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ABSTRACT: Evidence is shown that cosolvent mixtures control the coacervation of mixtures of oppositely charged
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polyelectrolytes. Binary and ternary solvent mixtures lead to non-monotonic solubility as a function of the average dielectric

constants of the solvent mixtures. These data are rationalized by considering both electrostatic-driven and solvophobic-

driven phase separation using group contribution effects on solubility parameters. These estimates are introduced into an

effective Flory-Huggins interaction parameter within the framework of Voorn-Overbeek theory with variable dielectric

constant and temperature dependences. Despite its simplicity, the model recovers salient experimental observations not

only on the coacervate stabilities, but also on their lower-critical solution temperature behaviors. These observations

highlight the importance of the weak van der Waals interactions in determining the phase behaviors of polyelectrolyte

complexes relative to the electrostatic correlations.

Introduction

Associative phase separation is a common phenomenon in
polyelectrolyte complexes (PECs), whereby oppositely charged
polyelectrolytes separate into solvent-rich supernatant phases
and polymer-rich coacervate phases. Despite their broad
applications in adhesives?, structured membranes, coatings3
and therapeutic delivery vehicles*, a comprehensive physical
picture of PECs remains to be elucidated. The convolution
between the long-range electrostatic and van der Waals
interactions in multicomponent systems adds to the challenge
to model experimental data®. The relative significance of these
two classes of interactions are debated across a variety of
systems, including ionic fluids®8, polyelectrolyte brushes®,
and intrinsically disordered proteins!l. In PECs, the role of
charge correlation is increasingly invoked as a major contributor
to phase separation!?, where the complexation of
polyelectrolytes and the concomitant counterion release are
driving forces!3'4. Nonetheless in the literature, polyelectrolyte
complexes have hitherto been discussed almost exclusively in
aqueous media, whereas experiments and theories on PECs in
binary and more complicated solvent mixtures are largely
unexplored.

Similar to neutral polymer polyelectrolyte
complex solutions also display unique critical temperature
behaviors’>~17. Their net temperature dependences are
governed primarily by the static dielectric constant (£0) and an
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effective Flory-Huggins parameter (x). The former is embodied
within the Bjerrum length (/g) that equates the thermal energy
to the Coulombic potential energy between charges separated
through a medium of dielectric constant. The latter is the sum
of all enthalpic contributions to the mixing free energy, arising
from the weak van der Waals interactions between nearest
neighbors, such as monomers and solvent molecules, often
referred to as the “solvophobic” contribution. It was reported
that synthetic PECs in aqueous solution primarily display lower
critical solution temperature (LCST) behavior'®1?, whereas
upper-critical solution temperature (UCST)2° is occasionally
observed. Such critical temperature dependences were
successfully modelled by Adhikari et al.2%22 using the
combinations of a realistic temperature (T) dependencies of &g
and two empirical x(7) functions to differentiate electrostatic
and the solvophobic contributions to the phase separation of
PECs. Notably in their computation, LCST, UCST as well as both
LCST and UCST behaviors are predicted depending on the exact
parameterization, suggesting complexity of such systems.
Similarly, Ylitalo et al.2> showed that the LCST was electrostatic
in origin by considering the temperature dependence of the
dielectric constant in a liquid state theory.

On the experimental side, effort has been made to
deconvolute the effect of Coulombic interactions and van der
Waals interactions on the coacervation of PEC solutions. Li et al.
systematically studied two PECs with nearly identical charge
density but distinct backbone-solvent interactions: the
hydrophobic pair comprises of sodium poly(acrylate) (PAA) and
poly(allylamine hydrochloride) (PAH) with aliphatic backbones,
while the hydrophilic pair comprises of sodium poly(glutamate)
(PRE) and poly(L-lysine hydrochloride) (PLK) with peptide
backbones. The former was shown to phase-separate more
readily than the cross-paired PAA + PLK and PRE + PAH, than the
latter.2* In an earlier study, Lou et al. started with a pair of
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hydrophobic, sulfide-containing poly(sulfonate) and poly(amine
hydrochloride), and applied different oxidation level to tune the
backbone-solvent interactions while keeping the charge density
nearly constant. They observed a clear downshift of the salt-
dependent, not temperature dependent, binodal phase
envelopes with increasing oxidation level (i.e., backbone
hydrophilicity).2> Despite the chemical difference of PECs, both
authors reported enhanced miscibility of the complexes when
the backbone-solvent (water) interaction becomes more
favorable, reminiscent of the phase behavior of simple binary
mixtures of neutral polymers and solvents in the spirit of Flory-
Huggins theory. Considering these previous studies, we sought
to push our understandings one step further by keeping the PEC
backbones constant while investigating the effect of varied
solvent compositions to the phase behavior of PECs, where €o
and x simultaneously changed by solvent compositions in a non-
trivial way.

Potassium poly(styrene sulfonate) (KPSS) and
poly(diallyldimethylammonium) bromide (PDADMAB) are two
water soluble polyelectrolytes, while their complexation results
in phase-separation under ambient temperature and low-salt
conditions. With the charge stoichiometry of 1:1, the transition
of this complex solution from two-phases to one-phase takes
place at approximately 1.8 mol/L of added KBr, defined as the
salt resistance, or the threshold salt concentration (cg,)*%2%%7.
As ¢, depends on the total polyelectrolyte concentration!®19
(cp), itis therefore facile to use ¢, at a given c,, as the proxy for
the height of the two-phase window in the entire phase
diagram. This strategy was employed previously?8-31 as a simple
and intelligible way to report the phase behaviors of a variety of
polyelectrolyte complex solutions. In this study, we fixed ¢, =
0.10 mol/L and T = 20 °C, while varying the volume fraction of
cosolvents and the total salt concentration (¢; = Csadded +
Cs,counterion) Progressively to determine the c,, for each solvent
composition. We selected ethylene glycol (EG) and N-
methylformamide (NMF) as the cosolvents, as they are both
miscible with water, and have moderate solubilities to the two
polyelectrolytes and the salt (KBr). Furthermore, pure EG has a
lower static dielectric constant (g = 38) than water (&40 = 80)
at room temperature, characteristic to most organic solvents
with small dipole moments, while pure NMF has a much higher
static dielectric constant (eyvwr = 187) partially due to the
presence of directional hydrogen bonds3233, Therefore, mixing
EG or NMF with water allows for the tuning a wide range of
static dielectric constant and consequently the strength of
electrostatic interactions. Previous fundamental research on
the temperature-dependence of low ionic strength
polyelectrolytes in NMF solutions were the first to study the
effect of varied Bjerrum length on the dynamics34-3,

Results and discussion

Phase Behavior of PECs at Various Solvent Compositions

The phase behavior of the KPSS-PDADMAB complexes were
investigated in binary and ternary solvent mixtures of H,0 with
EG and NMF for cosolvent volume fractions relative to the
solvent volume (@ec® , @nwr®) up to 0.50 (Table 1). The upper
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bound of the cosolvents are restricted by the solubility of the
polyelectrolytes and KBr, therefore the regions of @ec® + @nme®
> 0.5 were not further pursued. We conducted broadband
dielectric spectroscopy measurements to determine the & of
each solvent mixture (see experimental and Section | of
Electronic Supplementary Information (ESI) for more details).
These measurements agree with the literature values3233:37, By
plotting the data in Table 1 with ¢+, against €0 (as shown in
Figure 1a), for the binary solvent mixtures (EG + H,0 in blue and
NMF + H,0 in red), ¢, do not show a monotonic dependence
on &p, but display a sharp maximum at €&o = 80 (the black
symbol), corresponding to the case of water. From the
perspective of solvent composition, most of the variance in c¢;
can be qualitatively explained by the volume fraction of water
(H20°), regardless of the direction of €. A similar trend is
evident in ternary solvent mixtures with varying ¢,0° and
constant ratio of @gc®/@nur® (the green symbols). On the high
dielectric constant branch (NMF + H,0), this trend is expected
because the strength of electrostatic interaction decreases with
€0, leading to the enhanced stability of soluble complexes, and
therefore lower salt concentration required to homogenize the
system. On the low dielectric constant branch (EG + H,0),
however, we note that the decreased ¢, +, at lower €o (or higher
Bjerrum length ) is in contrast with predictions by Zhang et al.
using a x-free model based on liquid-state theory3, but in
agreement with a recent experimental work by Meng et al.?°,
who also observed decreased c,s for PSS-PVBTMA
[Poly(vinylbenzyl) trimethylammonium chloride] complexes at
lower dielectric conditions in water-ethanol mixtures, where
the static dielectric constant of ethanol is 24.5. These strongly
suggest the importance of invoking an effective y to account for
the discrepancy between theories and experiments.

Table 1. ¢, of KPSS-PDADMAB complexes in solvent mixtures at ¢, = 0.10 mol/L.
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Solvent Pr20® Pec’ O £o ® Cotn [Mol/L]
H,0 1.00 0 0 80.0 1.80 +0.01
0.90 0.10 0 76.8 1.59+0.01

Binary: 0.75 0.25 0 71.6 1.35+0.01
H,0/EG 0.60 0.40 0 66.5 1.14 £0.01
0.50 0.50 0 62.7 1.10 £ 0.01

0.90 0 0.10 83.2 1.41+0.01

Binary: 0.75 0 0.25 88.0 1.20+0.01
H,O/NMF 0.60 0 0.40 95.3 1.05+0.01
0.50 0 0.50 102.1 1.00 £ 0.01

0.90 0.072 0.028 78+1° 1.52+0.01

Ternary: 0.75 0.18 0.07 75.0 1.27 £0.01
H,O0/EG/NMF  0.60 0.288 0.112 70+1°b 1.09+0.01
0.50 0.36 0.14 68.0 1.05+0.01

Notes: (a) Measured by dielectric spectroscopy. (b) Calculated by interpolation of
the experimental data.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) ¢, of KPSS-PDADMAB complexes as a function of €0 (bottom axis). The
blue and red symbols represent the binary mixtures of EG + H,0 and NMF + H,0,
respectively; the green symbols represent the ternary mixtures. The dash-dotted
lines indicate the solvent compositions (top axis) and the grey-shaded area reminds
readers of the phase-separated nature of PECs in the low-salt regime. These marks
are for visual aid only. (b) The same data in (a) plotted as a function of x,,, (see Table
2 and related narrative for details). Uncertainties were not estimated for values of .

By its strict definition, y of a binary mixture should only
reflect the overall Jlocal
multicomponent ion containing systems such as polyelectrolyte

enthalpic interactions. In
and PEC solutions the solution may require multiple x to
account for all pair-wise interactions or an effective y that
assumes a lumped contribution. Therefore in the present study,
we seek to estimate the x between solvents and
polyelectrolytes (xsowentp) through the group contribution
theory based on Hansen solubility parameters*94?, a classical
approach to predict the miscibility of neutral compounds. The
equivalent uncharged structures for PSS~ and PDADMA®* are
proposed in Scheme S1, and a short account of this approach is
given in the ESI. The results of these calculations are given in
Table 2. These values are computed with respect to the
reference volume 3 =0.0366nm3? and scaled to provide
reasonable agreement between our theoretical model and
experimental results. While the scaling parameter is somewhat
less than the optimal one found in Ref. 42, we note that much
of the previous study’s data was fit to poly(butyl methacrylate)

This journal is © The Royal Society of Chemistry 20xx
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and poly(vinyl acetate). On average, the Flory-Huggins
parameters between the pure solvents and the equivalent
polyelectrolyte pairs, i.e., Xn20-p» Xec-p @aNd Xnwme-p are 0.50, 0.10
and 0.080, respectively. These values are estimates of the
charge-deconvoluted solvent-polymer interactions: as both the
polyanion and polycation have hydrophobic backbones, their
solvent selectivity should follow the order of increasing
hydrophobicity, i.e., H,0 < EG < NMF, which naturally leads to
XH20-p > XeG-p > Xnmr-p- Figure 1b shows the same ¢, data plotted
against the average x (xavg), Wwhere we assume the interaction
between solvent mixtures and polymers are volume-weighted
averages of individual solvent-polymer interactions, i.e., Xayg =
PH20°XH20-p T PEG XEGp T PNMEXNmE-p. The sharp maximum of ¢,
in Figure 1a can now be reasonably explained by the highest x
reflecting water-polymer interactions. In a related study, Li et
al. compared the phase separation conditions?* of two pairs of
PECs with hydrophilic backbones (amide) and hydrophobic
backbones (vinyl), and found that the latter has a ¢, at least 6
times as large as the former in water. Their study, though tuning
the polymer-solvent interaction through a different approach,
also underpinned the vital role of y in dictating the associative
phase separation of PEC.

Similarly, Lou et al. in a series of homologous PECs with
identical backbones and a judicious combination of sulfide,
sulfone and sulfoxide groups next to cations and anions, which
are designed to examine the effect of local polarity on the phase
behavior of PECs.?> Using a sophisticated model, the authors
observed y values that progressively decrease with increasing
molecular polarity (i.e., better hydrophilicity) as extracted by
fits to experimental binodal phase diagrams. Notably, their x
values obtained from fitting are largely in accord with estimated
values in Table 2, perhaps lending some credence to estimates
based on solubility parameters.

Table 2. Calculated effective Ysowent.p Values at room temperature.

Bf(ppps) _ Pp,

Xsolvent-p H,0 EG NMF
PSS 0.41 0.078 0.058
PDADMA 0.59 0.13 0.10
Average 0.50 0.10 0.080

Application of the Voorn-Overbeek Theory

In order to discern the source of the reduction of the critical
salt concentration with decreasing H,0, we use the Voorn-
Overbeek (VO) theory.*® While this model does not account for
counterion binding, connectivity, or dipole
interactions, it allows us to determine if non-electrostatic

polymer

interactions are primarily responsible for the non-monotonic
behaviour. In VO theory, the single phase free energy density (f)
of PEC solutions is

Pp Ps —
(o) = 2015 (%2) + @ln (%) + @oln 9o + Xgpp0 — @
3
(ps+ O'(Pp)g- 1)
In this equation, the first three terms represent the entropy of
mixing of polymer, salt, and solvent. The fourth term represents

the enthalpy of mixing from Flory-Huggins theory, and the last
term represents the Debye-Hiickel approximation of total

J. Name., 2013, 00, 1-3 | 3
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electrostatic free energy introduced by all charged moieties.
Here @; is the volume fraction of component i, l is the lattice
size, V is the system volume, kK is Boltzmann’s constant, T is
temperature, and N is the reduced chain length. The strength
of the electrostatic interactions is determined by @ = (2/r/3)
(Ls/D372, in which lp = e?/4meqeo kT is the Bjerrum length
with elementary charge (€) and permittivity of free space (€o).
The charge density (0) equals the total polymer charge divided
by N. To reduce complexity, polymers, salts, and solvents are
each treated as a single species. In the case of the solvents, this
is equivalent to assuming the relative volume fractions of the
three solvents is the same in both phases. This assumption is
reasonable given that the data in Fig. 1b nearly collapses on a
single curve.

To apply this model, we use microscopic data from the
experiments for parameterization rather than fitting the model
to the experimental data. Therefore, the results are based on
the model’s underlying physics rather than its ability to fit the
data. We define [ as the size of a water molecule (0.332 nm).
We take N = 1000 and o = 0.1 commensurate with the
polymers. The values X and £o are the same as those used in
Figure 1b. Additional details of model parameterization can be
found in the Section Il of ESI.

The coexistence curves on the @@, (cs-cp) plane were
obtained by minimizing the total free energy, with the results
shown in Figure 2a. As anticipated, all the phase boundaries
have similar shapes. The theoretical ¢, at ¢, = 0.10 mol/L are
extracted from Figure 2a via the intersection of the dashed line
and the phase boundaries. These values are plotted in Figure 2b
together with the experimental ¢, for direct comparison. As
can be seen in Figure 2b, the VO theory semiquantatively
reproduces the experimental trend of ¢s+, vs €0 with a minimal
set of microscopically defined parameters. To determine how
non-electrostatic interactions affect this prediction, we also fix
X to be that of H,O and vary £o . As can be seen in Figure 2b,
this results in a monotonic dependence of ¢, on €o .

The agreement between experimental data and VO theory
combined with the monotonic result once X was fixed suggests
that non-electrostatic interactions are primarily responsible for
the non-monotonic behaviour in ¢ . This result indicates that
including counterion binding, connectivity of the polymer in
electrostatics, dipolar interactions, preferential solvation,*44>
local dielectric constants,*¢~%8 varying X as a function of ¢,%
and treating each species independently>®=>2 are not necessary
to understand the source of non-monotonicity. However, use of
a more advanced theory®3>43821.2523,55 to explore varying X but
not varying €9, may be able to elevate the predictions from
semiquantitative to fully quantitative, especially the plateauing
of ¢ with increasing @nwveS. Small-angle neutron scattering
combined with a multicomponent random phase
approximation theory was used to extract the three Flory-
Huggins parameters among polymer and two solvents by Jia et
al on an LCST systems.>®57 Such an approach within an
appropriate theory may test the assumption of x weighted by
the cosolvent volume fraction.

4| J. Name., 2012, 00, 1-3
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Figure 2. (a) Theoretical ¢.-¢, phase diagrams calculated by VO theory in various
solvent compositions. The ¢, axis is associated with the ¢, by ¢, = ¢0,/M;, and the ¢,
axis is associated with the ¢, by ¢, = ¢,p,/M,, where p and M are the density and
molecular weight. Here we use p; = 2.75 g/mL and M, = 119 g/mol for KBr, and p, =
1.1 g/mL and M, = 154 g/mol to estimate the average of a PSS-PDADMA monomer
pair with 1:1 stoichiometry. The vertical dashed line indicates the experimental c, of
0.10 mol/L, and its intersections with the coexistence curves define the theoretical
@s,th OF Cszn. (b) Comparison between theoretical and experimental ¢4, at ¢, = 0.10

mol/L, plotted as a function of €0 . Uncertainties in the measurement are provided
in Table 1 and are typically smaller than the symbols.

Effect of Solvent Mixture on Lower Critical Solution Temperature

Figure 3 shows the representative transmittance-T curves of
the KPSS-PDADMAB complex solutions in binary and ternary
solvent mixtures. In all samples, liquid-liquid phase separation
was observed upon heating, as evident by the drastic decrease
in transmission. Such a universal LCST behavior across the entire
solvent range!819.27 js likely driven by the stronger electrostatic
interaction at higher T, embodied in the /3(T) of water, EG and
NMF as increasing functions of T (Figure S5). The temperature
dependence of the hydrophobic interaction between
polyelectrolytes and solvents as represented by x(T), on the
other hand, has so far been poorly understood. Here we
introduced an empirical y expression that includes both the
enthalpic and entropic contributions following the formalism of
the Flory-Huggins theory, i.e., x(T) = xu/T + xs, and our simple

This journal is © The Royal Society of Chemistry 20xx
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model is able to capture an increase in critical salt concentration
with increasing temperature through judicious
parameterization of x4 and s, which is consistent with the LCST
behavior of PEC solutions up to 50 % cosolvent volume fraction
(as shown in Figure S8, using xs = 4 x4/(293 K) as an example).
Decreasing the entropic contribution of x(T), however, can
result in the reverse of the modelling results to UCST behaviors,
due to the overwhelming miscibility of polyelectrolytes and
solvents at high temperature (as shown in Figure S9, using xs =
0 as an example). In the work by Adhikari et al.22, multiple phase
behavior scenarios were also reported in aqueous PEC
solutions, whereas in the present case, the trend based upon
the solvent mixtures is highlighted. The sensitivity in the choice
of parameters (x4 vs xs) reflects the complexity of these PEC
systems, and suggests the electrostatic-solvophobic
competition as a possible mean-field mechanism for the dual
miscibility gaps observed by Ye et al.?® and predicted by Adhikari
et al.??Itis worth mentioning that the current knowledge on the
criticalities of synthetic PECs are so far mostly established on
the (Na/K)PSS-PDADMA(CI/Br) systems and may therefore only
stand for the case of hydrophobic backbones. From this sense,
a systematic study of the temperature dependence of other
model PEC systems of intermediate?> or high backbone
hydrophilicity?* (and preferably, with low molar mass dispersity)
would be beneficial to provide a general picture on this long-
standing issue.
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Figure 3. Representative transmittance curves of KPSS-PDADMAB complexes in
binary EG/H,0, NMF/H,0 and ternary EG/NMF/H,0 mixtures with c, = 0.10 mol/L
and ¢, = ¢, 4, nearly identical to the conditions listed in Table 1. The inset figures are
representative photographs of the same PEC solution in a DLS glass cuvette prior to
(at low temperature) and after (above the LCST) phase separation.

Apart from the temperature criticality and the phase
diagrams'819, we have also shown in our earlier study that upon
approaching the critical temperatures, polycations and
polyanions strongly associate with each other in water and
eventually lead to concentration fluctuations of sub-micron size
at incipient phase separation®?’7, Therefore, it is also of interest
to investigate whether such chain association in mixed solvents
is comparable with that in aqueous solution, or does it
introduce new structures detectable by dynamic light scattering
(DLS). Figure 4 illustrates the trends in equivalent hydrodynamic
radii (Rneq) Of the polyelectrolyte chain associates at various ¢,
with temperature in the case of binary EG/H,0 cosolvent with
@ec® = 0.5. The horizontal axis here is (Tc,—T)/T,p rather than T
for the purpose of direct comparison between the data, where
Tep is the cloud point temperature of each individual sample as

This journal is © The Royal Society of Chemistry 20xx
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defined by the inflection points of transmittance-T curves in
Figure 3. Therefore, the dimensionless (T.,—T)/T., denotes the
thermodynamic distance of the experimental temperature to
the phase separation temperature, nearly identical to the
formalism of the Ginzburg criterion that is typically used to
describe phase-separating charge-neutral systems. The
polymer concentrations of 0.05 mol/L to 0.30 mol/L were
selected to cover from dilute to semidilute solutions. Here for
clarity, we discuss the size of solution structures in the context
of equivalent hydrodynamic radii, Ry eq, While keeping in mind
that the classical Stokes-Einstein relationship of Ry, = kT/61n,D
is only strictly valid in dilute solutions where all interparticle
interactions are negligible with solvent viscosity, no ?%’.
Moreover, at temperatures that are sufficiently close to T, the
measured diffusion coefficients (D) given by DLS no longer
represent the diffusion coefficients of individual particles or
clusters, but instead the collective diffusion coefficients of
concentration fluctuation modes as predicted by the mode-
coupling theory®®. This is beyond the scope of this paper but
was addressed elsewhere.?’” Here we do not distinguish the
difference between the two but refer to the structures
indiscriminately as associates. As can be clearly seen in Figure 4,
under all cases, the evolution of the chain association states in
EG/H,0 (red symbols and lines) display striking similarities to
that in pure water (black symbols and lines), with nearly
overlapping curves for ¢, = 0.2 mol/L and 0.3 mol/L, and only
minor deviations for ¢, = 0.05 mol/L and 0.1 mol/L within
experimental uncertainties on the logarithmic scale. Our results
suggest that the effect of cosolvents does not change the
dynamics of polyelectrolyte complexes, but only renormalizes
their threshold salt concentrations and critical temperatures of
phase separation.
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Figure 4. Equivalent hydrodynamic radii (Rpeq) Of the polyelectrolyte complex
aggregates in EG/H,0=50/50 and pure water as a function of the
thermodynamic distance, (7,~T)/T,. The solid lines connecting the data
points are for visual aid. Uncertainties (error bars) are within the size of the
symbols used and not shown, but were estimated by one standard deviation
from the model fit to determine the diffusion coefficient and propagated to
estimate the hydrodynamic radius using the Stokes-Einstein relation.

Conclusions
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In conclusion, we observed strong influence of cosolvents on
the phase behaviour of KPSS/PDADMAB complexes, which
displays a non-monotonic dependence on the average dielectric
constants of the binary or ternary solvent mixtures but can be
reasonably interpreted by invoking a solvent-polymer backbone
interaction term. The phase envelope shifts as a function of the
cosolvent compositions were semiquantitatively captured by
the VO model. While we expect that adding additional detail
would lead to more quantitative results, the simplicity of this
model allows for a direct comparison of the importance of the
electrostatic and non-electrostatic effects in describing this
phenomenon. This model indicates that the van der Waals
interactions are key to understanding the phase stability of
coacervates in accord with our experimental findings. Moreover,
within the broad composition window of cosolvents (EG-H,0-
NMF) used in this study, all PEC solutions manifest a universal
LCST criticality, which is consistent with previous findings'81927
and captured by the VO model as well by judicious
parameterization. Further light scattering measurements lend
credence on the similarity of the near-critical dynamics of PECs
in aqueous and solvent mixtures. In all, our findings imply a
novel way of tuning the phase stability of PEC solutions and may
motivate fundamental studies in the fields such as biomedicines
and cryo-preservation of cells, which also deal with similar
circumstances where cosolvents are introduced to ensure
solubility or proper functioning of proteins under harsh
environments or processing conditions.

Experimental
Materials and Polyelectrolyte complex sample preparation*

Ethylene glycol (Fisher Scientific, certified grade) and N-
methylformamide (Sigma-Aldrich, 99 % purity) were used as
received. Sodium poly(styrene sulfonate) (Sigma-Aldrich,
nominal molar mass ~ 200 kg/mol, 30 % by mass fraction in
H,0) and poly(diallyl dimethylammonium chloride) (Sigma-
Aldrich, nominal molar mass ~ (100 to 200) kg/mol, 20 % by
mass fraction in H,0) were purified and counterion exchanged
by previously reported methods. The number-average relative
molar masses (M,), dispersity (D), and degree of polymerization
(DP) are summarized in Table 3.

Table 3. Characteristics of KPSS and PDADMAB

Polyelectrolytes M, (kg/mol) b DP
KPSS 702 2.80 315
PDADMAB 22° 2.76 107

Note: (a) relative number average molar mass determined by size exclusion
chromatography (SEC) using NaPSS as calibrants; (b) relative number average
molar mass determined by SEC using poly(vinylpyrrolidone) as calibrants.

The dry KPSS and PDADMAB were individually dissolved in
mixed solvents with predetermined ratio of milli-Q water, EG
and NMF to prepare 0.50 mol/L polymer stock solutions. The
2.00 mol/L stock solutions or KBr were similarly prepared. The
stock solutions of KPSS, PDADMAB and KBr were mixed with
their corresponding blank solvents to prepare polyelectrolyte

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

complex solutions with various salt concentrations (c;). These
complex solutions were vortex-mixed and vigorously agitated to
ensure complete mixing and stored in fridge at 5 °C to avoid
solvent evaporation. The statuses of phase separation of the
samples were determined by laser light transmittance
measurement, with 50 % transmittance as a criterion to
distinguish between homogeneous and phase-separated.

Dielectric measurements

Materials. Anhydrous NMF and EG were obtained from Sigma
Aldrich and used without further purification. Ultrapure water
with resistance reading > 25 MQ was purified by a laboratory
filtration and deionization unit. Concentration of mixtures was
determined gravimetrically by weighing content of pure
components using a microbalance and then normalizing the
mass fraction to volume fraction using specific density of water
(1.00 g/cm3), NMF (1.110 g/cm3) and of EG (1.010 g/cm3)
respectively.

Methods. The static dielectric constant, g,, of pure solvents and
their mixtures was determined from the measurements of
complex dielectric permittivity (€* = & — j&") performed at 23
°C in a broadband frequency range, from 400 MHz to 20 GHz.
The measurements were performed using the Agilent 8720D
Vector Network Analyzer and Agilent 8570E Dielectric Probe Kit
with an open-ended coaxial probe. The probe was impedance
calibrated to Open, Short and Water microwave impedance
standards in accordance with the manufacturer specification for
8570E.

The example of experimental data of " (w) and &' (w) measured
for NMF-H,0 mixtures are plotted in Fig. 5a on the Cole-Cole €"
vs. € complex plane, where angular frequency (w) is the
independent parameter.

At higher frequencies, above 15 GHz, in the range where €'(a))
< 40 (Fig. 5a), the experimental €"and €' data are somewhat
scattered due to effects of multiple reflections resulting from
the dielectric compression of microwaves wavelength
propagating in the high dielectric constant media. The plots in
Fig. 5a show apparent shape of Cole-Cole semi-circles that
intersect €' (w) axis when £"(w) =0. The two intersection points
give the value of unrelaxed dielectric constant, €e(w—o0)and
the static dielectric constant, €o(w—0), which are parameters
of the Cole-Cole relaxation model®°.

In order to determine €o from our empirical data we can assume
the single dielectric relaxation model of Debye for €"(w)>®
described by,

" _ (s0— tn)wT
€ ((1)) T 1+ w2r2

(2)

where, @ is the angular frequency, €"(w) is the imaginary part
of the dielectric permittivity, and 7 is the relaxation time.
Equation (2) can be rearranged into (3):

This journal is © The Royal Society of Chemistry 20xx
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we' (@) = (0 — &'(@)) (3)

which represents a linear relation between the measured £"(w)
and S'(a)), The static dielectric constant, €, is derived from (3)
as the intercept of a straight line with the slope of 1/z.

0 T T T T T T T T )
(C) 35 40 45 50 655 860 65 70 75 80

Figure 5. (a) Cole-Cole representation of £”(®) vs &'(w) for the NMF/H,O mixtures
with the following NMF volume fractions: a - O (pure water), b - 16.7 %, c- 36.9 %, d
-48.7%,e-59.2%,f-67.2%,g-78.2%, h - 85.0%, i — 100 % (pure NMF). (b) Plots
of we"(w) vs &'(w) for the same set of data in (a). (c) Plots of we"(w) vs &'(w) for
EG/H20/NMF mixtures a-EG 17 %, H,0 76 %, NMF 6.8 % with &, = 75 and t =15 ps.
b-EG 36 %, H,0 52.4 %, NMF 14.2 % with &, = 69 and 1= 30 ps. The solid lines
represent linear fits to the data. Uncertainty information are provided in ESI.

Figure 5b and 5c shows the plots of equation (3) for mixtures of
NMF/H,0 and EG/NMF/H,0, respectively, and the validity of
equation (3). Results for EG/H,0 are shown in Section |, ESI.
Linear regression was performed on 400 data points. For clarity,

This journal is © The Royal Society of Chemistry 20xx
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only one symbol per 15 data points were plotted in Figures 5b
and 5c. The presented fitted lines support our assumption
behind equation (3), where the intercept of ¢'(®) =gy at ® =0
has the physical meaning of the static dielectric constant.

Laser Transmittance

The laser transmittance measurement was performed on a
homemade setup that includes a 532 nm wavelength laser
(Coherent VERDI), a set of neutral density filters, a sample
heating stage with Quantum Northwest TC125 temperature
controller, and a Thorlabs PM100D power meter. The KPSS-
PDADMAB complex solutions were transferred into rectangular
glass cuvettes and placed in the heating stage. The relative
transmittance was obtained by normalizing the transmitted
laser power of the sample by that of the empty cuvette. During
a temperature scan, the samples were heated at a rate of 0.5
°C/min under constant stirring by a polytetrafluoroethylene stir
bar, while the transmittance data as a function of time were
recorded by the power meter software.

Dynamic Light Scattering (DLS)

The DLS measurements were performed on the same setup as
described in the laser transmittance experiment, albeit with a
photodiode detector equipped at the right angle (90°) to collect
the scattered photon signals. Under the DLS mode, the
scattered light intensities from filtered PEC samples as a
function of time were monitored by the detector, recorded by
the Brookhaven Windows 9kdIsw32 software, and
simultaneously processed by a Brookhaven autocorrelator
(TurboCorr) to give autocorrelation functions g,(t). This was
then converted to the baseline-normalized first-order
correlation function, g4(t), and fit to extract the decay rate I
following the protocol described previously (Figure S10 and
S11)%. Finally, R, were calculated using the Stokes-Einstein
relationship assuming spherical particles: R, = kT/6mn,D =
kTg?/6rtnel, where g is the scattering wavevector and g =
(4rtn/A)sin(6/2) determined by the scattering angle (0), the
refractive index of the solvent (n), and the wavelength (A) of the
incident light in vacuum. The solvent viscosities (no) were
estimated and provided in Figure S12.
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