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ABSTRACT: Upon demixing, an aqueous solution of a polyelec-
trolyte and an incompatible neutral polymer yields two phases
separated by an interface with an ultralow tension. Here, both in
theory and experiment, we study this interfacial tension in detail: how
it scales with the concentrations of the polymers in the two phases and
how it is affected by the interfacial difference in the electrical potential.
Experiments are performed on an aqueous model system of uncharged
dextran and charged nongelling gelatin. The experimental tension
scales to the power ∼3 with the tie-line length in the phase diagram of
demixing, in agreement with mean-field theory where space is filled
with a binary mixture of polymer blobs. The interfacial electrical potential difference is experimentally found to decrease the
interfacial tension in a way that is consistent with Poisson−Boltzmann theory inspired from Frenkel and Verwey−Overbeek.

■ INTRODUCTION

When aqueous solutions of polymers are mixed, phase
separation is a commonly observed phenomenon.1−4 It yields
phases that differ in the concentrations of the polymers. The
interface between the phases is not abrupt, but there are
gradients in the relative composition and the total concen-
tration of the polymers. A particularity of phase separating
solutionsas opposed to phase separated blendsresults from
the osmotic compressibility of the solutions: compared to the
bulk phases, the interfacial region is diluted by uptake of
solvent.5 In the case of charged polymers, there is also an
interfacial gradient in the electric charge density, corresponding
to an interfacial electric potential step. This is the so-called
Donnan potential,6,7 and its effect on the interfacial tension is
the subject of this paper.
The main conditions for phase separation are a sufficient

concentration and a sufficient degree of polymerization. These
two factors often make the unfavorable mixing enthalpy
dominate over the small mixing entropy of two types of
polymer. Phase separation is also affected by the presence of
charge on the polymers.8 For instance, when one of the
polymers is charged and the other is uncharged, phase
separation becomes entropically more unfavorable due the
accumulation of counterions in one of the phasesnecessary
for charge neutrality. In order to increase entropy, the positive
and negative salt ions spread across the interface to different
extents; the buildup of charge separation halts the spreading.

The accompanying electric potential difference is the Donnan
potential. It has the same origin as the well-known membrane
potential found in living cells and dialysis membranes.
However, in our case, the charged interface is formed
spontaneously and in equilibrium with the bulk phases;
moreover, the interfacial electric potential step is relatively
small, typically less than 10 mV,9 as compared to 40−60 mV for
the membranes of living cells.
The electric interfacial potential step contributes negatively

to the interfacial tension due to the spontaneous formation of
interfacial electrical double layers. In certain scenarios, the
interfacial tension may become so low that it is favorable for the
system to increase spontaneously its interfacial area and to form
microdomain structures.10−12 The question at the outset of the
present work was whether the measured interfacial potential
step can be quantitatively related to the measured interfacial
tension and the phase diagram of demixing, with varying charge
density and salt concentration. The experimental system
studied here is an aqueous solution of the polysaccharide
dextran, which is uncharged, and the protein fish gelatin, which
is nongelling and weakly charged, to an extent set by the pH.
This is a convenient model system,13 and it is also
representative of many approaches for water structuring used
in the food industry.14 For this system, we previously showed in
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a Letter that the change of the interfacial tension due to charge
on one of the polymers is well described by Poisson−
Boltzmann theory.15 Here, we investigate how the magnitude
and scaling of the tension of the uncharged interface compare
with theory. Additionally, we give a detailed derivation of the
theory presented in ref 15 and, moreover, in the Appendix we
give an alternative derivation based directly on the free energy
of the ions.
The outline of this paper is as follows. In the first part of the

Theory section, expressions are given for the interfacial tension
on the basis of the interfacial profiles of the relative
composition and total concentration of polymers in solution.
In the second part, the contribution to the interfacial tension
from a charge density profile is calculated from the free energy
density of two coupled electric double layers. Subsequently, the
experimental procedures with which we obtained interfacial
electric potentials, interfacial tensions, and phase compositions
are described. Finally, the experimental results and the extent to
which they agree with theory are discussed.

■ THEORY

This section starts with the calculation of the interfacial tension
of demixed solutions of neutral polymers on the basis of the
blob model. Next, the change in the tension of a liquid/liquid
interface is calculated in the case that it carries an electrical
potential difference, using Poisson−Boltzmann theory. A list of
symbols is given in the Supporting Information.
Interfacial Tension of a Demixed Solution of Two

Polymers. Via the blob model, we will describe a solution of
two uncharged polymers A and B that are identical except for
the repulsive interaction between the two. By treating the
solvent implicitly, the three-component system is reduced to an
effective two-component system, which makes the blob model
convenient for aqueous two-phase systems.5,16−19 Following
refs 5 and 16−19, we will discuss first the free energy resulting
from the blob model for a single phase of a given relative
composition and total polymer concentration. This will be
extended subsequently in order to account for the presence of
an interface, by allowing gradients in composition and
concentration. The interfacial tension follows by finding
gradients across the interface such that the excess grand free
energy is minimized.
In the blob model, a polymer consisting of N segments forms

Nb solvent-filled blobs of characteristic size ξ. The blobs form
an ideal chain. The volume fraction of blobs of polymer A and
B are ϕ and 1 − ϕ, respectively, and the total number of
monomers (of A and B combined) per unit volume is c. The
free energy per unit volume is given by5,16−19

ξ
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where u(c) represents the concentration-dependent repulsive
interaction between the two polymers and K = 0.02416

represents the free energy of mixing within a blob. The blob
size, the number of blobs per polymer chain, and the
interaction potential are given by, respectively, ξ(c) ≃
0.43Rg(c/c*)

−ν/(3ν−1), Nb(c) = N/[cξ3(c)], and u(c) ≃ ucrit(c/
ccrit)

χ/(3ν−1).

The scaling exponents are ν = 3/5 and χ = 0.22 for a good
solvent. The overlap concentration is defined as

π* ≡ ( )c N R/ 4
3 g

3 , with Rg being the radius of gyration of the

polymers. ccrit is defined as the lowest concentration where
phase separation is observed experimentally, and ucrit is the
interaction at this concentration. ucrit is the only fit parameter of
the model.
In the case that eq 1 has two inflection points as a function of

ϕ, the system can reduce its free energy by demixing into two
phases, α and β, one rich in polymer A and one in B. The
concentration at which the composition of the two phases
becomes identical, the critical point, can be varied by changing
the interaction parameter ucrit in order to match the critical
point in the experiments. For comparison of calculations with
experiments, the monomer concentration c is converted to the
mass fraction w. We assume the densities and molar masses
listed in Table 1 as well as additivity of volume. On the basis of
the mass fractions, the tie-line length L can be calculated. The
tie-line length is a measure of the composition difference
between the two phases, and it is given by L ≡ [(wα

A − wβ
A )2 +

(wα
B − wβ

B)2]1/2, where the superscripts refer to the different
polymers and the subscripts to the different phases. The tie-line
length serves as the order parameter to compare theory and
experiments. A list of parameters used in the present
calculations is given in Table 1.

The interfacial tension can be calculated by allowing for ϕ
and c to depend on position and adding the appropriate
gradient terms to eq 1. Following Broseta and co-workers5,16,17

(see also refs 18 and 19), the free energy per unit area with a
planar interface between phases α and β is given by
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Both ϕ and c are now functions of the distance z to the
interface, and the primed symbols denote derivatives with

Table 1. Values of the Parameters Used in the Calculations

parameter value description

ν 3/5 scaling parameter16

χ 0.22 scaling parameter16

K 0.024 constant related to free energy of mixing
within a blob16

Rg 9.3 nm radius of gyration, taken to be Rg
of dextran20

Mw,polymer 100 kg/mol average molar mass of dextran and gelatin
Mw,monomer 0.1 kg/mol approximate molar mass of a monomer
N 1000 degree of polymerization, given by

Mw,polymer/Mw,monomer

ρpolymer 1496 kg/m3 average aqueous densities of dextran and
gelatin

ρsolvent 998 kg/m3 density of water at 20 °C21

wcrit 0.063 experimental critical mass fraction of phase
separation

ccrit 3.9 × 1026 m−3 calculated from wcrit

ucrit 0.03 interaction at ccrit; fit parameter
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respect to z. Note that since Nb, ξ, and u are functions of c, they
are now also functions of z.
For convenience we define ϕ(z) ≡ [1 + η(z)]/2 and c(z) ≡

c[̅1 + u ̅ϵ(z)], where c ̅ and u ̅ represent the values of c and u in
the bulk where gradients are absent. The deviation of ϕ(z)
from 1/2 is expressed by η(z), and the relative deviation of c(z)
from c ̅ is given by u ̅ϵ(z). Let us assume that u ̅ϵ(z) is small
everywhere, so that we can approximate the concentration-
dependent quantities to second order in u ̅ϵ(z), and that the
gradients in composition are independent of the gradients in
concentration. Further, ω ≡ N̅bu ̅ and x ≡ z/D∞ (with

ξ≡ ̅ ̅∞D u/ 6 ) are defined, where similarly N̅b and ξ ̅ represent
bulk values. The excess grand free energy of the interface, per
unit area, is then found by subtracting the free energies of each
bulk phase given by eq 1 from eq 2:
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where the bulk pressure and exchange chemical potential are
given by
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and μη = 0 because the phase separation is symmetric. The bulk
composition η̅ of the coexisting phases is found from the
condition:

ω
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where the compositions of phases α and β are given by ηα = η ̅
and ηβ = −η ̅.
The optimal composition profile η(x) that minimizes the

interfacial tension is denoted as η0(x). We assume no effect of
the concentration profile on the composition profile, so ϵ(x)
can be set to zero. The composition profile is found by
numerically solving the following differential equation, obtained
by using the Euler−Lagrange equation:
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for which the boundary condition that η0(x) = 0 at x = 0 is
used. Once a solution for η0(x) is known, this can be used to
find the optimal profile of ϵ(x), ϵ0(x), by solving
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This can be done efficiently numerically using the finite
element method, with the boundary conditions that ϵ0′(0) = 0
and that ϵ0(x) goes to zero for large x. Examples of profiles
close to and far away from the critical point are given in Figure
1.
The interfacial tension γ is then given by

γ
ξ

=
̅

̅ × − Δ − ̅Δ
kT u

u
6

(1 )2 1 2
(9)

where

Figure 1. Equilibrium profiles of the concentration change u̅ϵ0(z) and the polymer composition ϕ0(z) = [1+η0(z)]/2 for (a) w = 6%, where γ = 0.06
μN/m, and (b) w = 10%, where γ = 25 μN/m. The interfacial region goes through a minimum in the total polymer concentration and extends over
increasingly large distances as one nears the critical point of demixing. The blob sizes are 3.4 (a) and 2.3 nm (b). The calculations were made on the
basis of eqs 1−8 and Table 1.
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Here, Δ1 represents the interfacial tension due to an optimal
profile in the composition (i.e., the blob volume fraction ϕ(z))
across the interface, at constant total monomer concentration c.
Conform van der Waals theory,22 this contribution may be
calculated without prior knowledge of η0(x); instead, it follows
directly from the integral above.
On the other hand, Δ2 represents a reduction in γ by

allowing the total monomer concentration c to vary across the
interface, which requires knowledge of both η0(x) and ϵ0(x).
For parameters matching our experimental system, far away
from the critical point, the total monomer concentration at the
interface is roughly 20% lower than in bulk and the interfacial
zone has a typical width of 10 nm, as is evident from Figure 1b.
The effect of the reduction of the polymer concentration at

the interface on the interfacial tension can be found by
calculating the ratio

Γ ≡
− Δ − ̅Δ

− Δ
u1

1
1 2

1 (12)

This ratio is shown in Figure 2 as a function of the tie-line
length L. Far from the critical point, γ is reduced by 15%, but
close to the critical point significantly more. Experimentally, L
is in the range of 2 to 15%, so the effect of solvent
redistribution cannot be neglected and is certainly not constant
when varying the tie-line length in this range.

Interfacial Electrical Potential Difference. In order to
capture the effects of an interfacial electrical potential difference
on the interfacial tension, the free energy of the electric double
layers at the liquid/liquid interface will be calculated using
Poisson−Boltzmann theory. This free energy represents a
contribution to the interfacial tension and, as these double
layers form spontaneously, it is negative. The following
derivation closely resembles that found in the books by Verwey
and Overbeek23 and Frenkel24 for a solid/liquid interface,

somewhat adapted in order to account for the presence of two
aqueous phases; similar theory has been applied to charged oil/
water and water/air interfaces.25−27

In general, the Poisson−Boltzmann equation reads as follows

ψ κ ψ=⎜ ⎟ ⎜ ⎟⎛
⎝
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e
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2
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where ψ = ψ(z) is the potential at a distance z from the
interface, e is the elementary charge, k is the Boltzmann
constant, and T is the absolute temperature. The Debye
screening constant is defined as κ πλ= c8 B s , with cs the
concentration of salt far from the charged interface and λB ≡ e2/
(4πϵϵ0kT) the Bjerrum length. ϵ is the relative permittivity and
ϵ0 the permittivity of free space.
In terms of the dimensionless potential Ψ ≡ eψ/kT and

dimensionless distance Z ≡ κz, the Poisson−Boltzmann
equation is written as

Ψ = Ψ
Z

d
d

sinh
2

2 (14)

With the help of the Poisson−Boltzmann equation, the
interfacial charge density can be calculated, which subsequently
can be used to calculate the free energy of electrical double
layers.

Charge Density of the Electric Double Layer. The water/
water interface can be modeled in a way similar to a charged
solid surface immersed in a liquid, except that it is regarded as
two coupled electrical double layers, one in each phase. At this
interface, the concentration cp(Z) of polyelectrolyte gradually
changes from cα

p to cβ
p. We assume that phase α is rich in

polyelectrolyte and that the polyelectrolyte itself carries a
positive number of charges z (not to be confused with the
spatial coordinate z).
Close to the interface, the concentration of polyelectrolyte is

either lower (in phase α) or higher (in phase β) than in the
bulk. Let us assign to this a local polyelectrolyte excess charge
density, ze(cp(Z) − cbulk

p ), which can be integrated over Z in
order to obtain a surface charge density on either side of the
interface. These surface charge densities lead to the formation
of a diffuse layer of oppositely charged ions on each side of the
interface, thus creating two double layers.
Suppose that far from the interface, the phases have electric

potentials given by Ψα and Ψβ. The local concentrations of
positive and negative ions are then given by the following
Boltzmann distributions:

= − Ψ − Ψ = − Ψ − Ψα α β β
+c Z c c( ) exp[ ( )] exp[ ( )] (15)

= Ψ − Ψ = Ψ − Ψα α β β
−c Z c c( ) exp[ ] exp[ ] (16)

with cα and cβ the salt concentrations in the bulk of phases α
and β. The total charge density ρe(Z) ≡ ec+(Z) − ec−(Z) then
becomes

ρ =
− Ψ − Ψ <

− Ψ − Ψ >
α α

β β
⎪

⎪⎧⎨
⎩

Z
ec Z

ec Z
( )

2 sinh( ) ( 0)

2 sinh( ) ( 0)e
(17)

Here, the assumption is made that we can neglect the
polyelectrolyte contribution zecp(Z) to the total charge density.
This turns out to be a valid assumption for our experiments but
in the Appendix we discuss the more general situation.

Figure 2. Relative change Γ of the interfacial tension due to solvent
redistribution as a function of the tie-line length L, see eq 12.
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Using the Poisson equation, 2ecbulk d
2Ψ/dZ2 = −ρe(Z), the

Poisson−Boltzmann equation for Ψ(Z) then takes the
following form:

Ψ =
Ψ − Ψ <

Ψ − Ψ >
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A typical electrical potential profile obtained from solving the
Poisson−Boltzmann equation is shown in Figure 3.

The charge per unit area of the diffuse layer σ is found by
integrating the charge density ρe(Z) in the direction
perpendicular to the interface. We find for the net charge in
phase α
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and for the net charge in phase β
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where Ψ0 = Ψ(0) is the potential at the interface. Without loss
of generality, we can take Ψ0 = 0. Note that we have allowed for
the possibility that the dielectric constants and Debye lengths in
the two phases are unequal.
In order to maintain electroneutrality over the two double

layers, we have to fulfill the requirement that σα + σβ = 0. One
may show that this leads to
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where ω ϵ ϵ≡ α α β βc c/( ) and ΨD ≡ Ψα − Ψβ. For low ΨD, eq

21 can be approximated as Ψ ≃ Ψα ω+D
1

1
and Ψ ≃ −Ψβ

ω
ω+D1
.

Free Energy of the Electric Double Layer. From the
interfacial charge density, the free energy per unit area f ≡ F/A
of the double layer in each phase can be calculated. Following
the arguments by Verwey and Overbeek23 and Frenkel,24 f is in
general found from

∫ σ= Ψ′ Ψ′
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where the prime symbol now denotes a dummy variable.
Performing the integration in phase α yields
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where global values of the Bjerrum and Debye lengths are
defined as
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For low Ψα, this is approximated as
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which introduces an error of less than 2% as long as the value of
argument of the hyperbolic cosine is less than 1/2.
A similar derivation can be performed for the double layer in

phase β, which results in a free energy per unit area given by
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The sum of fα and fβ represents the change Δγ in the interfacial
tension due to charge:
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We now turn our attention to the parameter ω, and more
precisely to the factor ω ω+/(1 ), in eq 27. For a phase-
separated aqueous polymer mixture, the dielectric constant of
the two phases is approximately the same. However, due to the
electric potential difference between the phases, the ionic
strengths of the two phases will certainly not be the same, as
determined by the Donnan equilibrium ΨD = ln(cβ

+/cα
+) = ln(cα

−/
cβ
−) (see eq A.5 in the Appendix). If we suppose that the
(positively charged) polyelectrolyte also contributes to the
Debye length, then the concentration of anions in each phase is
a good measure for the ionic strength of the phases. We find
that ω is then given by ω = (cα

−/cβ
−)1/2 = exp(ΨD/2).

Regardless of the precise value of ω, as long as ω is in the
neighborhood of 1, the factor ω ω+ ≃/(1 ) 1/2. Even for
ΨD = 1, where ω ≃ 1.65, the factor ω ω+/(1 ) deviates only
3% from 1/2. Thus, it seems reasonable to approximate eq 27
as

Figure 3. Profile of the dimensionless electrical potential Ψ ≡ eψ/kT
as a function of the dimensionless distance Z to the interface. The
profile is obtained by solving eq 18 with Ψα = −Ψβ = 1/2 and Ψ(0) =
0.
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γ κ
πλ

Δ ≃ − ΨkT
16

( )
B

D
2

(28)

Despite the approximations involved, eq 28 describes the
change in the interfacial tension very accurately up to ΨD = 1
(ψD ≃ 25 mV), where it deviates only a few percent from the
exact expression.
From a comparison of this result to that of a solid/liquid

interface,23,24 it is apparent that the resulting formulas are
similar. The reduction in the interfacial tension predicted for
the liquid/liquid interface is smaller, because the potential
difference occurs over a wider region. As the liquid/liquid
interface is viewed as two joined double layers, each double
layer carries approximately half of the potential drop. The free
energy of each double layer scales quadratically with the low
potentials involved, so that their free energy is one-fourth that
of a single double layer carrying the full potential drop in a
solid/liquid interface. However, given that the description of
the liquid/liquid interface requires two joined double layers, the
decrease in the interfacial tension has half the magnitude
compared to the solid/liquid interface.

■ EXPERIMENTAL SECTION
In this section, the experimental techniques are described: the sample
preparation and measurements of the interfacial tensions, the
interfacial electrical potential difference, and the composition of the
coexisting phases. Detailed accounts on sample preparation, Donnan
potential measurements, and the analysis of the composition of the
coexisting phases, are given in ref 9.
Sample Preparation. Stock solutions of the uncharged polymer

dextran (Sigma-Aldrich, from Leuconostoc spp., average molar mass 100
kDa) were prepared by the dissolving the polymer in Milli-Q water
(water filtered with a Millipore apparatus) under gentle mixing. Stock
solutions were also prepared of the charged polymer gelatin (Norland
Products, kindly provided by FIB Foods, Harderwijk, The Nether-
lands; fish gelatin type A; gelling temperature 8−10 °C; high molar
mass grade, approximately 100 kDa); the gelatin was dissolved in Milli-
Q water by magnetic stirring in a warm water bath of 60 °C for 15−30
min. The polydispersity Mw/Mn is about 2.5 for both polymers, where
Mw and Mn are the weight- and number-averaged molar masses,
respectively. Samples were prepared by mixing the stock solutions and
adding Milli-Q water if necessary, resulting in solutions with a 1:1 ratio
(by mass) of dextran and gelatin. Samples were centrifuged overnight
at 100−200g to achieve two clear macroscopic phases. The charge of
gelatin was adjusted by changing the pH, adding dilute hydrochloric
acid or sodium hydroxide solutions to the gelatin stock solution. The
stock solutions had typical polymer mass fractions of 10−20%. The

salt concentration in the resulting samples was approximately 9, 5, and
7 mM at pH 4.8, 6.2, and 9.2, respectively, as deduced from
conductivity measurements. In order to study the behavior at increased
ionic strength, 50 mM KCl was added. The absolute charge on the
gelatin was derived from titration.28

Interfacial Tension Measurement. Interfacial tensions were
obtained from the capillary length, which was in turn found from an
analysis of the static profile of the interface near a vertical wall. This
method has been applied before to demixed colloid−polymer mixtures
with a similar ultralow interfacial tension.29 We chose to use this
method, as it has been observed that the shear in dynamic methods
such as spinning drop could affect the equilibrium phase behavior.30,31

First, part of the top phase was collected using a syringe with
hypodermic needle. Then the interface was carefully punctured with a
fresh needle and syringe, and part of the bottom phase was collected.
Part of the isolated bottom phase was placed into a 1 × 1 cm2

polystyrene cuvette, followed by part of the top phase. The cuvettes
were centrifuged at 100−200g for 1 to 2 h in order to remove possible
droplets that might have formed during manipulation. A cuvette was
mounted in a Nikon Eclipse LV100 Pol that was placed sideways to
have a horizontal optical path. Objectives with two or ten times
magnification were used, depending on the capillary length, and the
images were captured using a QImaging MicroPublisher 5.0 RTV
camera. Special attention was paid to ensure that cuvette, microscope,
and camera were all level. An example of an image obtained in this way
is shown in Figure 4a.

In order to extract the interfacial profiles, the resulting images were
analyzed using edge and gradient detection algorithms provided with
Mathematica. The profiles were fitted to the following equation, found,
e.g., in the book of Batchelor,32 yielding the capillary length

= − − − + −⎜ ⎟ ⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

x z
z h

z h( )
arccosh

2
arccosh

2
4 4

c

c c
2

c
2

2

c
2

(29)

where x is the horizontal distance to the vertical wall, z is the elevation
of the interface above the level at large x, h is the contact height (i.e.,
the elevation of the interface at x = 0), and c is the capillary length.
The capillary length is defined as

γ ρ≡ Δ g/( )c (30)

where Δρ is the density difference between the two phases and g is the
gravitational acceleration. The contact height h is related to the contact
angle θ by h2 = 2 c

2(1 − sin θ).
For a detailed derivation of eq 29 and more information on the

fitting procedure, the reader is referred to the Supporting Information.
A comparison of an extracted profile and the resulting fit is given in
Figure 4b, which shows excellent agreement.

Figure 4. Determination of the interfacial tension.15 The profile of a water/water interface in a demixed solution of dextran and gelatin (total mass
fraction 10%, pH 9.2) is imaged near the wall of a polystyrene cuvette. (a) Micrograph and (b) profile obtained using image analysis together with a
fit to eq 29. The density difference is Δρ = 1.257 × 10−3 g/cm3, and the values resulting from this fit are c = 0.619 mm and γ = 4.72 μN/m. The tie-
line length in the phase diagram of demixing is 9.87 ± 0.07%.
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Extracting the interfacial tension from the capillary length requires
knowledge of the density difference between the two phases. The
density of the isolated phases was measured using an Anton Paar DMA
5000 oscillating U-tube density meter, which is accurate to 10−6 g/cm3.
Such extreme accuracy is necessary, as the density difference between
the coexisting phases is typically 10−3 g/cm3 or lower.
The composition of the isolated phases was determined as

described below, enabling the measurement of the interfacial tension
as a function of the tie-line length. The analysis was performed for the
profiles at both the left and right walls of the cuvette. For each side,
multiple images were analyzed. The results were averaged per sample
and the standard deviations computed.
Donnan Potential Measurement. The electrical potential

difference between the two phasesthe Donnan potentialwas
measured electrochemically via the use of reference electrodes33,34 as
described before for the present system.9 The compositions of the
coexisting phases were measured, so that the Donnan potentials could
be quantified as a function of the tie-line length.
Analysis of Phase Composition. The compositions of the

isolated phases were analyzed using polarimetry. The phases were
diluted by a known amount of Milli-Q water in order to contain 1−2%
polymer, and the optical rotations were measured in an Anton Paar
MCP 500 polarimeter. From the optical rotation at various
wavelengths and the dilution factors, the mass fractions of dextran
and gelatin in the original sample were obtained for each phase.9 The
measurement principle is based on the fact that both polymers are
optically active and that their optical rotary dispersionthe
dependence of optical rotation on wavelengthis different. As
mentioned in the Theory section, for a given sample, the tie-line

length is defined as ≡ − + −α β α βL w w w w( ) ( )p p 2 u u 2 , where w

represents the mass fraction, the superscript “p” refers to the
polyelectrolyte gelatin and “u” to the uncharged polymer dextran,
and the subscripts α and β refer to the gelatin-rich and dextran-rich
phases, respectively. This is shown schematically in the phase diagram
depicted in Figure 5.

■ RESULTS
In this section, first the phase diagrams will be briefly described,
followed by the measurements of the interfacial electrical
potential difference. Then, the measured interfacial tensions
will be presented. Finally, the measured Donnan potentials and
interfacial tensions will be combined in order to calculate the
tension of an uncharged interface.
From analyzing the composition of the coexisting phases for

many samples, the phase diagrams given in Figure 5 can be
obtained. Via the pH, the phase behavior depends strongly on
the number of charges z on the polyelectrolyte gelatin: the
binodal is shifted away from the origin upon increasing z from
+5 to +20. This means that, at the different values of z, phase
separation takes place at polymer concentrations that are
roughly a factor of 2 different. In order to be able to compare
the Donnan potentials and interfacial tensions at these different
charges, we will report these as a function of the tie-line length.
By analyzing samples of various charges at equal tie-line length,
an equal degree of phase separation is implied, making for an
apt comparison.
The measured Donnan potentials are shown in Figure 6. A

linear correlation of the electrical potential difference is

observed with the tie-line length. This is as expected, since
the Donnan potential scales linearly with the difference in
polyelectrolyte concentration, according to9,28

ψ ≃ ΔkT
e

z c
c2D

p

s (31)

and the tie-line length is a direct measure of the compositional
difference between the two phases. For increased magnitudes of
the polyelectrolyte charge z, the magnitude of the Donnan
potential is also increased (at a fixed tie-line length), resulting
in an increased slope of the plot of |ψD| against the tie-line
length. For z = −6, the measured Donnan potentials are
actually negative, but here we report the absolute value.
Figure 7 shows the measured interfacial tension as a function

of the tie-line length. The tensions vary over 4 orders of
magnitude and show power-law scaling with the tie-line length,
with an exponent of approximately 3.3 independent of the
charge z and salt concentration. While the scaling exponent
appears to be independent of z, the magnitude of the interfacial
tension does depend on z at low ionic strength. Going from z =
+5 to z = −6 we observe, if anything, a minute decrease of the

Figure 5. Phase diagrams for the demixing of aqueous solutions of
dextran (uncharged polymer) and fish gelatin (polyelectrolyte),
measured at polyelectrolyte charges z = +20 (9 mM salt) and z =
+5 (5 mM salt).15 The points are the experimentally measured
compositions of the coexisting phases and the solid lines are a guide to
the eye. The binodal is shifted away from the origin upon an increase
of z. Two tie-lines of approximately equal length are indicated for the
two binodals.

Figure 6. Absolute Donnan potential |ψD| published previously
9,15,28 as

a function of the tie-line length L. The solid lines represent a linear fit
through the origin, used to calculate the effect of charge on the
interfacial tension, Δγ, as a function of L using eq 28.
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interfacial tension. More strongly increasing the magnitude of
the charge to z = +20 causes a pronounced decrease in the
interfacial tension by, approximately, a factor of 2. The
interfacial tensions found in the presence of 50 mM KCl
appear to be independent of charge and have approximately the
same magnitude as for z = +5 at low ionic strength.
In order to elucidate the origin of the decrease in the

interfacial tension, we used the measured Donnan potentials to
calculate the change in the interfacial tension Δγ as predicted
by Poisson−Boltzmann theory. As the fits in Figure 6 give us
the Donnan potential ψD as a function of the tie-line length L,
inserting these fits into eq 28 gives us Δγ as a function of L. By
subtracting the calculated values of Δγ, which are always
negative, from the measured interfacial tensions γ, we can assess
the role of the interfacial electrical double layers in the change
of the interfacial tension. In a sense, this procedure provides us
with the “intrinsic” tension γ0 of the interface, as if it were
uncharged.
The resulting intrinsic interfacial tensions γ0 = γ − Δγ are

shown in Figure 8. The interfacial tensions for all three values
of z collapse on a single curve, which scales with a power of
3.22 ± 0.08 with the tie-line length. The exponent is found by
taking the logarithm of the tension and tie-line length and
performing a linear least-squares fit. We can compare these
interfacial tensions with those calculated from the blob model

for a mixed solution of uncharged polymers, using eq 9. The
blob model shows very similar power-law scaling, with an
exponent of 3.153 ± 0.005 for L in the range 2−10%.
Nevertheless, the tensions predicted by the blob model are
approximately a factor of 2 higher than observed in the
experiments.

■ DISCUSSION

Our detailed measurements of the Donnan potential and the
interfacial tension presented in the previous section clearly
show that an increase in the magnitude of the Donnan potential
corresponds with a decrease in the interfacial tension at fixed
tie-line length. The addition of salt suppresses the Donnan
potential according to eq 31 and, as observed experimentally,
also suppresses the decrease of the interfacial tension. The
decrease in tension isaccording to Poisson−Boltzmann
theoryexpected to be caused by the negative free energy of
spontaneously formed electrical double layers. This free energy
per unit area Δγ may be calculated on the basis of measured
electrical potential differences and subtracted from the
measured interfacial tensions, which gives us the intrinsic
interfacial tensions γ − Δγ. When plotted in this way, all points
collapse onto a master curve, supporting the predicted
influence of the Donnan potential on the interfacial tension.
We have evaluated the interfacial tensions in our system as a

function of the tie-line length, which is a measure of the degree
of phase separation. If two samples (with a different
polyelectrolyte charge z, critical point, and binodal) have the
same tie-line length, the difference in concentration of the two
polymers between the coexisting phases is on average the same.
Therefore, the fact that the intrinsic interfacial tensions as a
function of the tie-line length all collapse onto a single curve
indicates that the interfacial gradients remain also unchanged,
despite the polymers being present at substantially different
concentrations.
The interfacial tensions as calculated using the blob model

are about twice as large as the measured interfacial tensions. It
is to be expected that the calculated interfacial tensions are
higher than those measured, since for instance monodisperse
polymers are assumed in the calculations, whereas both dextran
and gelatin are polydisperse. It is known that the interfacial
tension of similar systems decreases with decreasing polymer
molar mass, even if the same tie-line length is maintained.35,36

As such, the presence of low-molecular weight material may
reduce the interfacial tension. Additionally, in order to simplify

Figure 7. Measured interfacial tension γ as a function of the tie-line length L, showing the effect of (a) polyelectrolyte charge15 (low ionic strength,
5−10 mM) and (b) the addition of 50 mM KCl. The solid lines are power-law fits with a common exponent of 3.3.

Figure 8. Measured interfacial tension γ,15 compensated for the
decrease Δγ due to the interfacial electrical potential difference eq 28,
as a function of the tie-line length L. The solid line is a power-law fit to
all compensated experimental values, with an exponent of 3.22 ± 0.08,
and the dotted line is the interfacial tension as calculated using the
blob model, with an exponent of 3.153 ± 0.005.
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the calculations, the interfacial profile of the blob volume
fraction η(z) was optimized assuming a constant total polymer
concentration throughout the interface (i.e., u ̅ϵ(z) = 0). Only
after that the profile u ̅ϵ(z) was optimized, assuming a fixed
profile η(z). Ideally, the two profiles would be optimized
simultaneously, potentially yielding lower interfacial tensions.
A power-law scaling between the interfacial tension and tie-

line length with an exponent equal to 3 may be expected from
mean-field theory. When not taking into account solvent
redistribution within our calculations, we find as expected an
exponent 3.0451 ± 0.0014 (not shown) due to their mean-field
nature. This exponent increases to 3.153 ± 0.005 when
including solvent redistribution. This is similar to the exponent
found experimentally (3.22 ± 0.08). Indeed, performing a t-test
reveals that the experimental exponent is not significantly
different from the calculated value.37 The experimental
exponent is, however, using the same criteria, significantly
different from the value calculated without solvent redistrib-
ution. This serves as an important indication that solvent
redistribution also affects the scaling of the interfacial tension
experimentally.
While interfacial tensions have been reported before for

similar systems,38,39 literature data on the scaling of the
interfacial tension with the tie-line length (or sometimes
density difference) in comparable systems remains scarce and a
range of scaling exponents has been reported. For PEG/
dextran, Forciniti et al. reported numerous exponents depend-
ing on molar mass and temperature, with a mean of 3.74 ±
0.78,35 while Bamberger et al. reported values in the range of
3.5 to 4.140 and Liu et al. found mean-field behavior far from
the critical point.41 Ding et al. reported a value of 2.4 for
dextran/gelatin,36 and Scholten et al. found scaling with the
density difference with an exponent of 2.7 ± 0.3 for the same
system.42 Antonov et al. found an exponent of 3.1 ± 0.3 with
Δρ for caseinate/alginate,43 whereas Simeone et al. reported
linear correlation between γ and the tie-line length or the
density difference.44 Mean-field exponents have also been
reported for complex coacervates,45,46 which are formed by
oppositely charged polymers in solution. The present results
show that accurate information on the scaling behavior and
magnitude of the interfacial tension can be obtained by
analyzing the shape of the interfacial profile.

■ CONCLUSION

The presence of charge on one of the polymers in coexisting
solutions of polyelectrolyte and neutral polymer leads to a
Donnan equilibrium and to the formation of an interfacial
electrical potential difference. It is due to this Donnan potential
that the interfacial tension decreases when the absolute charge
of the polyelectrolyte increases, and this decrease can be
understood quantitatively on the basis of Poisson−Boltzmann
theory. The magnitude and scaling behavior of the interfacial
tension as calculated using the blob model compare favorably
with experiments. Solvent accumulation at the water/water
interface has an experimentally accessible effect on the scaling
behavior of the interfacial tension and can explain the
experimentally observed scaling behavior.

■ APPENDIX

In this Appendix, we consider the general situation in which the
local charge density due to presence of polyelectrolyte is not

negligible compared to the total charge density. The total
charge density is thus given by

ρ = + −+ −Z zec Z ec Z ec Z( ) ( ) ( ) ( )e
p

(A.1)

We shall assume that the polyelectrolyte concentration changes
discontinuously from cα

p to cβ
p at the interface (Z = 0).

Electroneutrality dictates that there is no net charge in either
bulk region, i.e.,

= − = −α α α β β β
− + − +zc c c zc c candp p

(A.2)

For the ion density profiles, a Boltzmann distribution is
assumed:

= − Ψ − Ψ = − Ψ − Ψα α β β
+ + +c Z c c( ) exp[ ( )] exp[ ( )]

(A.3)

= Ψ − Ψ = Ψ − Ψα α β β
− − −c Z c c( ) exp[ ] exp[ ] (A.4)

The Boltzmann assumption necessarily leads to the following
two relations between the potential difference ΨD = Ψα − Ψβ

and the bulk ion densities:

Ψ = =β α α β
+ + − −c c c cln( / ) ln( / )D (A.5)

Using the Poisson equation, 2ecbulk d2Ψ/dZ2 = −ρe(Z), the
Poisson−Boltzmann equation for Ψ(Z) then takes the
following form:
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where we have defined κ πλ=α αc8 B and κ πλ=β βc8 B to

rescale the distance to the surface and where we have
introduced:
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Note that if we neglect the polyelectrolyte charge contribution
(δα ≈ δβ ≈ 0), the Poisson−Boltzmann equation reduces to the
expression given in eq 18. The Poisson−Boltzmann equation is
conveniently integrated to give
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(A.8)

The condition of electroneutrality requires the integral over
the charge density to net zero. One can show that this
requirement leads to the following condition
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which can be solved for Ψα and Ψβ to yield:
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Furthermore, the individual ion densities in either bulk phase
are given by
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which leads to the following expressions for the parameters δα
and δβ defined in eq A.7:
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The electrostatic contribution to the surface tension, Δγ, can
be calculated by integrating the surface charge over the
potential as in eq 22. Alternatively, it can be determined from
the general expression for the free energy in terms of the
translational entropy of the ions and the electrostatic energy:
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where μi is the chemical potential of ion-species i and Πel the
osmotic pressure. The chemical potentials are determined by
the requirement that the free energy is minimal in the bulk
regions. This leads to

μ
= + + Ψ = + + Ψα α β β

+ + +

kT
c cln( ) 1 ln( ) 1

(A.15a)

μ = + − Ψ = + − Ψα α β β
− − −

kT
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(A.15b)

The osmotic pressures are equal in either bulk phase, Πel ≡ Πel
α

= Πel
β , with
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Using these results for μi and Πel, the surface free energy may
be written as
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Inserting the Boltzmann distributions and using the Poisson
equation, this reduces to

∫

∫

γ
κ

δ

κ

δ

Δ = − Ψ′ − Ψ − Ψ −

− Ψ − Ψ − Ψ + Ψ

+ − Ψ′ − Ψ − Ψ −

− Ψ − Ψ − Ψ + Ψ

α

α

α

α
α α

β

β

β

β
β β

−∞

∞

kT
c

Z

c
Z

d { [ ] 2[cosh( ) 1]

2 [sinh( ) ]}
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2 [sinh( ) ]}

0
2

0

2
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Using the Poisson−Boltzmann equation in eq A.8, this can be
written as

∫

∫

γ

κ
πλ

ω δ

κ
πλ ω

δ

Δ =

− Ψ Ψ − Ψ − Ψ

− Ψ Ψ − Ψ − Ψ

α

β

Ψ

Ψ

α

β

⎜ ⎟

⎜ ⎟

⎛
⎝⎜

⎛
⎝

⎞
⎠

⎞
⎠⎟

⎛
⎝⎜

⎛
⎝

⎞
⎠

⎞
⎠⎟

kT

kT

4
d 4 sinh

2
2 [sinh( ) ]

4
1

d 4 sinh
2

2 [sinh( ) ]

B 0

2
1/2

B

0
2
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If we were to neglect the polyelectrolyte charge contribution
(δα ≈ δβ ≈ 0), the above integrals can be evaluated and Δγ
reduces to the expressions in eq 23 and eq 26. Furthermore, if
we assume that the Donnan potential ΨD ≪ 1, we can expand
in Ψ. The result is that ω ≈ 1 and that the terms involving δα
and δβ vanish to leading order so that we rederive the
expression given in eq 28:

γ κ
πλ

Δ ≃ − ΨkT
16

( )
B

D
2

(A.20)
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