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ABSTRACT: The effect of charge density in blocky and statistical linear  Linear vs Branched PECs
polyelectrolytes on polyelectrolyte complex (PEC) properties has been studied
with the finding that increased charge density in a polyelectrolyte tends to
increase the salt resistance and modulus of a PEC across various
polyelectrolyte pairs. Here, we demonstrate the ability to orthogonally alter
PEC salt resistance while maintaining rheological properties and internal
structure by going from linear to lightly branched architectures with similar
total degrees of polymerization. Using a model system built around glycidyl
methacrylate (GMA) and thiol-epoxy “click” functionalization, we create a library of homologous linear, 4-armed, 6-armed, and 8-
armed star polyelectrolytes. The PECs formed from these model polyelectrolyte pairs are then characterized via optical microscopy,
rheology, and small-angle X-ray scattering to evaluate their salt resistance, mechanical properties, and internal structure. We argue
that our results are due to the difference between linear charge density or charge per unit length along backbone segments for each
polyelectrolyte and spatial charge density, the number of charges per unit volume of the polyelectrolyte prior to complexation. Our
findings suggest that linear charge density is the dominant factor in determining intermolecular interactions of the complex, leading
to identical rheological and structural behavior, whereas the spatial charge density primarily influences the stability of the complexes.
These distinct mechanisms for altering various sought-after PEC properties offer greater potential applications in precision design of
polyelectrolyte complex materials.
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P olyelectrolyte complexes (PECs) are dense, water-swollen, polyelectrolytes within PEC domains. Reducing charge density
polymer-rich phases spontaneously formed upon mixing this way alters linear charge density or charge density along the
oppositely charged polyelectrolytes.' ™ Since polyelectrolyte polymer backbone and results in PECs with a lower modulus
complexation is an associative phase separation process based and a reduced salt resistance compared to their fully charged
primarily on charge—charge interactions, PECs can incorporate counterparts.'” PEC modulus is highly sensitive to the number
a variety of organic, inorganic, and biologic-charged molecules, of ionic pairings between polymers, which act as stickers
making them attractive candidates for applications in nucleic between oppositely charged polymer chains, increasing the
acid delivery, underwater adhesives, and nanoscale reactors.” ™’ viscosity of the PEC.'>1319:20 Lowering charge density reduces
However, the rational design of PECs remains difficult, as their sticker density, providing a straightforward path to weaken
properties depend on a complex interplay between environ- mechanical properties. PEC stability is also related to charge
mental factors such as solvent mixture, salinity, pH, and density, but that mechanism is generally rationalized through the

temperature in addition to the variety of supramolecular
interactions between the oppositely charged polyelectro-
lytes."”"" Recently, there has been a surge in interest toward
using structural features of polyelectrolytes, such as length,
charge density, and charge blockiness, to alter the stability,
rheology, and structure of PEC materials.">™'¢ Structure—
property relationships centered on polyelectrolyte design are
attractive because they can provide robust, chemically agnostic
design principles for PECs and provide a path toward tailored
PEC design within applications where environmental conditions
are beyond control."” Polyelectrolyte charge density is one of the
most promising parameters recently investigated, as it has been Revised:  May 9, 2024 v

shown to consistently alter the rheology and stability of Accepted:  May 14, 2024
PECs. 718 Published: May 23, 2024

influence of charge density on counterion dynamics, not
.. . 21,22
electrostatic interactions.

Before complexation, the charged groups along a polyelec-
trolyte backbone experience significant electrostatic repulsion.”
In solution, small molecule counterions and water molecules
condense around charged groups along the polyelectrolyte
backbone to reduce the effective charge density along the chain.

Upon complexation, oppositely charged polyelectrolytes con-

Received: March 18, 2024 “Naero Leters)

By copolymerizing charged monomers with neutral mono-
mers, one can reduce the charge density of the constituent
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dense around each other to mediate electrostatic repulsion,
releasing the small molecules and restoring their translational
entropy. The entropic gain from counterion release is the
majority of the thermodynamic driving force for polyelectrolyte
complexation and is directly related to the amount of salt a PEC
can withstand before dissolution, otherwise known as the critical
salt concentration (CSC).*” The significant role of counterion
release in the complexation process allows one to tune the
stability of a PEC by altering the charge density of the
constituent polyelectrolytes.

Reducing charge density through copolymerization with a
neutral monomer weakens charge—charge interactions along a
polyelectrolyte, reducing counterion condensation in solution
and thus the translational entropz ?_gam from complexation,
leading to PECs with lower CSCs.””** Interestingly, the CSC is
not only sensitive to linear charge density, but also spatlal charge
density or the distribution of charged groups in space.”* Chang
et al. showed that increased blockiness raises PEC salt resistance
by creating PECs from sequence-defined copolymers with
identical charged fractions, but increasingly blocky charged
sequences.”” They attributed this result to stronger interactions
between counterions and charged groups in the blocky
sequences, reasoning charged groups clustered closely together
would experience more electrostatic repulsion relative to
charged groups spaced evenly apart. While this illustrates an
important point, altering charge sequences can only vary the
stability of copolyelectrolytes. There are essentially no tuning
parameters to alter the CSC of PECs composed of linear, fully
charged polyelectrolytes. The CSC of fully charged polyelec-
trolytes show a pronounced dependence on degree of
polymerization (DP) at low molecular weights, which quickly
plateaus to nearly constant values at higher DPs.” Since the salt
resistance of a PEC determines the limits of the environments
where it can be used, a reliable method to increase complex
stability beyond the DP limited plateau value would be
advantageous to molecular engineering design strategies.

No studies have addressed methods to increase the charge
density beyond what can be attained in linear, fully charged
polyelectrolytes for use in bulk PECs. It is conceivable one could
design multivalent monomers, but this approach would be
synthetically challenging to apply to a variety of charged groups.
Instead, we were inspired to investigate macromolecular
architecture from molecular dynamics simulations that showed
branched polyelectrolytes, compared to linear counterparts,
exhibit greater spatial charge density and perturb counterions
more strongly relative to linear polyelectrolytes.”* However, no
experimental reports have validated these consequences on bulk
PEC properties. Here, we seek to increase the spatial charge
density of homopolyelectrolytes by altering their architecture
from linear to lightly branched stars, in the hope of precisely
tuning PEC properties. We find spatial charge density to have a
significant impact on the salt stability of our complexes while
leaving the viscoelastic and structural properties of our
complexes essentially unaltered, which suggests that linear and
spatial charge density may play distinct roles in determining
PEC properties.

To investigate the effect of a polyelectrolyte architecture on
PECs, we chose to create homologous polyelectrolyte pairs via a
combination of reactive polymers and click chemistry. This
approach allows us to limit structural variation between
polyelectrolyte pairs within our PECs and has been used
extensively in recent years.w’ls’zs_28 However, many reactive
polymer platforms suffer from inefficient functionalization, poor
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polymerization control, or unstable reactive groups.'®'” For this
reason, we chose to create a new homologous polyelectrolyte
platform based on poly(glycidyl methacrylate) (PGMA).
PGMA stands out as an ideal reactive platform because it is
readily synthesized via controlled radical polymerization (CRP)
techniques and is stable upon storage in air and moisture for
extended periods of time.””* In addition, the pendant epoxy
groups undergo rapid and quantitative thiol-epoxy functional-
ization in the presence of a small excess of thiol and catalytic base
(Scheme 1).”>*" Finally, every thiol-epoxy reaction creates a

Scheme 1. Route Towards Homologous Polyelectrolytes
through PolyGMA and Thiol-Epoxy
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thioether bond that can be oxidized to alter local polarity and a
secondary hydroxyl group, which can serve as a reactive handle
for additional functionalization reactions.””*>*

We synthesized PGMA via atom-transfer radical polymer-
ization (ATRP) according to previously reported procedures.*”
To achieve cationic derivatives of PGMA, we react 2-(Boc-
amino )ethanethiol in THF using LiOH as a base with a ratio of
epoxy/thiol/base of 1:4:0.05. The Boc-protected PGMA
derivative was deprotected using a 1:1 mixture of dioxane/6
M HC], leading to a cationic derivative of PGMA bearing
primary amines as cationic groups (Figure S1). Typically,
cationic derivatives of PGMA are achieved by deprotection
using trifluoroacetic acid (TFA).***> We chose to use HCI
instead to avoid residual TFA counterions that are challenging to
remove. To create anionic PGMA derivatives, we reacted
PGMA with sodium 3-mercapto-1-propanesulfonate at an
epoxy/thiol ratio of 1:4 in a DMSO/H,0 mixture. Slow
addition of 0.1 equiv of aqueous NaOH to epoxy drove
quantitative sulfonate functionalization of PGMA (Figure S1).
To the best of our knowledge, this is the first report of anionic
derivatization of PGMA through a thiol-epoxy mechanism.
Next, we synthesized a series of well-defined linear, 4-armed, 6-
armed, and 8-armed PGMA with low dispersity (D < 1.14) via
ATRP (Figure 1 and Table S1). We targeted 200 GMA units
across all architectures so that small changes in DP would not

result in significant deviations of the CSC, since CSC generally

. . 1 36,
follows the approximation DP T

also ensures the arm length of the higher branched stars would
remain quite short to test simulation results that show more
highly branched polyelectrolytes with shorter arms affect
counterion dynamics most strongly relative to linear polyelec-
trolytes with the same DP.** These reactive precursors were
functionalized via thiol-epoxy into homologous polyelectrolyte
pairs used throughout this study. For brevity, coacervate samples
are labeled according to the reactive polymer precursor their
constituent polyelectrolyte pairs were derived from (i.e., L-GMA
for linear PGMA, 4-GMA for 4-armed PGMA, etc.).

Optical microscopy images allow us to assess the phase
morphology of polyelectrolyte architectures as a function of salt.
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Figure 1. Synthetic scheme for linear and branched polyelectrolytes derived from PGMA. Overlaid size-exclusion chromatography traces of neutral
PGMA with total degree of polymerization of ~200 (Table S1; bottom right).
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Figure 2. Optical micrographs of PECs composed of analogous
polyelectrolytes derived from linear, 4-armed, 6-armed, and 8-armed
GMA precursors at 0 to 1050 mM added salt concentrations. Scale bar
in the bottom left corner of the top right image denotes 100 szm and this
scale is consistent across all images.

In all cases, PECs are liquid-like coacervates at 10 mg/mL total
polymer concentration (Figure 2). At no added salt, the
complexes form spherical droplets. Upon the addition of
external NaCl salt, the PEC phase coalesces with visual evidence
of water droplets, a morphology observed in viscous liquid
PECs.'"'”** Previous studies have shown that doubling the
charge density of a constituent polyelectrolyte can drive a
morphological transition from liquid to solid PECs.” Here, the
PEC morphology is consistent across PEC architectures,
indicating the lightly branch polyelectrolytes explored here do
not increase charge density enough to alter PEC morphology.
To evaluate CSC values, we examined PECs of all
architectures at increasing salt concentrations. Optical micros-
copy shows 6-GMA and 8-GMA have higher CSCs than L-GMA
and 4-GMA. L-GMA and 4-GMA pairings persist until
approximately 750 mM NaCl, whereas 6-GMA and 8-GMA
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persist until 900 and 1050 mM NaCl, respectively. The ~50%
increase in CSC from L-GMA to 8-GMA cannot be explained by
the differences in molecular weight between the samples, as
critical salt resistance scales modestly at higher molecular
weights. This suggests architectural differences are the primary
driving force for increased salt stability in these complexes, in
line with previous observations of more compact charge
distributions within a polyelectrolyte increasing the salt
resistance of the resulting PEC.*

There are a few potential reasons why the CSC does not
increase until 6-armed stars. First, the longer side chains of 4-
GMA relative to 6-GMA and 8-GMA decrease the average
charge density experienced by arms of 4-GMA, since the
available space for each arm to occupy grows rapidly as chains
extend radially from the polymer core. Similarly, the difference
in CSC between 6- and 8-armed stars can be rationalized both by
the increased number of arms radiating from the core and the
shorter radial extension of 8-GMA increasing the steric
congestion of charged groups relative to 6-GMA. Consequently,
it is possible 4-armed stars may begin to exhibit distinct salt
resistances from equivalent linear counterparts at lower DPs and
more compact radial chain distributions. Regardless, we have
identified a region where increased spatial charge density of
polyelectrolytes can enhance the salt resistance of a bulk PEC
material and now move on to investigate architecture effects on
mechanical properties.

Viscoelastic properties of each complex were analyzed using
small amplitude oscillatory shear (SAOS) experiments across
time—temperatures superposition (TTS) from S to 75 °C
(Figure 3). The complexes displayed rheological behavior

typical of “sticky rouse” viscoelastic liquids, with storage

modulus (G’) and loss modulus (G'’) scaling as @™ at

moderate to high frequencies (way > 10° rad/s) and G’ and G’/

scaling, respectively, as w* and @ at low frequencies (war < 10°
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Figure 3. Time—temperature superposition (TTS) of frequency sweep data for 0 mM added NaCl PECs of (a) linear, (b) 4-armed, (c) 6-armed, and

(d) 8-armed architectures (@,0 G’,G’’). Shift factors a and by are tabulated in Tables S3—S6.
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Figure 4. SAXS scattering patterns for polyelectrolyte pairs of every architecture at (a) 0, (b) 300, (c) 600, and (d) 900 mM added NaCl (inset figure
shows the cluster size (Rg) corresponding to the onset of —4 slopes at high q). (e) Kratky plots of linear (blue), 4-armed (green), 6-armed (red), and 8-
armed (gold) PECs (arranged from top to bottom). Lighter shades correspond to higher salt concentrations, which go from 0 to 900 mM NaCl in 300

mM steps.
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rad/ s).20 Interestingly, we observed notable deviations from
traditional Rouse-like behavior in the TTS data.

First, we observe a crossover of G’ and G’’ at intermediate
frequencies, which persists to the highest frequencies measured,
reminiscent of entangled polymeric behavior. However, these
materials are likely unentangled due to the relatively low
molecular weight (26—31 kg/mol) of constituent polymers,
alongside the presence of long side chains and the high water
content swelling the network (Table S3). We believe this
crossover is not due to entanglement, but instead due to “sticky”
interactions between segments of polymer chains enhancing the
solid character of our PECs. The chemical attributes of these
polyelectrolyte side chains provide a variety of associative
amphiphilic, hydrogen bonding and ionic intermolecular
interactions which could contribute to this feature. Similar
crossover signatures have been observed in other unentangled
PEC systems capable of significant nonionic supramolecular
interactions.”®

Unentangled polymers G’ and G'’ are expected to scale as ®
and w, respectively, in the terminal regime.“ However, there is
an upturn in G’ at low frequencies which deviates from the

expected scaling of @”. This additional relaxation mode has been
reported before in PEC literature and is often attributed to long-
range interactions or an instrument artifact."”*” Since the
feature is not excessively noisy and is observed at torque values
well above the sensitivity limit of our rheometer, we believe this
upturn in storage modulus represents a secondary relaxation
mode in our PECs. In other classes of materials such as
associative protein hydrogels, low frequency upturns in storage
modulus have been attributed to large sections of polymer
chains with high valency interacting through long distances.*” It
is conceivable to envision fully charged homopolyelectrolytes
sustaining intermolecular interactions between segments of
multiple oppositely charged polyelectrolytes within a PEC, so
this low frequency upturn in storage modulus is not surprising.
Future work tuning this additional long-range relaxation mode
by altering supramolecular interactions such as hydrogen
bonding, 7— stacking and amphiphilic associations in PECs
will be necessary to fully explain this feature.

Lightly branched polyelectrolyte architectures do not system-
atically alter the shape of the SAOS data, shift factors or intrinsic
viscosities of branched complexes relative to linear complexes
(Figures 3 and S2—S4 and Tables S3—S6). This was initially
surprising, since architectural variations from linear to branched
polymers in uncharged systems is often accompanied by large
differences in viscoelasticity emerging from a shift in
entanglement mechanism from reptation to arm-retraction,*"**
We attribute the identical behavior to the high water content and
consistent intermolecular interactions across our PECs. Since
PECs are water-swollen, entanglement requires much higher
degrees of polymerization relative to unswollen polymer.*' As a
result, our materials are likely unentangled at this DP, which
eliminates the primary difference in the diffusion of star and
linear polymers. In addition, since all homopolyelectrolytes have
approximately equal DP, the number and density of intrinsic
ionic pairings known to dominate PEC dynamics should be
approximately equal across all architectures. As a result, we see
very consistent rheological profiles across all polyelectrolyte
architectures.

Small-angle X-ray scattering (SAXS) allows us to examine
how altering molecular architecture influences the internal
structures of our PECs. Figure 4a—d shows vertically shifted
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overlays of SAXS patterns obtained from complexes of each
architecture arranged by salt concentration. The SAXS patterns
obtained for each complex are nearly identical at every salt
concentration, with prominent features closely matching each
other. In all cases, I(q) scales as g~* at low q (g < 0.01 A™"),
suggesting smooth surfaces due to mesoscale concentration
fluctuations with R, > 200 nm (since Ry . = 27/qyy,)- The
prominent —4 slope persists to slightly higher g ranges as
branching increases, suggesting the minimum size affected by
these concentration fluctuations may be weakly influenced by
architecture.

At high q (g > 0.1 A™"), we observe a peak that could be
mistaken for a correlation peak indicating some average
intermolecular distance within the complex. However, at higher
g, we observe a I(q) ~ q* scaling that suggests this peak
corresponds to small, smooth aggregates within the material, a
feature more akin to micellar associations than intermolecular
spacings. The prominent peaks in the Kratky plots indicate
collapsed, globular structures (Figure 4E). The absence of a gel-
like rheological response suggests that these clusters are not
permanent enough to form physical cross-links. We hypothesize
that they may be transient, dynamic associations between
monomers. The two aggregation mechanisms apparent via
SAXS at low and high g might relate to the unexpected increases
in G’ observed in the crossover of G’ at moderate frequencies
and the uptick in G’ at low frequencies, respectively. These
observations open future opportunities to clarify the relationship
between rheological features and aggregation in architecturally
diverse PECs.

As salt is added, the low g upturn shifts to lower g values, and
the correlation peak at high g shifts to lower g values with
reduced intensity. Cluster size, estimated using the onset of a —2
slope in the Kratky plots, grows consistently as salt is increased
from ~2.8 nm at 0 mM to 4.2 nm at 900 mM. The trends across
salt concentrations are also consistent for each polyelectrolyte
architecture, even at 900 mM, even though 6-GMA is near its
CSC at this salt concentration and 8-GMA is much farther away
from dissolution. This suggests that PECs have similar internal
structures regardless of their proximity to the CSC, assuming
they have equivalent degrees of polymerization and linear charge
density.

Our collective results indicate that polyelectrolyte architec-
ture can significantly alter the thermodynamic stability of PECs
while keeping structures and mechanical properties essentially
unchanged. The influence of architecture on thermodynamic
stability is consistent with previous experimental and simulation
findings: increased spatial charge density increases PEC salt
resistance, and branched polyelectrolytes drive the charge
density higher than linear counterparts. We conclude that the
increased steric congestion allows branched polyelectrolytes to
perturb counterion dynamics more than linear analogues prior
to complexation, leading to a greater degree of translational
entropy gain during the complexation process. Meanwhile, the
negligible influence of architecture on structure and rheology is
likely a consequence of the prepared moderately long and lightly
branched structures. As molecular weight increases, we would
expect entanglement behavior of star polyelectrolytes and linear
polyelectrolytes. However, since PECs are swollen by
plasticizing water, the entanglement DP for star polyelectrolytes
may be difficult to achieve synthetically. A more detailed
understanding of the interplay between linear and spatial charge
density could lead to increasingly precise PEC design, whereby
the judicious incorporation of branched and statistical
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copolyelectrolytes enables the rational design of PEC materials
with orthogonal control over a range of CSCs and mechanical
properties.

In this work, we evaluated the effect of polyelectrolyte
architecture on PEC properties using homologous polyelec-
trolytes derived from the combination of thiol-epoxy and
PGMA. The ease of PGMA synthesis and thiol-epoxy
functionalization provides a straightforward pathway to
homologous polyelectrolytes of various architectures. PECs
from PGMA precursors produced viscous liquid complexes with
architecture-dependent CSC. In contrast, the rheology and
structure of our PECs measured by SAOS and SAXS was
consistent across architectures. Together, our results suggest salt
resistance can be selectively altered by incorporating lightly
branched polyelectrolytes in PECs, presenting a pathway for
precise modification of PEC properties. Furthermore, our results
suggest a fundamental difference between the structure—
property relationships resulting from variations in linear charge
density through copolymerization and those arising from altered
spatial charge density through polyelectrolyte architecture.
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