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Abstract

The role of hydrophobicity, and particularly nonionic hydrophobic comonomers,

on the phase behavior of polyelectrolyte complex coacervates is not well-understood.

Here, we address this problem by synthesizing a library of polymers with a wide range

of charge densities and nonionic hydrophobic side chain lengths, and characterizing

their phase behavior by optical turbidity. The polymers were prepared by post-

polymerization modification of poly(N-acryloxy succinimide), targeting charge den-

sities between 40 and 100% and nonionic aliphatic sidechains with lengths from 0 to

12 carbons long. Turbidity measurements on pairs of polycations and polyanions with

matched charge densities and nonionic sidechain lengths revealed a complex salt re-

sponse with distinct charge density-dominated and hydrophobicity-dominated regimes.

The polymer solubilities were not directly correlated with the phase behavior of the

coacervates, indicating the difficulty of understanding the coacervate phase behavior

in terms of the polymer-water interaction parameter. This result suggests that there
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is significant room for further work to understand the mechanisms by which specific

molecular-scale interactions moderate the phase behavior of complex coacervates.

Complex coacervates are a class of materials prepared by mixing aqueous solutions of

two oppositely charged polyelectrolytes. Associative phase separation between the polymers

leads to the formation of a dense, polymer-rich coacervate phase and a dilute, polymer-poor

supernatant phase.1 The charged species involved in the process can include colloids, pro-

teins, surfactants, or polymers.2 The resulting materials have a wide range of applications

in fields such as nucleic acid delivery, protein encapsulation, adhesives, and salt-processable

materials.3–8 The physical properties of these materials, such as their phase behavior and

viscoelastic properties, are important for tailoring polyelectrolyte complexes for such appli-

cations.1 Therefore, systematically understanding the material properties of polyelectrolyte

complex coacervates, and how they depend on the chemistry and physics of the polyelec-

trolytes, is the key to future functional material design.

Many parameters, such as solution conditions, polymer architecture, and composition

can influence the phase behavior and viscoelastic properties of polyelectrolyte complex coac-

ervates.9–12 To date, most research has focused on the role of solution conditions like pH,

temperature, and ionic strength.13–15 In addition to the external solution conditions, however,

chemical factors such as the polymer composition should also have a significant impact on

both the phase behavior and bulk material properties of complex coacervates,16–18 and may

offer a viable route to tuning these properties when the solution conditions are fixed. Recent

theoretical and experimental studies have shown, for example, that decreasing the charge

density of the polyelectrolytes reduces the salt resistance of the complexes and speeds up their

relaxation dynamics.17,19 Hydrophobicity also appears to play an important role: increas-

ing the hydrophobicity of the charged sidechain, either by adding additional hydrophobic

chains directly to the charged unit or by changing the polarity of the linker connecting it to

the polymer backbone, or increasing the hydrophobicity of the polymer backbone, typically

increases the salt resistance of the resulting complexes.20–22
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Interestingly, however, the effect of hydrophobic groups appears to depend on exactly

how they are incorporated into the polymers. When all of the repeat units of the polymer

are made more hydrophobic, either by modifying the backbone or the charged sidechains,

the salt resistance of the coacervates typically increases.22,23 When hydrophobic groups are

incorporated as nonionic comonomers, however, different trends have been observed. In

short polypeptide systems, for example, switching the nonionic, hydrophobic residues from

glycine, to alanine, and to leucine induces measurable shifts in the apparent salt resistance

of the complexes, on the order of 15-50 mM depending on the peptides’ charge densities.24

In a recent study from our group, on the other hand, adding 4-carbon butyl sidechains to

the nonionic repeat units in acrylamide-based polyelectrolytes appeared to have no effect on

either the phase behavior or the rheology of the resulting coacervates.25 While these stud-

ies are apparently contradictory, the fact that they were carried out on different polymer

systems with different chain lengths and different ranges of charge densities makes it diffi-

cult to develop a comprehensive picture of how nonionic, hydrophobic sidechains influence

coacervate behavior.

Here, we address this problem by investigating the phase behavior of coacervates formed

from a library of 54 acrylamide-based copolymers with charge densities ranging from 40-100%

and nonionic aliphatic sidechains ranging from zero to twelve carbons in length. This range

of compositions spans a wide range of charge densities and hydrophobicities, and allows sys-

tematic investigation of the role of hydrophobic nonionic sidechains in complex coacervates.

The phase behavior of the resulting coacervates was characterized by optical turbidity, re-

vealing three distinct regimes of complex coacervate behavior. For polymers with hydrophilic

sidechains, the salt resistance of the polymers decreases with decreasing charge density, while

for polymers with the longest hydrophobic sidechains, the salt resistance increases with in-

creasing hydrophobic content, as expected from simple models for complex coacervation.16,26

For polymers with intermediate length hydrophobic sidechains (C2-C4), however, there is a

critical charge density at which the phase behavior switches from being dominated by the
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charge density to being dominated by the hydrophobic interactions. Comparison with the

solubilities of the component polyelectrolytes reveals that the phase behavior is not simply

determined by changes in the polymer solubility, suggesting that understanding the role of

hydrophobic interactions in coacervates of polyelectrolyte copolymers will require a detailed

understanding of the molecular interactions involved in these systems.
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Figure 1: (a) Structure and (b) representative NMR spectra of tertiary amine-bearing poly-
electrolytes with constant charge density (70%) and varying hydrophobic sidechain length,
with (c) normalized integrals of key peaks illustrating the consistency of the charge densities
achieved using the batch-splitting method described in the text.

The polymer library was synthesized by post-polymerization functionalization of poly(N-

acryloxy succinimide) (poly(NAS)).25 Using this approach, we prepared a library of 54 poly-

electrolytes with acidic (carboxylic acid) or basic (tertiary amine) side chains on a subset

of the monomers, and hydrophilic (amide) or hydrophobic (ethyl, butyl, hexyl, octyl, decyl,

and dodecyl) side chains on the remaining monomers. Preparation by post-polymerization

functionalization ensures that all of the synthesized polyelectrolytes have the same degree

of polymerization and dispersity, eliminating chain length differences as a potential source

of observed differences in the phase behavior. The synthetic approach was additionally de-

signed to ensure that all polymers with the same charge and charge density did, indeed,

have exactly the same fraction of charged units, even when the hydrophobic amines have

different reactivities. To this end, a large batch of the poly(NAS) was first substituted with

the targeted fraction of charged comonomers. The reaction mixture was then divided into
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several fractions, and a different nonionic amine compound was added to each fraction. The

polyelectrolyte compositions were quantified by NMR, which confirmed that the described

synthetic approach did indeed produce polymers with effectively identical charge densities

(Fig. 1 and Supporting Information).

Table 1: Summary of polymer compositions investigated in this work

Nonionic Sidechain
Charge Density (%)

90 80 70 60 50 40
C0 X X X X X X
C2 X X X X X X
C4 X X X X X
C6 X X X X
C8 X X X
C10 X X
C12 X

The compositions of the resulting polymers are summarized in Table 1. As shown in this

table, not all sidechain lengths were prepared at all charge densities; the long hydrophobic

sidechains were omitted from the polymer library at low charge densities on the basis of

preliminary experiments which indicated that these polymers had too low of a solubility to

be useful in turbidity experiments.

The phase behavior of the complexes formed from oppositely-charged polyelectrolytes

with identical charge densities and hydrophobic sidechains was then characterized by op-

tical turbidity. In this experiment, coacervates were formed via mixing stock solutions of

oppositely charged polymers with KCl to reach each targeted composition, and the apparent

absorbance of each sample was characterized using a UV-vis spectrometer. To maintain con-

sistent charge on the weak acidic and basic sidechains across experiments, all samples were

prepared in a standard buffer (bis-tris, 0.1 M ionic strength, pH=6.5). As seen in Figure

2, the apparent absorbance was high at low salt concentration, indicating that the samples

phase separated into droplets that scattered light away from the detector. As the salt con-

centration increased, the absorbance decreased until it reached a baseline indistinguishable

from the measured absorbance of pure water. This limit reflects formation of a single-phase

5



0.2 0.4 0.6 0.8 1.0 1.2
0.00

0.05

0.10

0.15

0.20

0.25

0.30
a) 90% b) 70%

Salt Concentration (M)

A
bs

or
ba

nc
e 

(a
.u

.)

Salt Concentration (M)

A
bs

or
ba

nc
e 

(a
.u

.)

0.2 0.4 0.6 0.8 1.0 1.2
0.00

0.05

0.10

0.15

0.20

0.25

0.30

C0
C2
C4
C6
C8
C10
C12

C0
C2
C4
C6
C8

Figure 2: Representative turbidities of coacervate samples prepared using polyelectrolytes
with (a) 90% charged monomers and (b) 70% charged monomers at a total charged monomer
concentration of 0.001 M and varying salt concentrations. Vertical error bars represent
the standard deviation of three measurements. Full turbidity data for all polymer pairs is
included in the Supporting Information.

polymer solution, where no phase separation occurs and little light is scattered from the

sample.27 As seen in Figure 2, for coacervates with the same charge density, the salt concen-

tration at which the system transitioned from two phases (high absorbance) to one phase

(low absorbance), referred to as the salt resistance,28 generally increased for systems with

longer hydrophobic nonionic sidechains in their component polyelectrolytes. Interestingly,

for polymers with short sidechains (C0-C4), this transition occurred at a lower salt concen-

tration in the polymers with lower charge densities, while for the polymers with longer C8

sidechains, the transition occurred at a higher salt concentration in the polymers with the

lower charge densities.

To quantify this behavior, the salt resistance was determined as the point at which the

turbidity first dropped to within three standard deviations of the high-salt-concentration

baseline.25 The resulting salt resistance for all of the coacervate systems investigated in

this work is summarized in Figure 3. As seen in this figure, the salt resistance of samples

with hydrophilic (amide) nonionic comonomers decreased with decreasing charge density,

as expected,16 while for coacervate samples with larger hydrophobic (octyl, decyl, dodecyl)
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Figure 3: Salt resistance of coacervates prepared at a total charged monomer concentration
of 0.001 M as a function of charge density and sidechain length. Representative error bar
indicates estimated ±5 mol% uncertainty in the compositions determined by NMR, and
±0.05 M uncertainty in the salt resistances based on the step size used in the turbidity
measurements.25

nonionic comonomer side chains, the salt resistance increased with decreasing charge density.

For samples with shorter hydrophobic nonionic comonomers (C0, C2, and C4 sidechains),

the dependence of the salt resistance on charge density is nonmonotonic, and there exists

a turnover charge density. Above the turnover point, the salt resistance decreased with

decreasing charge density, while below the charge density, the salt resistance increased with

decreasing charge density. While this behavior at first glance appears to contradict simple

models of complex coacervation which predict that the critical salt concentration (for which

salt resistance is a useful proxy) should always decrease with decreasing charge density

because of the decreased entropy gain upon counterion release,16 we note that this prediction

only strictly holds if the interaction parameter (χ) for polymer-water interactions remains

constant. Because the total hydrophobic content of the polymers increases as the charge

density decreases, however, the interaction parameter should increase as the charge density

decreases.23 As a result, the magnitude of this effect should be strongest for the longest alkyl

chains, in which the marginal increase in hydrophobic content for each charged monomer

that is replaced by a hydrophobic monomer is greatest. Interestingly, however, for polymers
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at the same charge density, the salt resistance is almost identical for polymers with short

alkyl chains (C0-C4 at 70% charge and above), even though these polymers should have

increasingly unfavorable interactions with the surrounding water that should systematically

increase the critical salt concentration.
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Figure 4: Solubility of (a) positively charged and (b) negatively charged polyelectrolytes as
a function of charge density and sidechain length. Representative error bars show the typical
reproducibility achieved in three independent solubility measurements.

Because increasing the χ parameter for the polymer-water interaction should also decrease

the solubility of the polymers, we hypothesized that the salt resistance of the coacervates

and the solubility of the polyelectrolytes should be strongly correlated. To test this hypoth-

esis, we measured the solubility of all 54 polymers in the same buffer used in the turbidity

experiments. The resulting solubilities are shown in Figure 4, and their correlation with the

salt resistances is shown in Figure 5. As seen in Figure 4, the solubility of the polymers with

hydrophilic amide sidechains increased as the charge density decreased, while the solubilities

of all polyelectrolytes with hydrophobic nonionic sidechains decreased as the charge density

decreased, with steeper decreases observed for polymers with longer alkyl chains. The sol-

ubility trends were similar for positively- and negatively-charged polymers, with only small

difference in the solubility values for polymers with the same charge density and nonionic

sidechain.

The relationship between salt resistance and solubility, shown in Figure 5, exhibits a

number of interesting features. First, the data bifurcates around the point for the 100%
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Figure 5: Salt resistance of polyelectrolyte complex coacervates with varying charge densi-
ties and sidechain lengths as a function of the average solubility of the constituent polyelec-
trolytes. Lines connect representative points within the same charge density series, illustrat-
ing the independence of salt resistance on solubility discussed in the text.

charged polymers. The systems with hydrophobic alkyl-chain comonomers fall to the left of

this point, with lower solubilities, while the systems with hydrophilic amide comonomers fall

to the right, with higher solubilities. For the polymers with amide (C0) comonomers, the

salt resistance decreases monotonically as the solubility increases. For these polyelectrolytes,

the decrease in salt resistance could arise solely from the decrease in charge density and the

resulting decrease in the entropy gain from counterion release upon coacervate formation.29

However, the increase in solubility also suggests a more favorable polymer-water interaction

parameter as additional hydrophilic monomers are introduced.30 For the polymers with alkyl

sidechains (C2-C12), on the other hand, there appear to be two regimes: in systems with

short hydrophobic sidechains (C2, C4), the salt resistance decreases and then increases with

decreasing solubility, while for systems with longer hydrophobic sidechains, the salt resistance

increases with decreasing solubility. Within each series with the same charge density, we

also find that the polymers with short (C0-C2) sidechains typically have very similar salt

resistances even when their solubilities vary by up to 50%, although this trend disappears at
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charge densities of 60% and below. These trends clearly show that the salt resistance is not

well predicted by the polymer solubility, even for polymers with the same charge density.

This result suggests that the role of hydrophobicity in shaping the phase behavior of polymer

based complex coacervates cannot be explained as a result of changes in the polymer-water

interaction parameter alone. For the polymers prepared at 70% charge density, for example,

the C0, C2, and C4 systems have solubilities that differ by almost 50%, indicating that

they have significantly different polymer-water interaction parameters. Since their charge

densities are the same, current models of complex coacervation would predict that their

critical salt concentrations and salt resistances should also differ, with the system having

the highest interaction parameter (the polymers with C4 sidechains) predicted to have the

highest salt resistance.16 However, the data show that these polymers in fact have nearly

identical salt resistances, despite their different solubilities. We thus conclude that the effect

of hydrophobic groups on the phase behavior of complex coacervates cannot be understood

solely in terms of an increase in the polymer-water interaction parameter, and that more

complex mechanisms must be considered.

One possible origin for this discrepancy is that the interaction parameter in models of

complex coacervation is typically adapted from Flory-Huggins theory, which is itself an ex-

tension of regular solution theory, where the interaction parameter reflects the enthalpy

of solute-solvent interactions.31 On a macroscopic scale, the immiscibility of hydrophobic

materials with water is indeed often thought of as an enthalpic effect, in which creating

water-oil interfaces requires unfavorable interactions that are energetically costly.32 How-

ever, at the molecular scale, and particularly when considering the hydration of polymers at

the monomer or sidechain level, hydrophobicity has a significant entropic component.33 Free

energies of hydration for polymers with aromatic sidechains measured by single-molecule

force experiments, for example, show a maximum with increasing temperature that is char-

acteristic of the entropic penalty for creating a cavity in the water in which to contain the

hydrophobic chains.34 Interestingly, in that work the critical length scale at which the hydra-
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tion behavior appears to transition from microscopic (entropic) to macroscopic (enthalpic)

is approximately 1 nm;34 this correlates well with the extended chain length of the C8 chains

above which we see hydrophobic behavior strongly dominate both the solubilities and salt

resistances in the present experiments.

In this context, the complicated effects of hydrophobicity and charge density in shap-

ing the phase behavior of complex coacervates may reflect a tradeoff between the entropic

gains from counterion release upon ion pairing (which decreases in magnitude as the charge

density decreases) and from water release upon hydrophobic aggregation (which increases in

magnitude as the total hydrophobic content of the polymer increases). For polyelectrolytes

with high charge densities and less hydrophobic sidechains, counterion release dominates

the phase behavior of the coacervates.29 For polyelectrolytes with larger hydrophobic side

chains, on the other hand, the contribution from hydrophobicity plays a dominant role.33

This hypothesis, and the complicated tradeoff between charge density and hydrophobic con-

tent observed in the present system, thus suggests several interesting directions for future

work. First and foremost, careful thermodynamic measurements should help clarify the role

of entropic vs. enthalpic contributions in the coacervation of hydrophobic polyelectrolytes.

Quantification of the full phase diagram, and particularly the partitioning of salt between

the coacervate and supernatant phases, may provide insight into whether changing the hy-

drophobic sidechain lengths further affects the phase behavior by changing the effective

dielectric constant of each phase.23 Scattering measurements may additionally provide in-

sight into whether the hydrophobic content drives a difference in the chain collapse and/or

compaction of the polymer chains before or after coacervation. And experiments in which

the molecular weight and backbone chemistry of the polymers are varied may help reveal

why other polymer systems appear to be more sensitive to small changes in the hydrophobic

sidechain size than the polyacrylamides investigated in this work.

In summary, we have shown that the role of nonionic, hydrophobic sidechains in deter-

mining the phase behavior of complex coacervates is more complex than predicted by current
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theories of complex coacervation. The synthetic approach used in the present work allows

us to prepare polyelectrolyte libraries with a wide range of hydrophobic sidechains while

maintaining identical charge densities and molecular weight distributions. Any changes in

the phase behavior must result thus from changes in the hydrophobic interactions between

the nonionic sidechains. As shown in our data, the salt resistance of the resulting coacervates

is not well-predicted by the solubility of the constituent polymers. Based on this result, we

conclude that hydrophobicity in complex coacervates cannot be accounted for using changes

in the enthalpic interaction parameter alone, and both careful thermodynamic characteriza-

tion and updated models for coacervate phase behavior will need to be developed that more

accurately understand and account for the entropic contributions to hydrophobic hydration.
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