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Abstract

Aromatic rings are a common feature of biological and synthetic polymers that

form polyelectrolyte complexes and coacervates. These functional groups can engage

in cation-π interactions, but the impact of such interactions on the physical proper-

ties of polyelectrolyte complex materials is not well-understood. Here, we investigate

the e�ect of cation-π interactions on the phase behavior and viscoelasticity of polyelec-

trolyte complexes of poly(styrene sulfonate) (PSS) and poly(diallyldimethylammonium)

(PDADMA), which contain aromatic functional groups on every repeat unit of the PSS

polyanion. We prepare samples with matched polymer and/or salt concentrations using

salts with di�erent cation-π interaction strengths. Characterization by turbidity, ther-

mogravimetric analysis, and rheology reveals that salts that engage in stronger cation-

π interactions destabilize coacervation and speed up the viscoelastic relaxation of the

materials. By contrast, polyelectrolyte complexes composed of polymers that do not

contain aromatic rings (poly(2-acrylamido-2-methyl propane sulfonate) (PAMPS) and

PDADMA) are found to be insensitive to the cation-π interaction strength of the salt.

These results reveal that cation-π interactions play a signi�cant role in determining the

phase behavior and viscoelasticity of polyelectrolyte complexes and coacervates made

from polymers with aromatic functional groups, and suggest that cation-π interactions

may be a useful molecular handle for tuning coacervate properties.

Introduction

Oppositely charged polymers, when mixed in aqueous solution, can undergo associative phase

separation to form materials called polyelectrolyte complexes or coacervates (PECs).1,2 These

materials have highly tunable properties which have made them attractive for applications

ranging from underwater adhesives3,4 to drug delivery5�8 and self healing materials,9 as well

as as models for biological condensates.10,11 Across these applications, both the phase be-

havior and viscoelasticity of the materials are critical for achieving their desired functions.
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To date, most studies have investigated the role of solution conditions, such as tempera-

ture,12,13 pH,14�16 and ionic strength.14,17,18 For many applications, however, such as those

in physiological environments, these solution conditions are �xed and cannot be used as a

handle to control the material properties. Understanding how to control the phase behavior

and viscoelasticity of polyelectrolyte complexes and coacervates independent of the solution

conditions is thus critical for functional materials design.

Recently, polymer design has emerged as a powerful way to control the phase behavior and

viscoelasticity of PECs under �xed solution conditions. Advances in polymer synthesis have

enabled preparation of polyelectrolyte complexes made from polymers with well-de�ned and

systematically-varied molecular weights,19�21 backbone chemistries,14,22 sidechain function-

alities,23�26 and sequences.27,28 These experiments have revealed that increasing molecular

weight, charge density, and hydrophobicity all stabilize the complexes and favor phase sepa-

ration. A number of studies have also investigated how these parameters a�ect the viscoelas-

ticity of the materials. Decreasing the charge density of the polyelectrolytes for example, has

been found to speed relaxation and yield more liquid-like materials,26,29 while increasing the

hydrophobic content slows relaxation and yields more solid-like materials.26 Together, these

studies have highlighted the importance of molecular-scale chemical features of the polymer

chains in determining the phase behavior and physical properties of polyelectrolyte complex

materials.

One chemical feature that has received comparatively little attention in work on poly-

electrolyte complexes to date is the presence of aromatic rings. Many of the polyelec-

trolytes used in fundamental studies of polyelectrolyte complexation, including poly(styrene

sulfonate)/poly(diallyldimethylammonium) (PSS/PDADMA), contain aromatic functional

groups on a substantial fraction of the repeat units.30�34 Aromatic functional groups are also

found in many of the intrinsically-disordered proteins and other polypeptides that are known

to undergo coacervation or liquid-liquid phase separation in biological environments.4,35�37 In

these systems, there is emerging evidence that aromatic functional groups play a critical role
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in the complexation and phase separation process by engaging in cation-π interactions with

positively-charged functional groups elsewhere on the molecules.35,36 Cation-π interactions

occur when cationic functional groups interact with the electron-rich face of an aromatic

ring,38 and are known to impact biological processes as diverse as protein folding and molec-

ular recognition.39�41 In synthetic polyelectrolytes that contain aromatic functional groups

on many or all of the repeat units, favorable cation-π interactions between chains might sim-

ilarly be expected to stabilize complex formation and slow viscoelastic relaxation. Testing

this hypothesis, however, has been challenging, because it is di�cult to control the aromatic

content of the polymers without also a�ecting their hydrophobicity and backbone polarity.

An alternative method for probing the role of cation-π interactions is to investigate the be-

havior of the complexes in the presence of salts with di�erent cation-π interaction strengths.42

In the gas phase, the cation-π interaction strength of cations of Group I metals increases with

increasing cation charge density (K+<Na+<Li+).38 In solution, however, this trend reverses

because the high charge density cations more tightly bind their hydration shells.43�45 This de-

pendence has been exploited to show that cation-π interactions can play an important role in

adhesion, with the adhesion between poly(tryptophan) and poly(lysine)-functionalized sur-

faces shown to decrease in the presence of potassium salts that form potassium-tryptophan

interactions and out-compete the tryptophan-lysine interactions between the chains.42 In

polyelectrolyte complexes, we similarly expect that if cation-π interactions stabilize PECs

with aromatic functional groups, then the complexes should be destabilized in the presence

of salts that form stronger cation-π interactions. Challenging PECs with salts with di�erent

cation-π interaction strengths should thus be a powerful tool for investigating the role of

these interactions in polyelectrolyte complex materials.

Here, we use this approach to investigate the impact of cation-π interactions on the phase

behavior and viscoelasticity of complexes of PSS and PDADMA, which contain aromatic

functional groups on every sidechain of the polyanion. For comparison, we also investigate

the phase behavior and viscoelasticity of complexes of poly(2-acrylamido-2-methyl propane
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sulfonate) (PAMPS) and PDADMA, which contain no aromatic functional groups. We �rst

investigate the phase behavior of both polymer pairs in the presence of lithium, sodium,

and potassium salts using optical turbidity and thermogravimetric analysis. We �nd that

the stability of the PSS/PDADMA system does indeed depend on the cation-π interaction

strength of the salt, with the stability increasing from K+ to Na+ to Li+. The stability

of the PAMPS/PDADMA system, on the other hand, is independent of the type of salt.

We then characterize the viscoelasticity of samples prepared above the binodal, where sam-

ples can be prepared at comparable salt and polymer concentrations despite changes in the

position of the phase boundary.33 As in the phase behavior, the viscosities and relaxation

times of the PSS/PDADMA system depend strongly on salt identity while those of the

PAMPS/PDADMA system do not. These results show that cation-π interactions play an

important role in both the phase behavior and physical properties of the PSS/PDADMA

system, and should be taken into account in polyelectrolyte complexation experiments on

polymers containing aromatic rings. They also suggest that aromatic content will be a use-

ful molecular handle to tune the materials properties of PECs for functional applications, as

described in more detail, below.

Experimental

Materials

Poly(sodium 4-styrene sulfonate) (PSSNa,Mw =∼200,000 g/mol, 20 wt%) solution, poly(diallyl-

dimethylammonium chloride) (PDADMAC,Mw = 200,000-350,000 g/mol, 23 wt%) solution,

lithium bromide (LiBr), sodium bromide (NaBr), and potassium bromide (KBr) were pur-

chased from Sigma Aldrich. Poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS,

Mw = 800,000 g/mol, 10 wt%) solution was purchased from Fisher Scienti�c. PAMPS was

neutralized with a 3M NaOH solution until the pH was ∼7. PDADMAC, PSSNa, and neu-

tralized PAMPS were dialyzed using standard RC dialysis tubing with a molecular weight
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cuto� of 6-8 kg/mol (Spectra/Por, 08-670D). To prevent water uptake, LiBr was stored in

a glovebox until use. All other chemicals were used as received. All samples were prepared

using MilliQ water obtained from a Synergy UV water puri�cation system from Millipore

Sigma.

Sample Preparation

Samples were prepared by direct mixing of dried PEC, salt or salt solution, and water.

Bulk PECs were �rst prepared by mixing each polyelectrolyte pair above its critical salt

concentration and precipitating the mixture from a low salt concentration solution.46 For the

PSS/PDADMA PEC, PSSNa and PDADMAC were individually dissolved in 2.5 M KBr at a

polymer concentration of 1 M (repeat unit basis). Stoichiometric amounts of the PSSNa and

PDADMAC stock solutions were combined and stirred overnight to ensure complete mixing.

This solution was then added dropwise to a 0.1 M KBr solution, resulting in precipitation of

PSS/PDADMA complexes. The supernatant was decanted from the precipitated complexes

and replaced with MilliQ water, after which the complexes were allowed to soak for 12

hours to remove excess salt. This process was repeated at least 5 times to ensure the

complete removal of salt. The PEC was �nally dried using a lyophilizer, yielding a white

solid. Preparation of the PAMPS/PDADMA PECs followed the same procedure, except

with an initial salt concentration during polyelectrolyte mixing of 1.4 M KBr. The �nal

PAMPS/PDADMA PEC was a pale orange solid and was determined to have a density of

1.27 g/cm3 by density matching in hexane/chloroform mixtures.47 The dried PSS/PDADMA

and PAMPS/PDADMA complexes were both veri�ed to be stoichiometric by 1H-NMR (see

Supporting Information).

Rheology and TGA samples were then prepared by direct mixing of dried PEC, water,

and salt (KBr, NaBr) or salt solution (LiBr). A summary of all targeted sample compo-

sitions is provided in the Supporting Information. For each sample, the requisite amounts

dried PEC, salt or salt solution, and water were combined in an Eppendorf tube and were
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vortexed between each addition. Samples were then centrifuged and inverted three times to

ensure complete mixing. The samples were then allowed to equilibrate for at least one week

before characterization. Rheology samples were periodically inverted during this equilibra-

tion period to ensure complete mixing.

Optical Turbidity

The salt resistances of both PSS/PDADMA and PAMPS/PDADMA in the presence of

di�erent salts were measured by optical turbidity. Stock solutions of each polyelectrolyte

were �rst prepared in MilliQ water at a concentration of 50 mM (charged monomer basis).

For experiments on PSS/PDADMA, salt stock solutions were prepared at concentrations

of 4 M (NaBr and KBr) or 3.75 M (LiBr). For experiments on PAMPS/PDADMA, salt

stock solutions were prepared at a concentration of 1.25 M for all salts. Samples were

then prepared using an Opentrons OT-2 Pipetting Robot in a 96-well plate. The requisite

amounts of polyanion stock solution, Milli-Q water, salt stock solution, and polycation stock

solution were pipetted into each well, and were mixed by pipetting between each addition.

After the �nal addition of the polycation, samples were manually pipetted several times to

ensure complete mixing of phase-separated samples that clogged the robot's pipette tip. All

samples were prepared at a �nal total charged monomer concentration of 5 mM and a total

volume of 200 µL. Optical turbidity measurements were immediately performed using an

In�nite M1000Pro plate reader (Tecan) to measure the absorbance of each well at 500 nm.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) measurements were carried out on a Q5000 IR Ther-

mogravimetric Analyzer (TA Instruments) using a protocol adapted from Li et al .17 For

each measurement, approximately 15 mg of sample was loaded onto a platinum pan. Sam-

ples prepared with NaBr and KBr were held at 25 ◦C for 5 minutes, heated to 130 ◦C at

20 ◦C/min and held at this temperature for 1 hour to evaporate water. We note that this
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hold temperature is somewhat higher than used in previous work, but was found to be nec-

essary to completely remove water from the PAMPS/PDADMA samples. The temperature

was then ramped to 600 ◦C at a rate of 10 ◦C/min and the temperature was held for an

additional 1 hour to ensure complete removal of organic components of the sample. The

temperature was then �nally ramped to 680 ◦C at 10 ◦C/min to complete the measurement.

For samples prepared with LiBr, continuing mass loss above 600◦C suggested that the salt

was not stable at this temperature under the TGA conditions, so the protocol was modi�ed

to reduce the hold temperature for removal of the organic component to 500◦C and the �nal

temperature was limited to 550 ◦C. All measurements were carried out under air to ensure

the complete removal of the organic components. Measurements on standard solutions with

known compositions indicated that this protocol yielded compositions accurate to within

1 wt%.

Small-Amplitude Oscillatory Shear Rheology

Small-amplitude oscillatory shear rheology measurements were performed on an Anton Paar

MCR-301 stress-controlled rheometer using a 25 mm sand-blasted parallel plate geometry.

The parallel plate geometry was chosen to simplify loading of samples with a wide range

of moduli while allowing use of a low sample volume. In each measurement, the frequency

was swept from 600 rad/s to 0.1 rad/s, while the strain was increased simultaneously from

0.1% to 100%. The strain sweep protocol helps achieve adequate torques across the entire

frequency range, and is known to improve sensitivity at low frequencies.48 Amplitude sweeps

from approximately 0.1% to 100% strain at 10 rad/s were used to con�rm that the entire

frequency sweep was in the linear viscoelastic regime (see Supporting Information). Flow

curves used to determine viscosity were run at strain rates that ranged from 0.1-500 s-1.

To minimize e�ects from solvent evaporation, all measurements were carried out using an

evaporation blocker, and the total measurement time was limited to approximately 1 hour.
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Results

Phase Behavior

The phase behaviors of both the PSS/PDADMA and PAMPS/PDADMA systems were quan-

ti�ed via optical turbidity, as shown in Fig. 1. In turbidity experiments, high absorbance

values indicate the formation of droplets or particles that have phase separated from solution

and scatter light, while low absorbance values indicate the absence of phase separation and

the formation of a homogeneous solution. As seen in Fig. 1, the measured absorbance for

both PSS/PDADMA and PAMPS/PDADMA samples was high at low salt concentrations

and decreased at high salt concentrations. The transition point at which the absorbance

�rst reaches its �at baseline at high salt concentrations indicates the salt resistance, or

the salt concentration at which phase separated complexes are no longer formed. Impor-

tantly, there were signi�cant di�erences in the point at which this transition occurred in

the PSS/PDADMA and PAMPS/PDADMA systems, and its dependence on the identity

of the salt used to set the ionic strength. First, the salt resistance for the PSS/PDADMA

system was higher than that of the PAMPS/PDADMA system regardless of the salt iden-

tity. This indicates that the PSS/PDADMA system forms more stable complexes than the

PAMPS/PDADMA system. Second, the salt resistance of the PAMPS/PDADMA system

was e�ectively independent of salt identity, with all three salts giving salt resistances of ap-

proximately 0.75 M. The salt resistance of the PSS/PDADMA system, on the other hand,

varied with the salt identity, with the salt resistance increasing from 1.8 M for samples made

with KBr to 2.4 M for samples made with LiBr.

The phase behavior was further characterized by thermogravimetric analysis (TGA).

TGA was used to determine the mass fractions of water, polymer, and salt in both the

coacervate and supernatatant phases of several samples for each polymer and salt combi-

nation, as described in the Supporting Information. The mass fractions measured by TGA

were then converted to volume fractions using the bulk densities of each component (1.27
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Figure 1: Optical turbidities of (a) PSS/PDADMA and (b) PAMPS/PDADMA samples
prepared at a total monomer concentration of 0.005 M.

g/cm3 for both PSS/PDADMA47 and PAMPS/PDADMA complexes, 1.00 g/cm3 for water,

3.46 g/cm3 for LiBr, 3.21 g/cm3 for NaBr, and 2.75 g/cm3 for KBr). The resulting phase

diagrams are shown in Figs. 2 (a) and (b), respectively. In these phase diagrams, �lled

symbols indicate the composition of the polymer-rich coacervate phase, while open symbols

indicate the composition of the polymer-poor supernatant. These points form the concave-

down binodal curve typically observed in polyelectroyte complex systems.30,49 The tie lines

connecting the compositions of the coacervate and supernatant phases for PSS/PDADMA

samples prepared with NaBr and KBr are relatively �at, consistent with prior reports of

athermal mixing in this system.50 The tie lines for PSS/PDADMA samples prepared with

LiBr and PAMPS/PDADMA samples prepared with all three salts, on the other hand, have

slightly positive slopes, indicating a slight preference for salt to partition into the coacervate

phase. The critical point, or the top point on the binodal curve, of both polymer pairs shifts

to lower volume fractions of salt as the salt is changed from KBr to LiBr. For direct com-

parison to turbidity measurements, however, the phase diagram must be plotted in terms
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of the molar concentrations of the components, as shown in Figs. 2 (c) and (d). In this

representation, the binodal curve for the PSS/PDADMA system shifts upward as the salt

is changed from KBr to LiBr, while that of the PAMPS/PDADMA system is insensitive to

the identity of the salt. Both turbidity and TGA thus show that PSS/PDADMA complexes

are destabilized by salts with higher cation-π interaction strengths while PAMPS/PDADMA

complexes are not, suggesting that cation-π interactions play an important role in the phase

behavior of the PSS/PDADMA system.

0 0.1 0.2 0.3 0.4

pol

0

0.02

0.04

0.06

0.08

0.1

sa
lt

PSS/PDADMA

0 0.1 0.2 0.3 0.4

pol

0

0.01

0.02

0.03

0.04

0.05

sa
lt

PAMPS/PDADMA

0 0.5 1 1.5
Polymer Concentration (M)

0

0.5

1

1.5

2

2.5

3

)
M( noitartnecno

C tlaS

0 0.5 1 1.5
Polymer Concentration (M)

0

0.2

0.4

0.6

0.8

1

Sa
lt 

C
on

ce
nt

ra
tio

n 
(M

)

a) b)

c) d)
LiBr
NaBr
KBr

Figure 2: Phase diagrams of a (a,c) PSS/PDADMA and (b,d) PAMPS/PDADMA samples
prepared with LiBr (blue diamonds), NaBr (red circles) and KBr (black squares), plotted
as function of (a,b) the volume fractions and (c,d) the molar concentrations of polymer and
salt.
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Viscoelasticity

To determine whether cation-π interactions also impact the viscoelasticity of polyelectrolyte

complexes and coacervates, the viscosities and dynamic moduli of PSS/PDADMA and

PAMPS/PDADMA samples prepared with all three salts were characterized by small-amplitude

oscillatory shear rheology. Two series of samples were prepared for each polymer and salt

pair. In the �rst series of samples, the polymer concentration was held constant while the

salt concentration was varied. In the second series of samples, the salt concentration was

held constant while the polymer concentration was varied. Importantly, all samples were

prepared in the single-phase regime of the phase diagram (above the binodal) to ensure

that the polymer and salt concentrations of the samples could be controlled independently.

Plots of all prepared sample concentrations, and where they fall relative to the binodal, are

presented in the Supporting Information.

Representative �ow curves of PSS/PDADMA and PAMPS/PDADMA samples prepared

at a volume fraction of polymer of 0.15 and salt concentrations of 2.125 M (for PSS/PDADMA

samples) and 1.000 M (for PAMPS/PDADMA samples) are shown in Fig. 3. At low shear

rates, below 1 s-1, the viscosity of each sample is constant. At higher shear rates, above

1-10 s-1, the viscosity decreases slightly. This shear thinning behavior arises from disrup-

tion of intermolecular interactions between the polyelectrolytes at high shear rates. While

the shapes of the �ow curves for PSS/PDADMA and PAMPS/PDADMA are very similar,

however, the magnitudes of the viscosities and their dependence on salt identity are very

di�erent. The viscosity of the PSS/PDADMA sample prepared with KBr is an order of

magnitude smaller than that of the sample prepared with LiBr. In contrast, the viscosities

of the PAMPS/PDADMA samples decrease by less than a factor of two across the same

series of salts. Similar trends were observed for samples prepared at other salt and polymer

concentrations (see Supporting Information). This result is consistent with the picture that

salts that engage in more favorable cation-π interactions can disrupt interactions between

the chains when the polyelectrolytes contain aromatic functional groups.
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Figure 3: Flow curves of samples composed of (a) PSS/PDADMA and (b)
PAMPS/PDADMA prepared at salt concentrations of 2.125 M and 1.00 M, respectively.
All samples were prepared at a volume fraction of polymer of 0.15.

The zero-shear viscosity of each sample was determined from the average of the viscosities

measured at shear rates between ∼ 0.10-1.05 sec-1. The zero shear viscosities for the series

of samples prepared with constant polymer concentration (ϕpol = 0.15) and varying salt

concentrations are plotted in Fig. 4. As seen in this �gure, the zero shear viscosity decreases

with increasing salt concentration for all samples. Additionally, the di�erences in dependence

on salt identity for the PSS/PDADMA and PAMPS/PDADMA samples reported in Fig. 3

persist across all salt concentrations studied. Cation-π interactions thus appear to impact

the coacervate viscosity over a wide range of solution conditions.

Changes in viscosity can result either from changes in terminal relaxation time or from

changes in modulus. To determine which of these factors is responsible for the changes in

viscosity reported in Figure 4, frequency sweeps were additionally conducted on all samples.

Representative frequency sweeps for PSS/PDADMA and PAMPS/PDADMA samples pre-

pared with NaBr are shown in Fig. 5. At low frequencies, all samples exhibited the G′ ∼ ω2

and G′′ ∼ ω scaling characteristic of viscoelastic liquids in the terminal �ow regime. Addi-

tionally, within each polymer pair, increasing the salt concentration decreased the dynamic

moduli at each frequency. These data were analyzed via time-salt superposition to extract
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Figure 4: Zero shear viscosities of PSS/PDADMA (�lled symbols) and PAMPS/PDADMA
(open symbols) samples prepared at constant polymer concentration (ϕpol = 0.15) and vary-
ing salt concentration.

the shift factors and characteristic relaxation times and moduli of each sample. To enable

direct comparison between samples with di�erent salts, the data from the highest salt con-

centration sample for each polymer/salt pair was �rst shifted onto a Maxwell model with

τ = 1 s and G = 1 Pa. This data was then used as the reference trace for all remaining

salt concentrations. This procedure e�ectively shifts all frequency sweeps to a common ref-

erence, and yields horizontal shift factors that approximate the terminal relaxation times of

the samples and vertical shift factors that approximate the inverse of the expected modulus

at the crossover point. We note that the frequencies and moduli at the crossover points were

also estimated from the intersection of linear �ts to the low-frequency portions of G′ and G′′;

while we focus here on the superposition analysis, this �tting approach yielded very similar

results (see Supporting Information).

The master curves resulting from the superposition analysis are shown in Figures 5(b)

and (d), and the horizontal and vertical shift factors for all polymer/salt pairs are summa-

rized in Figure 6. As seen in this �gure, increasing the salt concentration led to a decrease

in the horizontal shift factors for all polymer/salt pairs. The horizontal shift factors of the

PSS/PDADMA system were strongly dependent on the salt identity, with samples prepared

with KBr having horizontal shift factors (and, correspondingly, relaxation times), approx-

imately an order of magnitude lower than those prepared with LiBr at the same salt con-
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Figure 5: (a,c) Frequency sweeps and (b,d) master curves of (a,b) PSS/PDADMA and (c,d)
PAMPS/PDADMA samples prepared with NaBr. Data in the shaded region was impacted
by the inertial limit of the rheometer and was excluded from the superposition analysis.
Analogous plots for samples prepared with LiBr and KBr are reported in the Supporting
Information.

centration. By contrast, the horizontal shift factors of the PAMPS/PDADMA system were

largely independent of the salt identity. These results are consistent with the trend observed

in the viscosity data, and suggest that cation-π interactions play a role in the viscoelastic

relaxation of polyelectrolyte complexes containing aromatic functional groups. Interestingly,

we note that neither increasing the salt concentration nor changing the salt identity led

to signi�cant changes in the vertical shift factors. This result indicates that salt primarily

a�ects the relaxation time of the materials, rather than their moduli.
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Figure 6: (a) Horizontal and (b) vertical shift factors for PSS/PDADMA and
PAMPS/PDADMA samples prepared with varying salt concentrations at a polymer con-
centration of ϕpol = 0.15.

Finally, complementary experiments were carried out to investigate the impacts of vary-

ing the polymer concentration in the samples. The zero-shear viscosities for samples prepared

with constant salt concentrations and varying polymer concentrations are plotted in Figure

7, and the shift factors obtained from small-amplitude oscillatory shear rheology are plotted

in Figure 8. We note that re-entrant phase separation was observed in the PSS/PDADMA

samples at high salt and polymer concentrations,51 which prevented preparation of homoge-

neous samples at the same salt concentrations for all salts. As such, PSS/PDADMA samples

made with LiBr were prepared at a salt concentration 2.4 M, those with NaBr were prepared

at a salt concentration of 2.1 M, and those with KBr were prepared at a salt concentration of

1.875 M. Samples prepared with PAMPS/PDADMA were prepared at a salt concentration

of 1.25 M for all salts. This experimental design makes direct comparison of the absolute

viscosities and shift factors between di�erent salts challenging, but still allows interpretation

of the trends in these values with changes in polymer concentration.

As shown in Figure 7, the zero-shear viscosities of the samples increased by more than

an order of magnitude with only a two-fold increase in polymer concentration for all poly-

mer/salt pairs. Analysis of the shift factors in Figure 8 shows that this strong dependence of

the viscosity on the polymer concentration results primarily from increases in the terminal

relaxation time (as re�ected by the horizontal shift factor), with much smaller contributions

from the changes in the modulus (as re�ected by the inverse of the vertical shift factors).
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Quantititatively, the horizontal shift factors are found to scale as apol ∼ ϕ3.5
pol to ϕ5.9

pol while the

vertical shift factors scale as bpol ∼ ϕ−0.3
pol to ϕ−0.8

pol (see Supporting Information). The strong

scaling of the horizontal shift factors (and thus relaxation times) with polymer concentration

is consistent with previous reports on PSS/PDADMA coacervates prepared with KBr,33 and

highlight the importance of associative interactions between the polymer chains in both the

PSS/PDADMA and PAMPS/PDADMA systems, as discussed in more detail below.
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Figure 7: Zero shear viscosities of PSS/PDADMA (�lled symbols) and PAMPS/PDADMA
(open symbols) samples prepared at constant salt concentration and varying polymer con-
centrations. As noted in the text, PAMPS/PDADMA samples were prepared at a salt
concentration of 1.25 M, while the salt concentration for PSS/PDADMA samples was varied
from 2.4 M for LiBr to 2.1 M for NaBr to 1.875 M for KBr.
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Figure 8: (a) Horizontal and (b) vertical shift factors for PSS/PDADMA and
PAMPS/PDADMA samples prepared at di�erent polymer concentrations. As noted in the
text, PAMPS/PDADMA samples were prepared at a salt concentration of 1.25 M, while the
salt concentration for PSS/PDADMA samples was varied from 2.4 M for LiBr to 2.1 M for
NaBr to 1.875 M for KBr.
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Discussion

Here, we investigated the role of cation-π interactions in the phase behavior and viscoelastic-

ity of polyelectrolyte complexes by challenging the complexes with salts with di�erent cation-

π interaction strengths. Experiments were carried out with both polyelectrolytes contain-

ing aromatic sidechains (PSS/PDADMA) and polyelectrolytes without aromatic sidechains

(PAMPS/PDADMA). We found that the salt resistances and viscosities of the PSS/PDADMA

complexes decreased in the presence of salts with stronger cation-π interactions, and that this

decrease in viscosity was driven by a decrease in the terminal relaxation time of the materials.

By contrast, the salt resistances, viscosities, and relaxation times of the PAMPS/PDADMA

samples exhibited little dependence on the cation-π interaction strength of the salt. The

fact that the cation-π interaction strength of the salt changes the phase behavior and vis-

coelasticity of samples containing aromatic rings but not of samples that do not contain

aromatic rings suggests that cation-π interactions play an important role in polyelectrolyte

complexation and relaxation when aromatic functional groups are present. We posit that

when one polyelectrolyte in the mixture contains aromatic rings, favorable cation-π inter-

actions between the chains stabilize the complexes and form associative interactions that

slow relaxation. When salts that can engage in strong cation-π interactions are added to

the system, they can out-compete these polymer-polymer interactions and destabilize the

complexes and speed up their relaxation dynamics.

From a fundamental perspective, this is important because a signi�cant amount of work

on polyelectrolyte complexes and coacervates has been carried out using polyelectrolytes with

aromatic functional groups. The PSS/PDADMA system has been used extensively for funda-

mental studies on both the phase behavior and viscoelasticity of these materials.30,33,34,52,53

PSS has also been used in complexation studies with a number of other polycations, in-

cluding poly(dimethylaminoethyl methacrylate),54 poly(allylamine hydrochloride),50,55 and

various poly(vinyl pyridines).31 Other studies have used polyelectrolytes containing aro-

matic functional groups primarily on the polycation, including both functionalized poly(vinyl
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pyridines)31 and polycations like poly(vinyl benzyl trimethylammonium chloride).56 Across

most of this work, the behavior of the complexes has been interpreted primarily in terms of

electrostatic interactions, while contributions from cation-π interactions have largely been

ignored. As our data reveals, however, cation-π interactions likely play an important role in

complexes of polyelectrolytes with aromatic functional groups, and their contributions should

be considered when interpreting data from these systems. From an applied perspective, our

data also suggests that cation-π interactions (and aromatic functional groups more gener-

ally) are potentially a useful design parameter for achieving targeted properties, especially

in complex solution environments.

From an experimental design perspective, our approach o�ers a simple way to test for the

role of cation-π interactions without modi�cations to the polymers. The phase behavior and

physical properties of the complexes need only be assessed in the presence of two to three

di�erent salts with di�erent cation-π interaction strengths. This approach is signi�cantly

simpler than having to synthesize multiple polymers with and without aromatic functional

groups, or in biological materials, preparing di�erent aromatic and non-aromatic protein

mutants. We do note that this approach cannot necessarily distinguish between contributions

from cation-π interactions and other associative interactions between the aromatic groups on

the polymers, such as π − π interactions. The salts must interact with the aromatic groups

on the polymer through cation-π interactions, but they could destabilize the complexes by

disrupting either cation-π or π − π interactions between the chains. We suspect that in

the PSS/PDADMA system, the inter-chain interactions are primarily cation-π interactions,

because π−π interactions would require close association of like-charged units, which should

be energetically unfavorable. However, further experiments on polymer systems in which the

placement of the aromatic groups is varied (either by placing them on the polycation, or by

placing them on separate repeat units from the charged sites) will be necessary to rigorously

distinguish these two mechanisms.

While the primary focus of this work is on the importance of cation-π interactions, we
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note that the viscosities and relaxation times of samples of all polymer/salt pairs depend

strongly on the salt and polymer concentrations of the samples, regardless of the polymer

type or cation identity. This indicates that salt-mediated associative interactions that do

not involve the aromatic rings also play an important role. The rheology of polyelectrolyte

complexes is typically described in terms of the �sticky Rouse� model, in which electro-

static stickers between chains slow their relaxation.19,57 While this model can reproduce the

strong dependence on ϕpol observed here,33,58,59 its validity in describing coacervate systems

- and particularly those with closely-spaced electrostatic stickers, which should not associate

strongly at high salt concentrations - has been called into question.60 It has alternatively

been proposed that coacervates at high salt concentration should behave like quasi-neutral

polyelectrolyte solutions;61 this picture, however, does not adequately explain the depen-

dence on salt concentration in the single-phase regime or the strong scaling of relaxation

time with polymer concentration. More recently, it has been suggested that the relaxation

dynamics of complex coacervates can have signi�cant contributions from hydrophobic inter-

actions.26,62 At the compositions investigated in this work, the samples contain as few as

10 water molecules per ionic species, in which limit hydrophobic associations may play an

important role. Together with models of sticky relaxation dynamics that allow for sticky

sites on every repeat unit,63 these interactions may be a useful alternative model for coac-

ervate relaxation. We note, however, that extremely strong scaling of di�usion coe�cients

with polymer concentration have also been observed in concentrated polyelectrolyte solu-

tions with volume fractions of polymer above approximately 10%.64 The strong dependence

of viscosity and relaxation time on polymer concentration observed in our work thus could

also arise from a more universal relaxation behavior of polyelectrolytes.

Resolving many of these questions will require further experiments on well-de�ned syn-

thetic polymer systems. While PSS and PAMPS are widely available polyanions, they

have signi�cantly di�erent backbone and sidechain structures, and thus di�erent hydropho-

bicities. This makes interpretation of the absolute di�erences between the behaviors of
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PSS/PDADMA and PAMPS/PDADMA coacervates, such as the di�erences in salt resis-

tance shown in Figure 1, di�cult. Direct comparison of polymers synthesized with more

similar backbones and sidechains would provide additional insight into the relative roles of

hydrophobic and aromatic interactions. The commercial polymers used in this work also

typically have broad molecular weight distributions, and the average molecular weights of

the PSS and PAMPS polymers di�ered by a factor of four. The sample preparation method

used here ensures that all samples of a given polymer pair have the same molecular weight

distribution, so molecular weight e�ects cannot explain the di�erent responses to the di�er-

ent salt identities. Direct comparison of the absolute viscoelasticities of di�erent polymer

systems, however, and testing of models for coacervate viscoelasticity, will require further

experiments on polymer systems with narrow dispersities and comparable molecular weights.

These experiments, among others, will help paint a fuller picture of the role of cation-π in-

teractions in polyelectrolyte complexes and coacervates and how they are mediated by other

features of the constituent polyelectrolytes.

Conclusion

In this work, we have shown that cation-π interactions can play a signi�cant role in the

phase behavior and viscoelasticity of polyelectrolyte complexes and coacervates. We pre-

pared PECs that either contained aromatic functional groups (PSS/PDADMA) or did not

contain aromatic functional groups (PAMPS/PDADMA) and challenged them with salts

with di�erent cation-π interaction strengths (LiBr < NaBr < KBr). Increasing the cation-π

interaction strength of the salt was found to destabilize coacervation, reduce viscosity, and

speed relaxation of the materials containing aromatic functional groups but not of those

that did not contain aromatic functional groups. The strategies used in this work, namely

testing the role of cation-π interactions by changing the identity of the salt and preparing

samples in the single-phase regime to decouple e�ects due to changes in composition, salt
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concentration, or salt identity from those due to changes in polymer concentration, o�er a

straightforward way to probe cation-π interactions without modifying the component poly-

mers. Interestingly, experiments in the single-phase regime highlighted not only the impact

of cation-π interactions, but also the strong dependence of the viscoelasticity of the materials

on the polymer concentration. Further experimental and theoretical work on both cation-π

and other associative interactions will o�er important opportunities to deepen fundamental

insights about the chemical interactions that determine the physical properties of polyelec-

trolyte complex materials. This insight should in turn provide new design rules for making

materials targeted for speci�c applications.
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