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ABSTRACT: This work reports the phase behavior and electro-
chemical properties of liquid coacervates made of ferricyanide and
poly(ethylenimine). In contrast to the typical polyanion/polycation
pairs used in liquid coacervates, the ferricyanide/poly-
(ethylenimine) system is highly asymmetric because poly-
(ethylenimine) has approximately 170 charges per molecule,
while ferricyanide has only 3. Two types of phase diagrams were
measured and fitted with a theoretical model. In the first type of
diagram, the stability of the coacervate was studied in the plane
given by the concentration of poly(ethylenimine) versus the
concentration of ferricyanide for a fixed concentration of added
monovalent salt (NaCl). The second type of diagram involved the
plane given by the concentration of poly(ethylenimine) vs the
concentration of the added monovalent salt for a fixed poly(ethyleneimine)/ferricyanide ratio. Interestingly, these phase diagrams
displayed qualitative similarities to those of symmetric polyanion/polycation systems, suggesting that coacervates formed by a
polyelectrolyte and a small multivalent ion can be treated as a specific case of polyelectrolyte coacervate. The characterization of the
electrochemical properties of the coacervate revealed that the addition of monovalent salt greatly enhances charge transport,
presumably by breaking ion pairs between ferricyanide and poly(ethylenimine). This finding highlights the significant influence of
added salt on the transport properties of coacervates. This study provides the first comprehensive characterization of the phase
behavior and transport properties of asymmetric coacervates and places these results within the broader context of the better-known
symmetric polyelectrolyte coacervates.

1. INTRODUCTION
Over the past century, there has been extensive research on the
phase separation of oppositely charged macromolecules due to
weak interactions.1−8 This field witnessed significant break-
throughs in the 1930s with the work of de Jong and Kruyt who
published a series of articles describing what we know today as
complex coacervates.9,10 According to Alexander Oparin’s
origin of life theory,6 complex coacervates are defined as
solutions of highly concentrated polyelectrolyte complexes that
are dispersed in a continuous phase made mostly by water
molecules. As coacervates are liquid in nature, they could act as
membraneless compartments capable of loading and releasing
metabolites, promoting specific chemical reactions, and
dynamically modifying their structure without dissolving.11

Complex coacervates are very interesting materials per se since
they have an extremely low surface tension12 and their viscosity
depends on the concentration of the salt.13,14 Early
investigations proposed applications in membranes and battery
electrolytes7 due to their good electrical conductivity. More
recently, coacervates have been explored as underwater

adhesives15,16 and matrixes for the encapsulation of a wide
variety of molecules and biomolecules.17

In recent years, it was shown that polyelectrolytes can
undergo coacervation not only by interacting with other
polyelectrolytes but also by interacting with low-molecular-
weight multicharged ions (multivalent ions).8,18 This class of
polyelectrolyte/multivalent-ion complexes and traditional poly-
cation/polyanion coacervates has historically evolved as
different research fields.18−20 However, polyelectrolyte/multi-
valent-ion complexes can be thought of as a particular case of
coacervates, where one of the polyelectrolytes has been
replaced by a “short-chain” polyion. While symmetric complex
coacervates (i.e., two oppositely charged polyelectrolytes
having the same chain lengths, degrees of ionization, and
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concentrations) were thoroughly investigated and their phase
diagram is well-characterized,3,5,21,22 our fundamental under-
standing of asymmetric coacervates has lagged behind.

In symmetric systems, it is reasonable to assume that the
polyanion and polycation will be present in a stoichiometric
relationship in both the coacervate and in the dilute phase.
This assumption enables a description of the phase diagram in
terms of only two degrees of freedom: (1) the total
concentration of the polymers and (2) the concentration of
the salt (monovalent ions). Therefore, the well-known binodal
phase diagram can be constructed by determining these two
variables in dilute and concentrated phases.21,23 This diagram
contains relevant information, such as the salt resistance
(maximum salt concentration for which liquid−liquid phase
separation occurs) and the partition of salt between phases.
Moreover, symmetric coacervates were theoretically studied
with different approaches, including the random phase
approximation,24−27 field theoretic approaches,28,29 the
PRISM theory,3 chemical-equilibria approaches,23,30,31 and
computer simulations.2,21 On the other hand, complex
coacervates with some degree of asymmetry (as most real
systems are) were less explored. Here, it is important to realize
that large asymmetries in chain length or charge per molecule
will result in an asymmetric distribution of the macroions
within the two phases, even if both macroions were mixed in a
stoichiometric ratio. A major contribution to the study of
asymmetric complex coacervates was made by Wang and co-
workers who investigated both concentration and charge
asymmetry using computer simulations and a liquid-state
theory.32,33 Some experimental approaches were also reported;
however, these works did not systematically study the effect of
concentration.34

Asymmetric coacervates made of polyelectrolytes and
multivalent ions are appealing systems for a variety of
applications. Polyamine-phosphate colloids have been pro-
posed as nanocarriers for drug delivery.18,35 Coacervates based
on charged bio-macromolecules (mostly polylysine, polyargi-
nine, and nucleic acids) and a wide variety of bioactive
multivalent ions (such as ATP and other metabolites) have
been reported, opening an avenue to the design of bioactive
colloidal aggregates.36,37 In this context, a series of coacervate
materials were reported with capacity to be formed and to be
dissolved by applying external stimuli,19,38,39 to load
biomolecules,35 and even to serve as nanoreactors for
biologically relevant reactions.36,40 Considering that the
process of asymmetric coacervation localizes a soluble
multivalent ion within a new liquid phase through the
interaction with a polyelectrolyte, then coacervation can be
used as a technique to concentrate a specific multivalent ion
and to sequester it selectively. In the case where the
multivalent ion is redox-active, this approach allows to create
electroactive coacervates. For example, we recently demon-
strated that ferricyanide (z = −3) and ferrocyanide (z = −4)
interact with branched poly(ethylenimine) (PEI) to form
coacervate droplets that are able to be selectively dissolved (or
produced) by multiple stimuli, including pH, ionic strength,
and redox agents.41 Similarly, Spruijt and co-workers combined
ferricyanide and ferrocyanide with different cationic peptides
to form coacervate droplets with the capacity to spatially
localize chemical reactions within the coacervate.42 In addition
to these two examples, the examples in the literature of liquid
coacervates made of polyelectrolytes and redox multivalent

ions are scarce, and their electrochemical and physical−
chemical properties remain mainly unexplored.

In this work, we characterize the phase behavior, physical−
chemical, and electrochemical properties of ferricyanide/
poly(ethylenimine) liquid coacervates. We choose this
particular system in order to shed light on two scarcely
explored physical−chemical phenomena: (i) the role of
asymmetry in the phase behavior of coacervates and (ii) the
electrochemical behavior of redox coacervates. We provide
here the first systematic study of the phase behavior of this
system by measuring phase diagrams in the planes determined
by (i) the concentration of both macroions (at a constant
added monovalent salt concentration) and (ii) the total
macroion concentration vs. the concentration of added salt
(for a stoichiometric relationship between the macroions). To
gain fundamental understanding on these results, we developed
a theoretical framework based on the chemical-equilibrium
approach.23,30,43 This model can quantitatively fit the two
phase diagrams and reveals that the phase diagram in the plane
given by the concentration of both macroions is asymmetric.
Finally, we demonstrate that the ferricyanide ions within the
coacervate are electrochemically addressable and that the
apparent diffusion coefficient for charge transport (which
determines how fast the redox process is propagated within the
coacervate) strongly depends on the concentration of added
salt.

2. MATERIALS AND METHODS
2.1. Materials. Coacervates were prepared using branched

poly(ethylenimine) (PEI, Mw ∼ 25,000, Sigma-Aldrich) and
potassium hexacyanoferrate(III) (Merck). Poly(allylamine
hydrochloride) (Mw ∼ 58,000, Sigma-Aldrich) and poly-
(diallyldimethylammonium chloride) (Mw ∼ 100,000−
200,000, 20% wt. solution, Sigma-Aldrich) were used for
preliminary assays. All solutions were prepared using Milli-Q
water (18.2 MΩ·cm) and the pH was adjusted using
concentrated hydrochloric acid (Cicarelli).

2.2. Coacervate Preparation and Construction of the
Phase Diagram. For each set of coacervates with fixed PEI
concentration, two stock solutions of Fe(CN)63− and PEI were
prepared and the pH of each solution was adjusted to 6 with
HCl. The molar concentration of PEI monomers was
calculated using a molar weight of 43 g/mol. Next, the proper
amounts of (1) PEI stock solution, (2) water, (3) 3.5 M NaCl,
and (4) Fe(CN)63− stock solution were placed in a beaker to
obtain a solution with the target final concentrations. These
mixtures resulted in highly turbid yellow/orange-colored
solutions, which were stored overnight to complete the
liquid−liquid phase separation (LLPS) process. Although
LLPS was commonly observed only a few minutes after
mixing, in some cases, it started a few hours after preparation.
For the highest concentrations of Fe(CN)63− studied, we
prepared the stock solutions of this salt at 80 °C in order to
increase its solubility. The phase diagram was constructed by
observing whether the mixture was phase-separated (red dot)
or not (black dot).

2.3. Determination of the Salt Resistance. A series of
coacervate samples with no added salt ([NaCl] = 0 M) were
prepared, scanning the concentration of PEI between 0 and 2.5
M and fixing the Fe(CN)63− concentration in each sample to
obtain [PEI]/[Fe(CN)63−] = 6. Next, aliquots of 3.5 M NaCl
solution were added to each sample until it became translucid.
The addition of NaCl was made using small aliquots of known
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volume and shaking the tube before each addition. At the end
of the experiment, the final [NaCl] in the sample was
calculated.

2.4. Electrochemical Measurements. We prepared
coacervates with [PEI] = 0.5 M and [Fe(CN)63−] = 0.083
M and different concentrations of added NaCl (0, 0.6, and 1.2
M). To facilitate LLPS, the system was centrifuged at 4000g for
10 min or until the supernatant was translucent. Then, the
supernatant was removed, and the coacervate phase was placed
into a three-electrode Teflon cell for electrochemical measure-
ments. Cyclic voltammetry was performed at different scan
rates (from 1 to 500 mV/s) with a glassy-carbon working
electrode (geometrical area = 0.071 cm2), a gold-sheet counter
electrode, and a Ag/AgCl (KCl 3 M) reference electrode. All
electrochemical measurements were carried out with a Gamry
potentiostat (Gamry Interface 1000, Gamry Instruments).
Electrochemical impedance spectroscopy (EIS) was performed
in the coacervates with the same three-electrode setup applying
frequencies from 1 Hz to 50 kHz with an amplitude of 10 mV
around the apparent redox potential of the Fe(CN)63−/
Fe(CN)64− couple. The EIS Spectrum Analyser (EISSA)
software (http://www.abc.chemistry.bsu.by/vi/analyser/) was
used for data processing.

2.5. Spectrophotometric Measurements. UV−visible
spectra were recorded using an Ocean Optics diode array
instrument and the data was processed using SpectraSuite
software. All experiments were performed using cuvettes with a
1 cm optical path and at room temperature. Fe(CN)63−

concentration in the coacervate phase (required to calculate
D and k0) was determined by ultraviolet−visible (UV−vis)
spectroscopy. First, an aliquot of 50 μL was carefully taken
from the coacervate phase. Then, the coacervate aliquot was
placed in a beaker containing 1 M NaCl until complete
dissolution and transferred to a 50 mL volumetric flask
(volume was completed with 1 M NaCl). The absorbance of
the final solution was measured at 420 nm (optical density
between 0.3 and 0.5) and the concentration of Fe(CN)63− was
calculated by means of the molar extinction coefficient of
Fe(CN)63− from the literature.44

2.6. Theoretical Methods. The chemical-equilibrium
formalism for polyelectrolyte coacervation for the asymmetric
case is described in detail in the Supporting Information. We
provide here only an outline of its formulation. Briefly, we
propose an approximated grand canonical free-energy func-
tional per unit of volume for a homogeneous polyanion/
polycation phase

S
Vk

F
V

trans

B

chem

i
i i= +

(1)

where V is the volume of the system, kB is Boltzmann’s
constant, and β = 1/kBT. The first term in eq 1 results from the
translational entropy of all species in the system

S
Vk

v v

v

ln( ) 1 ln( ) 1

ln( ) 1

trans

B s,c ,a
i i s MA MA s

MC MC s

= [ ] + [ ]

+ [ ]

+

(2)

where vs is the volume of the solvent and ρi is the number
density of species i, i = MA for macroanions (Fe(CN)63−), MC
for macrocation chains (PEI), c+ and a− for the monovalent
salt anions and cations, and s for the solvent (water).

The second term is the contribution from ion-pairing
chemical equilibria. We explicitly consider the following
reactions

(i) Macroion−Macroion complexation

VM A M C M A M C+ [ ··· ]+ + (3)

and (ii) complexation between macroions and monovalent salt
ions

VM A c M A c+ [ ··· ]+ + (4)

and

VM C a M C a+ [ ··· ]+ + (5)

At this point, it is very important to note that these reactions
involve the binding of a single association site (i.e., a charged
site) in the macroions with either a single association site in
the other macroion eq 3 or a monovalent ion in solution (eqs 4
and 5). For example, Fe[(CN)6]3− has three binding sites.
Binding sites are assumed to be independent, and therefore the
association constants are insensitive to the state of binding of
the neighbor sites. This approximation, which may be refined
in future theoretical formulations of our theory, implies that
the association constants used in eqs 3−5 should be
considered as effective, averaged values.

The free-energy contribution that results from these
chemical equilibria is

Ä
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A
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MA
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i j

o

= +

+

= =

+ (6)

(the derivation of this term is explained in detail in refs 23, 45).
In this term, Ni (i = MA, MC) is the number of charges per
molecule of the macroion i and f ji is the fraction of those
charges that are in state j, where j = “un-as”, (unassociated
charge), “as” (charge forming an ion pair with the oppositely
charged macroion), or “as-ion” (charge forming an ion pair
with an oppositely charged monovalent ion). vas is a volume
associated with the macroion/macroion complex, μi

o is the
standard chemical potential of species i (i = c+, a−, s), and μj

o,i

is the standard chemical potential of a charged site of type i (i
= MA, MC for the charged sites in the macroanion and
macrocation, respectively) in state j (j = “un-as”, “as”, or “as-
ion”). These standard chemical potentials are directly related
to the equilibrium constants of eqs 3−5 (see the Supporting
Information).

The final term in eq 1 accounts for the fact that ω is a grand
canonical potential (i.e., we fix the chemical potentials of all
species rather than their number of particles). The summation
over i runs over all chemical species in the system, i = a+, c−,
MA, MC, and s (and includes small ions associated to the
macroions; see the Supporting Information).

Finally, steric repulsions are included into the model using
an incompressibility constraint
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where vi is the volume of the species i (in the case of the
macroions, vMA and vMC are the volume per charge, i.e., the
total volume of the macroion divided by the number of charges
per molecule). Note that the last two terms in the left-hand
side account for the volume of the small cations and anions
that are bound to the charges in the macroions. Two additional
constraints are introduced to enforce the stoichiometry of
macroion−macroion pairs and the global electroneutrality of
the phase, as discussed in the Supporting Information. The
three constraints are enforced using Lagrange multipliers.
Notably, the Lagrange multipliers associated with the
incompressibility and electroneutrality constraints have the
physical meaning of the osmotic pressure and the electrostatic
potential of the phase.

In order to calculate the binodal diagram of the system, we
first analytically minimize ω (subjected to the three constraints
described above) with respect to ρi and f ji. This procedure
yields expressions for (i) the chemical potentials of all species,
(ii) the chemical-equilibria reactions (3−5), and (iii) the
thermodynamic pressure of the system, βp = −βω; see the
Supporting Information. Each point along the binodal curve
indicates the composition of a phase, for which there is another
coexisting phase (with a different composition) that has the
same chemical potentials for all species and the same
thermodynamic pressure. It is important to note that since
we plot only a two-dimensional projection of the entire
multidimensional phase diagram, the composition of that

coexisting phase does not necessarily lie in the phase diagram,
and, therefore tie lines cannot be plotted in this figure; see the
discussion below.

3. RESULTS AND DISCUSSION
We first assessed the capacity of Fe(CN)63− to form
coacervates with polycations by performing preliminary assays
mixing aqueous solutions of Fe(CN)63− and different poly-
amines at pH = 6 in the presence of 0.5 M NaCl. Three
different polyamines were tested: poly(allylamine hydro-
chloride) (PAH), branched poly(ethylenimine) (PEI), and
poly(diallyldimethylammonium chloride) (PDADMAC). Fig-
ure 1 shows that liquid−liquid phase separation (LLPS) was
observed only when using PAH and PEI (both weak
polyelectrolytes). In the case of PDADMAC (strong
polyelectrolyte), a solid-like precipitate was obtained instead
of a liquid coacervate.

According to Lutkenhaus et al.,46,47 the glass transition
temperature (Tg) of polyelectrolyte complexes decreases as the
content of water molecules surrounding intrinsic ion pairs (i.e.,
ion pairs between oppositely charged polyelectrolytes)
increases.48 In other words, water molecules are believed to
act as plasticizers, weakening intrinsic ion pairs and allowing
the sliding motion of polyelectrolyte chains. The content of
water molecules within polyelectrolyte complexes and, there-
fore, the viscoelastic properties of the macroscopic phase,
depend on several factors such as the type and concentration of
monovalent ions (which break some intrinsic ion pairs,
forming salt-ion/polyelectrolyte extrinsic ion pairs),49 hydro-
gen bonding,50 cation−π and π−π interactions,51,52 hydro-
philic/hydrophobic interactions,53 and polymer rigidity.54 In
PDADMAC/Fe(CN)63−, PDADMAC is a strong polyelec-
trolyte and thus has a high linear charge density, which leads to

Figure 1. Photographs of vials containing 0.2 M Fe(CN)63−, 0.5 M NaCl, and 0.6 M polyamine (monomer concentration). Three polyamines were
tested: (a) PEI, (b) PAH, and (c) PDADMAC. All samples were stored overnight to allow for the completion of the complexation process. These
images were acquired immediately after tilting the tubes to illustrate different fluidities of the concentrated phases.
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a lowly hydrated complex. On the other hand, PAH is a weak
polyelectrolyte and its primary amines are partially protonated.
Thus, its linear charge density is smaller than that of
PDADMAC, and the PAH/Fe(CN)63− complexes are
expected to be hydrated. In comparison with the other two
complexes, PEI/Fe(CN)63− coacervates are highly fluid.
Branched PEI contains primary, secondary, and tertiary
amino groups in an approximate ratio of 1:2:1.55 At pH = 6,
the protonation degree of PEI is about 0.3 with a low degree of
protonated tertiary amines.56 As Fe(CN)63− behaves as an
ionic cross-linker rather than as a polyanion, the PEI/
Fe(CN)63− complex can be thought of as PEI chains
interconnected by Fe(CN)63− ions. Therefore, the fact that
PEI/Fe(CN)63− undergoes liquid coacervation instead of
forming a solid precipitate suggests that the cross-linking
between PEI chains by Fe(CN)63− is labile. This weak cross-
linking probably results from the low degree of protonation of
PEI and its branched nature, which sterically hinders ion-
paring interactions and disfavors entanglement, thereby
contributing to the fluidity of the coacervate. The focus of
this work is to fill current knowledge gaps related to (i) the
phase diagrams of highly asymmetric coacervates and (ii) the
electrochemical behavior of redox coacervates in the context of
potential future applications. Considering the latter goal, we
selected PEI/Fe(CN)63− for further studies because we expect
its fluid nature will maximize the diffusion coefficient of
Fe(CN)63− and, therefore, its redox reversibility within the
coacervate phase.

3.1. Phase Behavior of PEI/Fe(CN)6
3− Coacervates. In

order to study the phase behavior of PEI/Fe(CN)63−

coacervates, we constructed a phase diagram in the [PEI] vs
[Fe(CN)63−] plane at a fixed concentration of added NaCl of
0.5 M; see Figure 2a. Briefly, we prepared a series of solutions
with varying PEI and Fe(CN)63− concentrations and placed a
red dot (or a black dot) in the graph if LLPS was (or was not)
observed for each solution. The complete phase diagram is
shown in Figure 2a in which the area highlighted in orange
represents the composition region where LLPS occurs. At this
point, it is important to note that (even in a simplified
analysis), the composition of each phase will depend on five
independent variables. For example, we can consider [PEI],
[Fe(CN)63−], [Na+], [K+], and [H+] as these independent
variables (then, the concentration of [Cl−] can be obtained
from global electroneutrality and that of [OH−] from the water
self-dissociation equilibria). In order to reduce the complexity
of the problem, we decided to fix [Na+] = 0.5 M and pH = 6
(which fixes the chemical potential of H+ rather than its
concentration). Moreover, at the onset of LLPS (where the
minority phase is vanishingly small and the composition of the
majority phase matches the global composition) [K+] = 3·
[Fe(CN)63−] for the majority phase because of global
stoichiometry. These considerations allow to define the
composition of the majority phase at the onset of LLPS
(binodal line) using the two variables in the plot of Figure 2a
([PEI] and [Fe(CN)63−]). Therefore, the phase diagram in
Figure 2a is a two-dimensional (2D) cut of the full five-
dimensional (5D) phase diagram of the system. We stress that
the binodal in the phase diagram of Figure 2a indicates only
the composition of the majority phase. The composition of the
minority phase produced at the onset of LLPS was not
measured, but even if such information were available, it would
not be correct to plot it in Figure 2a because Na+, K+, and Cl−
may partition differently between both phases (in other words,

if one could plot the full 5D phase diagram of the system, the
composition of the minority phase would lie in a plane
different to that plotted in Figure 2a). Finally, since the phase
diagram is a 2D cut of the full multidimensional diagram of the
system and the binodal line indicates only the composition of
the majority phase, tie lines cannot be represented in this plot.
A strict thermodynamically analysis is even more complex than
the one discussed above because the protonation state of the
amino groups may be affected by their interaction with
Fe(CN)63−.57 In the next section, we describe the results of our
approximate thermodynamic model, which takes into consid-
eration the previous observations and it is able to fit the
experimental data.

The two-phase region in the [Fe(CN)63−] vs [PEI] plane in
Figure 2a has a deformed elliptical shape, similar to the phase
diagram obtained using the Voorn−Overbeek theory for a
system composed of two polyelectrolytes.4 This observation
supports our hypothesis that the polycation/multivalent-ion

Figure 2. (a) Phase diagram in the [PEI] vs [Fe(CN)63−] plane in a
linear scale. Red dots inside the two-phase region (2φ) indicate
solutions in which LLPS occurs. Black dots outside the one-phase
region (area labeled as 1φ) indicate solutions in which LLPS does not
occur. (b) [Fe(CN)63−] vs [PEI] plot in a logarithmic scale (black
and red dots correspond to the left and right contour branches of the
upper diagram).
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system is just a particular case of polycation/polyanion
coacervate. In other words, the PEI/Fe(CN)63− coacervate
can be simply treated as a highly asymmetric case of
polycation/polyanion coacervates, where the polyanion has a
very short length. On the other hand, there are quantitative
differences between the phase diagrams of the polycation/
multivalent-ion and the polycation/polyanion systems. Sym-
metric coacervates have a symmetric phase diagram, where the
principal axis of the “ellipse” mentioned above coincides with
the line with slope [polycation]/[polyanion] = 1 (where the
concentrations of polymeric species are always given in terms
of monomers).4 However, unlike the fully symmetric polycat-
ion/polyanion case, the principal axis of the “ellipsoid” in the
phase diagram of Figure 2a coincides with the line with a slope
[PEI]/[Fe(CN)63−] = 6. Assuming that all monomers in PEI
can interact with Fe(CN)63− would result in a slope of [PEI]/
[Fe(CN)63−] = 3. On the other hand, taking into consideration
the experimentally measured protonation fraction of 0.3 for
PEI56 and assuming the state of protonation does not
substantially change upon complexation, resulting in an
expected stoichiometric ratio of [PEI]/[Fe(CN)63−] = 10,
which is now higher than that in Figure 2a. Therefore, one
possible explanation for the results in Figure 2a is that upon
interaction with Fe(CN)63−, the fraction of protonated PEI
monomers increases to 0.5 (which would yield the observed
slope of [PEI]/[Fe(CN)63−] = 6). However, our theoretical
predictions (discussed below) provide an alternative explan-
ation: the phase diagram of the polycation/multivalent-ion has
an intrinsic asymmetry, even when plotted in terms of the real
charge concentration, which results from the strong difference
in the number of charges per molecule of the two involved
macroions.

Another interesting conclusion that can be extracted from
the phase diagram in Figure 2a is that a plot of the binodal
curve in a log−log scale reproduces the universal curve
typically observed for polyelectrolyte/multivalent-ion phase
diagrams (Figure 2b). Similar curves were observed by many
authors for DNA/spermine20,58 and for the combination of
different polyanions with multivalent cations.59,60 The fact that
the PEI/Fe(CN)63− system reproduces well both the polycat-
ion/polyanion (Figure 2a) and polyelectrolyte/multivalent-ion
(Figure 2b) phase diagrams seems to indicate that these
(apparently) different systems are governed by the same
physical−chemical mechanisms. This is a nontrivial conclusion
because the reentrant behavior of these two systems was
explained in the literature by using different arguments.33,61

A key feature of polyelectrolyte complexes is their tendency
to dissolve (i.e., to dissociate) at elevated ionic strengths. For a
typical polyelectrolyte/multivalent-ion system, it was demon-
strated that the two-phase region in the phase diagram (Figure
2a,b) narrows until completely disappearing upon increasing
the concentration of an added monovalent salt.59 A similar
phenomenon was reported for polycation/polyanion com-
plexes.22 The minimum concentration of monovalent ions
necessary to produce the dissolution of the complex is called
the salt resistance. The salt resistance in polyelectrolyte
complexes varies with the concentration of complexing species
in a non-monotonic way;2,3,22,23,30,31 therefore, it is common to
study it as a function of the total concentration of the
polymers. In this case, as the system is composed of a
polycation and a multivalent ion, we measured and plotted in
Figure 3 the salt resistance for different PEI concentrations at
fixed [PEI]/[Fe(CN)63−] = 6 (this ratio maximizes the range

of concentrations where LLPS occurs; see Figure 2a and the
discussion above). Note that the plot in Figure 3 is also a 2D
cut (different from that shown in Figure 2a) of the full
multidimensional phase diagram; therefore, tie lines cannot be
represented in this plot. It is also interesting to realize that each
different [PEI]/[Fe(CN)63−] slope in the phase diagram of
Figure 2a will lead to a different salt-resistance plot (i.e., a
different plane in the multidimensional phase diagram).

The salt resistance in Figure 3 displays a maximum at [PEI]
= 0.5 M and [NaCl] = 1.35 M (known as the critical salt
concentration). When exceeding 2.5−2.7 M of PEI, the system
does not phase-separate even at zero added monovalent salt.
The shape of the salt-resistance plot in Figure 3 is similar to
the typical binodal phase diagram of symmetric polyelectrolyte
complexes in the [salt] vs [total polyelectrolyte] plane.62 This
observation agrees well with the idea of considering PEI/
Fe(CN)63− as an asymmetric polyelectrolyte complex.

3.2. Theoretical Model of Asymmetric Coacervates.
As discussed in the previous paragraphs, our experimental
evidence suggests that the PEI/Fe(CN)63− system is just a
highly asymmetric case of the well-known polycation/
polyanion coacervates. From this point of view, it is natural
to attempt modeling it with the same tools developed for
polyelectrolyte coacervates. Such analysis may shed light on
how the strong asymmetry of the system is manifested in its
phase behavior. In previous publications,23,45 we developed a
model for (symmetric) polyelectrolyte coacervates based on a
chemical-equilibrium formalism.30,43 In this formalism, the
formation of ion pairs between the polycation and the
polyanion and between the polyelectrolytes and the small
salt ions is described using chemical-equilibria equations. This
approach can quantitatively fit phase diagrams in the
literature,23 although at the cost of introducing a few fitting
(although still chemically meaningful) parameters: the
chemical-equilibrium constants, which are absent in other
models for polyelectrolyte coacervation.25−28,33,63 In this work,
we extended the chemical-equilibrium formalism to polyanion/
polycation pairs, where the two components are asymmetric
both in terms of their charge and concentration.

Figure 3. Phase diagram in the plane of added [NaCl] vs [PEI] (for
fixed [PEI]/[Fe(CN)63−] = 6). The points a, b, and c were used to
study the electrochemical response of the system. 2φ (two-phase) and
1φ (one-phase) regions correspond to areas where LLPS does and
does not occur.
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The construction of the binodal phase diagram requires
finding two phases with different compositions that have the
same chemical potentials for all species and the same
thermodynamic pressure. In our model, expressions for the
chemical potentials and the thermodynamic pressure are
obtained through the proper derivatives of an approximate
free-energy functional of the system (see Theoretical Methods
and the Supporting Information). The resulting expressions
constitute a set of nonlinear coupled equations that cannot be
analytically solved. In order to fit the experimental phase
diagram shown in Figure 2a, we fixed the concentration of
added salt in one of the phases (the majority phase, whose
composition is reported in the phase diagram; see the
discussion above). Then, we scanned the concentration of
one of the macroions in that phase (e.g., PEI). For each
concentration of the macroion, we attempted to numerically
solve the set of coupled equations mentioned above. If
successful, this procedure yields the composition of the
coexisting phase, the difference of electrostatic potentials
between both phases (Donnan potential difference), and the
difference of osmotic pressures between both phases, as well as
the concentration of the other macroion in the phase reported
in the diagram (thereby, allowing us to place a point in the
diagram). Failure to converge the set of analytical equations
indicates that phase coexistence cannot occur for the
concentration chosen as the independent variable. This
procedure is described in further detail in the Supporting
Information. On the other hand, a comprehensive analysis of
the theoretical predictions of our model regarding the
composition of the coexisting minority phase, the difference
of electrostatic potentials, and osmotic pressures between both
phases is outside the scope of this work and will be reported
elsewhere.

The phase diagram predicted by our model depends on the
following input parameters: (i) the number of charges per
macroanion (fixed to 3 in the case of Fe(CN)63−) and of the
polycation, (ii) the values of the equilibrium constants for the
macroion/macroion and ion/macroion ion-pairing reactions
(i.e., the equilibrium constants associated with eqs 3−5), and
(iii) the concentration of the added monovalent salt (which is
fixed to its experimental value). We fixed the number of
charges per PEI molecule to 170, as estimated from its degree
of polymerization (n = 570) and its fraction of protonation ( f
= 0.356). The equilibrium constants were treated as fitting
parameters. Figure 4a,b shows that our model can simulta-
neously fit all of the experimental data available for the PEI/
Fe(CN)63− system. The best fitting parameters were Kas = 0.12
[M−1] (equilibrium constant for macroion−macroion associ-
ation, process shown in eq 3) and Kas‑ion = 1.23 [M−1]
(equilibrium constants for macroion−monovalent ion associ-
ation, eqs 4 and 5). These two parameters are of the same
order of magnitude as those obtained by fitting polycation/
polyanion coacervates in our previous work,43 which
strengthens our conclusion that PEI/Fe(CN)63− can be
described as a particular (highly asymmetric) case of the
most general polyanion/polycation case. Note that in Figure
4a, we plotted the diagram using charge concentrations
(instead of monomer concentrations for PEI) in order to
emphasize the deviation from the 1:1 charge stoichiometry.

It is worthwhile to stress that the equilibrium constants
obtained by fitting the experimental phase diagrams represent
the binding of a single association site (i.e., a charged site) of
the macroion with an oppositely charged monovalent ion in

solution (Kas‑ion, eqs 4 and 5) or a single association site in the
other macroion (Kas). Correlations between the state of
binding of neighbor sites are neglected, and, therefore, the
association constants are independent of the state of binding of
the other sites in the macroion, and they should be regarded as
average values over all possible configurations of the system.
Finally, note that we used the same association constant, Kas‑ion,
for the ferricyanide-cation and PEI-anion ion pairs. As we
discuss in detail in the Supporting Information, there are
several combinations of association constants for these two
reactions that result in the same predicted phase diagram;
therefore (in the absence of additional experimental evidence),

Figure 4. (a, b) Comparison between experimental (red symbols) and
theoretically predicted (blue line) phase diagram for the PEI/
Fe(CN)63− system in the planes given by (a) charge concentration of
the macroions for fixed 0.5 M added NaCl and (b) concentration of
added NaCl vs the charge concentration of PEI for a fixed PEI/
Fe(CN)63− molar ratio of 6. 2φ and 1φ regions correspond to areas
where LLPS does and does not occur. (c) Theoretically predicted
phase diagrams in the same conditions of panel (a) but for macroion
pairs of different changes per molecule, where the labels indicate the
charge of the macroanion and the macrocation, e.g., 3−170 indicates a
macroanion of 3 charges and a macrocation of 170 charges.
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we decided to use the same value for both reactions to reduce
the number of fitting parameters.

In Figure 4c, we use the fitting parameters obtained from
Figure 4a,b to gain a better understanding of the phase
diagrams. The “170-3” curve in Figure 4c indicates a
macrocation with 170 charges/molecules and a macroanion
with 3 charges/molecule, i.e., the PEI/Fe(CN)63− case. As
shown above, this curve is highly asymmetric with respect to
the charge-stoichiometry line (y/x = 1). On the contrary,
charge-symmetric systems (23−23, 14−14, and 6−6) produce
symmetric phase diagrams. Note that there is a very strong
stabilization of the two-phase region when increasing the
number of charges per macroion. Finally, for a fixed value of
equilibrium constants, the two-phase region of the 170−3 case
is much smaller than that of the 23−23, which indicates that
coacervates from small multivalent ions and polyelectrolytes
are expected to be less stable than coacervates formed by two
polyelectrolytes (provided that the interactions in both cases
and the molecular weight of the polyelectrolytes are similar).

The predictions of our model can be rationalized by
considering the balance of the ion-pairing free energy gained
upon complexation and the penalty in translation entropy
resulting from creating two liquid phases of different
compositions. For a given number of charges involved in
complexation, the relative importance of this entropic penalty
decreases when increasing the number of charges per molecule.
Therefore, increasing the charges per macroion stabilizes the
formation of the coacervate. This argument also explains why
in the case of asymmetric coacervates, most of the binodal
region in Figure 4a,c is below the 1:1 charge-stoichiometry
line. PEI/Fe(CN)63− coacervates are most stable when the
total number of charges from PEI in the system is smaller than
those from Fe(CN)63−. When the initial composition of the
system is nonstoichiometric, most of the translational entropic
penalty upon the formation of the coacervate results from the
partition of macroion in stoichiometric defect (i.e., the
“limiting reagent” for the formation of the coacervate) because
that species will be the one showing the highest difference of
composition between the dilute and the coacervate phases.
Therefore, in the case when the limiting species is PEI (which
has ∼170 charges per molecule and thus produces only a small
entropic penalty), the formation of the coacervate is more
stable than in the case when the limiting species is Fe(CN)63−

(which has 3 charges per molecule and thus produces a large
entropic penalty).

3.3. Charge Transport in PEI/Fe(CN)6
3− Coacervates.

We now shift our attention to the electrochemical response of
the PEI/Fe(CN)63− system. Figure 5a shows the cyclic
voltammograms measured for the PEI/Fe(CN)63− coacervate
phase for two different concentrations of added NaCl. In both
cases, well-defined oxidation and reduction peaks are observed.
The peak separation ΔEp in both voltammograms is larger than
the ideal value of 59.6 mV for a single-electron redox couple in
solution and an electrochemical reversible process (i.e., a
process where electron transfer at the electrode is much faster
than the measurement timescale).64−66 The fact that the peak
separation, ΔEp, is larger than 59.6 mV indicates either a large
ohmic drop (due to poor solution conductivity) or a quasi-
reversible electrochemical response (due to sluggish heteroge-
neous electron transfer at the solution−electrode interface).
To discern which of these two mechanisms is dominant, we
plotted ΔEp as a function of the square root of the scan rate
(v1/2) (Figure 5b). A linear relationship was obtained in all

cases, which indicates that uncompensated resistance is small
and that the system has a slow heterogeneous electron transfer
at the electrode/solution interface.67,68 In summary, the
electrochemical response of the redox coacervate is controlled
by both diffusional mass transport in solution and charge-
transfer kinetics at the electrode/solution interface and,
therefore, PEI/Fe(CN)63− coacervates are quasi-reversible
electrochemical systems64−66 (this conclusion is further
supported by a detailed analysis of the effect of the scan rate

Figure 5. (a) Cyclic voltammograms recorded at 250 mV/s for PEI/
Fe(CN)63− coacervates formed in the presence of NaCl 0 or 1.2 M.
(b) Separation of the anodic and cathodic peak potentials versus the
square root of scan rate, v1/2, measured for coacervates prepared with
different concentrations of added NaCl. (c) Peak currents for the
anodic (i/imax > 0) and cathodic (i/imax < 0) vs v1/2 measured for
coacervates formed in the presence of NaCl 0 M or 1.2 M versus the
scan rate. The currents are normalized by imax, which is the peak
current determined for v1/2 = 0.707 (V/s)1/2 (0.5 V/s).
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on peak potential and current; see the discussion in the
Supporting Information).

It is interesting to note that the electrochemical reversibility
in Figure 5a improves (i.e., the peak separation decreases)
upon the addition of NaCl. This result is expected because the
added salt partially breaks some ionic bonds between
macroions in the coacervate, thus decreasing its viscosity49,69,70

and increasing the mobility of the macroions. An improved
translational and rotational mobility of Fe(CN)63− near the
electrode can thus lead to improved heterogeneous charge
transport. We provide below a quantification of the effect of
added salt on the properties of the system.

As discussed above, the electrochemical behavior of PEI/
Fe(CN)63− is determined by both diffusional mass transport
(controlled by the apparent diffusion coefficient for charge
transport, D) and the charge-transfer kinetics at the electrode
(controlled by the heterogeneous rate constant, k0). The
diffusion coefficient for charge transport when ΔEp > 200 mV
can be obtained from the slope of a plot of ip (peak current)
with v1/2 (v is the scan rate), according to the equation64,67

i n ACD v2.99 10p
5 3/2 1/2 1/2 1/2= × (8)

where α is the charge-transfer coefficient, A is the electrode
geometric area, and C is the concentration of Fe(CN)63− in the
coacervate (which we determined using UV−vis). Figure 5c
shows the ip vs v1/2 plots and Table 1 compiles the values of D

obtained from the linear fit. In the absence of NaCl, the
diffusion coefficient is around two orders of magnitude lower
than the respective value reported for ferricyanide in aqueous
solution at room temperature (7.3 × 10−6 cm2 s−1).71

Interestingly, when the coacervate is formed in the presence
of 0.6 and 1.2 M NaCl, D increases by factors of 4.5 and 9.4,
respectively. We also included in Table 1 a set of values
determined using electrochemical impedance spectroscopy
(EIS) on the same samples (see the Supporting Information),
which are systematically smaller by a factor between 1.5 and 4
than those determined by CV, but display the same trend with
added salt concentration, thereby supporting our conclusions.

We also characterized the heterogeneous standard rate
constant for electron transfer at the solution/electrode
interface (k0) using the following relationship64,72

i nFCk F E E RT2.27 10 exp( ( )/ )p
4 0

p
0= × (9)

where Ep is the peak potential, E0 is the apparent redox
potential of the couple and the other parameters were defined
above. Figure S2 shows that plotting ln(ip) vs (Ep − E0) for our
data produces linear plots (as predicted by eq 9). We obtained
the values of k0 from the slopes of these plots and compiled
them in Table 1. All k0 values are close to 10−4 cm2 s−1, which
is the range expected for a quasi-reversible system (10−1 to
10−5 cm s−1)64,72 and are similar to those obtained for

ferricyanide in KF solutions up to 1 M.72 The values of k0

slightly but monotonically increase with increasing salt
concentration.

It is important to realize that the three coacervates reported
in Table 1 contain different concentrations of PEI and
Fe(CN)63− because the concentration of salt influences the
phase diagram of the system (see Figure 3). Therefore, it is
important to determine whether the increase in D by added
NaCl is originated in the salt concentration of the coacervate
or, instead, is an indirect consequence of the different
concentrations of PEI and Fe(CN)63−. To address this
question, we added solid NaCl salt to a coacervate initially
prepared in the absence of added NaCl in order to obtain final
NaCl concentrations of 0.6 or 1.2 M. Therefore, these three
samples have the same concentrations of PEI and Fe(CN)63−,
but different concentrations of NaCl. The values of D
determined for these samples were 2.20 × 10−8, 1.14 × 10−7,
and 1.16 × 10−7 cm2/s for added NaCl concentrations of 0,
0.6, and 1.2 M, respectively. This result supports the
hypothesis that the addition of monovalent salt directly affects
the value of D by breaking macroion−macroion ion pairs.

4. CONCLUSIONS
In this work, we reported the preparation of liquid coacervates
of PEI and Fe(CN)63−, systematically characterized their phase
behavior, and explored their electrochemical properties.
Interestingly, polyelectrolyte coacervates and polyelectrolyte/
multivalent-ion complexes are two systems that are currently
attracting great interest, but had evolved as two independent,
scarcely connected fields. We believe that this situation can be
(at least partially) attributed to the fact that our experimental
and theoretical understanding of the phase behavior of
polyelectrolyte coacervates derives mainly from studies of
symmetric polyelectrolyte pairs. Moreover, most studies
addressing polyelectrolyte/multivalent-ion complexes (poly-
amine/salt,19 spermine/DNA,20 polyanion/divalent ions,60

etc.) only studied and characterized narrow regions of the
corresponding full phase diagrams (i.e., limited ranges of
concentration). We argue that polyelectrolyte/multivalent-ion
complexes can be regarded as a specific (highly asymmetrical)
type of the polyelectrolyte/polyelectrolyte complex and,
therefore, they can be effectively approached and analyzed
within the framework of polyanion/polycation complexes. The
following observations for the PEI and Fe(CN)63− support this
hypothesis: (i) like polyanion/polycation complexes, poly-
amine/Fe(CN)63− can produce both solid complexes and
liquid coacervates, (ii) the phase diagrams of the PEI/
Fe(CN)63− system (Figures 2a and 3) have the same
qualitative behavior as those of polyanion/polycation systems,
and (iii) we were able to model the aforementioned diagrams
using the same theoretical formalism previously used to model
polyelectrolyte/polyelectrolyte coacervates23 and obtained
chemical association constants of a similar order of magnitude
for both cases. We believe that these observations provide
critical support to our claim that polyelectrolyte/multivalent-
ion complexes are a specific subclass of polyelectrolyte/
polyelectrolyte complexes.

In the second part of this work, we provided the first
exploration of the electrochemical behavior of a redox
coacervate. The two most important conclusions of this
study are (i) the electrochemical activity of Fe(CN)63− is
maintained within the coacervate and this redox couple
displays a quasi-reversible electrochemical behavior, and (ii)

Table 1. Salt Concentration Used to Form the Coacervate,
[NaCl]added, Concentration of Ferricyanide in the
Coacervate, C, Diffusion Coefficients Measured by CV and
EIS (D), and Standard Rate Constant Measured by CV (k0)

[NaCl]added
(M) C (M)

D (cm2 s−1)
(CV)

k0 (cm s−1)
(CV)

D (cm2 s−1)
(EIS)

0 0.416 2.2 × 10−8 2.4 × 10−4 1.3 × 10−8

0.6 0.353 9.7 × 10−8 4.7 × 10−4 3.3 × 10−8

1.2 0.286 2.2 × 10−7 5.4 × 10−4 5.6 × 10−8
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addition of a monovalent salt to the system improves the
electrochemical reversibility (i.e., it increases the charge-
transport diffusion coefficient and the heterogeneous elec-
tron-transfer rate constant). We attribute this behavior to the
well-known doping of polyanion/polycation intrinsic ion pairs
by added salt,49,73 which in our case should increase the
mobility of Fe(CN)63− within the coacervate. Future work will
be aimed to explore in additional detail the mechanisms of
diffusional charge transport of Fe(CN)63− and to establish
relationships between its electrochemical response and
rheological properties, as well as to explore potential
applications for this new class of highly asymmetrical
electroactive coacervate.
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