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Electric charge at the water-water interface of demixed solutions of neutral polymer and polyelectrolyte
decreases the already ultralow interfacial tension. This is demonstrated in experiments on aqueous mixtures
of dextran (neutral) and nongelling fish gelatin (charged). Upon phase separation, electric charge and a
potential difference develop spontaneously at the interface, decreasing the interfacial tension purely
electrostatically in a way that can be accounted for quantitatively by Poisson-Boltzmann theory. Interfacial
tension is a key property when it comes to manipulating the water-water interface, for instance to create

novel water-in-water emulsions.
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Coexisting polymeric phases in aqueous solution are
extensively studied both in theory and experiment [1-14].
They have important applications in food and biomedicine,
as they provide the means to texturize water and to
encapsulate a first aqueous phase in a second one, both
typically containing 90% of water [15-22]. Often, one or
both polymer species are charged, tunable by varying the
pH. The liquid-liquid interface of such systems is quite
peculiar, as it is permeable to solvent and small ions, and it
has an ultralow interfacial tension, typically in the range of
0.01-10 uN/m [3,23-33]. The interplay between the phase
separation of charged polymers and a permeable interface
leads to an electrical potential difference between the two
phases, which, as we show here, further reduces the already
ultralow interfacial tension.

An important consequence of the reduction in interfacial
tension is that it may become so low that it becomes
entropically favorable for the system to increase its interfacial
area and to form microdomain structures, as in micro-
emulsions and block copolymer systems. The conditions
under which such structures would be present in poly-
electrolyte systems were theoretically investigated in
Refs. [34-36], but it is fair to say that any clean experimental
observation s still lacking. To understand better the influence
of charge on the interfacial tension, we therefore exper-
imentally investigate a phase-separated aqueous solution of a
neutral polymer and a polyelectrolyte. A deeper under-
standing of the structure and tension between such polymeric
phases would help to pave the way to show experimentally
the existence of microstructured polyelectrolyte systems and
the formulation of water-in-water emulsions, which mainly
remains a matter of empirical research.

When one of the polymer species is charged, the liquid-
liquid interface is also charged as a consequence of the
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Donnan effect: the unequal partitioning of ions over the two
phases results in an electrical potential difference, referred
to as the Donnan potential [37-39]. Since the Donnan
effect not only affects the interfacial tension itself but also
the overall phase diagram, it is necessary to determine not
only interfacial tension and Donnan potential, but also the
precise composition of the coexisting phases. This allows
us to examine the effect of interfacial charge on the
interfacial tension at equal difference in polymer concen-
trations between the two phases. We will show that the
effect of charge on the interfacial tension can be well
understood in terms of Poisson-Boltzmann theory adapted
to describe the liquid-liquid interface.

The experiments were performed on phase separating
aqueous solutions of dextran (100 kDa) and nongelling fish
gelatin (100 kDa) using equal concentrations of both
polymers. Dextran is a neutral polymer and gelatin is a
weak polyelectrolyte with a charge adjustable via the pH.
This model system has been featured in several earlier
studies [10,11,29-31,40-42]. The compositions of the
phases, the difference in electrical potential, the salt
concentration, and the charge on the gelatin were deter-
mined as described previously [40,41].

The interfacial tension is experimentally determined
from an analysis of the static profile of the liquid-liquid
interface at the flat wall of a polystyrene cuvette, see Fig. 1,
as done previously for colloid-polymer mixtures [43]. The

capillary length £, = \/y/(Apg) sets the length scale of
this profile, where y is the interfacial tension, Ap is the mass

density difference between the two phases, and g is the
gravitational acceleration. The profile was imaged using an
optical microscope and the resulting value of £, together
with a precise determination of Ap allows us to determine
the interfacial tension.

© 2015 American Physical Society
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FIG. 1 (color online). Determination of the interfacial tension
of a demixed aqueous solution of 5% dextran and 5% nongelling
fish gelatin from image analysis of the profile of the liquid-liquid
interface at a vertical polystyrene surface: (top) micrograph and
(bottom) extracted profile and fit.

The electrical potential difference across the interface
was varied by changing the charge on the polyelectrolyte.
Our fish gelatin has a net zero charge at pH 7.5, is positively
charged at low pH, and is negatively charged at higher pH
[40]. In the linear regime (Jyp| < 10 mV), the Donnan
potential wp =y, —yy is given by [40,41]

kT zAc,

Vo= 2¢,

(1)

where kT is the thermal energy, e is the elementary charge,
z is the average net number of charges per polyelectrolyte
molecule, Ac, = ¢, , — ¢, 4 is the polyelectrolyte concen-
tration difference between the two phases @ and f, and c; is
the concentration of background salt. The two extremes in
magnitude of the Donnan potential were obtained by
varying the pH from pH 6.2 with 5 mM salt (z = +5),
where the Donnan potential was less than 1 mV, to pH 4.8
with 9 mM salt (z =% +20), where we measured the highest
Donnan potentials, for instance yp = 7.26 = 0.04 mV at
7.5% by mass of each polymer. In these two cases, the
position of the binodal is quite different in the phase
diagram of demixing, see Fig. 2, and the critical demixing
mass fraction shifts by a factor of 2. Such a shift has been
observed also in similar systems [44,45] and can be
understood in terms of the loss in translational entropy
of the salt ions [41]. The polyelectrolyte-rich phase has the
highest concentration of counterions, which stems from
the condition of macroscopic electroneutrality, and this
unequal distribution of the ions over the two phases has an
entropic cost. The result is that it is more difficult to achieve
phase separation as the charge on the polyelectrolyte
increases.

From Fig. 2, it is clear that to understand the direct effect
of charge on the interfacial tension at different Donnan
potentials, one cannot compare the interfacial tensions at

FIG. 2 (color online). Measured phase diagrams [40,41] of
demixing of aqueous solutions of dextran (uncharged) and
nongelling fish gelatin (charged), under conditions where the
Donnan potential is small (pH 6.2, 5 mM salt) and where it is
large (pH 4.8 with 9 mM salt, 20 charges per gelatin chain).

equal overall concentration of the polymers: in some cases
where phase separation does occur at relatively low charge
on the polyelectrolyte, no demixing occurs at higher
charge. To account for the shift in the binodal due to
charge, we need to introduce some measure for the position
in the phase diagram. Several choices are possible such as
the difference in polymer concentration or difference in
polyelectrolyte concentration, but here we have taken the
tie-line length as a measure for the position in the phase
diagram. It is defined as the distance between the coexisting
points on the binodal at particular overall polymer con-
centrations, polyelectrolyte charge, and salt concentration
(see Fig. 2). To investigate the scaling behavior of the
interfacial tension or the effect of charge on the interfacial
tension, the particular choice to denote the position in the
phase diagram has little consequence.

The measured interfacial tensions as a function of tie-line
length are shown in Fig. 3 for the two pH values of Fig. 2 and
for pH 9.2 with 7 mM salt, where the number of charges on
the polyelectrolyte (z ~ —6) is similar in magnitude but
opposite in sign compared to the situation at pH 6.2. A first
observation is that the interfacial tension scales with the tie-
line length to the power 3.3. This is somewhat below the
theoretically expected exponentof u/f = 3.8, withy = 1.26
and f = 0.325 [46], the critical exponent of the interfacial
tension and concentration difference, respectively. A second
observation is that—at equal tie-line length—the interfacial
tensions measured at pH 4.8, where the polyelectrolyte is
relatively highly charged, are significantly lower than those
atpH 6.2 and pH 9.2, where the Donnan potential is lower. To
come to a quantitative description of this effect, we calculate
the electrostatic contribution to the interfacial tension using
Poisson-Boltzmann theory.

It is convenient to model our phase-separated liquid-liquid
system as the sum of two electrical double layers. To show
this, we first consider the effect of interfacial charge on a
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FIG. 3 (color online). Interfacial tension between demixed
aqueous solutions of dextran and nongelling fish gelatin. The
experimentally measured tension is plotted against the tie-line
length (Fig. 2) at increasing absolute number of charges and
Donnan potential: pH 6.2 with 5 mM salt, pH 9.2 with 7 mM salt,
and pH 4.8 with 9 mM salt.

single electrical double layer. The contribution to the inter-
facial tension of a single electrical double layer can be
calculated with equal results in different ways, for instance
via the free energy route or pressure route [47]. Here, we opt
for an electrostatics approach resembling that of Frenkel [48],
and Verwey and Overbeek [49] for a charged solid-liquid
interface; similar approaches have been used to describe
charged oil-water and air-water interfaces [50-52]. The
surface free energy is then calculated by integrating
the potential-dependent surface charge density o(¥) over
the dimensionless potential W =ye/(kT), with y the
electrical potential [48,49]:
L ey (2)
A e Jo

where U, is the potential at the solid substrate. An expression
for o(W) is obtained starting from the Poisson-Boltzmann
equation,

d*v

dz?
where W(Z) is the electrical potential at a dimensionless
distance Z = kz from the interface, and x is the Debye
screening constant, given by k= ./8zlgc,. Here, the
Bjerrum length is given by 1z = ?/(4neekT), where ¢
is the permittivity of vacuum and e is the relative permittivity
of the solvent (water). Integration of Eq. (3) yields

dv A
7= —2sinh (5> , (4)
where we used that U and dWV/dZ are zero far from the sub-

strate. Using electroneutrality of the system, Eq. (4) leads to
the following surface charge density for a surface potential W:

ek (d¥ ex U,
= - — = nh| — ). 5
° = 4, (dZ) vy, 27k ( 2 > )

This expression is derived for a single double layer that
results from the presence of charge on the solid substrate. In

= sinh(), (3)

the present system, the interface can be viewed as the sum
of two electrical double layers with surface charge densities
o, and oy, joined at a central plane that delimits two parts of
equal absolute charge but opposite sign (6, + o5 = 0). In
analogy to Eq. (5), the total electrical potential drop,
Uy =W, — Wy, is distributed over the two phases, giving
for the surface charge densities

—ek, . v,
g N2 ) T 2,

where we have set the electrical potential zero at the central
plane, for convenience, and where we have taken into
account that the Debye lengths and Bjerrum lengths in the
two phases may be different due to the unequal partitioning
of salt and a possible difference in permittivity. It is
convenient to define an effective salt concentration ¢, =

/Cs.aCs 5 and relative permittivity € = , /€€ so that global
values of the Bjerrum and Debye lengths are given by
Ak =\/wAp ok7! :\/LEXB’/;K_I withw=/c; 6,/ (c, pep).

Integration of Eq. (6) as in Eq. (2) results in the following
surface free energies of the two double layers:

fo= _iTT:\/E[cosh <%> - 1}, (7)
f5= _%% {cosh(%) - 1}. (8)

The electric contribution to the interfacial tension is now
simply the sum of these two expressions, Ay = f, + f5.

In order to simplify these expressions further, we
may assume that the dimensionless electrical potential is
small, ¥, < 1. From the electroneutrality condition,
o, +05=0, it then follows that the individual bulk
electrical potentials are approximately given by W, =
Up(l/1+w) and V4 =-Vp(w/l + ). Furthermore,
the hyperbolic functions in Eqs. (7) and (8) can be
expanded to second order. The total electric contribution
to the interfacial tension is then

Ay~_(‘PD>2 Jao KTk

2 ) 1+w2riy

. ©)

Finally, when we also assume that the relative permittivity
is the same in both phases, we have that o =
exp(—Up/2) =1 so that the factor \/o/(1 + w) is close
to 1/2. The electric contribution to the interfacial tension is

then in good approximation given by the following simple
expression:

kTk _,

— 02, 10
1675 P (10)

Ayz_

This final result is plotted in Fig. 4, together with the
unapproximated form obtained by summing Eqs. (7) and (8).
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FIG. 4 (color online). Electric contribution to the interfacial
tension as a function of the Donnan potential yp. The contri-
butions f, and f; from Egs. (7) and (8), and their sum Ay =
Sfa + fp (solid line) are given together with the approximation of
Eq. (10) (dotted line). We have taken ¢, = V/CsaCsp = 10 mM,
€, =€ =718, and ¢, /c, 5 = exp(Vp).

The presence of an electrical potential difference W
between the two phases leads to a negative contribution to
the interfacial tension in a way that it is quadratic in ¥p,, in
line with the fact that the sign of the charge density should
not matter. This quadratic dependence on Wy, is also in line
with the change in interfacial tension that results from the
external application of an electrical potential difference AV
as in electrowetting, Ay o (AV)?, where the proportion-
ality constant can be interpreted as an interfacial capaci-
tance. An essential difference is that for the liquid-liquid
interface investigated here, the potential difference results
from the Donnan effect and could not be externally applied,
as with oil-water interfaces [52], due to the low electrical
resistance of the liquid-liquid interface.

Using Eq. (10), with ¥, taken from the direct electro-
chemical measurements of the Donnan potential in
Fig. 5(a), we can now subtract the electrostatic contribution
to the interfacial tension. It turns out that for all three pH
values considered here, the resulting intrinsic interfacial
tensions y, =y — Ay all collapse onto a single master
curve when it is plotted as a function of the tie-line length
[see Fig. 5(b)]. This result shows that the interfacial tension
can be fully understood as the sum of two contributions:
one term (y,) that is related only to the relative position in
the phase diagram as described by, for instance, the tie-line
length, and a second (negative) term (Ay) related to the
direct contribution to the interfacial tension due to the
electrical potential difference across the interface. Although
we have not shown it here, this conclusion is further
corroborated by experiments performed under high salt
conditions (Ay < y) where it is observed that the interfacial
tension no longer depends on polyelectrolyte charge and
obeys the same master curve in Fig. 5(b).

Even though in the present experimental system the
reduction of the interfacial tension due to charge can be
up to 60% (see Fig. 3), this turns out to be insufficient to
observe microdomain formation, as theoretically predicted in
Refs. [34] and [36]. This shows the importance of the precise

(@)
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FIG. 5 (color online). Interfacial electrical potential difference
[40,41] and (b) interfacial tension compensated via Eq. (10) for
the electrical potential difference of demixed aqueous solutions of
dextran and nongelling fish gelatin. The potential and tension are
plotted against the tie-line length (Fig. 2) at pH 6.2 with 5 mM
salt, pH 9.2 with 7 mM salt, and pH 4.8 with 9 mM salt.

experimental conditions considered, i.e., poor-solvent con-
ditions in Ref. [34] or melt conditions without added salt in
Ref. [36]. In this respect, the result in Eq. (10) for the
reduction in interfacial tension due to charge, helps us to
speculate on the experimental conditions necessary to reduce
the interfacial tension to zero, enabling the formation of
microstructures. In general, such a reduction in the interfacial
tension requires an increase in the Donnan potential which
may be achieved either by decreasing the amount of added
salt or by increasing the polyelectrolyte charge.

An interesting consequence of the reduction of the inter-
facial tension in these polymeric systems due to the presence
of charge, is that the interfacial curvature energy becomes a
relevant factor to describe, e.g., the possible occurrence and
shapes of microstructures. It is expected that insight into the
electric contribution to the interfacial curvature energy can be
obtained by extending the Poisson-Boltzmann description
presented here to curved surfaces as it was done for the curved
charged solid-liquid interface [47].

In conclusion, electric charge is ubiquitous in soft matter
but its role is often complicated and not well understood
quantitatively. In the present Letter, we have shown that the
interfacial tension of demixed aqueous solutions of a
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polyelectrolyte and a neutral polymer is reduced by the
presence of the interfacial charge. The interfacial charge
and interfacial electrical potential difference arise sponta-
neously due to the Donnan effect. By taking the effect of
charge on the phase diagram into account, our precise and
systematic measurements show that Poisson-Boltzmann
theory quantitatively relates the decrease in tension to
the measured potential difference.

The authors thank Paul van der Schoot for a helpful
discussion. This work was supported by The Netherlands
Organisation for Scientific Research (NWO).
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