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ABSTRACT: Polyelectrolyte complexes (PECs) offer enormous material tunability and desirable functionalities, and consequently
have found broad utility in biomedical and materials industries. Poly(acrylic acid) (PAA) and poly(allylamine hydrochloride)
(PAH) are one of the most commonly used pairings to form PECs. However, various aspects of the phase behavior of PAA-PAH
complexes have not been sufficiently quantified. We present a comprehensive experimental study depicting the binodal phase
boundaries for the PAA-PAH complexes prepared in acidic, neutral and basic conditions using thermogravimetric analysis,
turbidimetry and optical microscopy. In neutral and basic conditions, phase behaviors of the complexes were largely similar to
each other and followed general expectations of PEC phase behavior, except for unusually high salt resistance with stable
complexes observed up to 4 M NaCl concentrations. In acidic conditions, a remarkably different phase behavior of the PAA-PAH
complexes was observed. The polymer content in the complex phase increased initially followed by an expected decrease as salt
was added to the complexes. This behavior may result from a combination of associative phase separation of PAA and PAH
chains, influenced by electrostatic interactions, and segregative phase separation which can be ascribed to the influence of a
combination of the hydrophobic interactions of the aliphatic polymer backbone and the interpolymer hydrogen bonding of un-
ionized acrylic monomer units. Our systematic investigations detailing these discrepancies in the PAA-PAH phase behavior are
expected to clarify the inconsistencies among the reports in the literature and inform the materials design strategies for practical

use of the PAA-PAH complexes and multilayer assemblies.

Mixing of oppositely charged polyelectrolyte solutions in
aqueous solutions can result associative phase separation of
the polyelectrolytes leading to polyelectrolyte complexes
(PECs).1> With increasing awareness of striking parallels in
biology, e.g. the resemblance of PEC to membraneless
organelles emerging from spontaneous liquid-liquid phase
separation,®” and material science as exceptionally tunable
self-assembled structures,8® PEC-based materials with
tunable macroscopic properties and functionalities have
become increasingly popular across multiple disciplines. For
instance, they have been employed as prototypes in reversible
morphological phase transitions,'%!! fabricated into hollow
microcapsules and intertwined membranes by injection
suspension or electron spinning,$2® and formulated into
therapeutic delivery micelles*1¢ as well as biocompatible
hydrogels.®

Several experimental’®'72 and theoretical studies?*?!' in
recent years have investigated the thermodynamics?*32% and
kinetics®43% of polyelectrolyte complexation, focusing on the
influence of electrostatic interactions and the concomitant
entropic gains from the release of counterions upon
complexation. Only a handful of theoretical and simulation
works have investigated the influence of polymer-solvent
interactions on the phase behavior of complexes.?*3” Nakajima
et al. included the Flory interaction parameter y to account for

interaction between water and polyelectrolyte salt in the
classical Voorn-Overbeek (V-O) theory® and deduced the
limiting conditions of charge density and chain length for
complexation®%®. Larson and coworkers extended the V-O
theory? by incorporating the y parameter between protonated
polyacrylic acid and solvent molecules to explain the usually
high salt resistances of PECs measured in acidic
environments.364%41 A recent theoretical study by Rumyantsev
et al. outlined a salt concentration-solvent quality diagram of
PECs based on scaling laws.?” Concomitantly, experimental
investigations have begun to investigate the influence of
parameters like unique chemical attributes of the individual
polymers and solvent effects on complexation.?*¥”# Sadman
et al. have demonstrated mechanical tunability for
poly(styrene sulfonate) and poly(4-vinyl pyridine) complexes
by varying the hydrophobicity of the quaternized poly(4-
vinylpyridine) through alkyne substitutions,* and Spruijt et
al. included the y parameter in calculations based on V-O
theory to describe experimentally determined polymer
contents in PECs.%

Despite the progress in the description of the influence of
solvent interactions on complexation, detailed datasets
describing the phase behavior quantitatively to illustrate the
effect of hydrophobicity and other prevailing physical non-
covalent interactions on polyelectrolyte complexation are still
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Figure 1. Representative micrographs of (rows 1, 2) PAANa-PAH and (row 3) PAA-PAH complexes prepared at Cp o = 1% wt/v, Cs gqqeaq
=0,0.5,1,2,and 4 M NaCl and pH = 6.5 (row 1), 9 (row 2) and 3 (row 3). At pH = 6.5 and 9, the morphology of the complexes changed
from flaky precipitates to irregularly shaped droplets to spherical droplets with increasing Cs gqgeq. At pH = 3, the complexes remained as
flaky precipitates for all Cs ;444 investigated. The scale bar is the same for all images.

elusive. These more realistic aspects of complexation are
essential to advance our current understanding of selecting
polyelectrolyte pairs for PEC materials and to harness such
materials into products and end-use technologies.

Here, we provide explicit quantitative descriptions of the
binodal phase behavior of polyelectrolyte complexes
comprising polyelectrolyte pairs with polarizable ionic
groups on aliphatic backbones, resulting in accentuated
hydrophobicity and hydrogen bonding interactions in
conjunction with electrostatic interactions. Sodium salt of
poly(acrylic acid) (PAANa) (and its acid form, polyacrylic
acid, PAA) with poly(allylamine hydrochloride) (PAH) were
the polyelectrolytes of choice for this study due to their
commercial relevance and widespread application in both
academia and industry.$#¢ Despite their extensive use, the
interplay between electrostatic and other non-covalent
interactions on complexation between these two polymers
remains unclear, resulting in inconsistencies among reports
on their phase behaviors, complex morphologies and stability
against salt in varying environments. On one hand, Chollakup
et al. investigated the salt resistance and amount of PAA-PAH
complexes and reported maximum complexation along with
maximum salt resistance (~ 1-1.5 M) of complexes around pH
=7,4% and Fu et al. ranked PAA as the weakest polyanion to
complex with and smallest ion-pairing strength among three
other commonly used polyanions, and consequently PAA
related complexes are expected to easily dissolve in presence
of external salt.®® On the other hand, several studies have
reported that PAA-based complexes prepared in acidic

conditions exhibit high salt resistances.?'?51 For example,
Larson and coworkers pointed out despite the pKa of PAA
being ~ 5-55 and of PAH being ~ 8.5-9.3,2 the salt
concentrations required to induce morphological transitions
from precipitate to coacervate and from coacervate to solution
were markedly asymmetric around pH 7 in PAA-PAH
complexes, and a critical KCl concentrations > 3 M were
required to completely dissolve the complexes; both these
observations could not be explained solely by electrostatic
interactions.® Lappan et al. reported significantly slower
dynamics of PAA chains in complexes prepared in acidic
conditions,* suggesting stronger association of the polymer
network in low pH conditions. Thus, a comprehensive study
of the phase behavior of PAA-PAH at various pH conditions
is required to address the inconsistencies in PAA-PAH phase
behavior. We address these inconsistencies by highlighting
the role of hydrophobic interactions of the polyelectrolyte
backbones as well as hydrogen bonding on the phase behavior
and salt resistance of PAA-PAH complexes. The contributions
from these non-electrostatic interactions are shown to become
especially prominent in high salt concentrations or in acidic
conditions, wherein the electrostatic interactions are screened
or weakened, respectively.

Mixing of PAANa and PAH (degree of polymerizations 158
and 160, respectively, Supplementary Table 1) at equivalent
monomer concentrations (to ensure charge matching),
controlled total polymer concentration and added salt (NaCl)
concentration, Cpy and Csgggeq, respectively, led to
complexation instantly. The mixture became turbid with flaky
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white  precipitates?4’  suspended in the solution
(Supplementary Figure 1). The first row in Figure 1 shows
representative micrographs of the sedimented complexes
with increasing concentration of added salt Cggg4eq In
PAANa-PAH complexes with total polymer concentration
Cpo = 5% wtfv at pH = 6.5. Flaky PEC precipitates in the
absence of added salt (Cs zgqeq4 = 0 M) transitioned to gel-like
irregularly shaped droplets to liquid-like spherical PEC
droplets with increasing Cs,44eq, indicative of increasing
water content in the complexes. Interestingly, complexation
persisted up till Csgq4eq = 4 M, which is particularly high
when contrasted with previous reports in the literature.*4
Moreover, addition of KBr, reported frequently as an effective
salt in disrupting complexation,** also did not dissolve the
complexes up to 4 M added salt concentration
(Supplementary Figure 2).22444

The salt concentration required to eliminate phase
separation, referred to as the salt resistance (Csg) of the
complexes, is often obtained using turbidimetry.!174954%
Figure 2a shows a typical evolution of turbidity with
increasing Csgg4eq in PAANa-PAH complexes with total
polymer concentration Cp 4 = 5% wt/v at pH = 6.5. Turbidity of
the solution decreased with increasing Cg,q404 and was
ascribed to decreasing volume of complexes arising from
increasing screening of electrostatic interactions among the
oppositely charged chains. Solution turbidity diminished and
plateaued at Csp = 2.0 M. Similar evolution of turbidity with
Cs qagea for complexes with varying Cp, were observed
(Supplementary Figure 3). The vanishing of turbidity,
however, could not be correlated with complete dissolution of
the complexes. At high Cs 544e4 Values (=2 M), the complexes
sedimented to the bottom of the solutions, leading to clear
supernatant phases. These precipitates were evident from a
microscopic inspection of the solutions and are shown in
Figure 1 and the inset of Figure 2a. These observations may
explain the inconsistencies in the previously reported results
from different studies which relied on turbidimetric analysis
to identify phase separation.4445060 Since Chollakup et al.#*
used small total polymer concentrations in preparing the
complexes (Cp o =0.05 % wt/v ), the complex phases may have
been too small to be identified and produce turbidity in the
solution, especially at high salt concentrations. Therefore, the
reported salt resistance values, obtained from turbidity
analysis, may have been non-representative. Additionally, the
large and dense droplets and semi-solid precipitates that form
upon complexation of PAA and PAH accumulate and
sediment to the bottom of the container quickly, resulting in
low turbidity, especially if samples are allowed to equilibrate.
Therefore, as a guideline, combining turbidimetry with other
visual characterization techniques like optical microscopy is
recommended to unambiguously identify phase transitions in
PEC solutions. Furthermore, immediate measurements of
turbidity after sample preparation are recommended. For
microscopic imaging, especially at low total polymer
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Figure 2. (a) Turbidity, and (b) composition map depicting the total
polymer and total salt content in the complex and supernatant
phases, of polymer-charge-matched mixtures comprising PAANa;sg
(sodium salt), PAH ¢ and NaCl prepared in neutral condition (pH =
6.5) at a total polymer concentration Cp o = 5% wt/v and added salt
concentrations Cggqg4eq varying from 0 — 4 M. In (b), the filled
(complex phase) and open (supernatant phase) symbols are
connected by dotted coexistence lines. (c) Overlaid binodal phase
boundaries of mixtures described in (b) prepared at total polymer
concentration Cpo, = 1%, 2%, 3%, and 5% wt/v and added salt
concentrations varying from 0 — 4 M. Data in (b) and (c) were
obtained from thermogravimetric analysis of the complex and the
supernatant phases. Error bars in (b) and (c) denote the standard
deviations in each measurement.

concentrations, centrifugation of the complexes is
recommended to facilitate imaging of the complexes.

A quantification of PEC phase behavior was pursued
through compositional analysis (water, polymer, and salt
contents) of the complex and the supernatant phases using
thermogravimetric analysis (TGA) protocol developed in our
previous report! (see Supporting Information for
experimental protocols). Figure 2b shows the binodal phase
boundaries for PAANa-PAH complexes at Cp o = 5% wt/v in
neutral conditions (pH = 6.5) mapped on the polymer
concentration (¢p) — salt concentration (¢s) space. Pairs of
points, connected by dashed lines, correspond to the
compositions of the two phases resulting from bulk phase
separation of complex and supernatant phases, represented
by filled and unfilled symbols, respectively. The complex
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phase was found to have slightly smaller counterion
concentration than the supernatant phase, as depicted by the
negatively slopes of the lines connecting the compositions of
the two phases. This observation is contrary to V-O theory but
in agreement with our previous reportt! and other recent
reports.13,29,6l,62

Trends in binodal phase behaviors at neutral conditions
were largely conserved at other Cp ( values (=1, 2 and 3% wt/v,
Supplementary Figure 4). The polymer content of the
complex phase ¢p generally decreased with increasing
Csqdgeq, attributed to the screening of electrostatic
interactions by additional of salt, in accordance with the
Voorn-Overbeek (V-O) theory® and previous studies.?02643
Figure 2c¢ shows the superposition of binodal phase
boundaries for PAANa-PAH complexes at pH = 6.5 for Cp
ranging from 1% to 5% wt/v, and shows a good overlap of the
data from different set of experiments. In most cases, the salt
ions were found to partition preferentially into the
supernatant phases. This salt partitioning behavior can be
surmised to be consistent irrespective of the hydrophobic or
hydrophilic®>¢! nature of the backbone. It must be noted that
preferential partitioning of salt into the complex phase may
yet be imposed by molecular engineering of the polymer and
counterion identities (different chemical structures, valency,
and physical features).52¢3

Upon closer inspection, however, unique trends emerged in
the binodal phase boundaries. The merging of the complex
branch with the supernatant branch, an indication of the
transition from the two-phase region into one homogenous
phase, was not observed even up to 4.0 M of added NaCl
(Figure 2b), consistent with observation of complexes in
microscopy experiments (Figure 1, first row). Further, ¢p
initially decreased with increasing Cs 5444 in the range of 0 <
Cs aagea < 0.5 M, then plateaued for 0.5 < Cg yg40q4 < 1.5 M before
decreasing again for Cggqqeq > 1.5 M. These behaviors are
distinct from previous reports!>?64 on PEC phase behavior
where ¢p monotonically and continually decreased with
increasing Csg4q4eq, and can be tentatively ascribed to the
increasing influence of non-electrostatic intermolecular
interactions on the complex phase behavior.

Morphology of PAANa-PAH complexes in basic conditions
(pH = 9) exhibited an evolution with Cg ;4404 similar to the
complexes in neutral conditions (second row in Figure 1). The
binodal phase boundaries of PAANa-PAH complexes in basic
conditions, obtained by superposing the composition data
from PECs prepared with varying Cp,, are summarized in
Figure 3. The composition of the two phases and the shape of
the phase envelope was similar to the map shown in Figure
2c (individual data sets for different Cp, are compiled in
Supplementary Figure 5). Further, similar to complexes in
neutral conditions, ¢p plateaued for PECs with 0.5 M <
Cs aageqa < 1.5 M (Supplementary Figure 5).

Since both PAANa and PAH are weak polyelectrolytes,
their ionization is strongly affected by the pH of the
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Figure 3. Overlaid binodal phase boundaries depicting the total
polymer and total salt content in the complex and supernatant
phases, obtained from thermogravimetric analysis, of polymer-
charge-matched mixtures comprising PAANa;sg (sodium salt),
PAH;¢0 and NaCl prepared in basic condition (pH = 9) at total
polymer concentrations Cpo = 1%, 2%, 3%, and 5% wt/v and
added salt concentrations varying from 0 — 4 M. The filled
(complex phase) and open (supernatant phase) symbols are
connected by dotted coexistence lines. Error bars denote the
standard deviations in each measurement.

environment. In basic conditions, PAH ionized partially (24%,
Supplementary Figure 6), in effect reducing the charge
density of the polyelectrolyte and propensity for
complexation.®® The similarity of the overall phase boundaries
obtained in neutral and basic conditions, however, points
towards the analogous role of electrostatic and other
intermolecular interactions in dictating the PEC phase
behavior is these conditions, with the partial ionization of
PAH only contributing to diminished electrostatic correlation
and increased water contents in the complexes. Further, we
hypothesize that cooperativity of electrostatic interactions
between cationic and anionic chains can result in promoting
the ionization of PAH chains.®%®” We expect these
observations to inspire theoretical and simulation
investigations, that in turn will provide further insights into
the phenomena.

Morphology of PECs comprising the acidic form of PAA
(degree of polymerization 138, Supplementary Table 1) with
PAH prepared in acidic conditions (pH = 3), however, were
remarkably different compared with those obtained in basic
and neutral conditions (third row in Figure 1). This
adjustment of the polyanion was required because PAANa
was found to precipitate in pH = 3 solutions. In contrast to the
continuous evolution of complex morphology with increasing
Csaadea in neutral and basic conditions, the complexes
prepared in acidic conditions were found to retain their flaky
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precipitate morphology even at the highest Csg44e0q
investigated (third row in Figure 1).

Binodal phase boundaries of complexes prepared in acidic
conditions were also remarkably different compared with
those obtained in basic and neutral conditions, particularly in
the low ¢ region. Figure 4a exemplified the distinctive phase
diagram for Cp, =3% wt/v; Figure 4b presents the
superimposed phase diagrams at Cpy =1, 2, 3, and 5% wt/v
with Cs g44eq Tanging from 0 to 4 M (individual data sets for
different Cp, are compiled in Supplementary Figure 7).
Specifically, the complex branch extended right towards
higher ¢p with increasing Cs g44eq Until Cg gggeq <1 M, which
indicated enriching of polyelectrolyte content in the complex
phase with addition of salt, opposite of the trends from the
other two conditions. For Cs,q4eq > 1 M, the trends of
decreasing ¢p with increasing Cs ;4404 Were recovered. The
composition data obtained from different Cpy and Csgq4eq
overlapped reasonably well (Figure 4b), which indicated that
this unusual trend of increasing polymer content in the
complex phase upon increasing salt concentration in the
solution was consistent regardless of starting point on the
composition map. However, the phase separation was found
to be Cpy dependent, as evident from the significant
differences in the complex compositions at high Cs ;4404 and
from the intersecting coexistence lines (denoted by dashed
lines in Figure 4b). It must be noted that Cp-independent
phase behavior results in non-intersecting phase coexistence
lines, as shown in Figures 2c and 3. Additionally, the
complexes were found to be asymmetric in concentration of
PAA and PAH in acidic conditions owing to partial ionization
of PAA chains in the acidic conditions. "H NMR spectra of the
complexes prepared at Cpo = 3% wt/v and Cggqqeq = 2.0 M
indeed showed that the molar ratio of PAA to PAH was 0.67
in complexes prepared in acidic conditions, as compared to
0.43 and 0.40 in their counterparts prepared in neutral and
basic conditions, respectively (Supplementary Figure 8,
Supplementary Table 3), in good agreement with previous
literatures.®* A combination of associative phase separation
of PAA and PAH as well as segregative phase separation of
PAA could thus be argued to result in the formation of
complexes in acidic conditions.

These unique trends in the composition maps appears
similar to the salting in and salting out behavior of
polyelectrolytes (with strong electrostatic interactions) that
can occur upon increasing concentration of monovalent and
multivalent salt, as has been suggested by Zhang et al.** In
polyelectrolyte solutions, this behavior was proposed to arise
from an interplay between increasing translational entropy of
salt ions and excluded volume interactions promoting
homogenization of the solution competing with electrostatic
correlations favoring phase separation. In PEC systems,
salting-out is typically not observed owing to small
translational ~ entropy of the oppositely charged
polyelectrolyte chains dominated by the strong electrostatic

correlations between them. With increasing salt
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Figure 4. (a) A composition map depicting the total polymer and
total salt content in the complex and supernatant phases, obtained
from thermogravimetric analysis, of polymer-charge-matched
mixtures comprising PAA 33, PAH 60 and NaCl prepared in acidic
condition (pH = 3) at a total polymer concentration Cp o = 3% wt/v
and added salt concentrations varying from 0 — 4 M. The filled
(complex phase) and open (supernatant phase) symbols are
connected by dotted coexistence lines. (b) Overlaid binodal phase
boundaries of mixtures described in (b) prepared at total polymer
concentration Cp o = 1%, 2%, 3%, and 5% wt/v and added salt
concentrations varying from 0 — 4 M. Error bars in (a) and (b)
denote the standard deviations in each measurement.

concentrations, however, a salting-in phenomenon is
consistently observed.> In PAA-PAH complexes in acidic
conditions, however, PAA is expected to partially ionize (3%,
Supplementary Figure 6), resulting in weak electrostatic
correlations between the PAA and PAH chains. Electrostatic
correlations between the oppositely charged chains, mediated
by monovalent counterions ions, are expected to increase
initially with increasing Cs 44404, leading to increasing ¢p in
the PECs. Athigher Cs 44404, counterion entropy and excluded
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volume interactions eventually dominate the phase behavior,
resulting in decreasing ¢ in the PECs. We note that salting in
and salting out phenomena has been described in the
literature for four component systems (polyelectrolyte, salt
ions and water) while the system considered here is a five
component system comprising two polyelectrolytes, limiting
the conclusion that could be drawn from the theoretical
descriptions of the former for the latter systems.

In addition to lower ionization of the PAA (3%,
Supplementary Figure 6) chains leading to weaker
electrostatic correlations, hydrophobic interactions of the
hydrocarbon backbone of the partially-ionized PAA chains
with water and the hydrogen bonding of acrylic acid moieties
are also expected to influence the PEC phase behavior.®®% The
unionized functional groups in PAA can serve as hydrogen
bond donors and/or acceptors; Buscall and Corner proposed
that hydrogen bonding can be facilitated under acidic
conditions for PAA.® Upon addition of salt, both hydration
and hydrogen bonding are disrupted, owing to screening of
electrostatic interactions by the salt ions and the reduced
availability of water molecules to form hydrogen bonds.
Phase separation of the PAA from water may occur in such a
case upon formation of intra- and inter-chain hydrogen bonds
among the ionized acrylic acid moieties, accompanied by the
unfavorable interactions of the unionized aliphatic backbone
with water.

The influence of salt on solubility of individual
polyelectrolytes, PAA and PAH, in water was investigated
using turbidimetric analysis and optical microscopy. While
PAH solutions remained stable across the pH range
investigated, PAA was found to phase separate even at salt
concentrations as low as 0.15 M. Figure 5a shows the turbidity
of 5% wt/v PAA and 5% wt/v PAH solutions as a function of
salt concentration. While the PAH solutions remained clear
upon addition of salt, the absorbance of the PAA solution
steadily increased beginning at 0.15 M NaCl concentrations,
indicating phase separation of PAA. Aggregates could also be
identified upon visual and microscopic inspection. At salt
concentration > 0.5 M, PAA precipitates began to agglomerate
and sediment at the bottom of solution, leading to lower
turbidity. Eventually turbidity returned to baseline following
complete sedimentation of PAA agglomerates. Inset in Figure
5a shows a representative microscopic image of 5% wt/v PAA
solution at pH = 3 with 20 M NaCl with considerable
precipitation. Increasing ¢p in the complex phase with
increasing ¢s gageq for @s gagea <1 M and the asymmetry in
the polymer content in the complexes can thus be attributed
partially to this precipitation of PAA in saline solutions.
Again, we note that the behavior of PAA chain in salt
solutions may be different from the PAA-PAH solutions
owing to strong electrostatic interactions, cooperative
polyelectrolyte ionization and diminished role of counterion
entropy in dictating stability of the complexed polyelectrolyte
chains in the PEC systems.
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Figure 5. (a) Turbidity of aqueous PAA and PAH solutions (1%
wt/v) with increasing salt concentration. Increasing turbidity upon
addition of salt > 0.15 M corresponded to PAA precipitation.
Subsequent decrease in turbidity at higher salt concentrations
resulted from sedimentation of the PAA precipitates. Insets depict
representative micrographs of 5% wt/v PAA (pH =3) and PAH (pH
= 9) solutions with 2 M NaCl. The scale bars were the same for both
images. (b) FTIR spectra of PAA-PAH PECs prepared in pH = 3
solutions with 0, 4, and 8 M of urea. Arrows at ~3450 cm™' and
~1560 ecm™! indicate free O-H stretching vibrations and hydrogen
bonding of the deprotonated carboxylic acids, respectively. (c)
Micrographs of the complexes with Cp o = 1% wi/v, Cs gqgeqa =2 M
and pH =3 and urea concentration ranging from 0 to 16 M. The scale
bars are the same for all images.
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At the same time, the effect of hydrogen bonding on PEC
phase behavior in acidic conditions was examined by
preparing PECs in deuterium oxide (D:0) with increasing
concentrations of urea to progressively inhibit hydrogen
bonding in the system. Fourier transform infrared (FTIR)
spectra of PAA-PAH complexes with 0, 4, and 8 M urea,
shown in Figure 5b, show clear evidence of weakened
intermolecular or intramolecular hydrogen bonding between
PAA chains. Specifically, band sharpening at ~3450 cm!
correspond to increasing O-H stretching as urea concentration
increased and broadening of a sharp single peak at ~1560 cm-
! into a bimodal peak correspond to urea forming hydrogen
bonds with deprotonated -COOH moieties. These results
indicate disruption of hydrogen bonding among PAA chains
upon addition of urea.

The morphology of the PECs also varied distinctively with
increasing urea concentrations. Figure 5c¢ displays a
representative collection of micrographs for the PAA-PAH
complexes prepared at Cp = 1% wt/v, Cs gqqeq =2.0 M and pH
= 3 with increasing urea concentration from 0 to 16 M (the
maximum achievable concentration of urea at 20 °C). PEC
morphology changed from viscous gel to flaky precipitates
and finally to spherical agglomerates. Correspondingly, the
weight fraction of water in the PECs, measured by
thermogravimetric analysis, increased from 41.39% to 57.95%
(Supplementary Table 2). Thus, it could be surmised that
urea influenced the intermolecular interactions between the
oppositely charged chains and PEC phase behavior in a non-
trivial manner by weakening the hydrogen-bonded acrylic
networks. At the same time, the close association of primary
amine group of PAH with carboxyl group on PAA also
contributes to the high salt resistance as indicated by Fu et al.
Yet, since the complexes persisted and exhibited reasonably
high salt tolerance under exceptionally high urea contents
wherein hydrogen bonding is diminished, it could be argued
that while hydrogen bonding promotes precipitation of PAA
upon addition of salt, it could not be the sole contributor
towards the unusual high salt tolerance of PAA-PAH PECs.

Larson and coworkers reported similar experimental
observations of unusually high, pH-asymmetric salt
resistance of the PECs comprising PAA and poly(N,N-
dimethylaminoethyl methacrylate) (PDMAEMA).% Atomistic
simulations showed unionized and charged acrylic acid
moieties forming 2.5 and 6 hydrogen bonds with water,
highlighting the hydrophobic nature of the unionized acrylic
acid.’ At the same time, both neutral and charged
PDMAEMA monomers formed 2 hydrogen bonds with water,
emphasizing the role of PAA in influencing the phase
behavior of PAA-PDMAEMA system. We expect similar
factors to influence the phase behavior and salt resistance of
PAA-PAH PECs.

The effect of backbone hydrophobicity, hydrogen bonding
and the influence of salt on polyelectrolyte-solvent
interactions can be described by an effective interaction
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Figure 6. A comparison of the binodal phase boundaries for
PAA(PAANa)-PAH complexes prepared in three different pH
conditions with Cp 5 = (a) 1% wt/v and (b) 5% wt/v. While large
portions of the phase boundaries in neutral and basic conditions
overlap, the phase boundaries in acidic conditions exhibit non-
trivial deviations owing to the influence of hydrophobic
interactions and hydrogen bonding on the phase behavior of the
complexes.

parameter, Y. as Xerf = Xo — We/ k2, where w, is the strength
of the screened Coulombic interaction among monomers, and
k? is the inverse-square Debye screening length, proportional
to salt concentration, and y, being the intrinsic interaction
parameters.*” (y.rr = 0.5 has been reported for PAA in salt
free aqueous solutions.”’”2 Increasing salt concentration
increases k2, leading to a Xesr > 0.5 signifying unfavorable
interactions between PAA and water in saline solutions.
Unsurprisingly, a quantitative prediction of the pH-
asymmetric salt resistance of PAA-PDMAEMA PECs was
obtained by including a Flory-Huggins interaction parameter
x =0.75 representing the interactions between PAA and water
into the classic Voorn-Overbeek model for PEC phase
behavior.3

Page 7 of 12



PEC phase behavior in different pH conditions were
collectively compared in Figure 6 showing the polymer-salt
compositions for PECs prepared at (a) Cp o = 1% wt/v and (b)
Cpo = 5% wt/v. While the compositions of PECs starting with
Cp o = 1% wt/v obtained at pH = 3, 6.5, and 9 were similar, the
trends with increasing Cs 544e4 Were quantitatively divergent
(Figure 6a). The divergence increased in the PECs starting
with Cpy = 5% wt/v (Figure 6b), which can be ascribed to
stronger hydrophobicity and hydrogen bonding effects
accompanying higher polymer concentrations. These effects
also limited the accessible limits of salt additions, wherein the
highest Cs gqgeq in 5% wt/v samples was 2.5 M compared to 4.0
M for 1% wt/v samples.

In summary, the compositions of the PECs prepared in
basic and neutral conditions were similar. The general trends,
including screening effect of salt, self-suppression, and
preferential partitioning of counterions, were also similar in
the two cases. In neutral conditions, both polymers were fully
ionized. In basic conditions, although PAH was partially
ionized (PAA was completely ionized), the complexation
behavior was not significantly affected. The association of
ionized amino groups in PAH with carboxyl groups in PAA,
facilitated by hydroxide ions in the aqueous solutions, is
expected to result in the formation of stable complexes.
However, PECs prepared in acidic conditions showed entirely
different behavior. In these conditions, only a fraction of the
PAA monomers were ionized and the polyelectrolyte chains
precipitated in high salt conditions, rendering it unable to
complex associatively with PAH. The solid precipitates that
formed in low pH conditions comprised both pure PAA
precipitates (with phase separation dominated by backbone
hydrophobicity and hydrogen bonding) and PAA-PAH
complexes, which led to higher PAA content in precipitates
and an increase in the polymer content in the precipitates
upon addition of salt. The unusual PAA accumulation in the
phase-separated complexes in acidic conditions can therefore
be surmised to occur with associative and segregative phase
separation working simultaneously. In this sense, the phase
behavior of PAA and PAH system, instead of being
understood as simple polyelectrolyte complexation, can be
regarded to emerge from a combined action of various
intermolecular interaction, including electrostatics,
hydrophobicity, and hydrogen bonding. The experimentally
measured compositional maps reflect the superimposed
result of these intermolecular interactions as a function of
polymer concentration, salt concentration, and pH.

Altogether, this investigation brought attention to the fact
that the complexation of oppositely charged polyelectrolytes
is a fairly complicated phenomena driven by not only
electrostatic forces and entropic gains from counterion
release,”27¢ but also solvent effect and unavoidable
intermolecular interactions. The nature of the phase
separation process may change from electrostatic associative
complexation to  solvent-effect  driven
precipitation. Oftentimes, such factors in realistic materials

segregative

like PAA and PAH are overlooked or assumed to be
inconsequential compared to charge-driven complexation
mechanisms. To incorporate more of these advanced features
into a wider materials infrastructure, we anticipate that theory
and simulations can more easily interrogate the interplay of
such variables. This experimental work elucidated molecular
level insight of various complexation effects for the model
polymer pairing of PAA(Na) and PAH, which can enable
greater comprehension and control over the structure-
property relationship of synthetic polymeric systems in
micellar and gel-like architectures.”>7¢
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