS mole fraction is probably due to the formation of
interpolymer-dominant complexes between BPEI and
SDS/PENS mixed micelles at 40% = PENS% > 10%. In addition,
the maximum absolute value of zeta potential at PENS% = 10%
occurs because of the conversion from the intrapolymer-
dominant complexes of the BPEI-SDS system to interpolymer-
dominant complexes for BPEI-(SDS/PENS) system.
However, when the PENS% is between 50% — 90%, complex
coacervation process does not occur, as can be seen from the
inset pictures in Fig. 7a. In order to better understand the
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association or interaction between BPEl and the SDS/PENS
mixed micelles formed when the PENS mole fraction is from 50%
—90%, detailed information on the size distribution of particles
in these systems as well as BPEI at pH 6.0 was obtained, shown
in Fig. S12. The particle size measured for BPEI in dilute aqueous
solution at pH 6.0 is always smaller than the particles in BPEI-
(SDS/PENS) solution, indicating that there is some loose
association between the SDS/PENS mixed micelles and BPEI
chain although complex coacervation does not occur. A possible
explanation for suppression of phase separation at
intermediate PENS% is proposed in this study. It could be
possible that the packing of surfactant head groups is less
efficient for SDS/PENS mixed micelles than the SDS micelles,
resulting in lower extent of micellar counterion condensation in
the mixed micelles. The entropic driving force for mixed micelle-
BPElI complexation is therefore diminished, leading to the
suppression of phase separation at intermediate PENS%.

When the PENS% is greater than 92.5%, phase separation
occurs again. A coacervate formed at the PENS% of 92.5%, while
precipitates formed at the PENS% of 95% and 100%. It is
generally not considered that a second phase transition, liquid
to solid, is occurring when precipitation is seen,*%686% but rather
these cases indicate strong association between the oppositely
charged moieties (e.g. strong oppositely charged
polyelectrolytes)**%° or that an increased hydrophobicity of the
precipitating system.’%7! The point at which precipitates form
can also be seen as the point at which the colloidally stable
dispersion of complex coacervate droplets is destabilized. As
shown in Fig. S13, the hydrodynamic diameter of the SDS-PENS
complexes formed using BPEI and mixed micelles with a PENS%
of 95% and 100% increases dramatically within several minutes,
suggesting that this phase separation might be kinetically
controlled.*! The low value of the zeta potential of BPEI-PENS
complexes accelerates the aggregation and precipitation
process. Another study on the complexation of PEI-SDS also
reveals that the precipitation of PEI-SDS complexes is a result of
both the increased hydrophobicity of the complexes and the
low zeta potential of the complexes which leads to the
coagulation of the PEI-SDS system.*6

To better understand how the mixed micelle composition
influences the phase behaviour of the BPEI-mixed surfactant
system, turbidimetric titration of BPEI into surfactant as a
function of increasing BPEI/surfactant ratio is shown in Fig. S14.
First of all, the BPEI-surfactant coacervate regime narrows with
an increase in PENS%, indicating that the dispersion of BPEI-
surfactant coacervate droplets is destabilized when the PENS%
is increased. The destabilization of BPEl-surfactant coacervates
as PENS% increases is probably due to the increased
hydrophobicity produced by PENS. An interesting phenomenon
is the titration of BPEI into 30% PENS surfactant solution, which
undergoes a coacervation-partial dissolution-precipitation
process. The coacervates formed immediately as the BPEI was
titrated into surfactant solution, and as the BPEl/surfactant
ratio reaches approximately 1.6, the turbidity of the system was
reduced significantly with no precipitation, which indicates that
the coacervate partially dissolves. However, when the
BPEl/surfactant ratio was increased to ~2.0, the cloudiness of
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Fig. 8 Partition coefficient (K) of MB into BPEI-(SDS/PENS) coacervates as a
function of PENS mole fraction of total surfactant. The coacervates were
prepared by mixing BPEI (40 x 103 M) solutions with SDS/PENS mixtures (40 x
103 M) with the same pH pre-adjusted to 6.0, at a fixing BPEI to surfactant
stoichiometry of 0.5. Then 0.01 x 103 M MB was added to this system.

the BPEl-surfactant
precipitates were formed instead. Another interesting finding is
that the coacervate does not form for BPEI-70% PENS surfactant
system until the stoichiometry of BPEI to surfactant reaches
approximately 1.5.

system increases significantly and

3.5 Role of PENS on the uptake of MB

It has been reported that the length and architecture of the
hydrophobic tails of surfactants has an impact on the uptake of
dyes. Micelles formed using surfactants with a longer and linear
tail show more efficient uptake of hydrophobic dyes than the
micelles formed using surfactant with shorter and branched
tail.3>365051 The chain length of PENS is much larger than that
of SDS, chemical structures shown in Fig. S14, which means that
the micelles formed with more PENS should have a higher MB
uptake ability. Additionally, the aromatic functional group of
PENS may also enable m-mt interaction between PENS and MB,
contributing to the higher uptake of MB into the complex
coacervate phase as well. To study the influence of PENS on the
uptake of MB, the partition coefficient into BPEI-(SDS/PENS)
coacervates was plotted as a function of PENS mole fraction of
the total surfactant, as shown in Fig. 8. The partition coefficient
of MB into the BPEI-(SDS/PENS) complex coacervate phase
increases almost linearly except where precipitates are formed.
For the 100% PENS case, the dye taken into the precipitate is
less than the amount of dye taken into the complex coacervate
phase for 92.5% PENS mixed micelles, showing that partitioning
into a complex coacervate phase can be more effective than
directly flocculating the small molecule from solution. The
network for precipitates is usually tighter than that for
coacervates.”? As the tighter, or more crosslinked, network
might slow the diffusion of solutes into the precipitate, a
question that arises is whether the system is at equilibrium
when we measure the partition coefficient in the case of
precipitation. To answer this question, the partition coefficient
of MB into the precipitate was measured after 3 days as well,
which remains unchanged over time, indicating that the
partition coefficient measured in this study is at equilibrium.
The lower partition coefficient of MB in the precipitate is likely
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Fig. 9 Frequency sweeps showing storage (GI, solid) and loss (G”, open) modulus of BPEI-SDS coacervates formed at different pH and association mode. The
intrapolymer-dominant coacervates are prepared by mixing BPEI with SDS micelles with a molar ratio of 0.4, 0.5 and 1.0 for pH at 3.0, 6.0 and 9.0, respectively. The
interpolymer-dominant coacervates are prepared by mixing BPEI with SDS micelles with a molar ratio of 1.0, 1.25, and 3.0 for pH at 3.0, 6.0 and 9.0, respectively. The
BPEI to SDS molar ratio was selected to have a close number of micelles per BPEI chain for either the intrapolymer-dominant or interpolymer-dominant coacervate

series at different pH.

due to the reduced number of available binding sites for MB and
steric hindrance effect for MB induced by the tighter
network.”74 Although this might be a kinetic effect rather than
thermodynamic, the kinetics have essentially “frozen” the
system, and it seems the measured partition coefficients are
meaningful quantifications of the properties of these systems
These results indicate that the PENS content in the mixed
micelle complex coacervate plays a crucial role in its solute
uptake ability.

3.6 Rheological Properties of BPEI-SDS coacervates

A variety of factors including salt concentration, polyelectrolyte
stoichiometry, pH, polymer chain length, as well as the chain
length matching have been shown to have an influence on the
rheological properties of polyelectrolyte complexes as well as
polyelectrolyte coacervates.”> 8! In this study, to study how the
charge density or pH, and the different association mode
(intrapolymer-dominant or interpolymer-dominant complex)
influence the rheological behaviour of the BPEI-SDS coacervates,
a series of BPEI-SDS coacervates were prepared (see Table S1)
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Fig. 10 Loss tangent (tan 5= G”/G') of the intrapolymer-dominant and
interpolymer-dominant coacervates at different pH. The intrapolymer-
dominant coacervates are prepared by mixing BPEI with SDS micelles with a
molar ratio of 0.4, 0.5 and 1.0 for pH at 3.0, 6.0 and 9.0, respectively. The
interpolymer-dominant coacervates are prepared by mixing BPEI with SDS
micelles with a molar ratio of 1.0, 1.25, and 3.0 for pH at 3.0, 6.0 and 9.0,
respectively.
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and further investigated by using dynamic rheological
measurements. The dynamic moduli, G’ and G”, are presented
as a function of frequency for the complex BPEI-SDS
coacervates. The experiments were performed at a constant
strain of 0.6%, which was found to be in the linear regime. The
viscoelastic behaviour of the formed coacervates are highly
dependent on the charge density of BPEl as well if the
association of BPEI-SDS complex is intrapolymer-dominant or
interpolymer-dominant, as shown in Fig. 9. Remarkably, for all
the BPEI-SDS complex coacervates formed at pH 3.0, 6.0, and
9.0, the storage modulus (G') is significantly higher than the loss
modulus (G") at all the frequencies measured, (e.g., tan 6 << 1),
as shown in Fig. 10, indicating that the as-prepared BPEI-SDS
coacervates form an interconnected gel-like network. In this
study, SDS micelles are regarded as the ionic crosslinker
between BPEI chains.

BPEI charge density or pH has been shown to have a strong
influence on the rheological properties of polyelectrolyte
complexes.?? Specifically, as the pH decreases, the modulus of
BPEI-SDS coacervates increases dramatically, which is probably
due to a higher interconnection between the more charged
BPEI and SDS. The increased modulus of PBEI-SDS coacervates
at lower pH indicates that there tends to be more ionic bonds
between BPEI and SDS for the coacervates formed at lower pH.
For the BPEI-SDS coacervates formed at the same pH value but
with different association mode (intrapolymer-dominant or
interpolymer-dominant complex), the viscoelastic behaviour is
quite different. At each pH value, the formed interpolymer-
dominant complex coacervates show higher storage moduli as
well as lower tan§ values than the intrapolymer-dominant
complex coacervates. These characteristics are consistent with
the formation of more ionic crosslinks between different
polymer chains in the polyelectrolyte complex.”” It may be
initially unclear why interpolymer-dominant complex
coacervates would form more ionic crosslinks than the
intrapolymer-dominant coacervates, since the number of SDS
micelles per BPEI chain is lower in the interpolymer-dominant
coacervates. However, the interpolymer associations can be
considered as effective crosslinks, while the intrapolymer
associations effectively generate loops from a polymer network
perspective. In the intrapolymer-dominant coacervates, the
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SDS micelle tends to dominantly form ionic bonds with one BPEI
chain and these bonds would not contribute to the formation of
an ionic network to support stresses. These intrapolymer bonds
should be equivalent to the formation of loops in a network
polymer. This concept is supported by the higher tan & value,
i.e., more energy dissipations.®? In the interpolymer-dominant
coacervates, the SDS micelle tends to dominantly form ionic
bonds with multiple BPEI chains, leading to the formation of
effective crosslinks in the network. Therefore, in the context of
effective ionic crosslinks, it is not surprising that the
interpolymer-dominant coacervates have a higher storage
modulus and lower tand than the intrapolymer-dominant
complexes despite the lower number of micelles per BPEI chain
for the interpolymer-dominant complex coacervates.

Conclusions

Presented here is a study of the phase behaviour and formation
of intrapolymer-dominant and interpolymer-dominant
polyelectrolyte-micelle and polyelectrolyte-mixed micelle
coacervates, their ability to uptake dye, and the rheological
properties of these coacervates. BPEI-SDS complex coacervates
were formed by simply mixing BPEI and SDS stock solutions with
the same pH at different mixing ratios. The influence of pH, or
charge density of BPEI, as well as mixing molar ratio was
measured with turbidity, DLS, and zeta potential. It was seen
that charge ratio is key in precipitation of this system. Based on
the variation of coacervate size and zeta potential with
BPEI/SDS mixing ratio, an intra- vs interpolymer association
model was proposed. Specifically, intrapolymer-dominant
complex coacervates were formed at low BPEI/SDS molar ratio,
while at high BPEI/SDS molar ratio BPEI and SDS tend to form
interpolymer-dominant complex coacervates instead. The
number of SDS micelles per BPEl chain can be assigned.
Complexation of BPEI with the mixed SDS/PENS micelles shows
different phase behaviour than the BPEI-SDS. Based on the zeta
potential and hydrodynamic diameter data, it can be inferred
that at 40% >PENS % >10% with a BPEI to mixed micelle ratio of
0.5, the mixed micelles tend to form interpolymer-dominant
complexes with BPEIl rather than intrapolymer-dominant
complexes for the pure SDS micelles. However, when the
proportion of PENS in the mixed micelle is 50% — 90%, BPEI
tends to form a loose association with the mixed micelles,
rather than undergoing the coacervation. For the complexes

formed using BPEI and mixed micelles with a composition of 95%

or 100 % PENS, the association is strong and form precipitates.
Partition coefficient of four different dyes into BPEI-SDS
intrapolymer-dominant coacervates was studied as a function
of pH and mixing ratio. An increase in dye hydrophobicity and
the number of SDS micelles per BPEI chain leads to a higher
partition coefficient. In addition, by using mixed SDS/PENS
micelles instead of SDS micelles, the partition coefficient of MB
into coacervates can be enhanced probably because of the
more hydrophobic environment produced by the surfactant
PENS.

Dynamic rheological measurements on the coacervates suggest
that the rheological properties of the complex coacervates are
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impacted by the association mode of the coacervates as well as
the charge density of BPEI chains. An increase in the charge
density of BPEI chains results in a higher ionic bond density
between BPElI and SDS micelles, therefore more solid-like
behaviour. Even for the BPEI-SDS coacervates formed at the
same pH value, the interpolymer-dominant coacervates shows
a much higher modulus and lower tan § value, indicating that
there are more effective ionic network bonds in the
interpolymer-dominated complexes than the intrapolymer-
dominant complexes.
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