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Abstract: in this work, we have comprehensively and systematically investigated the
influence of the initial concentration of oppositely charged polyelectrolyte solutions
on the interaction strength, interfacial tension and local structure of the coacervate
phase generated at charge stoichiometry in a PDADMAC/PANa model system. We
have shown for the first time that the concentration has a direct and significant impact
on the complexation strength between the two polyelectrolytes, leading to lighter
coacervates with constant mass yield and increasing network mesh and decreasing
liguid-liquid interfacial tensions until a critical concentration where oppositely charged
chains no longer interact, generating the so-called self-supressed coacervate single
phase (SSCV). An effect that is due the free counterions present in the solution, whose
concentration increases with that of the PE polyelectrolytes and gradually screens the
electrostatic complexation. These characteristics will certainly have an impact on the
capacity of these coacervates, objects of great scientific and technical interest
today, to be efficiently stabilized, to encapsulate active principles and to serve as
bioreactors.

Keywords: polyelectrolyte complexes; complex coacervate; electrostatic interaction;
complexation strength; interfacial tension; thermodynamic; local structures;

morphologies



The complexation of oppositely charged polyelectrolytes (PEs) in agqueous
solutions is a widespread associative process in natural and artificial systems, which
proceeds through primarily cooperative electrostatic interactions. Complementary
interactions like short-range hydrogen-bonding or long-range hydrophobic effect can
also participate in the complexation process. These PE complexes or PECs have
endless applications in different technological fields ranging from water freatment!,
paper making? and food industry? to pharmaceuticalst, cosmetics®, tissue
engineeringé and biomedicine’. The formation of PECs involves two distinct steps: the
generation of primary PECs by ion pairing, followed by their
aggregation/reorganization into larger structures.8? When the oppositely charged PE
mixture is not at charge stoichiometry, complexation typically results in colloidal
polyelectrolyte complexes where the excess PE forms an electrosterically stabilizing
shell around the neutral complexed cores'® with a solvation, charge, hydrophobicity
that vary with the molar charge ratio Z([-]/[+]).? -4 At charge stoichiometry, when the
amount of anionic and cationic charges are equal, two very different situations can
occur depending on the strength of the interaction. When the charged chains are in
strong interaction (binding constant ke>10¢ M-1), the system undergoes a liquid-solid
transition generating aggregates that eventually sediment with time as in the case of
the well-known PDADMAC/PSSNa system.? 1416 When the interaction is weaker, the
system undergoes a liquid-liquid phase transition generating highly hydrated and
dense chemically enriched microdroplets in equilibrium with the surrounding
macromolecule-depleted continuous phase as in the PDADMAC/PANa system (ko
~103-10*M1).11-14 These complex coacervate phases have emerged in recent years as
promising compartments for the construction of rudimentary forms of artificial cells.’”-
18 Due to their differential chemical composition and physical properties compared to
the contfinuous phase, these crowded droplets spontaneously and selectively
accumulate various solutes, 1718 including molecular dyes'?, proteins or
polynucleotides?. This effect due to the peculiar physicochemical environment found
in the coacervate phase provides a simple way to localize and concentrate
functional species, although the exact mechanism is not yet known, partly because
the local structure of this phase and the parameters that influence it are not
systematically studied in the literature. In particular, in most studies of complex
coacervation, the polyelectrolyte concentration is held constant and the ionic

strength and/or molecular weight of the chains are often used as adjustable



parameters to study the phase diagram. The impact of the overall polyelectrolyte
concentration is rarely studied in a systematic way in the literature, especially for high

values.?!

Herein, we comprehensively and systematically investigated the influence of
polyelectrolyte concentration on the final properties of a model PDADMAC/PANa
complex coacervate phase generated at charge stoichiometry. We will examine the
impact of formulation concentration on the interaction strength, interfacial tension,
and local structure of this polymer-rich phase in equilibrium with its supernatant using
complementary techniques such as thermo-gravimetric analysis (TGA), dynamic light
scattering (DLS), small angle neutron scattering (SANS), and interfacial tension

measurements.

We have generated mixtures at charge stoichiometry made at increasing
polyelectrolyte (PE) concentration. After preparation, each coacervate phase was
allowed to stand for 2 weeks to allow the system to equilibrate. A clear macroscopic
phase separation between a light supernatant and a denser coacervate phase
(CCV) was generated for all concentrations up to 0.85M, where coacervation was
unexpectedly suppressed giving rise to a single phase as shown in Figure 1(a), the so-
called self-suppressed coacervate phase (SSCV).2122To better characterize the system
macroscopically, we performed density and thermogravimetric analyses. Strikingly,
the density of the supernatant increases linearly with the PE concentration while that
of the coacervate decreases symmetrically (Figure 1(b,c)). When the PE
concentration increases, the generated coacervate phase becomes lighter and the
supernatant denser until a critical concentration where the two curves cross and
coacervation is suppressed, resulting in a single phase (SSCV) in agreement with visual

observations.
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Figure 1. (a) Photographs of the mixtures generated at charge stoichiometry at increasing PE
concentration. Above 0.85M coacervation is suppressed giving way to a single phase (SSCV).
(b) Variation of supernatant and coacervate density p with PE concentration. The dofted lines
are a linear fit of the data.

TGA measurements were then performed to accurately estimate the overall PE
content, including counterions. As anticipated, the PE mass fraction in the coacervate
is much higher than in the supernatant at low concentrations (Figure $2) and
decreases with increasing concentration, while that of the supernatant increases. The
coacervate and supernatant phases become linearly lighter and denser, respectively,
with increasing PE concentration. Furthermore, by measuring the height ratio between
the coacervate phase and the total solution in Figure 1, we can calculate the
coacervate volume fraction and estimate its volume yield. The volume fraction
increases with the PE concentration resulting in an apparent increase in production
yield (Figure $2(c)). We can finally calculate the polymer mass yield defined as
Mccv/Miotal. RemMmarkably, the polymer mass yield appears constant in each phase, with
no polymer gain or loss. As we will see later, only the internal structure of the CCV

phase changes.



Recently we have shown that surface tension measurements are a very sensitive
tool to study the structure and formation mechanism of polylectrolyte complexes
(PECS).* With this in mind, we have measured the surface tension of the supernatant
(vs) and the interfacial tension (y..) between the coacervate and the supernatant as
a function of PE concentration. As anticipated from density data, y, decreases with
PE concentration, consistent with increasingly dense supernatants and stronger
adsorption of PECs at the air-water interface. At ~850 mM, where coacervation is
suppressed, y; is lowest (Figure $4). An effect qualitatively similar to that of where the
surface tension decreases with concentration due to the screening effect of free
counterions.'*  Furthermore, to caculate the interfacial tension y.., the capillary

length I,(= [-X“-) was measured by analyzing the static interfacial profile near the

Apxg
vertical wall of a cell with a shape given by the generalized Young-Laplace equation
connecting capillary pressure with curvature and surface tension for a flat wall (Sl
Material& method). It can be seen in Figure $4 that the four extracted static profiles
are different suggesting that y.. indeed varies with the concentration. y,.. clearly
decreases with the concentration as shown Figure 2 until a critical value of about
850mM where coacervation is suppressed and y,. = 0. Photographs, TGA, density and
surface tension measurements all suggest the presence of a single phase as the

concentration increases, where the two PE no longer interact.
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Figure 2. Liquid-liquid interfacial tension y,. between the supernatant and the coacervate as a
function of the PE concenftration. At the critical concentration, coacervation is suppressed and
¥.c = 0. Insert : Log-Log representation of y,. as a function of Ac. The dotted line is a linear fit.

Spruijt et al. were the first to measure the interfacial tension of a symmetric complex
coacervate using surface colloidal probe AFM measurements. 2 They showed that at
a given (and low) PE concentration, y,. decreases with increasing salt concentration
s OS Y~|Qs_crivicat — ©s|3/? near the critical concentration ¢,_. where coacervation
disappears. This particular salt dependence was confirmed experimentally and
theoretically by Priftis et al. 24, Ali et al. 2> and Qin et al. who have rationalized this
scaling law by combining the Voorn-Overbeek theory with the Cahn-Hilard
mathematical theory (Figure $5).2¢ If we plot our data as a function of Ac = ¢ — csscp
with ¢ the PE concentration and cggqy the crifical concentration at which coacervation
is suppressed (insert Figure 2), we find a linear variation (Log-Log) with a slope of 3/2
strikingly similar to Figure 85. The interfacial tension between the coacervate and
supernatant then varies similarly with increasing salt or PE concentration, suggesting
that the ionic strength generated by the free counterions has a similar effect on the
interfacial tension as added salt. In a recent work, we showed that the ionic strength

generated by the free counterions was responsible for the decrease in surface tension



with PE concentration.’* It is therefore conceivable that such an increase in ionic
strength is also responsible for the suppression of coacervation. The concentration of
free counterions is known to increases linearly as C. = Cpg ferr , With ferr the effective
charged fraction of polymer units (SI). At csscv, the ionic strength () of the mixture can

then be estimated from the ftotal concentration of free counterions : I=
(%)ZcizL?:(%)*(CpDADfefer Coana fors) = 037M. A value not far from the desalting

transition concentration measured around 0.3M in our system. 27 At this point, the ionic
strength of the free counterions can therefore rationalize our observations on the
variation of the interfacial energy up to a critical concentration at which coacervation

is suppressed.?!

To further investigate the local structure of these phases, static small angle
neutron scattering (SANS) and dynamic light scattering (DLS) measurements were
performed. For PE solutions in the semi-dilute regime, it is known that overlap between
chains leads to the formation of a transient network with characteristic correlation
length &. Sections of a chain smaller than & will be fully stretched, while for distances
greater than g, electrostatic interactions are screened out and, therefore, the chains
can be pictured as ideal chains of ¢ length segments.?8 Figure 3(a) shows DLS data
where two distinct relaxation modes are observed for concentrations below 00 mM.
The fast mode corresponds to the relaxation of &-sized polymer segments forming so-
called blob subunits while the slower mode is associated to large transient aggregates
heterogeneities in the coacervate phase. When the coacervate volume fraction
increases, larger aggregates are expected to form through potential dipole-dipole
pairings.?? Interestingly, in the SSCV phase where the PEs no longer interact, the slow
relaxation disappears. The relaxation associated with blob diffusion is faster for lower
PE concenfrations (dense coacervate) (Figure $7(b)) suggesting that blobs are smaller
at low concentrations. This is exactly the opposite of concentrated solutions of neutral
polymers in a good solvent, where the blob size decreases with polymer

concentration.30
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Figure 3. (a) DLS - Intensity correlation functions taken at a scattering angle of 90°. (b) SANS signature. The
scattered intensity has been renormalized by @,pqse- Black lines are an Ornstein-Zernike (OZ)-Debye-

Bueche (DB) fit to the data (low-mid q). (¢) Correlation lengths ¢ and inhomogeneity sizes ¢ as a function
Of @phase-
To accurately determine the correlation length associated with the fast mode
we measured the correlation functions (Figure $8) and distribution of decay times
(Figure $9) over a wide range angles from 30° to 150°. The trend is similar with decay
times going to lower values and the appearance of a slow mode as the PE
concentration decreases. Figure 3(c) shows in a Log-Log representation a linear
decrease of the hydrodynamic correlation length &, (SI for details) with the phase
volume fraction ¢pnese - As the concentration increases, the coacervates become
lighter with slower relaxing networks in full agreement with lower collective diffusion

coefficients D or longer &. Furthermore, the SANS signature varies significantly within



each phase (Figure 3(b)). suggesting that the local structure also varies with
concentratfion. In addition, the incoherent scattering decreases linearly with
increasing PE concentration, in perfect agreement with the TGA/density
measurements (Figure $11(b)). In the mid and high g region, the PE chains overlap in
the complex coacervate phase, like a semi-dilute polymer solution at equilibrium. It
should then follows the Ornstein-Zernike (OZ) structure factor accounting for the
concentration fluctuations at high g.3!" Excessive low-q scattering, always present in PE
solutions, and attributed to local inhomogeneities many times their Rg32, can also be
well captured by a Debye-Bueche(DB) structure factors? that accounts for scattering
by an inhomogeneous solid (Sl for details). Overall, the OZ-DB structure factor model
accounts for the SANS data particularly well. We can see from Figure 3(c) that the
variation of the dynamic (DLS) and static (SANS) correlation lengths agree well and
scale with &y~ (wphase)‘ﬁ (B ~ 3.31 and 3.4 for DLS and SANS respectively).
Hydrodynamic &y values are, as expected higher than static values values. The size of
the transient inhomogeneities ¢ decreases with increasing concentration in
agreement with decreasing dipole-dipole interactions. Furthermore, if we look more
closely above 0.2 A (Figure $11(a)) we observe a distinct correlation peak for each
coacervate phase that decreases in intensity and moves to smaller g values as

Ppnase deCreases, and eventually disappears info the self-suppressed single phase.

The variation of the local structure and interfacial tension as a function of
concentration can then have an impact on some key properties of coacervates. Their
very low interfacial tension allows them to effectively encapsulate actives of interest,
but also makes them very difficult to stabilize. 3435 From scaling laws arguments, the
interfacial tension at a fluid-fluid interface should scale as y~kgT /5% where § is the
interfacial thickness length scale 3637 which can then span tens of nm. 383 A 4-fold
change is foreseen in the PDADMAC/PSSNa system. The type and size of stabilizing
agents, the actives to be encapsulated and their mechanisms of action might then

drastically change with the initial PE concentration.

Conclusion

In this work, we comprehensively and systematically investigated the inluence of

the initial concentration of oppositely charged PE on the interaction strength,



interfacial tension and local structure of a PDADMAC/PANa system at charge
stoichiometry. We found that the PE concentration has a direct and significant impact
on the coacervate properties. When the PE concentration increases, the
complexation strength decreases generating lighter coacervates with increasing
network mesh sizes and decreasing liquid-liquid interfacial tensions until a critical
concentration where oppositely charged chains no longer interact, generating the
so-called self-supressed coacervate single phase (SSCV). This effect is due to the free
counterions present in the solution, whose concentration increases with that of the
polyelectrolytes and gradually screens the electrostatic interaction unfil a critical
concentration where the complexation is supressed. Coacervates have gained a
renewed interest recently generated by the discovery of the presence of membrane-
less organelles in living cells, identified as immiscible liquid phases forming a
coacervate-like phase.'” 4 |t is therefore very important to be aware of the strong
impact of the initial PE concentrion the complexation strenght, interfacial tension y,,
and thickness § , network local mesh size &, density when formulating coacervate
droplets for (bio) technological applications. Characteristics that will certainly have an
impact on their ability to be efficiently stabilized, to encapsulate actives, or to serve
as a bioreactor. Preliminary experiments have shown that similar effects occur in
segregative liquid-liquid phase separation such as the widely studied and used

aqueous two-phase systems (ATPS).41
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