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Abstract: In this work the electrostatic complexation of two strong polyelectrolytes (PEs) was studied,
the hydrophilic and positively charged poly (diallyldimethylammonium chloride) (PDADMAC) and
the hydrophobic and negatively charged poly (styrene-co-sodium styrene sulfonate) (P(St-co-SSNa)),
which was prepared at different sulfonation rates. The latter is known to adopt a pearl necklace
conformation in solution for intermediate sulfonation rates, suggesting that a fraction of the P(St-
co-SSNa) charges might be trapped in these hydrophobic domains; thus making them unavailable
for complexation. The set of complementary techniques (DLS, zetametry, ITC, binding experiment
with a cationic and metachromatic dye) used in this work highlighted that this was not the case
and that all anionic charges of P(St-co-SSNa) were in fact available for complexation either with the
polycationic PDADMAC or the monocationic o-toluidine blue dye. Only minor differences were
observed between these techniques, consistently showing a complexation stoichiometry close to 1:1
at the charge equivalence for the different P(St-co-SSNa) compositions. A key result emphasizing
that (i) the strength of the electrostatic interaction overcomes the hydrophobic effect responsible for
pearl formation, and (ii) the efficiency of complexation does not depend significantly on differences
in charge density between PDADMAC and P(St-co-SSNa), highlighting that PE chains can undergo
conformational rearrangements favoring the juxtaposition of segments of opposite charge. Finally,
these data have shown that the formation of colloidal PECs, such as PDADMAC and P(St-co-SSNa),
occurs in two distinct steps with the formation of small primary complex particles (<50 nm) by
pairing of opposite charges (exothermic step) followed by their aggregation within finite-size clusters
(endothermic step). This observation is in agreement with the previously described mechanism of
PEC particle formation from strongly interacting systems containing a hydrophobic PE.

Keywords: hydrophobic/hydrophilic polyelectrolytes; pearl necklace conformation; polyelectrolyte
complexes; complex particles

1. Introduction

Polyelectrolyte complexes (PECs) are formed through predominant cooperative elec-
trostatic interactions between oppositely charged polyelectrolytes (PEs) upon mixing their
aqueous solutions together [1–5]. Many industrial applications of PECs exist, such as
papermaking [6], food industry [7], wastewater treatment [8], pharmaceutical industry,
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and biomedicine [9]. The driving force of PEC formation is mainly the gain in entropy due
to the release of the low-molecular counterions (and bound water molecules). However,
other interactions, such as hydrogen bonding or hydrophobic ones, may play an addi-
tional part [2]. Two types of complexes can be distinguished on the basis of their physical
nature, i.e., solid or liquid, the latter belonging to the broader family of coacervates [10].
Intermediate physical states can be observed as gel-like states, evidencing the existence
of a continuum of morphology depending on the interaction strength between the two
oppositely charged PEs or the complexation conditions used (temperature, ionic strength,
solvent) [11]. When the PE mixture is not at charge stoichiometry, complexation generally
gives rise to colloidal particles where the PE in excess forms an electrosterically stabilizing
shell around the neutral complexed cores [12]. Except for the case of soluble complexes
discovered by Kabanov and Zezin, which are formed under particular conditions [13],
colloidal PEC particles can be obtained from almost any pairs of PEs as long as a PE is in
excess and the concentration is not too high (<1%) [2,14]. The major component, which is
bound on the surface, can stabilize particles up to the 1:1 mixing ratio, where flocculation
or coalescence occurs, depending on whether particles are solid- or liquid-like complexes,
respectively. However, in many cases, premature particle aggregation can be observed,
i.e., at mixing ratios different from 1:1. This issue has been reviewed from a theoretical
perspective, describing aggregation as occurring when short-range attractions (van der
Waals, hydrophobic) overcome long-range electrostatic repulsion between like-charge
complexes [15].

For solid-like complexes, the formation of PEC particles is generally described by a
two-step mechanism, which consists in the formation of primary PEC particles, followed by
growth of secondary PECs from the aggregation of the primary particles (Figure 1) [16,17].
When PEs are hydrophilic, the secondary PECs have a rather homogeneous structure,
meaning that primary complexes can rearrange and fuse into quite homogeneous particle
structure. For hydrophobic PEs, the situation is different as small primary complex particles
are too compact to rearrange; consequently, they aggregate to larger raspberry-like parti-
cles [18]. For example, Gummel et al. have shown that complexes based on hydrophobic
polystyrene sulfonate and lysozymes form dense globules of finite size (~10 nm) arranged
into fractal aggregates that are resistant to dilution [19,20].

In the present study, we investigate the complexation between a hydrophilic cationic
polyelectrolyte, the poly (diallyldimethylammonium chloride) (PDADMAC) and a hy-
drophobic polyanion, the poly (styrene-co-sodium styrene sulfonate) with varying degrees
of sulfonation (Figure 2). Both PEs are strong; their electrostatic charges are quenched and
almost pH independent. PDADMAC and PSSNa have both been considered as model
polyelectrolytes [21,22]. The complexation of PDADMAC and PSSNa in dilute conditions
has been extensively investigated by the group of Dautzenberg in the 1990s by static light
scattering giving access to the radius of gyration, the molecular weight, the polydispersity
and the structural density of PEC particles [23,24]. In pure water, PEC particles obtained
from PDADMAC of 250,000 g/mol and PSSNa of 66,000 g/mol have a high level of ag-
gregation with more than 1000 chains per particle as well as a high polydispersity [12].
Electron microscopic studies indicated that PEC particles have a spherical shape and a
compact structure and confirmed the high size polydispersity found by light scattering [14].
At that time, the substructure of PEC particles could not be revealed.

The charge density of PSSNa can be modified through partial sulfonation of the parent
polystyrene chain, leading to the poly (styrene-co-sodium styrene sulfonate), abbreviated
as P(St-co-SSNa). The physicochemical behavior of this hydrophobic PE is clearly different
from the fully charged PSSNa, especially regarding the chain conformation. At first, it was
predicted theoretically by Dobrynin and Rubinstein that hydrophobic PEs adopt in water a
pearl necklace conformation where dense beads are connected by narrow strings [25,26].
The pearl size results from the balance between the electrostatic energy and the interfacial
energy while the distance between pearls results from the balance between the repulsion
between adjacent pearls and the surface energy of the string [25,26]. As the hydrophobic
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polyelectrolyte becomes more charged, the size of the pearls decreases and their number
increases, by analogy with the Rayleigh instability of a charged droplet [27]. Experimentally,
the average form factor of P(St-co-SSNa) with chemical charge fractions (f ) of f = 0.36 and
f = 0.64 was measured by small-angle neutron scattering combined with the zero average
contrast method, highlighting the pearl necklace conformation and also a decrease in the
pearl size as f increases [28]. Light scattering and pyrene fluorescence measurements
also suggested the formation of hydrophobic nano-domains dispersed along the polymer
chain [29,30]. Importantly, Essafi et al. showed by osmometry that the effective charge
fraction (feff) of P(St-co-SSNa) (0.35 < f < 1) was much lower than predicted by the Manning–
Oosawa condensation theory [31,32], except for f = 1 [33]. The reduction of the effective
charge was attributed to the low local dielectric constant in the pearls, thereby favouring ion
condensation. In contrast, no further reduction of feff was found for a random copolymer
of acrylamide and sodium-2-acrylamide-2-methyl propane sulfonate, due to its highly
hydrophilic behaviour.
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Figure 1. Two-step mechanism of PEC particle formation. The morphology of the secondary
complexes depends on the hydrophobicity of the PEs, with highly hydrophobic PEs favoring a
raspberry-shaped morphology and hydrophilic PEs leading to a more homogeneous structure
(adapted from [16]).
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Figure 2. Molecular structure of (a) P(St-co-SSNa), (b) PDADMAC, (c) o-toluidine blue. N is the
degree of polymerization and f represents the chemical fraction of sulfonated units in P(St-co-SSNa).

Investigations of P(St-co-SSNa) on adsorbed surfaces align with the pearl necklace
conformation as the size of the pearl was quantitatively measured by in situ ellipsome-
try [27]. Moreover, it was shown by AFM imaging that P(St-co-SSNa) chains of low charge
density (f < 0.5) are collapsed in spherical globules, while highly charged chains have a
more extended conformation [34]. It appears thus at the limit of solubility in water, the
less charged P(St-co-SSNa) form spherical globules, like oil in water. As the charge density
increases, the system becomes unstable and the spherical globules split into smaller ones.
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In the context of polyelectrolyte complexation, the question of the charge accessibility
within the pearls arises. Are they accessible in the same way as those located on the
strings? Are the counter ions in the pearls more difficult to remove, i.e., is there an
additional energy cost to provide? To address these and other questions, we first studied
the chain conformation and solution dynamics of P(St-co-SSNa) with varying sulfonation
rates by AFM and dynamic light scattering (DLS), respectively. Then, we investigated the
complexation of P(St-co-SSNa) with PDADMAC by DLS, zetametry, electron microscopy,
and isothermal titration calorimetry (ITC) in order to examine the size, charge, morphology
of PEC particles and thermodynamics of complexation. The complexation of P(St-co-SSNa)
with a monocationic dye, the toluidine blue, was also studied by spectrophotometric
titration for comparison with the PDADMAC. Special attention was paid to possible
differences in complexation stoichiometry by forming PEC particles at different molar
charge ratios (Z = [+]/[−]).

2. Materials and Methods

Polymers. Poly (diallyl dimethylammonium chloride) (PDADMAC), Mw ≤ 100,000 g mol−1

(Mw as the weight averaged molecular weight), N = 619 (N is the polymerization index) was
purchased from Sigma Aldrich (Saint Louis, MO, USA) as a 35 wt. % solution in H2O. Before
use, the PDADMAC solution was dialyzed against Milli-Q water using regenerated cellulose
membranes (MWCO 6–8 kDa Spectra/Por) until the conductivity of the dialysis bath was con-
stant. Then, the dialyzed solution was concentrated and freeze dried. P(St-co-SSNa) with different
degrees of sulfonation f (45%, 64%, 83% and 100%) were used as hydrophobic polyanions. They
were obtained by post sulfonation of a parent polystyrene with Mw = 280,000 g mol−1, N = 2692,
purchased from Sigma Aldrich (Reference 182427). The sulfonation method was derived from a
previous procedure developed by Essafi et al. [35], based on Makowski’s method [36], allowing a
partial sulfonation of polystyrene with a good control of the composition [37]. After the sulfonation
step, all P(St-co-SSNa) copolymers were purified by dialysis and freeze dried, as described above.
The water content of each polymer was determined by thermogravimetric analyses (TGA 5500,
TA instruments, New Castle, DE, USA).

The degrees of sulfonation of P(St-co-SSNa) were obtained by two methods: (i) elemen-
tal analysis of carbon and sodium (Flash EA 1112, Thermo Finnigan, Waltham, MA, USA)
(Table S1) and (ii) 1H NMR analyses (Ultrashield Plus 500, Bruker, Billerica, MA, USA)
of the copolymers in deuterated DMSO or D2O (Figure S1) [37]. The two methods gave
similar sulfonation degrees. The main characteristics of PDADMAC and P(St-co-SSNa) are
summarized in Table 1.

Chain conformations of P(St-co-SSNa) were determined using VMD ((1.94a51, Uni-
versity of Illinois, Urbana-Champaign, IL, USA, https://www.ks.uiuc.edu/Research/
vmd/, accessed on 13 May 2022) and AMS (AMS2021, SCM Software for Chemistry &
Materials BV, Amsterdam, The Netherlands, https://www.scm.com/, accessed on 13 May
2022) softwares. In a first step, a polymer chain of 100 randomly generated units was built.
Then, the chain was relaxed using the universal force field (UFF). The radial distribution
functions between sulfur atoms were generated using VMD (Figure S2). For each sulfur
atom, the distances to the nearest sulfur atom were calculated and averaged (Table 1).

https://www.ks.uiuc.edu/Research/vmd/
https://www.ks.uiuc.edu/Research/vmd/
https://www.scm.com/
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Table 1. Characteristics of the PEs investigated in this work: charge, weight-average molecular
weight (Mw), degree of polymerization (N), chemical fraction of sulfonated units (f ), charge spacing
based on the monomer size (0.25 nm) (b1), mean nearest-neighbor distance of sulfonate groups based
on the radial distribution function of sulfur atoms of P(St-co-SSNa) (b2).

Polymer Charge Mw (kDa) N f (%) b1 (nm) b2 (nm) b Name

PDADMAC + ≤100 619 100 0.47 a PDADMAC
P(St-co-
SSNa) − 400 2692 45 0.56 0.80 PSS45%

P(St-co-
SSNa) − 450 2692 64 0.39 0.78 PSS64%

P(St-co-
SSNa) − 500 2692 83 0.30 0.77 PSS83%

P(St-co-
SSNa) − 550 2692 100 0.25 0.58 PSS100%

a according to [38]; b see Figure S2.

Preparation of PE solutions and complex formation. Polyelectrolyte solutions were
obtained by dissolving the polymer powder in Milli-Q water (Resistivity = 18.2 MΩ cm−1)
at a concentration of 1.5 mM in charged units by taking into account the water content and
the sulfonate content. PE solutions were prepared at room temperature and kept under
constant stirring for at least 15 h and filtered through 0.2 µm cellulose acetate filters. The
formation of PEC particles was performed by rapid addition of the PDADMAC solution
into the P(St-co-SSNa) solution under stirring for Z < 1 and by reversing the order addition
for Z > 1 so that the component in default was always added to the one in excess in order
to minimize the PEC aggregation upon crossing the point of charge equivalency (Z = 1).
Different values of the molar charge ratios Z = [+]/[−] were targeted. The total PE concen-
tration was always equal to 1.5 mM in charged units. The suspensions were then promptly
used for DLS and zeta potential measurements to avoid any significant sedimentation.

Transmission electron microscopy (TEM). Transmission electron microscopy (TEM)
experiments were performed using a Hitachi H600 (Hitachi, Tokyo, Japan) microscope
operating at an acceleration voltage of 75 kV. A droplet of PEC dispersion was deposited
on conventional carbon-coated copper grids and TEM images were taken after complete
drying of the sample at room temperature.

Dynamic light scattering (DLS) and zetametry. P(St-co-SSNa) solutions. Dynamic
light scattering analyses of aqueous solutions of P(St-co-SSNa) were performed using a
compact ALV-CGS3 goniometer with an ALV/LSE-5004 light scattering electronics and an
ALV-7004 multi tau digital correlator with pseudo-cross correlation detection (ALV-Laser
Vertriebsgesellschaft mbH, Langen, Germany). The light source was a 22 mW He-Ne laser
operating at λ = 632.8 nm. The analysis was carried out at 25 ◦C at a single detection
angle of 90◦. A total of 10 measurements of 30 s were performed, except for PSS100%
where 60 measurements of 120 s were performed due to the low scattering intensity.
Data were evaluated by fitting the normalized time autocorrelation function (ACF) of
the scattered light intensity, g(2)(t) which is related to the normalized electric field ACF,

g(1)(t) through the Siegert relation: g(2)(t) = 1 + β
∣∣∣g(1)(t)∣∣∣2 where β is an instrumental

constant. The data were fitted with the constrained regularization method (CONTIN),
which provides the distribution of relaxation times, A(τ), as the inverse Laplace transform
of the electric field ACF: g(1)(t) =

∫ ∞
0 A(τ) exp(−t/τ)dτ. The distribution of relaxation

times was converted to an intensity-weighted size distribution by applying the Stokes–
Einstein equation. The P(St-co-SSNa) solutions were prepared at a concentration of 6 mM
in charged units (=1.2 g/L for PSS100%, 1.4 g/L for PSS83%, 1.6 g/L for PS64%, 2.0 g/L for
PSS45%) and filtered on 0.22 µm cellulose acetate filters just before analysis.

PEC particles. Dynamic light scattering and zeta potential measurements of PEC
particles at various molar charge ratios (Z) were carried out using a NanoZS Zetasizer
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(Malvern Instruments, UK), operating with a 4 mW He−Ne laser (λ0 = 632.8 nm) and a
detection angle of 173◦. The determination of zeta potential (ZP) uses a combination of
laser Doppler velocimetry and phase analysis light scattering (PALS). The prepared PEC
dispersions were introduced in folded capillary cells (DTS1070) to perform successively
DLS and ZP measurements at 25 ◦C. The particle size distributions were obtained by
applying the non-negative least squares (NNLS) fitting model. When the distributions
were monomodal, the particle Z-average diameter was derived by applying the cumulant
model. For the determination of ZP values, the Smoluchowski approximation was applied.

Atomic force microscopy (AFM). P(St-co-SSNa) chains deposited on mica surfaces
were imaged in air at room temperature using a Dimension ICON AFM (Bruker, Billerica,
USA). Experiments were made in PeakForce mode to precisely control the force acting on
the chains (setpoint) using high-resolution PeakForce HIRS-FA probes having a tip radius
of ~1–2 nm (Bruker, Billerica, MA, USA) at a scanning rate of 0.4 Hz. Mica substrates were
freshly cleaved prior to any experiment to expose a genuine and molecular smooth surface.
It must be noted that the mica and P(St-co-SSNa) chains are both negatively charged in
aqueous solution, which prevents adsorption of the polyanions. Mica substrates were then
immersed for 10 s into a 2 mM MgCl2 solution, since divalent cations, such as Mg2+, are
known to electrostatically bridge with polyanions, such as PSSNa or DNA [34,39,40]. In
total, 200 µL of aqueous P(St-co-SSNa) solutions prepared at 1 mM were subsequently cast
on the pre-treated mica surfaces for a few minutes to promote chain adsorption, rinsed
with DI water, and dried under a clean nitrogen stream prior to AFM imaging.

Isothermal titration calorimetry (ITC). A Nano ITC calorimeter from TA Instruments
(New Castle, DE, USA), with a sample cell and syringe volume of 950 µL and 250 µL,
respectively, was used to determine the heat transfer during the complexation of the
oppositely charged PEs. The PDADMAC solution (c = 6 mM in monomers) was introduced
in the syringe (titrant) and injected in the working cell containing the P(St-co-SSNa) titrated
solution (c = 1 mM in monomers) under constant stirring (250 rpm). All solutions were
degassed before each experiment, including the water filled in the reference cell [41,42].
After a preliminary injection of 2 µL of the titrating PE solution, 24 successive injections of
10 µL with a 300 s time interval between each injection, were performed. The first point was
not included in the analysis due to the diffusion of the solution into the needle during the
equilibration time. All experiments were conducted at 25 ◦C. The heat flow corresponding
to each injection was recorded as a function of time and integrated. The heat of dilution
from the PDADMAC addition into deionized water was measured and subtracted from the
raw data (Figure S4). The experimental data were fitted with a model of two independent
binding sites, allowing the complexation of PDADMAC with P(St-co-SSNa) to be described
as a two-step process [43,44]. The binding constant (K), the reaction stoichiometry (n), and
the enthalpy change per mole of injectant (∆H) were determined for each process with
the NanoAnalyze software (version 3.11.0, TA Instruments, New Castle, DE, USA). The
free energy change (∆G) and entropy change (∆S) were derived from the fitted parameter
values using thermodynamic equations, ∆G = − RT ln K and ∆G = ∆H − T∆S, where R is
the gas constant and T is the absolute temperature.

Spectrophotometric titration. P(St-co-SSNa) solutions were spectrophotometrically
titrated with o-toluidine blue (Sigma Aldrich, 84% purity, used as received). A total of
1.35 mL of the dye solution prepared at 6.8.10−5 M was rapidly added to 0.15 mL of P(St-
co-SSNa) solutions varying in concentration, from 5.10−5 M to 1.3.10−3 M (in charged
residues). Solutions were incubated at 25 ◦C under stirring for one hour. Following this,
triplicates were pipetted into a 96 well plate (200 µL/well) and analyzed with a microplate
reader (SpectraMax M2e, Molecular devices) in the visible range (400–800 nm). Solutions
were also centrifuged (20 min at 20,000× g) afterwards to better evidence the formation of
precipitate under certain conditions.
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3. Results
3.1. Solution Behavior and Conformation of P(St-co-SSNa)

Before investigating the formation of P(St-co-SSNa) complexes with PDADMAC, the
solution behavior and chain conformation of P(St-co-SSNa) were studied by DLS and
AFM, respectively. All P(St-co-SSNa) solutions were prepared at a concentration of 6
mM in charged units, which corresponds to a mass concentration of 1.2 g/L for PSS100%
(Mw = 550,000 g/mol). The overlap concentration of the PSS100% was estimated at 0.05–2
g/L according to the literature [45]. Therefore, the solutions were analyzed at the onset of
the semi-dilute regime, but far from the entangled regime (ce~40 g/L for PSS100%) [45].

Starting with the DLS analysis, the P(St-co-SSNa) with a degree of sulfonation of 100%
(PSS100%) exhibits a typical polyelectrolyte behavior in salt-free solution [46], which is
characterized by: (i) a low scattering intensity in relation with the low compressibility of
the charged polymer (Figure 3a), (ii) a fast relaxation mode (~10 µs) that can be attributed
to the coupled relaxation of polymer charges and their counter-ions (Figure 3b), (iii) a
slow relaxation mode (~10 ms) resulting from transient polymer associations due to the
interaction of charge-ion dipoles [47], leading to ‘electrostatic aggregates’ (Figure 3b),
and (iv) medium modes (Figure 3b) that can be ascribed to the polydispersity of the
polymers [48] (see Figure 4), as generally observed for PSSNa obtained by post sulfonation
of PS [34,49,50]. The low intercept on the correlogram (0.2) also reflects the poor coherence
of the scattering fluctuations, probably due to the low scattering intensity and the high
dispersity of relaxation times spanning five decades (Figure 3a). Partially sulfonated PSS
(PSS83%, PSS64%, PSS45%) showed a somewhat different behaviour: (i) the scattering
level is higher due to a higher compressibility of these PSSNa since their effective charge
in aqueous media decreases as f decreases and probably also due to the pearl necklace
conformation [30]; the lower count rate observed with the more hydrophobic PSS45%
could be due to the removal of some aggregates upon filtration. The increase in scattering
intensity with the decrease of the sulfonation rate was also confirmed by measurements
of the refractive index increment (dn/dc) of P(St-co-SSNa) (Table S2); (ii) the fast mode
is of lower intensity due to the decrease in polymer charge density; (iii) medium modes
can still be observed; and (iv) the slow mode is detected at shorter times and it is also
less broad than for PSS100%; it can be attributed to the formation of denser aggregates
through hydrophobic interaction rather than ion-dipole interaction. The aggregate size
was determined by application of the Stokes–Einstein equation; it decreases from 250 nm
(PSS64% and PSS83%) to 100 nm (PSS45%).

Figure 4 shows AFM images of P(St-co-SSNa) chains deposited on molecularly smooth
MgCl2-treated mica surfaces. The electrostatic adsorption of negatively charged chains
onto the cationic mica surface is here driven by the release of counterions. The AFM
images showed essentially individual chains and none of the large aggregates observed by
DLS. The latter diffuse much more slowly than the individual chains, so they likely did
not have time to adsorb during the deposition step on the mica surfaces. For the highest
charge density (PSS100%), the polyelectrolyte chains appeared to lie flat on the surface
in a rather extended conformation with a height of about 0.7 nm, in agreement with the
radius of a PSSNa chain and the previous work of Gromer et al. [34]. We could further
see that the adsorbed chains of the fully charged PSSNa appeared quite polydisperse on
the mica surface with the presence of very small chains (and a few branched structures).
An observation consistent with that of Gromer et al. [34] and Baigl et al. [37] suggesting
that some chain scissions (and/or crosslinking) may have occurred during the sulfonation
step. For the two intermediate charge densities (PSS64% and PSS83%), the chains were
less extended and presented slightly higher heights (see scale bars). Finally, for the lowest
charge density (PSS45%), the chains appeared more folded with heights often greater
than 1.5 nm and the presence of small aggregates, which certainly underlines the marked
hydrophobic nature of these low charge density polyanions chains. However, not all chains
were aggregated, suggesting that aggregates have a weakly cohesive structure and that
their interaction with the cationic charges (Mg2+) of the mica surface could be sufficient to
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partially unwind them. A feature that will also be observed in solution upon complexation
of low charge density P(St-co-SSNa) with the hydrophilic and cationic PDADMAC.Polymers 2022, 14, x FOR PEER REVIEW 8 of 22 
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Figure 3. DLS analysis of aqueous solutions of P(St-co-SSNa) varying in the degree of sulfonation.
(a) Normalized intensity autocorrelation functions. The scattering intensity of P(St-co-SSNa) solutions
is given as the count rate (CR) determined at 90◦ detection angle and normalized by the polymer
mass concentration (g/L). (b) Intensity-average relaxation time distributions. The corresponding
unweighted radii are shown on the top axis. All PE solutions were prepared at a concentration of
6 mM in charged units.
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Figure 4. AFM images of PSS100%, PSS83%, PSS64%, and PSS45% chains on molecularly smooth
MgCl2-treated mica surfaces.

3.2. Observations of P(St-co-SSNa)-PDADMAC Complexes

In this section, PECs were prepared at different molar charge ratios Z (+/−) by rapid
addition of the PDADMAC solution to the PSS100% solution. The qualitative aspect of the
PEC dispersions obtained just after mixing is shown in Figure 5a. An optically transparent
solution was obtained at the lowest charge ratio (Z = 0.25). At Z = 0.5 and Z = 0.75, the
dispersions were slightly turbid due to the formation of more colloidal complexes. At Z = 1,
which corresponds to the charge equivalency, the highest turbidity was observed. A further
increase of the molar charge ratio led to less turbid dispersions. Five days after preparation
of the complexes, some of the PEC particles precipitated for 0.75 ≤ Z ≤ 1.5 with a maximum
of precipitation at Z = 1, in good agreement with the achievement of the complete charge
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neutralisation in the system, as previously reported for the PDADMAC-PSSNa pair [17]
(Figure 5b).
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Figure 5. Optical aspect of the PEC dispersions formed by rapid addition of PDADMAC into PSS100%
at various molar charge ratios Z(+/−), between 0.25 and 2. (a) immediately after mixing; (b) after
five days.

Then, the PEC morphology at different charge ratios was examined by TEM (Figure 6).
It can be observed at first sight that PEC particles have irregular shapes with sizes in the
range of 100 to 200 nm for Z values different from 1. However, a closer look at the images,
for example at Z = 0.50, clearly shows that the complex particles are made up of smaller
particles interacting with each other. These particles, whose size was typically comprised
between 20 and 50 nm, correspond to the primary complexes previously described. Primary
complexes should be charged at Z < 1 or Z > 1 because of the excess PE that is partially
complexed on their surface. The clustering of these small particles into larger structures
of finite size may result from the interplay of short-range attractive interactions (van der
Waals), which allow for the minimization of the surface energy of the particles upon
aggregation [51] and long-range repulsive electrostatic interactions [15,52]. The growth of
secondary complexes is limited by the increasing electrostatic energy of the clusters [51].
The fact that the primary complexes cannot merge and rearrange (Figure 1) emphasizes their
dense and cohesive structure due to their hydrophobicity. In the case of more hydrophilic
PE systems, this type of hierarchical structure does not exist, i.e., the primary complexes, if
any, can fuse and rearrange [18,53].
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Figure 6. TEM images showing the morphology of PEC particles obtained by complexing PDADMAC
with PSS100% at various molar charge ratios Z(+/−) comprised between 0.25 and 2. The arrows
highlight the substructure of PEC particles where primary complexes can be observed.

3.3. Characterization of P(St-co-SSNa)-PDADMAC Complexes by DLS and Zetametry

In order to probe the colloidal state of the complexes and to determine the stoichiome-
try of the system as precisely as possible, the complexes prepared at different Z(+/−) by
rapid addition of PDADMAC to P(St-co-SSNa) for Z < 1 or P(St-co-SSNa) to PDADMAC
for Z > 1, were analyzed by DLS within a few minutes after their preparation. Indeed, after
a certain time, a fraction of PEC particles sedimented, especially at Z between 0.7 and 1.5.
The formation of colloidal particles was detected by DLS even for very low charge ratios,
which totally excludes the formation of soluble complexes in the sense defined by Kabanov
and Zezin [13]. The DLS analysis showed that the size distributions of complexes were
essentially monomodal (Figure S3), which allowed for the application of the cumulant
method to roughly estimate the Z-average diameters of the particles. PEC particles have
diameters between 100 and 300 nm regardless of the sulfonation rate of the P(St-co-SSNa)
(Figure 7a). For a given P(St-co-SSNa), the particle sizes varied slightly with Z, as found
elsewhere for the PSS/PDADMAC system [12]. However, some aggregation could be
detected when approaching Z = 1, as the amount of excess PE was too low to well stabilize
the complexes. The aggregation was more visible for P(St-co-SSNa) than for PSS100%. The
fact that PEC particles have a finite size confirms the formation mechanism of primary
complex clusters, as seen in TEM (Figure 6). Interestingly, one could also detect by DLS a
population of low intensity, around 50 nm, even for relatively high charge ratios (Figure S3).
This population could correspond to a fraction of unclustered primary complexes.
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Figure 7. DLS analysis of PDADMAC/P(St-co-SSNa) complexes in solution. The Z-average diameter
of the particles (starting at Z = 0.15) (a) and the scattering intensity of the dispersion (starting at Z = 0)
(b) are plotted for the four P(St-co-SSNa) compositions as function of the molar charge ratio Z(+/−).
The total PE concentration was 1.5 mM in charged units.

It is of importance to note that the scattering intensity increased linearly between
Z = 0 and Z = 1 for all P(St-co-SSNa). Assuming that the optical contrast of the complexes
was constant, the increase in intensity must be due either to an increase in the number of
particles or to an increase in their size. The latter being almost constant for Z < 0.8 (see, for
example, the data of PSS100%, Figure 7a), the particle number must then increase. This
indirectly reveals that the strong interaction between both PEs leads to a complexation far
from equilibrium generating inhomogeneous dispersions of complexes due to a reaction
time faster than the mixing time [54,55]. Indeed, equilibrium complexation or homogeneous
mixing conditions would not have left almost any free PDADMAC chains in the solution
even at low Z as a single PDADMAC chain can interact with several P(St-co-SSNa) chains.
For instance, if one assumes that in the early stage of complexation, one PDADMAC chain
can interact with five P(St-co-SSNa) chains, there should be no free P(St-co-SSNa) in solution
above Z = NPDADMAC/(5 f NP(St-co-SSNa)) ~ 0.05 (with f = 1). In other words, most of the
complexes must nucleate at low Z under equilibrium or homogeneous mixing conditions
and only their growth should be observed at higher Z. Since particle growth was not
actually observed, it must be assumed that the complexation was heterogeneous, i.e., both
complexed and free P(St-co-SSNa) chains were present in the dispersion at low Z. Then,
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by adding more PDADMAC, free P(St-co-SSNa) chains can nucleate new particles; thus
contributing to the increase of the scattered light. In practice, it is difficult to achieve the
complexation in homogeneous conditions since the complexation reaction is an extremely
fast process (<5 µs, i.e., nearly the diffusion-collision time of the PE chain) [56]. The use of
microfluidic mixers has been proposed to have mixing times lower than the reaction time,
and thus achieve homogeneous complexation conditions [57].

Finally, the size and scattered intensity variations at Z > 1 were symmetrical to those
obtained at Z < 1 (Figure 7). This shows that the complexation mechanism in the presence
of excess PDADMAC is similar to that observed with excess P(St-co-SSNa), at least in the
case of rapid mixing of the PEs. For Z > 1, primary complexes must be slightly positively
charged due to PDADMAC in excess and the same must hold for secondary complexes.
The neutrality in strong PEC systems is characterized by a complete charge pairing leading
to the precipitation of complexes. This is equivalent to coacervation for weak complexes.
Here, precipitation was only observed within a few minutes for PSS45% at Z = 1.2, as
evidenced by the drop in scattering intensity (Figure 7b) and by the absence of particles
of colloidal sizes detected by DLS (Figure S3). For the other P(St-co-SSNa), a scattered
intensity maximum was detected at Z = 1.2 without any precipitation as the particle sizes
did not exceed 300 nm (Figure 7a). This emphasizes that the complexes remain relatively
well stabilized as long as there is a slight excess of one of the PE (P(St-co-SSNa for Z < 1 or
PDADMAC for Z > 1). Therefore, it can be concluded from DLS analysis, that the effective
charge stoichiometry of the system must be close to Z = 1.2 with minimal differences among
the various P(St-co-SSNa). This suggests that neither the pearl necklace conformation of
P(St-co-SSNa) nor the difference in charge density between the two PEs (Table 1) impaired
the full complexation of sulfonate groups by the cationic charges of the PDADMAC. This
was also confirmed by zeta potential (ZP) measurements, where the charge neutrality
corresponding to zero potential was estimated at Z = 1.1 for PSS100%, PSS83% and PSS64%
and Z = 1.2 for PSS45% (Figure 8). However, the out-of-equilibrium conditions of the
complexation or inhomogeneity of mixing probably explain why the complete charge
neutralization was obtained at Z slightly different from 1. The ZP measurements also
highlighted an abrupt reversal of the charge of the complexes around the point of zero
charge (pzc), which confirms that PEC particles remained highly charged and rather stable
even in the presence of a small excess of PE [10] (Figure 8). Furthermore, there was no
significant difference in the absolute values of ZP as a function of the sulfonation rate,
suggesting that the complexation mechanism and stoichiometry were similar for all P(St-
co-SSNa). The ZP value obtained at Z = 0, where only PSS100% chains are present in the
solution (Figure 8) is questionable due to the high variability in the values obtained in
the measurements (data not shown). First, the Henry’s equation used to determine the
ZP is not adapted to the case of polyelectrolyte chains: (i) the ZP is a potential associated
with an interfacial charge density and polyelectrolytes do not have an interface, and (ii) no
surrounding fluid can flow through the particles, but it can flow through PE coils [58,59].
Second, even though the electrophoretic mobility of PEs can be determined by phase
analysis light scattering (PALS), the poor scattering behavior of PSS100% certainly resulted
in a poor quality of the zeta potential measured. More consistent zeta potential values were
obtained for other P(St-co-SSNa) at Z = 0, probably due to their initial collapsed state.
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Figure 8. Zeta potential measurements of PDADMAC/P(St-co-SSNa) complexes in solution as
function of the molar charge ratio Z(+/−) for the four P(St-co-SSNa) compositions. Zetametry was
performed on same samples as those used in Figure 7. The total PE concentration was 1.5 mM
in charged units. The point of zero charge is indicated by the dotted lines Solid lines are only to
guide eyes.

3.4. Characterization of P(St-co-SSNa)-PDADMAC Complexation by ITC

Isothermal titration calorimetry (ITC) was used to determine the thermodynamic
parameters related to the complexation process between P(St-co-SSNa) and PDADMAC.
Here, the P(St-co-SSNa) solutions were titrated by ITC with the PDADMAC solution, as
in the case of DLS and zetametry experiments. The binding isotherms have the typical
shape of a high affinity binding system, where ITC peaks are exothermic and of almost
constant intensity throughout the titration, except near the equivalency where endothermic
signals of low intensity can be detected (Figure 9). The data could not be satisfactorily
fitted with a single set of identical site equation (data not shown). Much better data fitting
was obtained by using a two independent binding site equation that has already been
successfully applied to model the coacervation of two interacting macromolecules [43]. This
model put forward that two thermodynamic processes take place during complexation, one
exothermic and the other endothermic, both being almost constant in intensity until charge
equivalency (Figure S5). This is consistent with a two-step complexation: the dominant
exothermic contribution arises from the formation of primary complexes and the endother-
mic contribution from the formation of secondary complexes, as shown in previous ITC
studies [60,61]. The primary complexation allows for a strong decrease in the electro-
static energy of the system by charge pairing between P(St-co-SSNa) and PDADMAC [62].
Concerning the secondary process, it is difficult to conclude on its endothermic nature
since several attractive interactions may be responsible for the aggregation of primary
complexes of similar charge (hydrophobic interactions, counterion correlations, charge
fluctuations, charge nonuniformity, non-equilibrium hydrodynamic effects, and structural
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solvation interactions), all of which are summarized in [15]. A striking point is that the two
processes are quite indistinguishable on the ITC peaks, suggesting that complexation II
takes place concomitantly with complexation I (Figure 9a and Figure S5). In a similar work
on PDADMAC/PSSNa complexation, Konko et al. could distinctly observe the presence of
a shoulder after each injection peak; thus showing that secondary complexation follows
primary complexation [63]. The reason for these discrepancies may be due to differences
in PE molar masses, or concentrations or stirring speed in ITC. Here, endothermic peaks
could only be distinctively detected near the charge equivalency, i.e., close to Z = 1, where
the aggregation of complexes is maximal (Figure 9a).
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Figure 9. ITC raw data and binding isotherms obtained for the PDADMAC-P(St-co-SSNa) complex-
ation. (a) Corrected heat rates obtained for the titration of PDADMAC (6 mM in monomers) into
P(St-co-SSNa). The concentration of P(St-co-SSNa was 1 mM in monomers (charged and uncharged
units), which explains the apparent lower binding stoichiometry before converting concentrations to
Z); (b) binding isotherms corresponding to the various titration experiments as function of Z. The
solid line represents the best fit curve derived from a two independent binding site model.

The thermodynamic parameters resulting from the fits are summarized in Table 2. For
primary complexation, the enthalpy change (∆H) associated with the ion pairing is largely
dominated by the entropy contribution (T∆S) for all P(St-co-SSNa) systems investigated.
This entropy gain, which can be attributed to the release of counterions and bound water
molecules is known to be the driving force behind PEC formation [62]. One can also observe
that the complexation enthalpy continuously decreases (in absolute value) when the degree
of sulfonation of P(St-co-SSNa) decreased. The same holds for the free enthalpy change
(∆G) and complexation constant (K). Since the energy of an ion pair is a priori constant,
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this decrease in enthalpy should then result from an additional energy barrier required to
reach and complex the anionic charges embedded in the hydrophobic domains (pearls or
aggregates) of the partly sulfonated P(St-co-SSNa) chains. In all cases, the complexation
must be total because the stoichiometry of the reaction is close to n = 1 for all compositions
of P(St-co-SSNa) (Table 2). In other words, the hydrophobic domains in the P(St-co-SSNa)
chains are not dense and cohesive enough to prevent PDADMAC from accessing and
complexing the sulfonate groups. A feature that could have been anticipated from the
AFM images (Figure 4) where only a few collapsed chains are present on the cationic mica
even for the more hydrophobic PSS45%. This suggest that under strong complexation
conditions, confirmed here by relatively high binding constants K (~106 M−1), PE chains
can adopt an open conformation favoring the juxtaposition of long portions of oppositely
charged PEs, which is necessary to achieve the PDADMAC:P(St-co-SSNa) complexation
with a stoichiometry near 1:1 [64].

Table 2. Thermodynamic parameters of the primary and secondary process obtained for the complex-
ation of P(St-co-SSNa) by PDADMAC at 25 ◦C. n, K, ∆G, ∆H, and T∆S correspond to the reaction
stoichiometry, the binding constant, the free energy change, the enthalpy change, and the entropy
contribution to the free energy. The mole refers to the monomer unit of PDADMAC (titrant).

Primary
Process n K (M−1)

∆G (kJ
mol−1)

∆H (kJ
mol−1)

T∆S (kJ
mol−1)

PSS100% 1.06 1.70.106 −35.56 −8.66 26.90
PSS83% 1.10 1.39.106 −35.06 −8.02 27.04
PSS64% 1.01 1.21.106 −34.73 −7.50 27.23
PSS45% 1.02 7.39.105 −33.50 −6.04 27.46

Secondary
Process n K (M−1)

∆G (kJ
mol−1)

∆H (kJ
mol−1)

T∆S (kJ
mol−1)

PSS100% 1.08 3.23.105 −31.44 7.00 38.44
PSS83% 1.13 2.87.105 −31.14 5.94 37.08
PSS64% 1.07 5.55.105 −32.79 5.60 38.39
PSS45% 1.07 5.68.105 −32.85 5.32 38.17

For the secondary process (clustering of complexes I), the binding constants were one
order of magnitude lower than for primary complexation. As for the primary complexation,
the enthalpy term decreased when the degree of sulfonation decreased, suggesting that
the two stages of complexation were closely related. Furthermore, since the endothermic
contributions were almost constant throughout the titration up to the end point (Figure S5,
black lines), the stoichiometry values of the secondary complexation were also close to 1,
suggesting the concomitance of the primary and secondary complexation.

3.5. Spectrophotometric Titration of P(St-co-SSNa) with Toluidine Blue

DLS, zetametry, and ITC all evidenced that complexation of PDADMAC and P(St-
co-SSNa) is nearly stoichiometric in the sense of a 1:1 charge compensation with minimal
differences between the different P(St-co-SSNa) compositions and then insensitive to the
sulfonation rate. This unambiguously shows that the polyanion charges are available for
complexation by a strong and hydrophilic PE, such as PDADMAC. However, what hap-
pens when P(St-co-SSNa) is complexed with a monovalent cationic molecule? To answer
this question the complexation of P(St-co-SSNa) with a cationic dye, the o-toluidine blue
(o-TB), was studied by spectrophotometry. o-TB is known to induce metachromacy upon
binding with polyanions, as seen by a spectral shift towards shorter wavelengths (the color
of solutions changes from blue to red-violet). The metachromacy of o-TB results from the
stack of dye molecules bound to the polyanion favoring dye–dye interaction as in dye
aggregates [65]. For example, o-TB is commonly used as an indicator for polyelectrolyte
or colloidal titration [66,67]. P(St-co-SSNa) solutions varying in concentrations were in-
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cubated with a defined amount of o-TB. A color change was observed above a critical
polymer concentration, which unambiguously showed that dyes could electrostatically
bind to polyanions and aggregate; thus inducing metachromacy (Figure 10a,b). The stoi-
chiometry of the complexation could then be accurately determined by plotting the ratio
of the absorbance of the metachromatic peak (λ = 560 nm) to the free monomeric o-TB
peak (λ = 630 nm) as a function of Z (+/−), with the concentration of cationic charges
corresponding now to the o-TB concentration [68,69]. Figure 10c clearly shows that the
binding stoichiometry of o-TB to P(St-co-SSNa) is close to 1:1 regardless of the degree of
sulfonation of the polyanion, as previously reported for poly (ammonium acrylate) [68]
and alginate [69]. The rather hydrophobic nature of the dye could explain the complete
binding with the negative charges of P(St-co-SSNa) in the hydrophobic domains, but Ben
Mahmoud et al. have shown with a similar dye, methylene blue, that the primary interac-
tion is electrostatic [70]. The influence of the hydrophobicity of the dye could be verified
by using hydrophilic dyes, but these generally do not induce metachromacy. Compared
to data obtained with poly (ammonium acrylate) [68] and alginate [69], a striking feature
in Figure 10c is that the change in the A560/A630 ratio is sharp on both sides of Z = 1. For
Z > 1 (excess of dye), the absorbance ratio is consistently low revealing the absence of
metachromatic effect, as shown by the color of the solutions (Figure 10b). The o-TB peak
absorbance also decreased with increasing the polymer content suggesting part of the dye
was removed from solution (Figure 10a). A careful examination of the solutions showed
the formation of a violet precipitate, which was even more apparent after centrifugation of
the solutions (Figure 10b). This clearly demonstrates that complexes were not stable in the
presence of an excess of the monocationic dye. This is likely due to a lack of complex over-
charging, a macromolecular feature well illustrated by stable primary complexes formed
with PDADMAC, as well as the hydrophobic nature of P(St-co-SSNa) polyanions. The titra-
tion of excess o-TB in supernatants after centrifugation of complexes confirmed the binding
stoichiometry close to 1:1 (Figure S6). In contrast, for Z < 1 (polymer in excess), there was
almost no precipitate after centrifugation, suggesting the formation of stable and small
metachromatic complexes. DLS measurements performed at Z < 1 confirmed the presence
of well-defined colloidal structures with mean sizes below 100 nm, except for Z = 0.9 where
some aggregation was detected (Figure S7). Zeta potential measurements indicated that
the complexes are strongly negatively charged (Figure S7). In addition, both the sizes and
the scattered intensities of complexes were similar before and after centrifugation, which
suggests that complexes have a rather loose structure. The formation of hydrophobic o-TB
stacks along the polyanion chains is expected to drive the intrapolymer association of
P(St-co-SSNa) into unimolecular flower-like micelles, as observed for some amphiphilic
copolymers bearing pendant hydrophobic blocks [71,72]. Another interesting feature of the
system is that the A560/A630 ratio remains almost constant when the polymer concentration
increases (i.e., Z tends to 0) indicating that dye molecules hardly distribute into smaller
stacks in the presence of an excess of P(St-co-SSNa) (Figure 10c). This is consistent with the
cooperative self-binding tendency of the dye, i.e., o-TB ions will favor a free binding site on
the polyanion chain adjacent to a binding site that is already occupied by another o-TB ion
(L.F.W. Vleugels, personal communication, 29 April 2022). In other words, the electrostatic
interaction between o-TB and P(St-co-SSNa) is the driving force for binding, but o-TB
stacking is the guiding theme for where o-TB ions are going to bind on the polyanion chain.
The cooperative self-binding, however, is challenged by the decrease in charge density of
the polyanions, as evidenced by the continuous decrease of A560/A630 for Z < 1 when the
degree of sulfonation is reduced (Figures 10c and S8). A similar trend was observed by
using methylene blue instead of toluidine blue [70].
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4. Conclusions

In this work, we studied the complexation of a hydrophobic polyanion (P(St-co-SSNa))
of variable charge density with a hydrophilic polycation (PDADMAC) using a set of
complementary techniques ranging from TEM, DLS, AFM to ITC and spectrophotometric
titration. Stable PEC particles with high (absolute) zeta potential were formed on both
sides of the charge neutrality (Z < 1 or Z > 1). On the contrary, rather unstable PECs with
low (absolute) zeta potential were formed close to charge stoichiometry (Z~1) leading to
macroscopic precipitation with time. Furthermore, the results confirmed the existence of
a two-step complexation mechanism. A first step where ion pairs are generated between
oppositely charged PEs due to attractive electrostatic interactions inducing the formation
of primary complexes. A second step where these primary PECs aggregate into secondary
larger particles of finite size. More importantly, our data support that complexation of
PDADMAC and P(St-co-SSNa) is nearly stoichiometric and insensitive to the sulfonation
rate. On a thermodynamic point of view, ITC analyses showed that PE complexation (first
step) was, as expected, largely entropy driven with a much larger entropic contribution
than binding enthalpy, in line with the release of counterions and bound water molecules
upon complexation. In all cases, the ion pairing step has always been characterized by
exothermic enthalpies whereas aggregation (second step) by endothermic ones. In addition,



Polymers 2022, 14, 2404 19 of 22

the P(St-co-SSNa) charge density had a direct and measurable impact on the thermodynamic
parameters computed in this study. The binding enthalpy, binding constant, and Gibbs
free energy increased (in absolute value) with the charge density for the first complexation
step. Finally, our data suggest that under strong complexation conditions highlighted
here by relatively high binding constants (K ~ 106 M−1), all anionic charges, embedded
or not in the hydrophobic domains (pearls) of P(St-co-SSNa), are accessible and can be
cooperatively complexed in the presence of the strong and hydrophilic cationic PDADMAC.
When P(St-co-SSNa) was complexed with a monovalent cationic dye (o-toluidine blue), the
complexation stoichiometry was also close to 1:1 at the point of charge equivalence, which
demonstrates that the cooperative effect due to the macromolecular nature of PDADMAC
is not essential to fully complex the charges of P(St-co-SSNa). Clearly, the electrostatic
interaction with the strong (poly)cation overcomes the hydrophobic effect responsible for
the pearl formation in P(St-co-SSNa). As a perspective to this work, it would be interesting
to further investigate the role of various parameters on the clustering of primary complexes
into finite-size aggregates, including not only the hydrophobicity of PEs, but also the ionic
strength, PE concentrations, as well as the mixing conditions.
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//www.mdpi.com/article/10.3390/polym14122404/s1, Table S1: Sulfonation degrees of the different
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