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ABSTRACT

Lu Li: Phase Behaviors and Composition Partitioning in Polyelectrolyte Complexation Systems

Under the Direction of Professor Matthew V. Tirrell

Polyelectrolyte complexation (PEC) is an associative phase separation process initiated
by mixing of two kinds of oppositely charged polyelectrolyte solutions. PEC-based materials
have been recognized as ideal prototypes to study membraneless organelles, self-assembled into
smart delivery vehicles for nucleotides and proteins, and fabricated into functional devices for
purification purposes. Continuous studies have been devoted to understanding thermodynamics,
kinetics, morphology, and structures of the polyelectrolyte complexation systems, which were
summarized in Chapter 1 of this dissertation. However, a lot of the studies remained qualitative,
and the fundamental understanding of the polymer physics involved has not kept pace.
Specifically, a precise description of the binodal phase diagram capturing detailed phase
behaviors and partitioning of different components into the two respective phases is still lacking.
Moreover, joint efforts by experiments and theories are needed to provide an overarching
framework with the predictive capacity to control the properties of the PEC-based materials.

Accordingly, we have designed a new experimental approach combining salt resistance
measurement and thermogravimetric analysis with minimum processing and approximation to
produce accurate binodal phase diagrams. Chapter 2 of this dissertation focused on illustrating
the phase behaviors of a “clean” polypeptide system, poly(lysine) and poly(glutamic acid) with
hydrophilic backbones and matched chain lengths. Essential features of this system were
demonstrated, including the screening effect of salt, self-suppression and the change of the

volume fraction of the complex phase with addition of salt. Additionally, the salt partitioning

X



into the supernatant phase was found to initially increase and then decrease on increasing the salt
concentrations, manifesting as a distinct minimum in the salt partition coefficients. These trends
were shown by simulations to be strongly influenced by the excluded volume interactions in the
complex phase, which were not accounted for in their entirety in earlier theories.

Equipped with the knowledge from the polypeptide system, we have further extended our
research to an aliphatic pair of poly(acrylic acid) and poly(allylamine hydrochloride) with
hydrophobic backbones in Chapter 3 of the dissertation. While we found the phase behaviors
were, to some extent, similar under neutral/basic pHs and followed general expectations of PEC
materials, remarkably different behaviors were observed under acidic conditions. Unintuitively,
polymer content in the complex phase increased as salt was added, due to the hydrophobicity of
aliphatic polymer backbones coupled with hydrogen bonding of unionized monomer units. We
systematically investigated both of these specific interactions using turbidimetry, microscopy,
and FTIR spectroscopy. These binodal phase diagrams detailed the associative secondary phase
assembly from electrostatic complexation, precipitation of an individual polymer, and other
noncovalent contributions as a function of pH, polymer concentration, and added salt.

Lastly, Chapter 4 of the dissertation has compared the binodal phase behaviors of both
polypeptide and aliphatic polyelectrolyte systems to accentuate the effect of solvent quality and
chain length. The experimental results could be qualitatively explained by the scaling theory and
random phase approximation calculation. The threshold value of Flory-Huggins y parameter
distinguishing complexation disintegration upon salt addition and that remaining stable even at
high salt concentrations could be estimated. Additionally, the salt resistance concentration was

shown to be proportional to the square root of the polymer chain length.
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CHAPTER 1. Introduction of Polyelectrolyte Complexation and Its Application

1.1 General Introduction of Polyelectrolyte Complexation

Polyelectrolyte complexation is an associative phase separation process, initiated by
mixing of two kinds of oppositely charged polyelectrolyte solutions in aqueous media. The
solution mixture will have a polymer-rich phase, complex phase, and a polymer-deficient phase,
supernatant phase. Phase separation driven by polyelectrolyte complexation distinguishes with
more commonly seen phenomenon of segregative phase separation in the fact that both of the
polyelectrolytes partition into the complex phase instead of separating into different phases. This
phenomenon was first recognized by Bungenberg et al by mixing gelatin and gum arabic
together.'? The complex phases are mostly amorphous, and the complex morphology could
either be water-rich liquid coacervates or solid precipitates as dictated by the chemical structures,
architectures, charge densities and lengths of the polyelectrolytes as well as the environment
jonic strength and pH.> ® In special cases, the polyelectrolytes can adopt specialized secondary
structures (B -sheets) under the influence of secondary intermolecular interactions.”
Complexation between oppositely charged polyelectrolytes generally leads to macroscopic phase
separation especially for homo-polyelectrolyte, resulting in the formation of bulk polyelectrolyte
complexes. Since my doctorate research was centered around bulk systems, the introduction part
of this dissertation would also focused on recent progress in the understanding of the
thermodynamics, kinetics, phase behavior, rheology and interfacial properties of bulk PECs,
including insights from fundamental polymer physics and chemistry perspectives, and introduce

promising applications of PEC-based materials in various settings.



1.2 Polyelectrolyte Complexation in Nature and Industrial Settings

The terminology of polyelectrolyte complexation may seem remote for the general
public; however, this phenomenon is omniscient in both nature and industrial settings. On the
cellular level, the genetic carrier DNA is complexed with histone proteins and further folds into
Chromatin fibers. Recently, there has been resurgent interests in using polyelectrolyte
complexation as ideal prototypes to study the morphological changes and biological signaling in
membraneless organelles.” In vitro form of the polyelectrolyte complexation consisting of
oppositely charged proteins could be utilized by sandcastle worms, caddisfly larva, and barnacles
as natural adhesives.® Distinctive differences of pH and ionic strength between their living
environments, such as seawater, and secretary systems of those animals could prevent premature
solidification of the glue within the secretory systems, but trigger rapid solidification after
secretion. Moreover, the underwater adhesives could be further strengthened by additional
covalent curing as well.’

In the artificial world, polyelectrolyte complexation has been adopted for industrial uses
starting from the 1970s. For example, it can be applied to improve the binding performance for
the paper-making industry.'’ Since actual molecular contact area in the fiber-fiber joint is the
most crucial factor in paper-making, people could use the method of depositing alternating layers
of cationic and anionic polyelectrolytes that further forming a polyelectrolyte coating on the fiber
surface to increase the paper strength.'"'? Furthermore, in the food industry, electrostatic
complexation between milk proteins and polysaccharides is currently utilized to enhance the
functional properties of dairy products, such as solubility, gel-forming ability, and foaming as

14-16
1

well as stabilization behaviors.”> Weinbreck et a and Ye et al”’ have shown that by adding

polysaccharides, like pectin or gum arabic, in solutions containing whey proteins or caseins

2



Figure 1-1. Thermodynamic investigation of polyelectrolyte complexation
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(a). Binding isotherms for PDADMAC/PAANa system. PDADMAC was used as
titrant in Type I and PAANa was used as titrant in Type II. The concentration of titrant
and the polymer to be titrated is 10 to 1. (b). Thermodynamic properties of
complexing polyelectrolytes in strong charging limit (1a for total free energy, 1b for
enthalpy, 1c for entropy) and weak associative charging limit (2a for total free energy,
2b for enthalpy, 2c for entropy). Arcon is the center of mass distance between
polyacid and polybase. o is the the distance between charged sites along the
polyelectrolytes.

could lead to formation of stable complex coacervates micelles at low pH to avoid self-

associates and precipitation of casein protein and promote the solubility of milk proteins at low
3



17,18

pH or larger temperature range. Interestingly, Weinbreck et al also reported that oil of

different flavors could be encapsulated in the complex coacervation of whey protein and gum

arabic as food addictive to achieve desirable mouth feel."

1.3 Advances in Polyelectrolyte Complexation Research

1.3.1 Thermodynamics and Kinetics of Polyelectrolyte Complexation

Polyelectrolyte complexation is a spontaneous process driven by a net decrease in the
total free energy of the system. However, the relative magnitudes of the entropic and enthalpic
contributions that drive complexation are still debated actively in the literature. Even though

electrostatic interactions were intuitively identified as the major driving force in the early reports

20-23

investigating complexation among polyelectrolytes,”™ “, most recent studies conclude that

entropy gains from counterion release contribute significantly towards the phenomena.**>°

Furthermore, the specific contributions to free energy have been argued to closely depend on the

chemical structures of individual polyelectrolytes,”” ionic strength and pH of the environment,*®

23,28-30

polyelectrolyte charge density and formulation pathways. Recent efforts have

quantitatively evaluated the respective contributions of enthalpy and entropy for different

26,31

polyelectrolyte systems™”', thus providing a clearer understanding of the complexation

phenomena.

2432 and frontal

Experimental approaches, like isothermal titration calorimetry (ITC)
continuous capillary electrophoresis,”’ have been used to extract thermodynamic parameters
during complexation, with ITC being the most widespread technique of choice. In most

commonly reported setups for ITC, the heat absorbed/supplied to keep the reservoir containing

one polyelectrolyte solution (as substrate) at constant temperature is measured when the other



oppositely polyelectrolyte solution is added in aliquots (as titrant) **. Both single set of identical
sites model**” and two sets of independent sites model’®”” have been employed in the past to
describe the ITC data, but with limited success owing to the presence of multiple binding sites
available between the oppositely charged polyelectrolyte chains in a complexed system. In a
recent work, Vitorazi et al. modified multiple non-interacting sites model to capture the nature of
polyelectrolyte complexation between poly(acrylic acid) sodium salt (PAANa) and
poly(diallyldimethylammonium chloride) (PDADMAC) wherein binding of one site on the
substrate macromolecule with the oppositely charged ligand macromolecule was considered
independent from similar charged sites on the same polymer chain®®>. Complexation was
described as a two-step process consisting of formation of charged polyelectrolyte complexes
due to electrostatic interactions and coalescence of the charged complexes into secondary phases.
Two comparative experiments of using either PDADMAC (type I) or PAANa (type II) as the
titrant were conducted to investigate the influence from mixing order on the thermodynamic
parameters. Representative thermograms from these experiments are shown in Figure 1-1(a).
After extracting thermodynamic parameters from measurements, the first step (complexation,
fitted curve shown in light grey) was reported to be endothermic for both experiments but the
second coalescence step was found to be exothermic for the addition of PDADMAC in PAANa
and endothermic for the inverse case (fitted curve shown in dark grey). The stoichiometry

coefficients, meaning the concentration ratio between PDADMAC and PAANa represented by

E, for both mixing orders of the first step, na, were found to be both around 0.8, of 0.8 and 1.25

for the two types. On the other hand, the stoichiometry coefficient for the second step, nc, were

1.1 and 1.05 respectively, suggesting neutralization of opposite charges in the complex phase.



The change in stoichiometry of the first type E from 0.8 to 1.1 and E from 1.25 to 0.95 was

proposed as the reason for the exo/endothermic difference observed in the two kinds of the
mixing order. Additionally, if the thermo-energy was converted to per titrating charge, the
enthalpy was measured to be around 1kzT, whereas the entropy was 10kgzT, highlighting the
entropic nature of the complexation process for this polyelectrolyte pair. The entropic drive for
complexation was also demonstrated by Lounis et al. wherein frontal continuous capillary
electrophoresis (FACCE) was employed to investigate the complexation between poly(L-lysine)
(PLL) and statistical copolymers of acrylamide and 2-acrylamido-2-methyl-1-propanesulfonate

(PAMAMPS).>! The binding site constant for interaction between each available independent

[PLL—s]

binding site —s on PAMAMPS chain and one PLL chain was defined as k = PLL]

with

[PLL-s], [-s] and [PLL] being the concentrations of bounded sites, free sites, and free PLL chains.
k exhibited a linear dependence with ionic strength on a double logarithmic scale, implying the
dominant role of entropy to the formation of PECs. The slope of the linear correlation could be
directly envisioned as the number of counterions released.

An extensive study by Fu et al. investigated the thermodynamic drivers of complexation
among poly(styrenesulfonate) (PSSNa) with poly(diallyldimethylammonium) (PDADMA) in the
presence of a series of counterions.” ITC measurements were conducted, but instead of fitting
the data into any presumed model, the heat peaks were integrated as enthalpy AHpg for a
systematic comparison. To further track the origins of enthalpic gain to be electrostatic or
hydrogen bonding from water layer around the polyelectrolytes, the authors used the model

developed by Green, Kitano and coworkers’*

to quantify the degree of H-bonds perturbed by
complexation by Raman spectrum defined as AN.,,... It was found that AHpg, was directly

6



proportional to AN, with AHpgs = 0 when AN,,,,- = 0. This led to the fact that the small
enthalpic contribution to the total free energy was largely due to water perturbation instead of
electrostatic interactions. After calculating the entropy gain as the difference between the
measured enthalpies by ITC and total free energy calculated by the ion-pairing model using salt
activities and swelling ratio as variants, entropy was reported to contribute 90 to 100% for
complexation formation between PSS and PDADMALC polyelectrolytes in the NaCl salt range of

0.1 to 2M.

While the recent experimental results have identified entropy as the major driving force
for complexation in the particular systems investigated, Monte Carlo simulation with implicit
solvent reported by Rathee et al. >’ have perhaps provided a more complete picture by
delineating the roles of enthalpy and entropy as a function of polymer charge densities and
ionization. While entropy indeed was found to contribute majorly towards complexation of
strong polyelectrolytes, enthalpy played a significant role in complexation in systems with weak
electrostatic coupling or involving weak polyelectrolytes. Specifically, as shown in Figure 1-
1(b). from la to 1c, for strong polyelectrolytes, at strong coupling strength of [z = 2.80 (I is
the Bjerrum length and o is the distance between charged sites on polymer chain), the enthalpic
contribution was roughly 1/3 of the entropic contribution. However, at weaker coupling strength
of [z = o, the enthalpic contributions became twice the value of entropy. Conversely, for weak
polyelectrolytes (shown in Figure 1-1(b). 2a to ac), in the case of strong coupling strength
(lz = 2.80), the entropic contribution (~5kzT) was decidedly minor as compared to the
enthalpic contribution (~25kgT) in driving complexation. These findings were ascribed mainly

to significant reduction in counterions condensed around polyelectrolytes and higher tendency of



each polymer chain to acquire charge when complexed for weak polyelectrolytes. More
importantly, these findings highlight the complex interplay of various parameters that influence
the energetics of the complexation phenomena that must be acknowledged in design strategies of

PEC-based materials.

1.3.2 Kinetics of Polyelectrolyte Complexation

The strong drive for complexation, with free energy reductions on the order of
5~50kJ/mole, manifests as very fast kinetics of complexation processes. Regardless of the fact
that complexation occurs almost instantaneously, even as fast as within milliseconds upon
mixing of the solutions of oppositely charged polyelectrolytes, innovative experimental
approaches have been devised to track the kinetics of complexation, revealing the true physical
pathway. Liu et al. employed stopped-flow light scattering technique to monitor the early stages
for PAA and PDADMAC complexation.”’ Specifically, they observed three distinct processes,
with the first stage at low mixing charge ratio (z) mainly comprising relaxation and
reorganization of small polyelectrolyte complexes through the initial fast mixing, the second
stage at higher z comprising aggregation and rearrangement of small soluble complexes into
larger structures, and finally the last step of formation of larger charge-neutralized coacervate
droplets featuring bell-shaped curves in the light intensity versus time diagrams, indicating
speeding up of coacervation when charge neutrality was approached. Interestingly, by
manipulating the ionic strength in the solution, even though the position of the bell-shaped curve
shifted, which corresponded to higher mobility of the complexed polymer at high ionic strength,
the scaling factors for the decay of the curve remained constant, demonstrating that even though
the rate of first stage could be adjusted by ionic strength, the last two steps followed a universal

kinetic mechanism without pronounced influences from small counterions. Time-resolved ultra-
8



small angle X-ray scattering studies by Takahashi et al. also indicated similar kinetic pathways
for PAANa and poly(allylamine hydrochloride) (PAH) complexes.! The growth rate of
molecular weight of the global complexes formed (with time) was compared with the theoretical
model for coagulation kinetics of spherical colloidal particles induced by salt. While the
measured data agreed well with theoretical curves in the early stages in presence of NaCl,
molecular weight of the complexes was much smaller in salt free circumstances, which
suggested stronger repulsive interactions between complexes and higher viscosity of the solution.
The authors proposed that the mismatch for the later stage might come from the fact that when
conducting the stopped-flow mixing experiments, small amounts of excess residual component

in the solution could attached to the formed complexes and cause extra repulsive interactions.

1.3.3 Phase Behavior and Morphology of Bulk Polyelectrolyte Complexes

A precise description of the phase behavior for the polyelectrolyte complexation system
has been elusive ever since the first description of the phenomenon'. A complete description of
the complex phase behavior can further facilitate accurate control of structures and properties of
the resultant PEC materials and enable design of hybrid self-assembled structure that serve

unique applications. The first theoretical model to quantitatively describe the system was

20,42

proposed by Voorn and Overbeek in 1950s, in which the total free energy of the solution

mixture was described as a combination of a Debye-Hiickle term for electrostatic interactions

and a Flory-Huggins expression for entropy gain. While this simple model is an effective crude

43,44

description and provided rough agreement with early experimental studies, there are several

inherent shortcomings associated with this model that were exposed in subsequent experimental

5,45

studies.”™ Namely, the formalism is based on the Debye-Hiickle framework, which neglects

charge connectivity and charge distribution along the polymer chain, does not account for high
9



Figure 1-2. Phase behavior and morphology of polyelectrolyte complexation
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(a). Different regimes of the phase diagram divided by solvent quality and salt
concentration based on scaling laws (b). Morphological transition from solid to liquid
to one homogenous solution state for PSS+PDADMAC complexes with gradual
addition of KBr salt. (c). Morphology of the complex phase was controlled by
hybridization state of nucleic acid for single-stranded DNA formed coacervates
droplets and double-stranded DNA formed precipitates. (d) Effect of charge sequence
for counterion confinement entropy. (1). The number of counterions condensed along
the chain index. (2). Schematic showing the criterion for a condensed counterion as
the one that is within rcc of a charged site on the polymer backbone. (3). Conceptual
schematic illustrating the effect of charge sequence distribution on complexation. (4).
Calculated entropic contribution to the total free energy for different periodicity t.

charge density correlation effect, and is not an appropriate description of electrostatic correlation
in solutions with high ionic strengths. Furthermore, it does not have inclusion of solvent effect
and excluded volume interactions for ionic interactions. Recently, Larson, Qin and coworkers
have also highlighted that using Debye-Hiickle free energy for electrostatic correlations resulted
in a reduction in the degree of ion binding at high concentrations of polyelectrolytes, and could

be accounted for through charge-smearing by assigning finite sizes to each charge.*® Several
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theoretical improvements have been attempted aiming at more appropriate descriptions of the
phase behavior of polyelectrolyte complexation, with early works updating versions of the
Voorn-Overbeek (V-O) model to include Flory-Huggins yx parameter as non-electrostatic

. . : . 44,47,48
contribution for interactions between polymers and solvents.***”

More recently, Larson and
coworkers have extended V-O model by incorporating counterion condensation, ion-pairing
formation and protonation/deprotonation effects for weak polyelectrolyte as well as a y
parameter and composition-dependent dielectric constants to capture the specific physico-
chemistry of different polyelectrolytes and salt identities*™®. At the same time, Qin et al.
improved V-O model by considering full intramolecular structural correlation among charges
along the backbone to account for charge connectivity and polyelectrolyte architecture.*®*’
Beyond these improvements to the V-O model, random phase approximation based theories by
several groups has successfully optimized the charge concentration fluctuation via correlation
function and accounted the hardcore interaction via incorporating finite particle size™ ~*; field
theoretic simulation have been especially helpful in understanding inhomogeneous phases like
micelle structures for block copolymers™>’; and PRISM along with liquid state theory have
better captured the local charge density and counterion condensation profiles.’®®* These
theoretical advancements have furthered our fundamental understanding of the phase behaviors
for the PEC system, and in combination with advanced experimental techniques have enabled
quantitative comparisons between theoretical predictions and experimental data. Before our work,
the first thorough experimental description of PEC binodal phase behavior was provided by
Spruijt et al., who investigated complexation between fluorescently labeled PAA and poly(N,N-

dimethylaminoethyl methacrylate) (PDMAEMA).** The polymer contents in the complex and

the supernatant phases were estimated by measuring the fluorescent signal in the supernatant

11



phase, and it was assumed that salt partitioned equally into the two respective phases.
Surprisingly good agreement between the experimental results and predictions form the V-O
model including y as an adjustable parameter was achieved. Besides, Tirrell and coworkers have
thoroughly investigated the phase behaviors of polypeptide systems in a qualitative and semi-
quantitative way via turbidity measurement and microscopic observations. In general addition of
external salt and temperature increment suppressed the two phase-separated regions and interrupt
the physical cross-linked networks of the formed complexes.**®*

Due to the essential roles of electrostatic interactions and counterions in complexation,
ionic strength as well as pH of the solution, chemical nature of the counterions, charge density,
molecular weight and backbone hydrophobicity of the polyelectrolytes all affect the
compositions as well as the structure and properties of the complexes (and their inter-
relationships).>*"* 7 As a general rule, moving the pH of solution away from the pKa of the
polyelectrolytes, increasing chain length and increasing polyelectrolyte charge density enhance
complexation and result in denser polyelectrolyte-rich complexes.”*** Additionally, increasing
the salt concentration (ionic strength) in the solution screens the electrostatic interactions, lowers
the entropy gain from counterion release, and thus leads to progressive decay of polyelectrolyte
fraction in complexes. The ability for sodium halide salts to dissolve complexes decreased in the
order of CI', Br, I', generally following the Hofmeister order””. Moreover, divalent salt, like
CaCl, and Na;SO4, were found to be more effective than monovalent salt in preventing
complexation. Charge density of the counterions also influences their impact on the complexes —
CaCl, had stronger inhibitory impact than NaSO, since Ca®" ions have higher charge density
than Na* ions whereas charges on SO4> ion are less localized than on CI ions. In a recent work

by Chang et al., the blockiness of the charge sequence in non-uniformly charged polyelectrolytes

12



was also shown to have a profound effect on the complex compositions and phase behavior™.
Precise sequence control in poly(glycine-co-lysine) and poly(glutamate) was enabled by solid-
phase peptide synthesis; The charge distribution in sequence-controlled poly(glycine-co-lysine)
was characterized its periodicity T, with blocky polymers having larger T and alternating
polymers having smaller T values. With increasing blockiness of charged groups (increasing
values of 7), the two-phase region expanded — polymer content in the complexes and their salt
resistances increased. These observations were ascribed to the disparate distribution of
counterions along the polymer backbone — the counterions were evenly distributed along the
chain with low 7 but restricted to charged blocks with high t (Figure 2(e)). Accordingly, larger
entropy gains accompanied complexation of high 7 polyelectrolytes, leading to a stronger drive
for complexation (Figure 2(e)). Moreover, by the same group, Sing and coworkers, identified
that architecture, stiffness and counterion valency were also essential factors affecting
complexation behaviors by using a combinatorial method of transfer matrix theory and coarse-
grained simulation in high charge density regime. For example, complexation would be
suppressed with increasing polymer stiffness, due to the entropic penalty of aligning neighboring

polyelectrolyte chains.*’

The distinction between liquid coacervate complexes or solid precipitate complexes is
debatable, with the most distinct clarification coming from Schlenoff and coworkers who
proposed the crossover of storage modulus with loss modulus in frequency sweeps in the linear
viscoelastic regime (as investigated through rheometry) as the transition point from liquid state
to glassy state®. The morphology of the dense phase has also been explored through optical

microscopy, wherein liquid complex coacervates appear as spherical droplets while precipitates

13



appear as inhomogeneous sediments™. The recovery from photo-bleaching provided another
route, within the time scale of several minutes denoting the transition between solid precipitates
and liquid coacervates.”> Generally, denser complexes are more solid-like while water-rich
complexes are more liquid-like. Modulation of electrostatic interactions can enable a tuning of
the PEC morphology, as was demonstrated by Wang et al., wherein increasing ionic strength of
the solution led to a solid-liquid-solution transition in PSS and PDADMAC PECs, seen from
Figure 2(c).” Besides, Vieregg et al. showed that hybridization state of the nucleic acid can
control the morphology of the complex phase as well for DNA(or RNA) and poly(L-lysine)
system.” Specifically, double-stranded nucleic acids formed solid precipitates, and single-
stranded nucleic acids formed liquid coacervates, and can be ascribed to the different charge
densities (double-stranded DNA has a charge density ~2.4 times higher than that of the single-
stranded DNA), shown in Figure 2(d).

PEC morphology is also strongly influenced by polyelectrolyte-solvent interactions and
secondary intermolecular interactions among the pair of polyelectrolytes. Hydrogen bonding
between chiral polypeptides lead to solid precipitates upon complexation of poly(lysine) and
poly(glutamic acid), while liquid coacervate droplets were reported when either or both of the
polyelectrolytes were racemic’. The formation of solid precipitates for chiral polypeptides was
attributed to the formation of B-sheet secondary structures along the polymer chains following
formation of hydrogen bonds between chiral polymers, demonstrated via FTIR, circular
dichroism (CD) measurements and molecular dynamics simulations. Solvent effect or
hydrophobicity of the polyelectrolyte backbone can also profoundly affect the phase behavior of
the complexes. Jha et al. found experimentally that for PAA and PDADMAC complexes, as the

pH decreased below 7 and PAA monomers became protonated, the salt resistance concentration
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(also termed critical salt concentration) increased while the opposite trend was observed when
pH was raised above 7. These trends were described by the V-O model, albeit only after
incorporating a large positive y parameter (=0.75) in V-O model. The increased hydrophobicity
of neutralized PAA in acidic environment was identified to contribute towards phase separation
despite reduced ionic interactions between oppositely charge polyelectrolytes.”” Sadman et al.
systematically studied the effect of backbone hydrophobicity by investigating the complexation
of sodium salt of PSS with poly(4-vinylpyridine) wherein the ammonium groups were
quaternized with methyl, ethyl and propyl groups, and reported increasing resistance against
doping salt for swelling of complexes with increasing hydrophobicity, along with functional
group-independent rheological behavior of the complexes.® From a theoretical perspective,
Rumyantsev et al. studied the effect of salt concentration cs and solvent quality, characterized by
second virial coefficient v, on polymer density ¢, surface tension y, salt partitioning § and
correlation lengths ¢ for weakly charged polyelectrolytes with equal degrees of ionization. Power
laws for v, ¢, y, 6, & were derived based on scaling theory for different regimes on cs-v diagram,
corresponding to high/low salt concentrations with poor/®/good solvents shown by (b) in Figure
2. As a note, subregimes of Ila and IIb were divided by the fact that Debye blobs can be either
swollen for the former or Gaussian for the later. °* The results for different regimes distinguished
in Figure 2(b) were summarized in Table 1., wherein u is dimensionless Bjerrum length of
lg /unit length, f is the degree of ionization, v is the second viral coefficient, w is the third viral
coefficient and ¢, is the salt concentration. Thus, it cannot be straightforwardly concluded that
weak polyelectrolytes always form water-rich liquid coacervates and strong polyelectrolytes

yield denser precipitates.
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Table 1-1. Scaling laws for coacervates physical properties
While most of the past as well as recent works have focused on symmetric complexes
wherein the polyelectrolyte charges and concentrations are matched, researchers have also begun
investigating the more intricate but, at the same time, more practically relevant cases of
asymmetric complexes wherein non-stoichiometric or overcharged complexes can form.”***
Notably, Wang and coworkers have extensively studied the phase behavior of asymmetric
systems based on liquid state theory by constructing 3D polyanion-polyanion-cation phase

diagrams, which could be related to experimentally accessible parameters of the initial

polyelectrolyte concentration pp o, the extra salt concentration pg o, and the asymmetry factor r,

defined as r = % wherein V; is the volume of polycation solution with initial polyelectrolyte
1 2

concentration pp, and V, is the volume of polyanion solution with the same initial
polyelectrolyte concentration pp,. Accordingly, r=0 corresponded to symmetric case and r=1

meant pure polycation solution. Specifically, they found that the phase separation region along r
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axis would shrink with increasing pp o and ps o and eventually vanish for sufficiently large pp g

and pg o, which could be seen from (a) in Figure 3. Additionally, the composition of the complex

Figure 1-3. Polymer conformation and structures
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(a) Phase separation region obtained from systems with different asymmetric factor,
initial polymer concentration and extra salt concentration. (b)(c) The concentrations of
polycation and polyanion in the supernatant phases at different asymmetric factor,
initial polymer concentration and extra salt concentration. (d). Conformations of
polyanions in the coacervate (top) are analogous to their conformations in solutions of
only polyanions (bottom) at the same concentration. The scattering figure compared
the structure factors of polyanions in coacervates (symbols) and in semidilute
solutions (lines) with the same polyanion concentration at different Bjerrum length 5.
(e) Plots of frequency-dependent viscoelastic moduli G’ and G”” for PSS+PDADMAC
complexes prepared at different NaCl concentrations, where the solid-to-liquid
transition by addition of salt could be observed.

phase was found to only weakly vary with r but decreased monotonically with increasing pp o
and pg o, which can be understand as self-suppression and screening effects. However, for the

supernatant phase shown by (b) and (c) in Figure 3, except the regions near the critical points,
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the major polyelectrolytes (the one in excess) nearly remained constant with pg o, but increased

with pp o and r while the minor polyelectrolyte was nearly 0 always.

1.3.4 Structures and Properties of Bulk Polyelectrolyte Complexes

Michaels proposed two possible conformations of polyelectrolytes existing in the
complexes in 1965 as ladder-like or scrambled-egg structures.*® Since then, small angle neutron,
X-ray and light scattering techniques have been utilized to characterize the polyelectrolyte chain
conformations in PECs. The general consensus is that the chains preserve their Gaussian

. . . 87-90
conformation upon complexation leading to coacervates.®’

Tirrell and coworkers recently
presented an in-depth comparison of the polyelectrolyte structure in solution and in complexes
for PECs comprising poly(lysine) and poly(glutamic acid) using small angle X-ray scattering
studies.”’ For this polymer pair, liquid coacervates formed if one of the polyelectrolytes in the
complex was racemic and solid precipitates formed if both polyelectrolytes were chirally pure.’
In solution, the individual polyelectrolytes exhibited strong correlation peaks associated with the
intra-chain repulsion along with the inverse of the peak position (corresponding to correlation
length) decreasing quadratically with increasing polyelectrolyte concentration. The correlation
peaks were severely suppressed in the scattering from liquid complex coacervates, and the
correlation length extracted from the scattering patterns denoted a homogenous semi-dilute
solution of juxtaposed oppositely charged polyelectrolytes maintaining their self-avoiding
random walk conformation, pointing towards a scrambled egg like arrangement of the chains.
However, in the solid precipitates, hydrogen bonding resulted in  sheet formation and

manifested as aggregation of chains in the complexes, indicating possible formation of ladder-

like structure. At the same time, neutron scattering investigations by Fare et al. revealed that
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regardless of the strong swelling of complexes upon addition of KBr into PDADMA/PSS
complexes, the coil size of the PSS polymer remained constant up to 1.4 M KBr, which was
unexpected and significantly different from the polyelectrolyte behavior in simple solution
state.”> Cryo-electron microscopy images revealed the existence of polymer-rich and polymer-
deficient micro-phases with excess water and salt squeezed into adjacent pores in the complex
phase, thus leading to the unexpected independence of polyelectrolyte coil size with increasing
KBr concentrations.

At the same time, recent theoretical and simulation works have identified that the
polymers in the coacervates could form interpenetrating networks and adopt conformations
analogous to quasi-neutral and polyelectrolyte solutions for polymers having low and high
charge densities respectively.”” For symmetric case of weak polyelectrolytes with equally sized
electrostatic blobs °, the coacervate phase could be envisaged as a dense packing of electrostatic
blobs with electrostatic attractions between the oppositely charged chains stabilized by short-
range non-electrostatic repulsion from excluded-volume effect between neighboring blobs. For
asymmetric case of stronger intramolecular electrostatic repulsion in polyanions than in
polycations (polyanion blob size < polycation blob size), polycations in the complex coacervates
would adopt the ideal chain conformation in a @ solvent with correlation length &, smaller than
polycation blob size:, and polyanion, with blob size (D..) larger than the correlation length &_,
would stretch on length scales between D.. and é_ owing to strong intramolecular repulsion. In
this case, for weakly charged polyelectrolytes with electrostatic interaction energy per charge
less than thermal energy kT, conformations of both oppositely charged polyelectrolytes in
coacervates resembled to those in their respective pure solutions containing only one kind of

polyelectrolytes. For example, as shown by Figure (d), the conformation of the polyanion in
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PEC is analogous to that of solution containing only polyanions at the same polymer
concentration, supported by the measured structure factors of the coacervates and polyanion
solutions.

The dynamics of individual polymer chains and water molecules have been investigated
using dynamic nuclear polarization enhanced nuclear magnetic resonance (DNP) and electron

. 94,95
paramagnetic resonance (EPR) measurements.”*’

In the complexes formed by PAA and
poly(ethylene-alt-maleic acid),” the segmental mobility of PAA was found to be nearly constant
in the pH range from 5 to 10 but decreased heavily in acidic conditions, which was reasoned to
be caused by formation of hydrogen bonding among carboxyl groups. Thus, counterintuitively,
the strength of attractive interactions did not have significant influence upon the polymer
dynamics in the complex phase under neutral and basic conditions.

The composition and the morphology of the complexes is strongly correlated with their
viscoelastic behavior which ranges from simple Maxwell liquids wherein the loss (G”) and the
storage (G’) moduli follow a linear and quadratic dependencies on the frequency w of the

8,96,97

oscillatory flow field, respectively (G' < G”) to solid-like glassy state wherein G' > G” and

both the moduli are nearly independent of w.*""

In general, increasing the chain length,
employing stronger polyelectrolytes and lowering the ionic strength in the environment are
accompanied with an increase in the absolute values of both G’ and G”.***°" Unlike the
permanently cross-linked polymers by covalent bonds, PECs exhibit reversible viscoelasticity
due to the electrostatic nature of the interactions among polyanions and polycations capable of
forming and breaking continuously. The ionic bonds hinder polymer mobility in the complex

phase and serve as “sticky points”. Accordingly, addition of salt or pH variation influence the

strength of electrostatic interactions and rheological behaviors.”**'* Consequently, time-salt or
20



time-pH superposition could be used to produce master curves with broader accessible frequency
range of 2 to 5 more orders of magnitude.®”"*® Spruijt et al. proposed that the horizontal shift
factor was proportional to exp(—A\/c_S + B) (c, is salt concentration, A and B are constants), and
showed good agreement with experimental data for PDMAEMA and PAA complexes in the salt
range of 0.4 to 1.2M at different polymer chain length, chain length matching, and mixing
stoichiometry. The dependence on salt of shift factor was further illustrated more explicitly by
Hamad et al. by exp(1/a — m) (a is bond length, [ is Bjerrum length), derived from
the assumption that the activation energy for dissociation of one ionic pair equals the energy
needed to separate one ion pair from bond length a to Debye length ((87lgcgq:Ngy)~%°). This
model adequately described the rheological behavior of PDADMAC and poly(isobutylene-alt-
maleate sodium) (PIBMANa) complexes at different salt concentrations and chain length.”’

However, an exponential dependence of the shift factor on cg,;: (as opposed to previously
reported exp \/c_s) was demonstrated by Marciel et al., possibly due to the different salt range

investigated and the hydrophilicity of the peptide backbones.® Moreover, the solid-to-liquid

1M1 Liy et al.

transition could be quantitatively captured by rheological characterization as wel
utilized time-salt superposition to expand the range of frequency space in viscoelastic
measurements for both liquid and solid state of PSS and PDADMAC complexes, and proposed
that gelation occurred at low salt concentrations when the network of trapped cross-linked ionic
interactions percolated the materials with insufficient salt molecules to facilitate the chain
motion.'”' Additionally, for the same system, Ali and Prabhu achieved time-temperature-salt

superposition over the entire range of frequencies at high salt concentrations. However, limited

overlapping was observed at low salt concentrations or low frequency in Figure 3(e), which was

21



mainly resulted from impaired mobility and correlated collective dynamics of longer segments

. s 102
between ion pairs or polymers entanglements.

1.3.5 Interfacial Properties

Low interfacial tension of the liquid coacervates has long been identified. Surface forces
apparatus (SFA) measured the interfacial tension y to be in the range of 0.1 to 10 mJ/m* for
poly(L-glutamic acid sodium salt) and poly(L-lysine hydrochloride) coacervates.'” y was found
to decrease with increasing salt concentration and decreasing chain length. Theoretical work by
Qin et al. derived explicit expression of the interfacial tension by using Debye-Hiickle

approximation for Cahn-Hilliard theory as

B (kBTca> (1 — o /1hc)*/?
V= v N1/4

with T, a, v, ., and N being the critical temperature, width of the interface, the swelling
exponent, critical salt concentration and polymer chain length.'”* Molecular weight and salt
concentration were thus identified as accessible parameters to control in experiments to
manipulate interfacial tension of coacervates. More recently, Lytle et al. have showed consistent
results from both Monte-Carlo simulations and transfer matrix theory to reproduce interfacial
features, including the effect of salt concentration on interfacial tension, interfacial width, and
interfacial excess of salt, present in large-scale molecular dynamics simulation. Similarly,
utilizing the analogous interface between a coacervate and a neutral polymer, they further
investigated the phase behavior of coacervation-driven self-assemblies, which are unlike the
classical simple polymer-polymer interface driven by a positive short-range y parameter They

found adding a neutral polymer or increasing neutral polymer density could also expand the
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immiscible regions on the phase diagram and result in large regions of small but positive surface

tension, due to the interplay between the excluded volumes of polymeric species. '*

1.4 Applications

1.4.1 Artificial Underwater Adhesives
Inspired by the naturally occurring PEC underwater adhesives produced by sandcastle

10 . .
106 197 researchers have synthesized macromolecular adhesives that harness

worms and mussels,
electrostatic or cation-m interactions enhanced by subsequent covalent crosslinking to provide
robust binding in aqueous environments. Zhao et al. employed bis(trifluoromethane-
sulphonyl)imide (Tf,N") (QCS-Tf;N) polycation and catechol-functionalized PAA polyanion to
create underwater adhesives wherein rapid complexation and catechol based adhesion was
achieved via solvent exchange. The polyelectrolytes, initially dissolved in low dielectric constant
DMSO, formed complex coacervates rapidly (within a minute) upon switching to aqueous media,
and formed strong bonding with substrates in ~30 minutes (the process is shown in Figure 1-
4(a)). SEM images revealed the morphology of the setting substance to be porous-like, whose
porosity was directly related with the fraction of catechol in the system.'” Gebbie et al. have
harnessed complexation driven by cation-  interactions to achieve reversible adhesion
interaction between lysine-rich and phenylalanine containing polypeptides providing stronger
adhesives in comparison to the mussel-mimetic polypeptides with Dopa sequences.'”
Surprisingly, Kim et al. demonstrated liquid-liquid coacervation could also form between both

positively charged macromolecules with two adapted recombinant mussel foot protein of Rmfp-1

with 7-rich structures and MADQUAT with its trimethylammonium group.''’ The strong short-
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range cation-1r interaction could trigger underwater adhesion, which was inspired by marine

mussels.

1.4.2 Multifunctional Membranes
Polyelectrolyte complexes membranes have long been assembled using layer-by-layer
(LbL) assembly,"'""'"? but sophisticated fabrication process in the LbL fabrication and low yield

rates have promoted alternative strategies to produce PEC membranes, including electro-

113,114 117,118

spinning, spin-coating,' "> electrochemical deposition''® and other one-step protocols.
Sadman et al. deposited PEC films consisting of PAA and PAH by carrying out electrochemical
reduction at quartz crystal microbalance electrodes.''® Kelly et al. have doped PSS and
PDADMAC complexes with KBr to reduce viscosity and impart processability followed by spin-
coating the complexes to form uniform and smooth membranes, and subsequently vitrification

"> The schematics demonstrating the spin-

by removing KBr upon immersion in water baths.
coating process, an exemplary photo of the formed PEC membrane, and the effects of spinning
speed as well as time on membrane thickness were shown by Figure 1-4(d). Those high-
throughput methods enabled future application of electrodeposited paints and smart coatings.
Smith et al. obtained thin films of PDADMAC and PAA by consecutively dipping the PET
substrate into polyelectrolyte solution mixture maintained at pH = 2 and then into a pH = 3 citric
buffer solution for curing to obtain ~ 2 um thick PEC coatings that exhibited more than 2 orders
of magnitude reduction in oxygen transmission rate than uncoated PET substrate by increasing
cohesive forces within PEC with presence of ionic crosslinking as small molecule barrier.'"”
Cain et al. coated cotton fibers with PECs by immersing them in poly(phosphate sodium salt)

and branched polyethylenimine (PEI) mixtures to enhance flame-retardant attributes.''®

Evaluated by TGA, vertical flame testing and micro-combustion calorimeter, the percentage of
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the unburned residue increased with increasing PEC coating weight, afterglow was not observed

for any of the coated fabrics when flame was removed while the uncoated sample was consumed

Figure 1-4: Innovative applications by PEC materials
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(a). Water-DMSO solvent exchange triggered wet-adhesion process. (b). Device
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Power conversion efficiency of different materials for solar cells. (d) (1)
Demonstration of the spin-coating device using PSS+PDADMAC coacervates with
KBr. (2) Standalone PEC film (1 inch diameter and 15 pum thickness) spun from
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PSS+PDADMAC in 1.9M KBr at different spinning speed and time. (e¢) Encapsulation
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of actin on the periphery of coacervates droplets while BSA was distributed uniformly.
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with ashes radiating for another 21 seconds after removal of the flame. Additionally, the heat
release rate as well as total heat released were all reduced by up to 70% in coated vs. uncoated
fibers. Meng et al. have demonstrated electrospun PSS and PDADMAC fibers to make stable
fiber mats for a range of pH values, ionic strength and different organic solvents. These
multifunctional membranes can be promising candidates for various industries, like food or

pharmaceutical production, water treatment and electronics packaging process.

1.4.3 Encapsulants

PECs, and specifically complex coacervates, have long been posited as models for proto-
cellular environments owing to their rapid self-assembly and spontaneous partitioning (nearly
resembling complete encapsulation) of charged (macro)molecules, leading to dense, polymer-

9,119,120 .
19120 Thege attributes have also

rich environments with high concentration of charged species.
been harnessed in synthetic systems to encapsulate biologically relevant molecules, like short
therapeutic nucleotide-sequences and proteins, as well as small synthetic molecules into the

124

complex phases in both bulk'*''* or micellar assemblies'**. Black et al. demonstrated strong

encapsulation of bovine serum albumin (BSA) in poly(lysine) and poly(glutamic acid)

125
coacervate droplets.

The negatively-charged fluorescently-labeled BSA were first complexed
with poly(lysine) to form intermediate complexes, and then poly(glutamic acid) was added to
form coacervate droplets. The fluorescent signals indicated accumulation of BSA mostly in the
coacervates droplets along with a preservation of the secondary structure of the protein, as
confirmed by CD spectra. McCall et al. employed the same coacervate material platform to co-
encapsulate BSA and globular actin in coacervate droplets and investigated the assembly of actin

filaments as a proxy for protein activity in these systems. Actin filaments were found to form at

rates 50-folds faster than solution assembly of actin filaments, and the filaments were found to
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concentrate near the droplet peripheries leading to spherical shells of actin filaments while BSA
was found to be uniformly distributed inside the coacervate droplets, shown in Figure 3 (e).
Synthetic dyes of varying chemical structures with different electrostatic strength,
hydrophobicity and aromaticity have also been employed as model encapsulants in PEC
materials owing to their viable traceability. Partitioning of methylene blue into the complexes
formed by PSS was found to be 3~8 times stronger compared with other polyanions like PAA or
poly(vinyl sulfonate) depending on solution pH, and has been ascribed to m — m stacking
between benzene rings.'*® Recently, Meng et al. demonstrated successful incorporation of two
families of six individual dyes, with different chemical structures and electrostatic strength, into

electrospun fibers made from PSS and PDADMAC complexes.'*’

1.4.4 Other Applications

Apart from the major application areas mentioned above, there are several innovative
reports exploring unconventional use of PEC materials. Since microencapsulation has been
actively explored in this field, encapsulating liquids inside the PECs has enabled the use of PECs
as oil-water emulsion stabilizers.'”® Rodriguez et al. illustrated the potential of using PAA and
PDADMAC complexes over the pH range from 2 to 10 to stabilize 5 different kinds of organic
reagents in water. It turned out that no stable emulsion was formed for low and intermediate pH,
since the number of coacervate droplets/precipitate particles showing positive zeta potential was
not sufficient for stabilization or the precipitate aggregates were too large to attach to droplet
surfaces. Only at higher pH from 7 to 10, when the coacervates were nearly neutral in charge
status, stable dodecane-water emulsion was formed. The stabilization ability of the oil droplets
coated by coacervates was further compared with theoretical predictions using equilibrium

spreading coefficients. While agreement was achieved for dodecane and toluene, deviation was
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observed for other oils owning to not accounting kinetic variation by viscosity change of
coacervate formation in the equilibrium spreading coefficients. The mechanical and electronic
responses of PEC materials have also been adjusted by changing polyelectrolyte chemistry,
concentration and charge density, pH and salt chemistry and concentrations to boost their utility
in unique applications. Bulk PEC materials with appropriate viscosity and gelation rates have
been used as extruding materials to construct complex structures in 3D printing.'* PEI:PSS PEC
films have also been demonstrated to enhance power conversion efficiency (PCE) in polymeric
solar cells from 3.01% of PEI-only interlayer to 3.68% by enhancing the cell short circuit current,
owning to improved electron extraction at the PEI:PSS-active-layer interfaces."”’ The
architecture of the optimized solar cell was shown by Figure 1-4(b). The cell performance could
be further enhanced by TiO4-PEI:PSS combined interfacial layer without the need for light-
soaking treatment for TiOy. Figure 1-4(c) exhibited the improved PCE values for different kinds
of layer materials. Additionally, the complex coacervation of PSS and poly(3-[6’-{N-
butylimidazolium }hexyl|thiophene) bromide formed in tetrahydrofuran-water mixture was used
to form dense suspensions of m-conjugated materials, which could be used for large-scale

processing of optoelectronic devices, chemical sensors and bioelectronics applications.
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CHAPTER 2. Phase Behavior and Salt Partitioning in the Hydrophilic Polyelectrolyte

Complexation System

2.1 Introduction

Due to polyelectrolyte complexation’s profound implication of biological systems and
popularity in industrial applications, there have been continuous effort to capture the phase
behaviors of different polymeric systems and understanding the fundamental physical
interactions influencing the molecular interactions for PEC-based materials. Starting from 1960s,
Veis et al have done extensive studies on natural macromolecules to illustrate the effect of chain
length, salt concentrations and molecular chemistry on the phase behaviors.'” Tirrell and
coworkers have demonstrated the phase separation boundaries of binary and teriary systems of
polypeptides and PAA-PDMAEMA-PDADMAC by turbidimetric and microscopic
measurements under various temperature, pH, and salt environments.*’ However, the majority
of macromolecular physics work in this field thus far has provided only a qualitative description
of the thermodynamics and phase behavior of polyelectrolyte complexes.® '® Important physical
properties of polyelectrolyte complexes are not well understood, like partitioning of different
components in the two respective phases, the volume fraction of the complex phase, and
molecular interactions governing the stability of the phase separated systems, impeding
predictive design of end-use materials.'' To our best knowledge, the most detailed work
demonstrating the binodal phase behavior was done by Spruijt et al then, in which they used
PAA-PDMAEMA as model polyelectrolyte pair. PAA was fluorescently labeled and used as

indicator to measure the polymer content in the two separated phases, but salt was assumed to
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partition equally in the two phases without direct measurements.'” There is still a lack of
quantitative data to test and establish an overarching physical model describing the phenomenon.
The general features of the polyelectrolyte phase diagram, not intended to represent any

particular theory, are shown schematically in Figure 2-1. The first model to describe the system

Figure 2-1. Features of the binodal phase diagram.
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Schematic of a binodal phase boundary for polyelectrolyte complexes in the polymer
concentration (¢p) — salt concentration (¢g) map. A solution with composition
corresponding to point € will phase separate into a polymer-lean supernatant phase (C¢)
and a polymer-rich complex phase (C;). Phase separation can be completely suppressed
by addition of salt (C3). C.is the critical point, which lies on the right side of the
maximum in the binodal phase boundary. The two complementary experimental
approaches adopted to elucidate the phase boundary are represented with red arrow
indicating composition measurements by thermogravimetric analysis and conductivity
measurements, and blue arrow indicating salt resistance measurements by microscopic
and turbidimetric evaluations.

was proposed by Voorn and Overbeek, wherein the total free energy of the system was written as
an ad hoc combination of a Debye-Hiickel term to represent the electrostatic interactions among
the charges on the chains and the counterions (enthalpic) and a Flory Huggins expression
(entropic) as frorar = —a[X;0:9:13/? + ¥;(¢;/N;) In ¢;, with g;, ¢;, and N; being the charge

density, volume fraction and degree of polymerization of the each of the species present in the
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solution, and o being a medium-dependent interaction constant.''

The predictions of the
binodal phase behavior from the Voorn-Overbeek theory agreed apparently well with early
experimental results.'>'">""” However, these earlier studies were limited to either naturally-
derived macromolecules with high polydispersity, uncontrolled and complicated chemical
structures, or synthetic polymers with hydrophobic backbones'’ leading to deviations from
expected behavior.!" These factors, combined with the incompleteness of the Voorn-Overbeek
model with no accounting for important features such as charge connectivity on the polymer
chains, excluded volume interactions, and explicit polymer-solvent interactions, have to date

made a systematic comparison between experiments and theory nearly impossible. At the same

time, recent disagreements with the Voorn-Overbeek model have also been reported, including

18-22 23,24 I

negatively sloped tie-line and underestimation of the polymer content in the complex. n
parallel, various improvements of the Voorn-Overbeek theory have been proposed,'® 2"
but a lack of model experimental data has prevented meaningful comparisons between
experiments and theory.

Here, we present a combined study with extensive experiments and realistic simulations
of the phase behavior of as-formed polyelectrolyte complexes comprising model
polyelectrolytes, charged polypeptides Poly(L-lysine hydrochloride) (PLK) and sodium salt of
poly(D,L-glutamic acid sodium salt) (PRE). This pair of polymers, with identical hydrophilic
backbones, similar side-group structures and controlled length distributions, allowed for a
systematic investigation of the complex phase behaviors and compositions. They were
intentionally chosen due to the hydrophilic nature of backbone to avoid possible complication by

hydrophobicity, which will be discussed in further details in Chapter 3. Additionally, the racemic

form of the poly(glutamic acid) was used to interrupt the formation of hydrogen-bonding among
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chiral polypeptides that could lead to solid precipitates instead of liquid coacervates.” In our
work, two distinct and complementary experimental approaches, involving multiple
methodologies, were employed to determine the binodal phase boundary. Most importantly,

minimal processing of the complexes was carried out to achieve a true description of the

Figure 2-2. Complete polyelectrolyte complexation phase diagrams.
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(a) Phase diagram for solutions comprising PLK;o and PRE;p. Two experimental
approaches were employed to map the phase boundaries (blue symbols) and were in
excellent agreement with the simulation results (red + symbols). The filled circles
(complex phase) and open circles (supernatant phase) are the results from TGA; X are the
results from salt resistance methods. Representative tie-lines are shown as dotted lines to
demonstrate their negative slopes, which are contrary to the predictions from the Voorn-
Overbeek theory. (b) Phase diagram for PLK,y+PRE (red), PLKso+PRE5, (yellow), and
PLK400PRE4 (green). The solid (complex phase) and open (supernatant phase) squares,
diamonds and triangles are the results from TGA on the three respective systems; X are
the results from salt resistance methods. The overall shape of the binodal phase boundary
was preserved, while the two-phase region became larger with increasing polymer chain

lengths.

complexation. At the same time, molecular dynamics/Monte Carlo (MD/MC) hybrid simulations
accurately revealed the essential physics for polyelectrolyte complexation by incorporating long-
range electrostatic interactions, excluded volume interactions, and an explicit, realistic

description of the polymer chains (with monomer resolution, bending potential and finitely
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extensible bonds), salt ions and solvent molecules. Excellent agreement between the experiments
and the simulations is demonstrated, further enabling investigations of several key features of

complexation-driven phase separation.

2.2 Results and Discussion

2.2.1 Binodal Phase Diagram of PRE-PLK System

The compositions of the complex and supernatant phases are presented on a polymer
concentration (¢p)-salt concentration(¢s) map in Figure 2-2. Solutions of PLK and PRE of the
same chain lengths, with known polymer and added salt (NaCl) concentrations, ¢p, and
Ps qadeqa> were mixed together at ratios corresponding to matching polyelectrolyte charge
concentrations, and the resulting mixtures(C in Figure 2-1) separated into the complex (C, in
Figure 2-1) and the supernatant (C; in Figure 2-1) phase. Independent thermogravimetric
analysis (TGA) of the two phases was carried out to determine water, polymer and salt weight
fractions. The amounts of salt in both phases were small, and were further confirmed by solution
conductivity measurements. Figure 2-2(a) shows the composition results for PLK 99 +PRE;oo (N
= 100) complexes (blue solid symbols) and corresponding supernatants (blue open symbols).
Expectedly, most of the polyanions and polycations complexed with each other and condensed in
the complex, leading to an exceptional disparity between the polymer concentrations in the two
phases (especially at low ¢s). Phase separation in multiple systems with varying polymer and
salt concentrations (¢p g and ¢s g4404) Was examined to achieve the first complete description of
the binodal phase boundary, including regions near the critical point (C; in Figure 2-1) where
the complex and the supernatant branches met. The general shape of the binodal phase boundary

bears a superficial resemblance to the predictions from the Voorn-Overbeek theory. However,
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the theory significantly underestimates ¢pp in the complexes at low ¢ (Figure 2-3(a)), and was
clearly unable to accurately describe complexation quantitatively. At the same time, enabled with
an accurate representation of the polymer chains as well as explicitly incorporated solvent
molecules and excluded volume interactions, MD/MC simulations accurately reproduced the
experimental results (red + signs), highlighting the ability of the model to describe the
interactions and thermodynamics of the complexation phenomena.

Two further key departures from the Voorn-Overbeek theory were also revealed. Select

Figure 2-3. Comparison between experimental data and fitting based on V-O theory &
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: ® O :TGA N =100
1| x :Saltresis.| X XX 5

1 @
¥

0.02 Y ?.

@ |

~

—_
YRC
[=]
8
1

o=1.784
Niyuhn = 50
c=0.51

o
8
L
X
X
bx
X
>

0.02 +

0014 o TTTe--- 001 x ?(E é@&mﬂ

Salt volume fraction (¢
®
»
Salt volume fraction (¢5) ©

Salt volume fraction (¢)
g
1

@
o.ooj

—
0.00 o0.10 020 . 030 0.0001 0.001 0.01 0.1 0.001 0.01 0.1
Polymer volume fraction (¢p) Polymer volume fraction (¢) Polymer volume fraction (¢)

0.00

0.00 +
T

(a) Fits from the Voorn-Overbeek model (black curve) and modified Voorn-Overbeek model
assuming equal amount of salt in complex and supernatant phases (brown curve) to the
experimental data (blue symbols) for PLK;¢+PRE;o. The model parameters were optimized
to obtain the best-fit to the experimental data by the modified Voorn-Overbeek model. The
two fits severely underestimated ¢p in the complexes at low ¢s. Select tie-lines from
experiments (blue dotted lines) and Voorn-Overbeek calculations (black dotted lines) showed
opposite signs of slopes, indicating shortcomings of Voorn-Overbeek model. (b) Phase
diagrams for PLK¢+PREq. The horizontal ¢p axis was represented on a logarithmic scale
to highlight the features at low ¢p values. Two sets of experimental data from TGA (blue
solid symbols for complex phase and blue open symbols for supernatant phase) and salt
resistance measurements (x) of ¢ were plotted against ¢p. (c) Similar phase diagrams for
PLK,y+PREy (red), PLKso+PREsy (yellow), and PLK400+PRE4go (green). Logarithm scale
was used to better illustrate compositional differences in the supernatant phase. Clearly, the
systems with shortest chains (PLK,¢+PRE, in red) have the highest polymer concentration in
supernatant phases.
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representative tie-lines connecting the complementary complex and supernatant composition
states are shown in the Figure 2-2(a) (blue dashed lines). The negatively sloped tie-lines
demonstrate the preferential partitioning of salt in the supernatant phase, in stark contrast to the
predictions of positively sloped tie-lines from the Voorn-Overbeek theory. Furthermore,
negatively-sloped tie-lines imply that the critical point must lie to the right of the maximum in
the binodal phase boundary (¢p ¢ > ¢p max, Cc in Figure 2-1), contrary to the predictions from
the Voorn-Overbeek theory (¢ppc < ¢pmax). Here ¢p ¢ and ¢pp a0, are ¢pp at the critical point
and at the maximum in the ¢pp — ¢ phase boundary.
2.2.2 Effect of Chain Length on the Phase Behavior

The binodal phase boundaries for three more systems, PLKy, + PREy (N = 20), PLKso +

PREsy (N = 50) and PLK4pp + PRE4g (N = 400) are shown in Figure 2-2(b). It can be seen from

Figure 2-4. Phase diagram for PLKs)+PREs) and PLK4p0+PRE4 by experiments

and simulation.
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The phase boundaries (yellow and green symbols) were in excellent agreement with
the simulation results (red + symbols) for the (a) PLKsotPREsy and (b)

PLK400+PRE400 systems.
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Figure 2-2 that the two-phase region becomes larger and the complexes become more polymer
dense as well as more resistant towards salt with increasing polymer chain length while
preserving the overall shape of the binodal phase boundary. The maximum in the ¢pp — ¢p5 phase
boundary also shifts to higher ¢s and lower ¢p with increasing N, leading to steeper supernatant
arms (Figure 2-3(b)(c)). These trends are expected, as longer polymer chains are anticipated to
have stronger cooperative electrostatic interactions, and at the same time have more stymied
entropy, leading to larger relative entropy gains from counterion release and thus a stronger
propensity for complexation.

Similar to the N = 100 systems, excellent agreement between the experiments and the

Figure 2-5. Salt resistance of polyelectrolyte complexes.
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Salt resistances (as defined in Figure 1) at different total polymer concentrations for
systems with increasing polymers chain lengths. Solid symbols represent microscopic
results and black circles represent turbidimetric analysis for PLK;op+PRE . Heights of
the symbols expressed the difference between lowest added salt concentration where no
phase separation was observed and the highest added salt concentration where phase
separation was observed. Complexes formed at low total polymer concentrations and
longer polymer chain length are more resistant towards salt addition.

46



simulations is demonstrated for the N = 50 and 400 systems (Figure 2-4), thus confirming the
ability of the proposed model and the corresponding simulation to describe the experimental
results across a range of polymer lengths. It must be noted that the simulation strategy was
constructed with the assumption of complete absence of polymer chains in the supernatant,
leading to vertical supernatant arms in the phase diagram. This assumption held well for systems
with long polymer chains. However, the N = 20 systems had a substantial presence of polymer
chains in the supernatant (Figure 2-3(b)(c)), thus making the simulation approach inadequate for
these systems.

The size of the two-phase region expanded with increasing polymer length but gradually
saturated at large polymer chain lengths. The two-phase region for the N = 50 systems was
considerably larger than that of the N = 20 system. However, the two-phase regions for the N =
50, 100 and 400 systems nearly overlapped with each other (Figure 2-2 and Figure 2-3(b)(c)).
The marginal changes in the entropy of mixing, Y};(¢; In ¢;) /N; with increasing chains length
N; progressively decrease with increasing chain length, thus leading to a saturation of complex
properties, as observed in our experiments. Note, however, that increasing polymer length is still
expected to strongly affect the viscoelastic properties of the complexes, owing to the slower

relaxation of the chains. These effects will be discussed in a forthcoming manuscript.

2.2.3 Salt Screens Electrostatic Interactions and Inhibits Complexation.

The entropy gain from the release of polyelectrolyte-bound counterions plays a dominant
role in driving complexation.”® Addition of salt leads to a dramatic decrease in the entropy of
counterion-release, leading to stronger screening of inter-chain interactions and increasing water

content in the complexes (Figure 2-2). Sufficiently high salt concentrations completely suppress
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phase separation, and lead to homogenous polymer solutions; this transition can be captured via

Figure 2-6. Salient features from phase diagram.
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(a) A schematic phase diagram demonstrating self-suppression — suppression of
complexation upon increasing total polymer concentration. (b) Compositional changes of
water and polymer in the complex phases with increasing total polymer concentration,
demonstrating self-suppression. (c¢) Variations in the volume fraction of complexes upon
addition of salt to solutions with 1% wt/v (filled symbols) and 5% wt/v (open symbols)
total polymer concentrations for polymers with different chain lengths. (d)(e) The salt
volume fraction ¢pg was obtained by measuring the salt resistances at fixed total polymer
concentrations ¢p. (d) Boundaries are plotted on logarithm scale for PLK,¢+PRE; (red),
PLKs0+PREsq (yellow), PLK00tPRE o (blue), and PLK400+PRE4¢ (green) (e) Salt
volume fraction ¢pg was normalized by ¢ values at 1% wt/v total polymer concentration
in the respective series. The plot indicates that PLK,o+PRE; (red) went through a
maximum, PLKs,+PREjs (yellow) exhibited a plateau and PLK¢+PRE ¢ (blue), and
PLK400+PRE4g (green) decreased monotonically with increasing ¢pp. Therefore, the
maxima in the binodal phase boundary were at 1% wt/v total polymer concentration for
the N> 100 systems.

optical microscopy or turbidity measurements (Figure 2-13). The excess salt concentrations

required to unify the complex and the supernatant phases are termed the salt resistance ¢gr of
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the solution (see Figure 1). As shown in Figure 2-3, ¢sz decreased with increasing total polymer
concentration ¢p o. With increasing ¢p o, decreasing available solution volume and increasing
concentration of counterions that accompany the polymer chains combine to decrease the
entropy gain from counterion release, thereby leading to a weaker driving force for complexation
and lower salt resistance.

The results from salt resistance experiments were translated onto the binodal phase
boundaries and are depicted by the X symbols in Figure 2-2 and Figure 2-3. Again, very good
agreement between the thermogravimetric and salt resistance methods was achieved for all
polymer chain lengths. The binodal phase boundary determined via the salt resistance method
exhibited a maximum for the N = 20 system, while ¢ monotonically decreased with increasing
¢po for N = 100 and 400 systems, indicating that the maxima in the binodal phase boundary

were at ¢pp < 1% wt/v for the N > 100 systems.

2.2.4 Key Features of Complexation

Several key features of polyelectrolyte complexation are elucidated by our results.
Suppression of complexation is evident on increasing the added salt concentration, but also
occurs upon increasing ¢p,. Increasing ¢p, translates into traversing along the charge-
equivalence line (OE) on the ¢pp — ¢ps map (Figure 2-4(a)), resulting from a concomitant
increase in the concentration of the salt counterions that accompany the polymer chains ¢y .
Thus, owing to stronger screening, a decrease in polymer content and a corresponding increase in

2,11,14

the water content in the complex with increasing ¢p o, termed as self-suppression were

observed in our experiments (Figure 2-4(b)).
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The relative magnitudes of ¢p o and ¢p ¢ also determine the variations in the volume of

the two phases upon addition of salt. Owing to the general shape of the binodal phase boundary,

Figure 2-7. Excluded volume interactions expel salt ions out of complexes.
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Snapshots from the MD/MC hybrid simulation boxes (a) with and (b) without excluded
volume interactions. Yellow beads represent polymer chains and blue beads represent salt
ions. The bottom box represents the complex phase, the top box represents the
supernatant phase. While the salt ions are strongly concentrated in the complex phase in
(b), they are expelled from the complex phase in (a). (c) Salt partition coefficients for
PLK00+PRE (o at 1% wt/v (circles) and 5% wt/v (squares) total polymer concentrations
as a function of concentration of added salt. X and + symbols represent salt partition
coefficient predictions from simulation with and without excluded volume interactions,
respectively. In the absence of excluded volume interactions, partition coefficients trends
in qualitative agreement with Voorn-Overbeek theory were recovered. (d) Salt partition
coefficients trends with added salt concentration for systems with N =20, 50 and 400 at
1% wt/v (circles) and 5% wt/v (squares) total polymer concentrations. The salt partition
coefficient follows a universal trend: decreasing initially from ~ 1 to ~ 0.7 and then
returning to ~ 1 with increasing concentration of added salt. (e) Salt partition coefficients
as a function of scaled added salt concentration. The added salt concentrations were
scaled by salt resistance of the respective total polymer concentrations and chain lengths.
Owing to the similarity of the two-phase envelope, all the partition coefficient data sets
collapsed onto a universal trend.
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it has been argued that the complex volume fraction (complex volume/solution volume) must
increase to 1 if ¢pp o > ¢Pp and increase slightly before decreasing to 0 if ¢p o < ¢p ¢ upon

13,14

increasing ¢y . While these trends were predicted in the treatment by Voorn and

13,14
Overbeek, ™

they had not been experimentally elucidated until now. As shown in Figure 2-
6(c), the complex volume fraction increased continuously with increasing concentration of added
salt, ¢s qaqeq, In solutions with ¢p o = 5% wt/v (open symbols). In solutions with ¢p o= 1%
wt/v, however, the complex volume fraction underwent a maximum before decreasing upon
increasing s gqgeq (closed symbols). These trends were observed for all the polymer lengths,
indicating that 1% wt/v< ¢p < 5% wt/v for all the systems investigated, with ¢p . being
farthest from and closest to 1% wt/v for the systems with shortest and longest chain lengths,
respectively. As we discussed earlier, the ¢pp — ¢ phase boundary has a negative slope in the

range of ¢pp = 1 - 5% wt/v for N = 100 systems. Thus, the volume measurements again confirm

that ¢p c > @p max, at least for the N = 100 systems.

2.2.5 Salt Partitioning and Excluded Volume Effects
The representative tie-lines in Figure 2-2 are all negatively sloped, implying an excess of

salt ions in the supernatant. These trends were quantified using the salt partition coefficient P g,
defined as the ratio of the salt concentrations in the complex and the supernatant. P s exhibited
a unique behavior, undergoing a minimum with increasing ¢ gq4eq. As shown in Figure 2-
7(c)(d), Pc/s were all ~ 1 at very low ¢g 44404, decreased to ~ 0.7 at intermediate ¢ 4qgeq and
then increased again to values ~1 at ¢s gaqea = Psr, irrespective of ¢p o and N. The decrease of
Pc s from 1 at low ¢ gageq 1S €xpected to arise from progressive screening of the electrostatic

interactions with increasing ¢s gqqeq, allowing excluded volume interactions to dominate in the
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complex and expel the counterions out into the supernatant. However, at high ¢s 54404, the
excluded volume interactions become less significant owing to increasing water content in the
complex and the two phases becoming compositionally similar, leading to smaller differences in

19,20
1.

salt partitioning and P s returning to values ~ The ¢s qaaeq Tanges over which the Pg /s

variations occur increased significantly with increasing N, ascribed to increasing ¢sz. However,
owing to the similarity of the shapes of the binodal phase boundaries for polymers of different
lengths, the P /s trends were largely unified into a universal behavior upon rescaling ¢s gqgeq by
¢sr, leading to a collapse of all the P;/s data independent of ¢pp and N (Figure 2-7(e)).
Additionally, partition coefficients of the same polymer length but different polymer

concentrations (1 and 5% wt/v) reach their minima at slightly different positions on the scaled x-

axis.

The P¢ s trends were efficiently captured by the simulations as well, represented by the X

Figure 2-8. Partition coefficients by experiments and simulation for

PRE5)+PLKSsy and PRE499+PLK 4.
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Salt partition coefficients for PLKso+PREs at 1% wt/v (circles) and 5% wt/v (squares)
total polymer concentrations as a function of concentration of added salt. X and +
symbols represent salt partition coefficient predictions from simulation with and
without excluded volume interactions, respectively. In the absence of excluded
volume interactions, a qualitative agreement between the partition coefficient trends
and the predictions from the Voorn-Overbeek theory were recovered.
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symbols in Figure 2-7(c) and Figure 2-8, although the magnitude of P; /s was slightly under-

predicted by the simulations. A snapshot of the simulation boxes is shown in Figure 2-7(a) and
depicts an excess of salt ions in the supernatant. The preferential partitioning of salt in the

supernatant is in stark contrast to the predictions from the Voorn-Overbeek theory wherein P¢ /s

being always > 1 and continuously decreasing with increasing ¢s zqgeq Was postulated.">'* The
Voorn—Overbeek formalism is particularly inadequate in accounting for the effects from
excluded volume interactions, and at the same time treated electrostatic interactions in a mean-
field manner by ignoring the effects arising of polymer chain connectedness and architecture on

electrostatic interactions.''?

These effects have been proposed to have a competing influence,
leading to a partial cancellation of their contributions toward the free energy of the system® and
the apparent ability of the framework to qualitatively predict the complexation phase behavior,
though it still fails to provide quantitatively consistent predictions (Figure 2-3). Furthermore,
due to a lack of the excluded volume interactions in the Voorn-Overbeek framework, salt ions
have a greater tendency to reside in the complex, resulting in a lower electrostatic energy of the
system and manifesting as preferential partitioning of salt in the complex. In real systems,
however, excluded volume interactions will tend to push the salt ions out of the complex, and a
preferential segregation of salt in the supernatant is expected.

Our simulations allowed for a systematic investigation of the effects of excluded volume
interactions on complexation and the partitioning of the salt ions in the two phases. By
employing a very soft-core potential, the excluded volume interactions could be essentially
switched off. The results in these cases indicated a shrinkage of the complex and an excess of salt

ions in the complex, as can be inferred from the comparison of the simulation box snapshots with

and without excluded volume interactions in Figure 2-7(a) and 7(b), respectively.
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Correspondingly, Pc/s was larger than 1 as shown in Figure 2-7(c¢) with + symbols, indicating
preferential partitioning of the salt ions in the complex phase. Additionally, the partition
coefficient decreased continually with increasing salt concentration, in qualitative agreement

with the Voorn-Overbeek theory. It must be noted that agreement between our simulations

Figure 2-9. Turbidity measurements for stability of complexation coacervates

against different salts
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(a) The effect of cationic counterions. (b)(c) The effect anionic counterions for
halides. (d) The effect of valency on the coacervates stability.

results and the Voorn-Overbeek theory is not expected, as the theory does not take charge-
connectivity into account, leading to an under-prediction of the polymer content in the complex.
At the same time, our simulations results do not indicate that the lack of complete description of
excluded volume interactions is the only reason for the inability of the Voorn—Overbeek theory

to predict the experimentally observed trends of partition coefficients. This inability may also
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' which are not

have contributions from chain connectivity effects on charge correlations,”
included in the Voorn—Overbeek theory but are implicitly included in our simulations.

Furthermore, the salt partition coefficients at extremely low added salt concentrations lie slightly

above 1, which is in qualitative agreement with theoretical predictions by Kudlay and Olvera de

19,20 21,22

la Cruz as well as Shen and Wang ", and have been ascribed to enhanced electrostatic

correlations owing to chain connectivity of charges.

2.2.6 Effect of Salt Identity on Coacervation Stability

At the same time, we have investigated the effect of salt identity on the stability of
complex coacervation. The turbidity measurements for PRE;¢+PLK, o system with different
cationic, anionic, and divalent counterions were shown in Figure 2-9. The drop of the
absorbance reading to base line indicate the formation of one homogenous phase and complete
dissolution of the coacervate networks. Figure 2-9(a) demonstrated the abilities of chloride salt
to break the complexes with different alkali metal ions. From the figure, it followed the order of
Na>K>Cs, which is understandable due to higher charge density of sodium ions with smaller
volume. However, the situation could not be simply explained by charge density for anionic
counterions shown in Figure 2-9(b)(c), for which the bromide salt served as the most effective
salt for both sodium and potassium salts to interrupt the physical cross-linked complexes.
Sadman et al proposed it was attributed to the fact that the thinner hydration layer of bromide
salts makes them easier to diffuse into the complex coacervate.’’ Furthermore, salts with
different valencies were also examined, and to better comparison, the salt concentrations were
converted to ionic strengths. Demonstrated by the figure, divalent salts were generally more

effective at suppressing complexation, which agreed with previous experimental results.*
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2.3 Conclusion

In summary, we have reported a first comprehensive, quantitative description of the phase
behavior of polyelectrolyte complexes by combining multiple complementary experimental
methodologies on minimally processed complexes and simulations with realistic polymer
representation and explicit descriptions of salt ions, solvent molecules and excluded volume
interactions. Excellent agreement between the various experimental techniques and the
simulations enabled us to characterize the molecular states of the systems under various
conditions, and demonstrated various features of complexation, including suppression of
complexation upon addition of salt as well as self-suppression of complexation upon increasing
total polymer concentration. Importantly, contrary to the contemporary understanding of the
complexation phenomena, the salt ions were found to partition preferentially in the polymer-lean
supernatant phase, and insights from simulations showed that previously overlooked excluded
volume effects play a dominant role in expelling the salt counterions away from the complexes
into the supernatant phase. While our results are not the first prediction or demonstration of

192224 it is the first instance of concerted

preferential partitioning of salt in the supernatant,
experimental and direct simulation efforts wherein the effects of excluded volume interactions,
explicit ions, and explicit solvent molecules have been elucidated.

The insights into the complexation phenomenon presented here will contribute towards
its better physical description. Improved computer models, such as that presented here, could
enable superior predictions of phase behavior for diverse chemical architectures, as well as of
partitioning of small molecules into complexes. Such improvements will in turn inspire

improved design of polyelectrolyte complex-based materials and facilitate the understanding of

biological manifestation of polyelectrolyte complexation. At the same time, the results presented
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here can be extended to gain physical insights into the assembly mechanisms and equilibrium

properties of a range of complex-based self-assembled structures such as micelles and hydrogels,

and thus can significantly enhance their applicability in diverse areas such as gene-delivery,

smart bandages and surgical adhesives.

2.4 Methods and Experimental Details

A. Materials and preparation of stock solution. Poly(L-lysine hydrochloride) (PLK, degree

of polymerization N = 20, 50, 100, 400, molecular weight = 3300, 8200, 16000, 66000 g/mol)

and poly(D,L-glutamic acid sodium salt) (PRE, N = 20, 50, 100, 400, molecular weight = 3000,

7500, 15000, 60000 g/mol) were purchased from Alamanda Polymers and were used without

further purification. 10% wt/v stock solutions in MilliQ™ water were prepared, vortexed for 1

Sample  Molecular weight (M, Polydispersity Degree of Polymerization
g/mol) (Mw/M,) N)
PLK20 3500 1.11 21
PLK50 9000 1.05 55
PLK100 17300 1.07 105
PLK400 60500 1.1 368
PRE20 3000 1.01 20
PRES0 7900 1.01 52
PRE100 14500 1.09 96
PRE400 59000 1.01 391

Table 2-1. Characterization of polypeptides used in the phase behavior study.
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minute, and then sonicated for 30 minutes as per manufacturer’s instructions to obtain clear
solutions. Chemical structures of polypeptides used in this study are listed in the Supplementary
Figure 8. Molecular weights, degrees of polymerization and polydispersity values, reported by
the vendor, are listed in Table 2-1.

B. Preparation of polyelectrolyte complexes. Polyelectrolyte complexes were prepared at 1:1
stoichiometric ratio of charge-matched conditions. Required amounts of PLK stock solutions
were added to a solution containing the desired amount of MilliQ™ water and NaCl stock
solution (5M) in a 1.5mL Eppendorf™ tube and vortexed for 30 seconds. Then, the required

)
O

NH,
/\/\/\<N n 2 H n
H

07 0© ® Na

Poly(D,L-glutamic acid sodium salt)

ClO @ NHs

Poly(L-lysine hydrochloride)
Figure 2-10. Chemical structures of polypeptides. Chemical structures of PLK

and PRE

amounts of PRE stock solutions were added and vortexed again for 30 seconds. Upon
complexation, solution became turbid. For the turbidity and microscopy experiments, the

samples were directly transferred into the sample plates after mixing. For TGA, furnace burning

Figure 2-11. Phase-separated polypeptide mixture

400 ul of PLK,;p0tPRE o9 mixtures at 1% wt/v total polymer
concentration and 0, 0.25 and 0.5 M added salt concentration were
prepared, centrifuged and equilibrated for one day.
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and volume measurements, the samples were centrifuged to achieve distinct separation between
the complex and supernatant phases. A representative photograph of PLK100+PRE100 system at
1% wt/v total polymer concentration and 0, 0.25 and 0.5 M added salt concentrations in NMR
tubes after centrifugation is shown in Figure 2-11.

C. Thermogravimetric analysis. The 1.5mL Eppendorf ™ tubes containing the samples were
centrifuged at 17000XG for 15 minutes. 20 pl of the supernatant and 5 to 20 pl of the complex
was extracted and transferred into separate aluminum pans. The TGA measurement was first
conducted on TA Instrument SDT 600 TGA using aluminum pans in air environment. The
following protocol was followed: the temperature was ramped up from room temperature to 110
°C at 8 °C /min, held at 110 °C for 90 mins, ramped to 600 °C at 10 °C /min, and then held at
600 °C for 120 mins. The weight of the pant+sample was recorded along the heating procedure to
extract the weights of water, polymer and salt contents in each phase.

A similar protocol was followed in furnace burning experiments using Barnstead
Thermolyne Furnace 1400. The samples were placed in the furnace at room temperature, and the
temperature of the furnace was increased to 110 °C and held there for 2.5 hours. At that point,
the samples were cooled to room temperature, the sample weights were measured to estimate the
water content, and again placed into the furnace and heated to 600 °C. After heating for 12 hours,
the samples were cooled and their weights were measured again to estimate the polymer and salt
contents. For each polymer concentration and salt concentration, at least 3 repeating samples
were prepared. Weight fractions of water, polymer and salt were recorded and were converted to
volume fractions by assuming same density of polymer and salt in bulk and solution state,

wherein densities of ppoiymer = 1.2515, psqie = 216, and pygrer = 1 g/lem® were used.

Statistical analysis using Dixon’s Q test was performed for identification and rejection of
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Figure 2-12. Change of weight of the complex and the supernatant upon heating.
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function of time by the grey dotted line.
outliners. TGA measurement was conducted using TA Instrument SDT 600 with aluminum pans
following the protocol described in the main text. The heating process was carried out in air
environment. Figure 2-12 showed the changes of weight fraction with respective to time of both
the complex and the supernatant from the PLK100+PRE100 system at 1% wt/v total polymer
concentrations and 0.5 M added salt concentration.

During the experiments, the samples lost weight in two steps. The first step,

corresponding to temperature range from room temperature to 110 °C, corresponded to
evaporation of water in the samples. The second step, from ~ 240 °C to 600 °C, corresponded to

the oxidation of the organic matter. The supernatant lost more than 90% of the weight in the first

phase, signifying that supernatant phases were composed of mostly water and small fractions of

60



polymer or salt. Upon completion of the heating process, salt would be the only component
remained in the pan.

We adopted the knowledge from TGA experiments and developed a similar protocol to
conduct furnace burning experiments, which could be used for measuring multiple samples at the

same time and consequently were more efficient for gaining better statistics.

Figure 2-13. Salt stability of polypeptide complexes.
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Turbidity measurements as a function of added salt concentration for the PLK;y+PRE;q
system at a total polymer concentration of 2% wt/v.

D. Salt resistance measurements. Turbidity for as-mixed solutions was measured by UV
spectrophotometer on Tecan, Infinite M200 plate reader at the wavelength of 500nm and at
25°C. The turbidity (T) is defined as T = —In I/I,, with I being the incident light intensity and

I being the intensity of light transmitted through the sample. Three measurements with plate

(o Below Above
(wt?) Csalt,c: csa.lt,cr . 0 . . . .
= Figure 2-14. Micrographs depicting suppression of complexation.

Representative micrographs of the PLK;o+PREg
systems at 1%, 5% and 10% wt/v total polymer
concentrations and added salt concentrations just
N below and above the salt resistance values. The

- — disappearance of the liquid droplets upon increasing
10% EEC m M oe7sm the added salt concentration by 0.025M close to the
phase boundary is evident.
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shaking for 1 second followed by measurements at four points in each sample were conducted.
12 repeats for each sample condition were carried out. The phase separated complexes were also
observed by phase contrast optical microscopy (Leica DMI 6000B). 200 pl of sample solution
was injected in to the ultra-low attachment 96-well plates (Costar, Corning Inc.) for observation.
Results from the turbidity measurements of PLKI100+PRE100 system with 2 wt/v% total
polymer concentration and added salt concentrations ranging between 0 to 1.0 M is shown as
Figure 2-13. Absorbance values below 0.01 were deemed as an indication of a homogenous
phase. Turbidity measurements served the same purposes as the optical microscopy
examinations, with the latter being more accurate in detecting small droplets. Therefore, only one
set of turbidity measurements of PLK100+PRE100 were carried out to test the agreement

between the two techniques. The complex droplets formed upon complexation were observed by

Figure 2-15. Conductivity measurements for salt concentrations.
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(a) The correlation between salt concentration and conductivities of salt solution was
calibrated using a series of standard NaCl solutions. (b) Salt weight fractions measured
from furnace burning method (blue symbols) and conductivity measurements (red
symbols) were nearly identical for both complex and supernatant phases.

phase contrast optical microscopy. As the salt concentration in the solution was increased, the

tendency for complexation diminished and was eventually completely suppressed. No complex
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droplets were observed when added salt concentrations exceeded the salt resistance values.
Representative micrographs of PLK100+PRE100 at 1, 5 and 10% wt/v total polymer
concentration and at two added salt concentrations just below and above the salt resistance
values are presented in Figure 2-14.

E. Conductivity measurement. Conductivity test was performed to ensure the accuracy of the
salt measurements from TGA. In order to determine the absolute amounts of salt in the samples,
a standard calibration curve based on NaCl solutions was prepared by measuring conductivities
of 18 standard solutions ranging from 0 to 5xX1073M. For each sample, three independent
measurements were taken. The remaining materials in the aluminum pan following a furnace
experiment was transferred into a 15 mL Eppendorf Tube and mixed with 5 mL of Milli-Q
water. The mixture was sonicated for 30 seconds before taking the conductivity measurements.
Conductivity measurements were performed to ensure the accuracy of the measurements of salt
concentration in both the complex and the supernatant phases. In order to determine the absolute
amount of salt in a sample, a standard calibration curve was prepared based on NaCl solutions of
known concentrations. The conductivity probe used in the experiments was Traceable ® probe
from Fisher Scientific, and for each sample, three independent measurements were taken. 18
standard solutions ranging from 0 to 5x103M NaCl concentrations were prepared and their
respective conductivities were measured. The conductivities of the solutions were found to be
linearly dependent on the salt concentration in the solution, as shown in Figure 2-15(a).
Comparison of salt weight fraction in complex and supernatant phases measured by furnace
burning and conductivity measurements are shown as an example in Figure 2-15(b) for

PLK100+PRE100 systems with 1% wt/v total polymer concentration and 0, 0.1, 0.25, 0.5, 0.75
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and 1.0 M added salt concentrations. The two sets of data showed excellent match with each
other.

F. Volume measurement. Bruker MatchTM System NMR sample Tubes with inner diameter
241£0.010 mm and length 100mm were used for accurate volume evaluation. Required
amounts of water, SM NaCl stock solutions, 10% wt/v polycation stock solutions and 10% wt/v
polyanion stock solutions were added by pipette into the tube. The NMR tubes were centrifuged
at 5000 rpm for 1 hour and then capped and left to equilibrate for 1 day before measurements.
Total height of the sample tube, height of the total solution and height of the complex phase were

measured, and volume of the complex phase was calculated based on a calibration curve. In

Figure 2-16. Photographs of the PLK4p0+PRE4y complexes & Calibration of the volume-

solution height correlation in NMR tubes.
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The photographs were obtained for complexing systems at different total polymer
concentrations and added salt concentrations, and were analyzed for estimation of
volume of the two phases. The measurement was conducted for range of 0~400 pul.
The liquid used in calibration process was MilliQ™ water.
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order to accurately quantify the volume fractions of complex phases, NMR tubes with consistent
inner diameter were chosen. Bruker MatchTM System NMR sample Tubes of 3-3.0-500-1 with
outer diameter of 2.99+0.010-0.025 mm, inner diameter of 2.41+£0.010 mm, length of 100mm
from Norell Inc. were used. Since the variation of inner diameter among different tubes was
within 0.5%, we assumed cylindrical shape with identical inner diameter for the tubes used and
linear relationship between volume and measured length from bottom of the tube to the height of
400 pl. Known amounts of water were used to calibrate the tube. The calibration curve is shown
as Figure 2-16.

Photographs of the complexes and supernatants of PLK+PRE systems with N = 20, 50,
100, and 400 at 1% and 5% wt/v total polymer concentrations and 4 different added salt
conditions were analyzed to measure the height of the respective phases in the tubes, and thus
estimate the volumes of each of the phases. Selective photos for 1% and 5% wt/v total polymer
concentrations and 4 added salt conditions for PLK400+PRE400 systems are shown in Figure 2-
16.
G. MD/MC hybrid Simulation. MD/MC calculations were used to generate the phase
behavior of model polyelectrolyte solutions and complexes in which a modified Lennard-Jones
(LJ) potential was used to describe interactions between polymer sites, ions and solvent.
Chemical monomers in the polymer chains was represented by beads, which were connected by
FENE springs along with a bending potential. Ion and polymer beads both carried an elementary
charge. The systems considered here comprised 8200 beads in a periodic cubic box of size
L = 220. Equal numbers of positively and negatively charged beads were present, and the total

number of charged beads ranged from 1000 to 3000.
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The radius of the LJ beads, described by the interaction range parameter o, was taken to
be same for all species. The interaction strength parameter € of the LJ potential for interactions
of ions and water with themselves was fixed and the cut-off was set to 30. More specifically, LJ
parameters for self-interactions were taken to be: € = 1.0kgT and o0 = 1, values chosen in
previous modeling of polyelectrolyte solutions. For solvent-charge interactions, we used
€ = 1.5kgT. We assumed o = 0.53nm. In addition to LJ interactions, the charged beads were
subject to Coulomb potential.

The phase behavior of the model adopted here was determined from simulations in the
Gibbs ensemble. A soft-core modification (Figure 2-17) was introduced that had a finite
potential value at contact (zero distance), which allowed for a higher acceptance probability in
Gibbs ensemble exchange moves, while still preventing significant bead overlap after MD
relaxation. Note that polymer molecules were constrained to remain in the complex coacervate
phase. Overall, Gibbs simulations were performed for 6257 after 10007 equilibration, where

7 =0(m/€)*/? and the basic timestep equaled 0.0057. The total number of MC exchange

Figure 2-17. Soft-core potentials used in Gibbs ensemble calculations.
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moves was 25000. To match the experimental phase diagram, the Coulomb potential strength lg

was set to vVV130. A short-range attraction between charged and solvent beads was modified to
represent solvation effects that are particularly important for description of rheological
properties.*”

All simulations were performed at T = 1.0, P = 0.4. The simulation box was coupled to
a MTK barostat-thermostat with time constants 7 = 1.0, and tp = 10.0T, respectively.
Calculations were performed with HOOMD, a GPU-optimized molecular dynamics software

33,34

package,”””" with Coulomb interactions calculated by the PPPM Ewald summation method.
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CHAPTER 3. Phase Behavior in Hydrophobic System: Electrostatic Complexation and

Physical Interactions Beyond

3.1 Introduction

The associative phase separation resulted from polyelectrolyte complexation (PEC)
differs from segregative phase separation caused by repulsive forces between solvent and
polymers in the fact that the complex phase contains both of the oppositely charged

polyelectrolytes.' ™

With increasing awareness of striking parallels in biology (e.g., the
resemblance of PEC with membraneless organelles based on spontaneous liquid-liquid phase
separation™”) and materials science as exceptionally tunable self-assembled structures, PEC-
based materials have become increasingly popular candidates in producing desirable
macroscopic properties and targeting functionalities across multiple industries. For instance, they
have been employed as prototypes in reversible morphological phase transition®’, fabricated into
hollow microcapsules and intertwined membranes by injection suspension or electron spinning'®"

13-15

12" and formulated into therapeutic delivery micelles as well as biocompatible hydrogels'®.

17-19

Continued studies have been carried out to understand the thermodynamics and

20,21 22-29

kinetics of PEC formation both experimentally and theoretically’® . We have
investigated the phase behaviors for the “clean” systems of polypeptides with hydrophilic
backbones in the previous chapter. However, some key aspects in this polymeric system, such as
(1) unique chemical attributes of the individual polymers, and (2) solvent effects, quantitatively

expressed by yin classic polymer physics framework, have not been fully explored. Fortunately,

more researchers in the community are actively pursuing these open questions®*>®. Sadman et al.

have demonstrated how higher mechanical and rheological strengths can be achieved for PEC of
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poly(styrene sulfonate) and poly(4-vinyl pyridine) containing more hydrophobic alkyne
substitutions®. A recent theoretical study by Rumyantsev et al. outlined a salt concentration-
solvent quality diagram of polyelectrolyte complexes based on scaling laws>*. Unfortunately,
there is still little to no complete datasets accompanied by a proper theory/model that can
describe the thermodynamic phase behaviors quantitatively to illustrate the effect of
hydrophobicity and other prevailing physical noncovalent interactions. These more realistic
aspects of PEC are essential to advance our current understanding of selecting polyelectrolyte
pairs and to harness such materials into products and end-use technologies.

The two model polymers chosen for this study were poly(acrylic acid) (PAA) and
poly(allylamine hydrochloride) (PAH) due to their facile synthetic preparation routes,
commercial availability, and widespread application in both academia and industry”="*!,
However, the interplay between electrostatic and other physical contributions to complexation
for this system remains unclear, which have resulted in inconsistent agreement from different
works. The morphological phase behaviors have been explored in Chollakup and coworkers’

24,25
reports™”

, where they found the maximum amount of complexation with highest salt resistance
occur around neutral conditions. Fu et al. ranked PAA as the weakest polyanion in the ion-
pairing strength®, supporting these findings. However, several contradictory studies have shown
that instead of yielding less and weaker complexes when PAA-PAH or PAA related complexes
were set in acidic conditions, they actually exhibited at least comparable high salt resistance®®™*.
By measuring the segmental mobility of PAA in complexes, Lappan et al. found the dynamics of
individual polymer were slower for PAA in acidic conditions™. On the other hand, theoretical
and simulation work proposed polymer-solvent interaction would make the phase behavior of

complexation system fundamentally different from expectation®*>°

72

. Thus, a comprehensive study



of the phase behavior of PAA-PAH at various pH levels is needed to clarify these issues.
Additionally, since we have previously studied the phase behavior of a “simpler” hydrophilic
polypeptide system™, we believed that this more sophisticated system can enable a more

comprehensive understanding of PEC formation and partitioning of individual components.

3.2 Results and Discussion

3.2.1 Binodal Phase Diagrams of PAA-PAH System Under Neutral and Basic Conditions
Upon mixing of PAA (PAANa) and PAH with similar chain lengths at controlled

polymer as well as added salt concentrations, ¢p o and ¢s g440q4 respectively, complexation was

observed instantly and the mixture became turbid with feature-like white precipitates™*’

suspended in the solution (shown by Figure 3-8). When investigating the morphology of the

complexes, the vast majority of investigators (including our group) have relied on turbidity

Figure 3-1. Turbidimetric measurement of PAA-PAH complexes under neutral

condition.

Absorbance

Turbidity measurement of PAA-PAH complexes at 5% wt/v under neutral conditions (pH =

6.5).

measurement as a semi-quantitative indication for transition from two phase region into one
homogenous phase****** As shown by Figure 3-1 for PAANa-PAH complexes mixed at 5%

wt/v in pH = 6.5 solution, the turbidity decreased after addition of salt and reached a minimum
73



around 2 M. However, this decline did not guarantee complete dissolution of the precipitates,
and the structures shown in the microscopic image on the right indicated complexes still
persisted in the system at this salt concentration and above. We believe that the main reason for
this inconsistent result with previous literature is that the complexes were solid precipitates in
nature. The precipitates would tend to sediment to the bottom of the vial due to the density
difference, making the light transmission from supernatant phase decrease by time. This
observation was similar for other polymer concentrations, shown in the Figure 3-10. For future
experimental investigations of PEC phase behavior, simply relying on turbidity can be
sometimes misleading — we strongly recommend combining these datasets with other visual
characterization techniques like light microscopy to unambiguously identify the morphological

transition in solution and avoid reproducibility issues, especially for the polyelectrolyte pairings

Figure 3-2. Binodal phase diagram of PAA-PAH system under neutral conditions.
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that can form solid complexes.

Consequently, we adopted the protocol developed in our previous report™, utilizing
thermogravimetric analysis (TGA) to determine the water, polymer, and salt contents of both the
complex and supernatant phases (see Methods and experimental details for full explanation),
thereby investigating the exact salt-polymer phase behavior state space. To ensure that the
polyelectrolytes were fully charged prior to mixing, both of the polyanion and polycation stock
solutions were neutralized in their salt forms. After mixing, the pH of the resultant mixture was
measured to be 6.5, which we assigned as the neutral condition. Figure 3-2a~d show the binodal
phase boundaries for PAANa-PAH complexes at 1, 2, 3 and 5% w#/v total polymer
concentrations (¢po) under neutral pH conditions on the polymer concentration (¢p)-salt
concentration (¢s) map. The added salt concentration (¢s ggqeq) range was 0 to 4 M of NaCl.
Each one of the phase-separated samples yielded two phases: the measured compositions of the
complex and supernatant phases were represented by filled and unfilled symbols, respectively,
on the diagram, which are connected by a negatively sloped tie-line. The polymer content (¢p)
of the complex phases generally decreased with increasing ¢p o and ¢s 44404, attributed to the
self-suppression and screening effect of added salt in accordance with the Voorn-Overbeek (V-
0) theory’ and previous studies”®"*’,

Noticeably, the merging of the complex branch with the supernatant branch, an indication
of the transition from two-phase region into one homogenous phase, was not observed even up to
4 M of added NaCl. This unusually high salt resistance has been reported by others™ and is
unexpected considering the conventional nature of weak polyelectrolytes bearing simple

ionizable moieties without structurally steric components. Additionally, in the intermediate
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s qadeq Tange of 0.5 to 1.5 M in Figure 1b~e, the data points deviated slightly from the general
trend of decreasing ¢p with ¢g 54404 On the right branches for all phase diagrams.

Figure 3-2e shows the superposition of a~d, where the deviation from the decreasing
trend of ¢p became more pronounced. Compared to our previous work involving poly(glutamic
acid) (PRE) and poly(lysine) (PLK), polypeptides comprising completely hydrophilic

backbones™, the pairing of PAANa and PAH exhibited much higher resistance to both NaCl and

Figure 3-3. PAANa-PAH complexation phase diagrams under basic conditions (pH = 9).
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KBr (shown in Figure 3-15). We hypothesize that the hydrophobicity of the backbone is likely
one of the major contributing factors to the discrepancy of decreasing ¢pwith increasing
s aadeqa O the binodal phase diagrams. This will be discussed in greater details toward the end
of this text. As for similarities, the tie-lines in this phase diagram were negatively-sloped, which

resembled the phase behavior of PRE-PLK and, consequently, indicated preferential partitioning
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of salt into the supernatant phases. The universal structure-property relationship of salt

partitioning across both the hydrophobic and hydrophilic systems is clear. Nevertheless,

imposing preferential partitioning of salt into the complex phase may be possible by

manipulating polymer and counterion identity by molecular engineering of different chemical

structures, valency, and physical features

49,50

Next, the phase behaviors of PAANa and PAH under basic conditions were explored.

The pHs of stock solutions and complexation mixture were all adjusted to 9. Similar to Figure 3-

Figure 3-4. PAA-PAH complexation phase diagrams under acidic conditions (pH = 3).
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Phase diagrams comprising PAANal38 (sodium salt), PAH160 and NaCl were measured by
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(complex phase) and unfilled circles (supernatant phase) are connected by dotted tie-lines

with negative slopes. Error bars denote the standard deviation. (e) Overlay summary of all

TGA results.

2, small deviations were observed for ¢s gqq0q4 0f 0.5 to 1.5 M for different ¢p . Notably, ¢p

increased with increasing ¢s ;4404 under low ¢ region for the 5% wt/v samples compared to the
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1% wt/v counterparts. We believe that this might be attributed to the higher effective counterions
with higher ¢p o, consequently increasing the overall ¢s in the solution and enhancing
hydrophobic effects. Figure 3-3e summarized the overall binodal phase boundaries under basic
conditions. Excellent overlap of the data preserves the expected shape of the phase envelope,
with increased uncertainties in the low salt concentration regime. By comparison to the two
overall phases in the neutral pH conditions, the ¢p in the complex phase under the same ¢p o and
Ps aadeq Was systematically lower. For instance, at s 4q404 0f 4 M (the highest point on the
diagrams denoted in blue symbols due to largest concentration of added salt) and [Ip, of 1%
wt/v, the ¢pp was determined to be 35% under neutral conditions and 30% under basic
environments. Since both PAANa and PAH are weak polyelectrolytes, their ionization is
strongly affected by the pH of the surrounding environment. Accordingly, the dissociation of

PAH is less under basic condition, leading to the formation of less complex materials.

3.2.2 Binodal Phase Behaviors Under Acidic Conditions

Finally, the phase behaviors of PAA-PAH complexes were investigated under acidic
conditions. When we tried to adjust the pH of stock solutions, PAANa was found to precipitate
upon addition of HCI. Hence, for this set of experiments the acidic form of the PAA was used
directly with PAH at the same monomer concentration to ensure charge matching. The pHs of

stock solutions and complexation mixture were adjusted to 3. Figure 3-4a~d contain the
representative phase diagrams at ¢p = 1, 2, 3, and 5% wt/v along with ¢g 554504 = 0 to 1 M.

Qualitatively at first glance, the general binodal shapes of the phase diagrams are distinctively

different compared to the previously obtained diagrams under the basic and neutral conditions.
Specifically, the complex branch extended right towards higher ¢pp with increasing ¢s qgq4ea-

which exhibits the opposite trend compared to the neutral and basic conditions. This abnormality
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was hypothesized to arise from the effects of hydrophobicity of the connected hydrocarbon
backbone and the hydrogen bonding propensity of unionized acrylic acid moieties at low pH,
which have literature precedence in older investigations of the individual polymers:«.

To further investigate the aforementioned physical arguments for the unexpected phase
behavior under acidic conditions compared with neutral and basic ones, turbidimetric analysis
and microscopic study were conducted together for the two individual PAANa and PAH
polymers. Figure 3-5a shows the turbidimetry behavior of PAA at 5% w/v as a function of total
salt concentration. From the plot, the absorbance steadily increased starting at 0.15 M NaCl,
indicating the formation of a secondary phase in the solution. Aggregates at this salt
concentration were identified upon visual inspection and by microscopy. As the salt
concentration continued to increase, more precipitates formed, agglomerated, and eventually
settled down out of solution, as demonstrated in the absorbance returning to baseline upon

sedimentation (instead of complete dissolution as discussed before). Figure 3-5b shows

Figure 3-5. Examining the hydrophobic natures of individual polymers.

—
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(a) Turbidity measurement as a function of added salt concentration at a PAA concentration
of 1% wt/v. The peak in absorbance, starting from the marked point of 0.15 M, corresponds to
PAA precipitation; the following decrease results from sedimentation of the as-formed
precipitates. (b) Representative micrography images of pure PAA (pH =3) and PAH (pH =9)
at 5% wt/v in 2 M NaCl. Precipitation was observed in PAA solutions, while PAH solution
remained a homogeneous phase. The scale bars were the same for both images.
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representative micrography images of individual PAA (pH = 3) and PAH (pH = 9) polymers in 2
M NaCl solution at 5% wt/v ¢p. At these chosen pH conditions, PAA precipitated considerably

in salt environment, while PAH remained stable in solution. This result also accounts for the

formation of precipitates when we tried to lower the pH of the stock PAANa solution to 3, due to

Figure 3-6. Study of hydrogen bonding effects in PAA-PAH complexes.
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(a) FTIR spectra of PAA-PAH complexes obtained in 0, 4, and 8 M of urea under acidic
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condition. The solid arrows at ~3450 cm-1 indicate free O-H stretching vibrations. The
dashed arrows at ~1560 cm-1 denote deprotonated carboxylic acids. (b) Microscopy gallery of

the complexes with 2 M NaCl at polymer concentration= 1% wt/v under acidic condition as a

the released salt ions in the aqueous media.

3.2.3 Interactions Beyond Electrostatic Interactions: Hydrophobicity and Hydrogen
Bonding

For polyelectrolytes with aliphatic backbone, one of the main driving forces to form
homogenous aqueous solution is the tendency for water molecules to hydrate the charged

functional groups. When salt is added to the solution, the screening effect of sodium and chloride
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ions via electrostatic interactions interrupts the active physical links between water and ionized
moieties, undermining the solvation of the otherwise insoluble polymers. For PAA, categorically
labeled as a weak acid due to the labile carboxyl groups, low pH solutions result in a majority of
the carboxyl groups to be protonated. If this intermolecular attraction is shielded by the large
excess of NaCl in the acidic solution environment, the electrostatic interactions are screened,
consequently lowering the compatibility between polymer and water as the solvent. The
unionized functional groups in PAA can serve as hydrogen bond donors and/or acceptors;
Buscall and Corner have proposed that hydrogen bonding can be facilitated under acidic
conditions for PAA™. This precipitation of pure PAA induced by poor solvent condition was
confirmed by H' NMR (shown in Figure 3-10), wherein the molar ratio of PAA to PAH was
67% in acidic samples, as compared to 43% and 40% in neutral and basic samples, respectively,
in good agreement with previous literature.®*°

The work from R.G. Larson’s group has provided similar theoretical and experimental
observations of unusually high salt resistance and polymer content in the complex phase under
low pH conditions for PAA-PDMAEMA system.” After introducing a Flory-Huggins parameter
of y = 0.75 representing the interactions between PAA and water as solvent into the V-O model,
they found when no hydrophobicity was assumed for PAA with y = 0, the salt resistance
concentration was calculated to be symmetric around the midpoint between the pKas of PAA and
PDMAEMA with the highest salt resistance concentration lying around pH=6.5, which is
contrary to the experimental fact that the salt resistance is the highest at pH=4. However,
qualitative agreement was achieved when y was set to 0.75. Furthermore, from atomistic
simulation, each neutral PAA monomers formed 2.5 hydrogen bondings with water, while each

charged PAA monomer could form 6 hydrogen bondings with water, verifying the assumption
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that neutral PAA monomers with y = 0.75 at acidic pH are much more hydrophobic than
charged PAA at neutral or basic conditions with y = 0. At the same time, both neutral and
charged PDMAEMA monomers formed 2 hydrogen bondings with water, identifying the fact
that it is mainly the properties of PAA influencing the phase behavior of system investigated.

On the other hand, the y value of charged PAA was reported to be 0.5.°*>> Accordingly

to the equation of y.rr = X —%, where w, is the strength of the screened Coulombic

Figure 3-7. Comparison of the composition partitioning at different pH values.
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A comprehensive comparison of the phase diagrams for PAA(PAANa)-PAH complexes at
three different pH values with ¢p o of (a) 1% wt/v and (b) 5% wt/v. While large portions of
the phase diagrams at neutral and basic pH conditions overlap, the phase diagrams at acidic
pH conditions exhibit non-trivial deviations due to hydrophobic effects and hydrogen bonding
of PAA. The polymer content of the complex phase at acidic condition is roughly the half of
those in neutral and basic pH conditions, which is the reverse for the supernatant phase.

interaction among monomers, and k2 is the inverse-square Debye screening length, proportional
to salt concentration,™® y, £r Will increase with increasing salt concentration. The . value for

charged PAA is 0.5 without salt; consequently, the y.rs will be higher than 0.5 for uncharged
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PAA under acidic conditions and increase further by addition of salt, meaning assigning
x = 0.75 is experimental practical. Besides different phase behavior under various pHs, here we
also have shown detailed compositional binodal phase diagrams delineating the unusual PAA
accumulation in the complex phase under acidic conditions with associative and segregative
phase separation working simultaneously. In this sense, the phase behavior of PAA and PAH
system, instead of being thought of as a simple polyelectrolyte complexation phenomenon, can
be regarded as an association driven by a complication of various factors, from electrostatics,
hydrophobicity, and hydrogen bonding. The experimentally measured phase diagram data is
reflecting the final result of interconnected competition among all these parameters as a function
of polymer concentration, salt concentration, and pH.

At the same time, in order to examine hydrogen bonding effects under acidic condition,
urea was used as a hydrogen bonding disruptor for the PAA-PAH network. The strong
intermolecular interactions between the urea nitrogen and oxygen atom (N-H - - - O) are known
to drive biological phenomena in water, e.g., protein denaturation. Fourier transform infrared
(FTIR) spectroscopy was used to examine the effect of urea on the hydrogen bonding formed
between the acrylic acid monomer units in the complexes, shown in Figure 3-6a. To avoid
overlap with water on the FTIR spectrum, the stock solutions of PAA, PAH, NaCl, and urea
were all prepared in D,O. The select spectra of PAA-PAH solid precipitate complexes at 0, 4,
and 8 M urea show clear evidence of weakened intermolecular hydrogen bonding between PAA
chains. Specificcally, the solid arrows at ~3450 cm™ indicate band sharpening of free O-H
stretching vibrations as urea concentration increased. Furthermore, the dashed arrows at ~1560
cm’' correspond to deprotonated carboxylic acids, which broadens from a sharp single peak into

a bimodal peak as urea molecules hydrogen bond with —-COOH moieties. Figure 3-6b displays a
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representative collection of microscopy images for the PAA-PAH complexes prepared at 1%
wt/v ¢po and 2 M of NaCl, with the addition of increasing urea concentration from 0 to 16 M
(the maximum achievable concentration at 20 °C) under acidic conditions. Despite the
morphological changes by addition of urea, the complexes still persisted under exceptionally
high urea content. This indicates that while hydrogen-bonding indeed partitially facilitate the
precipitation process of PAA, hydrogen bonding is not the sole reason for the unusual high salt
tolerance. We acknowledge that it is unclear why uncharged PAA precipitates out of solution
while uncharged PAH does not, but the strength of PAA as a hydrogen bond donor and acceptor
might be one possible explanation. From this indirect evidence, we reason that hydrophobic
effects of the chain backbone, coupled with intermolecular hydrogen bonding, allow
PAA(PAANa)-PAH complexes to be highly resistant towards salt. Additional details on
morphological changes of the PAANa-PAH complexes in different concentration of urea could
be found in the Supporting Information.

In context of the previous phase diagram in Figure 3-4a, for complexes at ¢ppo = 1%
wt/v, the ¢p of the complex phase decreased slightly upon addition of salt at low salt
concentration region. However, the trend reversed when additional salt was further increased.
This trend became more pronounced when higher ¢p , was used, e.g., 5% wt/v in Figure 3-4d, in
which the ¢p experienced monotonic increase upon addition of salt. The abnormal behavior of
increasing the ¢p with ¢ g44¢4 1n the complex phase is more prominent from Figures 3-4a to d,
which is rationalized by the higher PAA content in the solution with amplified hydrophobicity

and hydrogen bonding effects.
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3.3 Conclusion

From the results presented above, we collectively compared the phase behaviors of
PAA(PAANa)-PAH complexes as a function of pH solvent effects. Figure 3-7 showed the
polymer-salt compositions for samples at a ¢p o of 1% w#/v in (a) and 5% w#/v in (b) under three
pH conditions. As seen in these plots, the compositional difference of the two phases under basic
and neutral conditions is negligible and within experimental error. However, the acidic series
shows an utterly different behavior. At the neutral pH conditions, both polymers were fully-
charged, given the pKa of PAA is reported to be around 4.5 and PAH 8.5”". Under the basic pH
conditions, PAH was predominately uncharged, while PAA was fully-charged, but the
complexation behavior was not significantly affected. Even though PAH was unionized, it still
possessed the potential to interact with the carboxyl groups on PAA. The association of amino
groups in PAH with carboxyl groups in PAA, facilitated by hydroxide ions in the aqueous
solutions, resulted in the formation of stable complexes. However, if the environment were
adjusted to acidic pH conditions, a fraction of the PAA polyelectrolyte precipitated under high
salt conditions, rendering it unable to participate in complexation with PAH. The solid
precipitate formed under low pH comprised both pure PAA precipitates (due to hydrophobic
effects and hydrogen bonding) and PAA-PAH complexes. Greater quantities of PAA precipitate
formed at ¢p o = 5% wt/v over 1% wt/v. Noticeably, the ¢ of the complex phase under acidic
conditions was roughly the half of its counterparts under basic and neutral conditions.
Additionally, with the same amount of total polymer used in the system, the ¢p in the
supernatant phase was apparently higher under acidic conditions by the mass balance.

Altogether, this investigations brings attention to the fact that the polyelectrolyte

complexation is a fairly complicated system driven by not only electrostatic forces among the
85



oppositely charged polymers and entropic gains from counterion release’™’, but also solvent
effect and unavoidable intermolecular interactions. Oftentimes, such factors in realistic materials
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 provides elucidates molecular level insight
of various complexation effects for the model polymer pairing of PAA(PAANa) and PAH, which
can enable greater comprehension and control over the structure-property relationship of

synthetic polymeric systems in micellar and gel-like architectures®°".

Sample Molecular Polydispersity Degree of
Weight (M, (My/M,) Polymerization (N)
g/mol)

PAA 10,000 1.04 138

PAANa 14,800 1.04 158

PAH 15,000 1.18 160

Table 3-1. Characterization of aliphatic polymers used in the study.

3.4 Methods and Experimental Details

A. Materials and preparation of stock solution. Poly(acrylic acid) (PAA) and poly(acrylic
acid sodium salt) (PAANa) were purchased from Polymer Source Inc.(Dorval, Canada)
Poly(allylamine hydrochloride) (PAH) were purchased from AK Scientific Inc.(Union City, CA

USA) Sodium Chloride (NaCl, ACS grade) was purchased from Sigma (St. Louis, MO). The

chemical reagents were used as received. The molecular weight, degree of polymerization, and
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dispersity values from the vendors are listed in Table 3-1. PAA or PAANa and PAH formed

white solid or semi-solid precipitate when mixed together due to complexation. 10% wt/v PAA

Figure 3-8. Phase-separated PAA-PAH mixture.

LT

1500 uL. PAA(PAANa)+PAH mixtures at 1% wt/v total polymer concentration without
added salt under neutral (left), basic (middle) and acidic (right) conditions. The photos

were taken after mixing and vortexing for 30 s.

Figure 3-9. Conductivity measurements for salt concentrations
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Salt weight fractions measured from furnace burning method (blue symbols), TGA
methods using the protocol from our previous publication (green symbols), and
conductivity measurements (red symbols) were nearly identical for both complex (a)
and supernatant phases (b). Dashed lines are drawn to guide the eye.
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Figure 3-10. Turbidimetric analysis of PAANa-PAH complexes at ¢p, 0.05 to

1% wt/v under neutral pH conditions (pH = 6.5).
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or PAANa and 10% wt/v PAH stock solutions in MilliQ™ water were prepared, vortexed for 1
min, and sonicated for 6 h to fully dissolve the polymers and obtain clear stock solutions. 5.0 M
of NaCl stock solutions were prepared for future sample preparation.

B. Preparation of polyelectrolyte complexes. olyelectrolyte complexes were prepared at 1:1
stoichiometric ratio of charge-matched conditions. The required amounts of PAH stock solutions
were added to a solution containing the desired amounts of MilliQ water and NaCl stock solution

(5 M) in a 1.5 mL Eppendorf tube and vortexed for 30 sec. Next, the required amounts of PAA or

Figure 3-11. '"H NMR spectrum of the PAANa-PAH complexes prepared under

neutral pH conditions.
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All the precipitate phases were collected and lyophilized before dissolving in the
CDClI; solvent for NMR measurements. The protocol was same for the samples under
acidic, neutral, and basic pH conditions.
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PAANa stock solutions were added, and the solution mixtures were vortexed again for 30 sec.
Figure 3-8 showed the complexation mixture of PAA (or PAANa) and PAH under acidic,
neutral, and basic conditions, for which the resultant white, feather-like precipitate suspended in
the solution.

C. Thermogravimetric analysis (TGA).The 1.5 mL Eppendorf tubes containing the samples
were centrifuged at 17000xG for 15 min. 30 pL of the supernatant and the whole complex phase
were extracted, transferred into separate aluminum pans, and put into Barnstead Thermolyne

Furnace 1400 for heating processing. The operating atmosphere in the furnace was air. The

Figure 3-12. Representative microscopy images of PAANa-PAH complexes in

NaCl solution under neutral condition
PAANa-PAH complexes prepared at ¢, , of 1% we/v and ¢, .. .=0,0.5, 1.0, 2.0, and

4.0 M NaCl under pH = 6.5. The morphology of the complexes changed from flake-
like precipitates to semi-solid droplets with addition of salt due to the screening effect.
The scale bars were the same for all images.

following protocol was used: samples were placed in the furnace at room temperature, and the
temperature of the furnace was increased to 110 °C and held there for 2.5 h. At that point, the
samples were cooled to room temperature, sample weights were measured to estimate the water

content, and again returned to the furnace and heated to 600 °C. After heating for 12 h, the
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samples were cooled to room temperature, and their weights were measured again to estimate the
polymer and salt contents. For each total polymer concentration and salt concentration, at least 3
repeating samples were prepared. The weight fractions of water, polymer, and salt were recorded
and converted to volume fractions by assuming same density of polymer and salt in bulk and

solution state, wherein densities ppoiymer= 1.3308 g/mL, pgqie= 2.16 g/mL, and pygeer= 1.00

g/mL at 20 °C were used. Statistical analysis using Dixon’s Q test was performed for the

Figure 3-13. Representative microscopy images of PAA-PAH complexes in NaCl

solution under basic condition

PAA-PAH complexes prepared at ¢,  of 1% we/vand ¢, . =0,0.5,1.0,2.0 and 4.0

M NaCl under pH = 9. The morphology of the complexes changes were similar to the
neutral pH condition. The scale bars were the same for all images.

identification and rejection of outliers.

D. Conductivity measurement: Conductivity tests were conducted to ensure the accuracy of the
salt measurements on the microbalance for TGA measurements. To determine the absolute
amounts of salt in the samples, a standard calibration curve based on NaCl solutions was

prepared by measuring conductivities of 18 standard solutions ranging from 0 to 5 x 10~ M. For
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each sample, three independent measurements were taken. The remaining materials in the
aluminum pan following a furnace experiment were each transferred into 15 mL Eppendorf tubes
and mixed with 5 mL of MilliQ water. The mixture was sonicated for 30 s before taking the
conductivity measurements. Figure 3-9 demonstrates that the measured quantities of salt in the

two respective phases were statistically identical for these three kinds of methods, verifying the

Figure 3-14. Representative microscopy images of PAA-PAH complexes in NaCl

solution under acidic condition

PAA-PAH complexes prepared at ¢, of 1% wt/vand ¢; ..., =0,0.5,1.0,2.0 and 4.0

M NaCl under pH = 3. Notably, the amount of precipitates might seem very limited at
4 M, but appreciable amount of precipitates could be identified and isolated after
centrifugation. The scale bars were the same for all photos.

accuracy of the furnace burning method.

E. Turbidity, 1H NMR, and microscopic studies. Turbidity was measured using a UV
spectrophotometer on a Tecan Infinite M200 plate reader at the wavelength of 500 nm and at 20
°C. None of the polymers absorb light at this wavelength. The turbidity (T) is defined as T = —In
/Ty, with Iy as the incident light intensity, and I as the intensity of light transmitted through the

sample. Three measurements were collected with plate shaking for 1 s, followed by
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measurements at four points per sample. Twelve repeats for each sample condition were carried
out. Figure 3-10 shows the turbidity measurements at different total polymer concentrations for
PAANa and PAH under neutral pH conditions.

The 'H NMR spectrum of PAA-PAH complexes prepared at neutral conditions in Figure
3-11 is shown below as an example. The measuring protocol was adopted from Reference 36 in
the main text. We note here that the solubility of the acidic samples in water was not ideal, so
measurement uncertainties for the acidic samples was encountered. The mole fractions of PAA in
the complexes obtained under three kinds of conditions are 67% for acidic condition, 43% for
neutral condition and 40% for basic condition, which were in good overall agreement with
previously reported values of References 8 and 36 in the main text. From these values, the

precipitates that formed under acidic conditions likely contained a large amount of pure PAA

Figure 3-15. Representative microscopy images of PAA-PAH complexes in KBr

solutions under neutral condition.

PAA-PAH complexes prepared at ¢, of 1% wit/v and ¢ =0, 1.0, 2.0, 3.0 and 4.0

S, added
M KBr under pH = 6.5. The morphological changes of the complex phase upon the

addition of KBr is similar to that of NaCl, and no one homogenous phase has been
observed to form within the concentration added. The scale bars were the same for all
photos.
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aggregates, compared to the samples measured under neutral and basic pH conditions.

The phase-separated complexes and PAA precipitate were observed using phase contrast
optical microscopy (Leica DMI 6000B). 200 uL of sample solution mixture was injected in to the
ultralow attachment 96-well plates (Costar, Corning Inc.) for observation and image capturing
Figure 3-12 shows the images taken for PAA-PAH complexes under neutral pH, and the
morphological changes could be identified by the screening effect of added NaCl.

Figure 3-13 shows the images taken for PAA-PAH complexes under basic pH conditions,
and the morphological changes were similar to those under neutral conditions. Figure 3-14
shows the images taken for PAA-PAH complexes under acidic pH conditions. Even though there
seemed to be limited amounts of precipitates at 4 M of NaCl, appreciable precipitates can be
identified and isolated from the upper supernatant phase after centrifugation.

F. Salt resistance of KBr. KBr is known as one of the most effective salts to explore the
polyelectrolyte coacervate/complex continuum. To check the universality of the usually high salt
resistance of the PAANa-PAH complexes, we also looked at morphological changes of PAANa-
PAH by addition of KBr. Figure 3-15 shows representative micrographs of PAANa-PAH
obtained from 0 to 4 M of KBr. Bulk complexes persisted even in 4 M KBr solution,

demonstrating the usually high salt resistance of this polymer pairing.
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CHAPTER 4. Effect of Solvent Quality and Chain Length on the Complexation Stability

4.1 Introduction

Since the resurgence of the interests for polyelectrolyte complexation, there have been a
lot of in-depth studies to demonstrate the effect of molecular weight, pH, salt concentration, and
mixing ratios of the two polyelectrolytes on the morphological, rheological, and physical
properties of the phase-separated mixtures for various polymer pairs, as discussed in Chapter
1.3.3. Common polymeric systems include bio-derived natural polymers, like gelatin, plant gums,
and polysaccharides with carboxyl or sulfate groups,'” and synthetic polymers, like PAA, PSS,
PDADMAC, PVTAC, PDMAEMA etc.” ® Most of the works focus on one system and provide
extensive experimental investigations and analysis on the observed facts. However, there still
lacks a comprehensive work that can combine the delivered results horizontally from multiple
systems of different chemical structures with theoretical calculations to facilitate a
comprehensive understanding of the polyelectrolyte complexation system.

To our best knowledge, there are a few attempts to compare the experimental results from
different polymer systems in recent publications. Fu et al has quantitatively compared the ion
binding strength among five kinds of polycations from primary amine to tertiary amine and four
kinds of polyanions with carboxyl or sulfate groups by evaluating how easily the formed
complexes could be dissolved by a common salt of KBr.* After analyzing the Gibbs free energy
of different ion binding pairs collectively, they found chemical structures that can associate with
a higher number of water molecules were bound more loosely. Specifically small primary amines
had the strongest attraction for anions, and sulfates with styrenic structures could associate with

cations closer than carboxyl groups. By the same logic, the ion diffusion coefficients was
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positively correlated with water content and negatively correlated with interaction strength. This
work provided readers with a general understanding of the phase behaviors along the broad
spectrum of polyelectrolytes with different functionalities. Another comparative work by
Sadman et al has demonstrated the hydrophobicity of the side chains could also change the
rheological responses and swelling properties of the PEC materials.” They quaternized poly(4-
vintlpyridine) with methyl, ethyl, and propyl substituents and found the salt resistance
concentrations of PECs were increasing in the same order, which was discussed in Chapter 3 as
well.

However, the detailed compositional map for different polymeric systems is still lacking.
Besides the influence from functional groups, the effect of polymer backbone should not be
ignored. With the two projects described in Chapter 2 and 3, we were in a good stance to
compare the two systems and quantitatively investigate properties of the complexation induced
by different chemical structures. Furthermore, we attempted to base our analysis on recently-
developed theory of polyelectrolyte complexation based on random phase approximation (RPA)
and scaling relationships with our collaborator Dr. Artem M. Rumyantsev for predictive

capability.®

Incorporation of the physical theory allowed for a clear isolation of one single
parameter, which was unobtainable in experimental efforts. As mentioned in the previous two
chapters, the polypeptide pair of PRE-PLK and the aliphatic pair of PAA-PAH have identical
functional groups. Accordingly, the electrostatic interactions within each polyelectrolyte pairs
should be the same, and the major differences of their phase behaviors should stem from polymer
backbones. In order to avoid possible complications from other parameters, polymers of similar

chain length of PRE-PLK and PAA-PAH were chosen. Since most of the polymers used in

industrial applications of layer-by-layer membrane, ultrafiltration, and coatings have aliphatic
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backbones, understanding the role of solvent quality would add another tunable dimension in

controlling the performance of PEC-based materials.

4.2 Results and Discussion

4.2.1 Comparison of Binodal Phase Diagrams of PRE-PLK and PAA-PAH Systems
The polymerization degrees of PLK, PRE, sodium salt form of PAA, and chloride salt

form of PAH were 105, 96, 158, and 160 respectively. We have used the experimental data from

Figure 4-1. Binodal phase diagrams of PRE-PLK and PAA-PAH systems.
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(a) The binodal composition partitioning data for PRE-PLK in volume fraction. (b) The
binodal composition partitioning data for PAA-PAH in molarity conversion.

the two previous projects and plotted the binodal phase diagrams shown in Figure 4-1. (a)
showed the polymer concentration (¢p)-salt concentration (¢ps) map for PRE-PLK and PAA-
PAH systems, and the salt volume fraction was converted to salt molarity in (b) for better
comparison with theoretical calculation and easier correlation with practical experimental

conditions. After putting the experimental results of PRE-PLK and PAA-PAH together, the
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differences in the two systems appeared more pronounced. Above everything else, it could be
observed that the polymer content in the coacervate phase of the hydrophilic polypeptide system
was generally less than that of the more hydrophobic PAA-PAH system, which is understandable
due to the fact that peptide linkage has higher affinity towards aqueous solvent and would
interact with more water molecules than the polymers with aliphatic backbones. Furthermore, in
the ¢p-s plane, the two branches representing the complex phase and supernatant phase
merged into one critical point for the polypeptide system, indicating formation of one
homogenous phase by addition of salt. However, this behavior has not been observed for the
PAA-PAH system, since the high tolerance of salt for formed precipitates prevented complete
dissolution. Based on the data obtained from turbidity and microscopic measurements, the salt
resistance concentration for PRE-PLK coacervates mixing at ¢pp =1% wt/v was 1.0M of NaCl,
whereas the PAA-PAH precipitates withstood up to 4.0M of NaCl. The conversion from weight
fractions to molarities was done by assuming same density of polymer and salt in bulk and
solution state, wherein densities pprg_prx = 1.2515 g/mL, ppaa—pap= 1.3308 g/mL, pgqi=2.16
g/mL, and p,,qter= 1.00 g/mL were used at 20 °C. Even though the converted value of salt
molarities in the supernatant phase from measured data of weight fractions for PLK-PRE system
was 0.9M and PAA-PAH was 3.7M compared with 1.0M and 4.0M of corresponding calculated
values, this minor difference was acceptable due to the density difference between solid and
solution states of substances and experimental measuring errors.

Lastly, the decrease of polymer content ¢ in the complex phase was much slower in
aliphatic system with addition of salt, shown by steeper slope of the right branch on the phase
diagrams. For example, at ¢pg from 0.5M to 2M, the complex branch of the PAA-PAH system

was nearly vertical, meaning little compositional change. Overall, the PRE-PLK and PAA-PAH
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systems could be regarded as the two ends of the hydrophilicity versus hydrophobicity spectrum.

With the same degree of electrostatic interactions, the general shapes of the binodal phase

diagrams could also be remarkably different by changing the chemistries of the polymer

backbones. As the next step, we would continue our study to pair PRE with PAH or PLK with

Figure 4-2. Binodals of associative phase separation in aqueous solution (u = 1) of

oppositely charged polyelectrolytes.
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the different solvent quality for polyions defined by the Flory-Huggins parameter y.

PAA, and those two pairs were expected to lie in the middle of the hydrophilicity spectrum with

their binodal phase diagrams sitting between the corresponding boundaries of the PAA-PAH and

PRE-PLK systems.

4.2.2 Effect of Solvent Quality on Phase Behaviors Based on RPA-based Theory

Theoretically, the hydrophobicity of the polymer backbone could be characterized by the

Flory-Huggins interaction parameter y between polymer units and solvent molecules. Based on
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the scaling theory developed by our collaborator Dr. Artem M. Rumyantsev from references 8

and 10, we varied the value of y systematically. The dependence of the coacervate density on the

Figure 4-3. Effect of chain length on the binodal phase behaviors.
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(a) Binodal phase diagrams measured by thermogravimetric analysis and turbidity
experiments for PRE-PLK system with polymerization degree of 20, 50, 100, and 400. (b)
Theoretical plots of binodal phase diagrams based on RPA theory for polymer of different
chain lengths.

solvent quality for the polyion chains can be predicted, shown in Figure 4-2. The set of curves
for different values of y ranging from poor solvent to good solvent conditions were plotted,
wherein polyions were assumed to have 1000 repeating units and charging density f was set to
0.1 to satisfy the limit of weakly charged systems in applying the RPA. In ®-solvent, shown by
green curve with y = 0.5, the PEC stability was provided solely by electrostatic interactions.
When salt concentration was sufficiently high, Coulomb attraction was fully screened resulting
in coacervate density decreasing to that of the supernatant. In good solvent, shown by red and
orange curves with y < 0.5, PEC stability was dependent on electrostatic interactions which were
opposed by short-range repulsion of polyions. When salt was added, electrostatic attraction was

weakened. At a certain salt concentration, short-range repulsion of chains in good solvent
104



overcame electrostatic attraction and the complexation dissociated. However, the situation was
different for hydrophobic polymers. In poor solvent, shown by curves with y > 0.5, coacervate
stability was due to both (i) electrostatic attraction of the chains and (ii) their intermolecular and
intramolecular short-range hydrophobic attractions, like in a single globule/dense phase of
neutral hydrophobic polymer.® At low salt concentrations ¢, both factors contributed to the PEC
stability providing high concentration of polymers in the complex phase. Addition of salt caused
screening effect of electrostatics, so that at high ¢ coacervate stability was solely due to short-
range hydrophobic attraction of the polymer chains. In this circumstance, PEC remained stable at
any salt concentrations, but the polymer content in the complex phase ¢p would first go down
and then stay constant as salt was gradually added, electrostatic attraction weakened, and finally
hydrophobicity dominated. Additionally, The threshold y value between the complex phase
disintegrating upon salt addition and that remaining stable even at high salt concentrations ¢
was approximately equal to the critical point coordinate in the solution of neutral polymer and

corresponded to weakly poor solvent by the following:

_1<1+1>2 1 1
Yr 2NN T2TON

For the given parameters value of N=1000, y.- =0.532, shown by blue curve in Figure
4-2. With this relationship, when N=100~150, the critical value of y is between 0.6~0.58. From
Chapter 3, Larson and coworkers have chosen the y value of 0.75 for PAA-PDADMAC system
under acidic conditions to demonstrate the hydrophobicity of poly(acrylic acid), which is
reasonable according to our calculations as well.

By comparison of the theoretical results and our experimental observations, the two

agreed with each other in the following aspects. In poor solvent, polyelectrolyte complexes could

105



exist even at high salt concentrations, and the general shapes of binodal boundaries in poor
solvent were plotted for the first time by experiments.'> Then, the density of coacervate phase
increased as solvent quality became poor, both in the absence of salt and at nonzero ¢;.
Additionally, coacervate density gradually reduced by salt addition at low ¢ in poor solvent,
then it saturated. On the other hand, we also had to point out two major disagreements. In our
calculations, we adopted the assumption of weakly charged polyelectrolytes, f <« 1. In this
case, theory predicted higher salt concentration within the coacervate compared with supernatant
phase, which was contrary to experimental observations on salt partitioning between supernatant
and coacervates formed from fully charged polyelectrolytes, f = 1. Corresponding modifications
can be introduced in future works, but it requires discussion on the salt behavior within the
complex phase, for instance solvation effect, variation of dielectric constant, and determination
of hydration layers of salt. Then, the second stage of density decrease for hydrophobic polymers
at extremely high salt concentration has not been reproduced by this theory since such high ¢y is
inaccessible by it. Notably, complexes formed among styrenic polymers, namely PSS and
PDADMAC, have been shown to dissolve completely within 2M of KBr solutions, whereas
PAA-PAH complexes persisted in 4M of KBr solutions shown by Figure 3-15 in Chapter 3." If
we look at chemical structures alone, the styrenic polymers should be more hydrophobic
compared with aliphatic ones and would be more resistant against external salt. The main reason
for this unusual behavior may be caused by the fact that the charged moiety on PAH is primary
amine while PDADMAC has the functional groups of quaternary ammonium. The spatial
hindrance of PDADMAC makes polyanions hard to associate closely with the positively charged

center, therefore enriching the formed complexes with higher content of water. Similarly, with
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the sulfonate group also being bulky and hard to approach by oppositely charged molecules, the

physical cross-linked network of PSS-PDADMAC is less stable and resistant against salt.*"?

Figure 4-4. Salt resistance concentration as a function of polymer chain length N

from theory.
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4.2.3 Effect of Chain Length on Binodal Phase Behaviors

Another noteworthy point during the investigation of the PRE-PLK system was the
saturation of polymer concentration increase with chain lengths. As could be seen from Figure 4-
3(a), the compositional difference or coacervate density was relatively pronounced between
polymers with chain length of 20 and 50. However, the phase diagrams for PREso-PLKs and
PRE,p0-PLK 09 were indistinguishable. Even for PRE4o-PLK4¢o, the right branch of the complex

phase nearly overlapped with 50mers and 100mers in the low ¢ regime. Calculated curves
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based on RPA theory were plotted for @-solvent with y = 0.5, fraction of ionic units f=0.1 and
dimensionless Bjerrum length u=1 (aqueous coacervate). Figure 4-4 of log-log plot showed the
relationship of the salt resistance concentration C¢" as a function of chain length N. In agreement
with previous literature,>">'” both experimental results and theoretical predictions indicated salt
resistance concentration increased with chain length N. From Figure 4-4, for sufficiently high
values of chain length (N>200 in this case), the scaling law of CS"'~N"? was valid upon ©-
solvent condition. Result c§" ~ N/2 accorded with the scaling expectations.® Indeed, in the theta
solvent at high salt concentration, the blob size scales as § ~ ¢,/f? and the number of
monomers is g =~ é2 =~ ¢2/f*. The coacervate disintegration could be estimated from the
equality between the number of monomers within the blob and in the chain (defining the kzT

gain per a globule formed from 1 polyanion and 1 polycation at coacervation), g =~ N, which

yields N ~ csl/ ?. This scaling law meant the increase of the density for the complex phase
saturates with N, in accordance with the experimental data. However, this relationship is limited
to the case of the theory applicability, where salt concentration in the solution< 1. Figure 4-4

also exhibited that at short chain length cs™ grew faster than at high N.

4.3 Conclusion

In this chapter, we have systematically compared the experimental binodal phase
behaviors of PRE-PLK system with hydrophilic polymer backbones and PAA-PAH pair with
hydrophobic aliphatic backbones based on measured dated. This study provided insights on the
effect of solvent quality when the electrostatic interactions were identical. Furthermore, the
experimental findings were supported by theoretical results based on the RPA and scaling
relationships. In good or theta solvent, the complexation process is mainly driven by electrostatic
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attractions between charged species and entropy gain from counterion release, but
hydrophobicity would play a vital role when the solvent is poor for the polyelectrolytes, leading
to high salt resistances and lower water content of the resultant complexes. We acknowledge here
that the limitations of low charge density and salt concentrations needs to be imposed when
conducting RPA theory during the calculation, and the two experimental systems we concerned
did not fit perfectly in this regime. However, the theoretical results could still shed light on
understanding important physical properties in the system and help to demonstrate the
importance of solvent effect on the overall phase behaviors for PEC materials.

Additionally, the saturation concerning the density of the complex phase could be
quantitatively explained by the fact that in theta solvent, the salt resistances concentration is
proportional to the square root of the polymer chain length. On the other hand, it could also be
understood through the entropy gain concerning ideal mixing of polymer solutions as Y;(¢;/
N;) In ¢;, with ¢; and N; being the volume fraction and degree of polymerization of the each of
the species present in the solution. For large values of N, the increase of entropy gain from
mixing is less compared with smaller N. This work offered a unique perspective to integrate
results from different systems with various chemical structures, which can be a starting point for
instructive comparison for future studies since more researches on polyelectrolyte complexation

are being conducted and a larger selection of polymers are being employed.
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