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ABSTRACT: When oppositely charged polyelectrolytes are mixed below a critical salt concentration, their
mixtures show macroscopic phase separation into a dilute and a dense, polyelectrolyte complex phase.
Binodal compositions of the polyelectrolyte complexes have been measured experimentally using fluores-
cently labeled polyelectrolytes. We used fluorescein-labeled poly(acrylic acid) (PAA) of four different chain
lengths (N = 20, 50, 150, and 510) to determine the binodal compositions of polyelectrolyte complexes of
PAA and poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) of similar chain lengths. The water
content of polyelectrolyte complexes obtained has a lower limit of about 65%, practically independent of
chain length, and increases with increasing salt concentration. We interpret our results on binodal com-
positions, water content and critical salt concentration as a function of chain length using the mean-field
model of Voorn and Overbeek and find good quantitative agreement with our experiments using only one
adjustable parameter. We believe that such a model can be used to predict equilibrium concentrations also for

other strongly charged flexible polyelectrolytes.

Segregative phase separation is common in polymer solutions
and polymer melts: many polymers have unfavorable mixing enth-
alpies. If the polymers become long enough, mixing entropy can
no longer favor overall mixing and separation into two phases,
each rich in at least one of the polymers in the original mixture,
occurs. Knowledge of phase compositions and compatibility cri-
teria are of great value to polymer processing, pharmaceutics and
food industry, as (bio)polymer mixtures often have to be stabi-
lized. For mixtures of two polymers in a single solvent binodal
compositions can be plotted in a simple phase diagram, as is
schematically shown in Figure la.

Oppositely charged polymers are one of the few examples of
polymers with strongly favorable mixing enthalpies, caused by
electrostatic attraction between their opposite charges. These
polymers can also undergo phase separation, but both polymers
will now end up in the same phase while the coexisting phase con-
tains a low concentration of both polymers (see Figure 1, parts b
and c). This associative phase separation results in the formation
of a large polyelectrolyte complex. The complex phase can be
liquid-like, in which case it is referred to as a complex coacervate.
This name was first given to liquid-like complexes of oppositely
charged polymers or colloids by Bungenberg-de Jong after his
observation of this phenomenon in mixtures of gelatin and arabic
gum." The complexes are not always liquid-like. There are some
reports in which polyelectrolyte complexation is divided into two
classes: complex coacervation and complex precipitation.” The
difference between these two classes is phenomenological and not
yet understood physically.

Nowadays, associative phase separation is applied in many
more cases than the original gelatin arabic gum system. Micelles,**
microemulsions,’ or vesicles®” with comglex coacervate cores can
be used, for example, as drug carriers™ or packaging materials
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for enzymes.'” Recently, Lemmers et al. demonstrated that
polyelectrolyte complexation can also be used to drive the for-
mation of fully reversible gels.'' In general, any of these nano-
structures can be designed and engineered by choosing the correct
balance of attractive and repulsive forces between oppositely
charged polymers or polymeric blocks on the one hand and other
components, such as colloids, proteins and neutral polymeric
blocks on the other hand. In more macroscopic systems, polyelec-
trolyte complex formation can be used to reversibly coat surfaces
with polymer brushes at grafting densities well above 1 nm ™2, '* to
prepare microgels with an upper critical solution temperature
(UCST) near physiological temperature that are able to catch and
release charged molecules upon heating'® and to serve as poten-
tial fat replacers in food.'*"

All these examples of polyelectrolyte complexation would
benefit from a quantitative description of the underlying asso-
ciative phase separation. However, such a description is compli-
cated due to the influence of many factors on formation of poly-
electrolyte complexes. Important experimental factors are mainly
polymer chain length, charge density, polymer concentration,
mixing ratio, salt concentration, temperature, and pH. In general,
the strongest tendency for polyelectrolyte complex formation is
found for long polymers, high charge densities, a polymer mixing
ratio at which polymeric charges are presentat a 1:1 ratio and low
salt concentrations.'

There have been several attempts to construct a theoretical
model to predict the correct influence of all of these parameters
on polyelectrolyte complexation, but with only little quantitative
experimental data. The first theoretical description of complex
coacervation was given b;/ Voorn and Overbeek and treats
weakly charged polymers.'” Their model estimates the total free
energy of mixing as a sum of mixing entropy terms and mean field
electrostatic interactions in a Debye—Hiickel approximation.
Parameters that are explicitly included in this model are chain
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Figure 1. Schematic phase diagram showing binodal compositions of coexisting phases for (a) segregative and (b) associative phase separation. The
panels left of and below diagram (b) are cross sections through the main diagram. (c) Schematic drawing of associative phase separation in a solution of

two polyelectrolytes of which one bears a label.

length, charge density and concentrations of polymer and salt.
The mean field approximation neglects correlation effects and
furthermore the Debye— Hiickel approximation is thought to limit
the applicability of the model to low charge densities and low salt
concentrations. Only much later, Borue et al.,'® Castelnovo and
J oanny,lg’20 and Ermoshkin, Kudlay, and Olvera de la Cruz?"?
derived relations for polyelectrolyte complexation based on a
random phase approximation, which allows to correct for high
charge densities and connectivity of the polymer segments. Finally,
Biesheuvel and Cohen Stuart developed an off-lattice approach to
describe polyelectrolyte complexation for polyelectrolytes with
pH-dependent charges.*** They use the framework of Voorn
and Overbeek, but treat polymeric charges separately and include
pH-dependent charges as ionizable groups along the polymers.
Monovalent ions are part of the diffuse layer around the poly-
electrolytes in a cylindrical geometry and either the linearized or
the full Poisson—Boltzmann equation is solved to calculate their
distribution. The approach of these authors is the first to take into
account the effect of pH on polyelectrolyte complexation, which
is very important in many biopolymer complex coacervates.

After the first experimental observation of complex coacerva-
tion by Bungenberg-de Jong, only a few experimental studies
followed. Recently, there has been a renewed interest in complex
coacervation and polyelectrolyte complexation of mainly bio-
logical macromolecules.*>*° Most of these reports describe com-
plex coacervation on a phenomenological basis. Chollakup et al.
constructed a very extensive phase diagram for poly(acrylic
acid)—poly(allylamine) complexation, including the effect of
pH, temperature, mixing ratio, and salt concentration.” However,
they did not measure concentrations of polyelectrolytes in the two
phases directly, but they determined phase boundaries between
miscible, coacervate, and precipitated phases using microscopy
and turbidity measurements.

In this paper we aim at bridging the gap between experimental
reports on polyelectrolyte complexation and theoretical models.
We measure binodal compositions of polyelectrolyte complexes
of strongly charged poly(acrylic acid) (PAA) and poly(N,N-
dimethylaminoethyl methacrylate) (PDMAEMA) directly using
fluorescently labeled polymers. This approach is schematically
depicted in Figure 1c. We focus on the effect of chain length and
salt concentration on phase behavior, but our approach can
easily be extended to measure phase behavior as a function of
composition, pH, and temperature as well. Experimental data is
described using a theoretical model for polyelectrolyte complexa-
tion with only a single adjustable parameter. The insights of this
quantitative description enable us to better understand poly-
electrolyte complexation in general and the effect of chain length
and salt concentration on complexation between other strongly
charged flexible polyelectrolytes in particular.

Experimental Section

Materials. Poly(acrylic acid) (PAA), an acidic polyelectrolyte
that is negatively charged at high pH values, and poly(N,N-
dimethylaminoethyl methacrylate) (PDMAEMA), a basic poly-
electrolyte that is positively charged at low pH values, of four
different lengths were purchased from Polymer Source Inc. as
dry powders. The chain lengths (N) and specifications of PAA
are as follows: M, = 1.5kg/mol (N = 20, M\ /M, = 1.12), M, =
3.4kg/mol (N = 47, M, /M, = 1.3), M, = 10.0kg/mol (N = 140,
My /M, = 1.15) and M,, = 36.0 kg/mol (N = 500, M,,/M, =
1.10). For PDMAEMA, polymers with similar degrees of poly-
merization were purchased: M, = 3.2 kg/mol (N = 17, M/M,, =
1.18), My, = 11.2kg/mol (N = 51, M,/M,, = 1.40), M, = 24.4kg/
mol (N = 150, M,/M,, = 1.04) and M,, =90.1 kg/mol (N = 526,
My /M, = 1.09). All polymers were used as received.

For labeling of poly(acrylic acid) anhydrous methylpyrrol-
idone (MP), triethylamine (TEA), N,N’-dicyclohexylcarbodi-
imide (DCC), and fluorescein amine (isomer II) were used. These
chemicals were all purchased from Sigma-Aldrich.

Solid potassium chloride, a 1 M solution of hydrochloric acid
and a 1 M solution of potassium hydroxide were purchased from
Merck Chemicals and used to adjust pH and salt concentration
of the polyelectrolyte solutions. Deionized water with a resis-
tance of 18.2 MQ-cm was used.

Fluorescent Labeling of Polyelectrolytes. Poly(acrylic acid)
was labeled with fluorescein, following a procedure of Anghel
et al.>! Briefly, 0.5 g of poly(acrylic acid), acid form, was dis-
solved in 25 mL of MP at 60 °C. We subsequently added a
solution of 13 mg of TEA and 34 mg of DCC in 2.5 mL of MP
and a solution of 36 mg of fluorescein amine in 2.5 mL of MP to
this mixture. The resulting mixture was clear and had a pale
yellow color. This mixture was stirred in the dark at 60 °C for
24 h. The mixture was then cooled to room temperature and the
PAA was precipitated by dropwise addition of a 1 M solution
of KOH (7 mL total). The orange precipitate was collected
by filtration and washed three to five times with MP. UV/vis
spectroscopy was used to quantify the remaining amount of free
label. After washing the precipitate was dissolved in water and
dialyzed three times against 1 L of water in a 1000 or 3500 M,,
cutoff membrane, depending on the polymer length. The solu-
tion inside the membrane was then freeze-dried, yielding the
potassium salt of labeled PAA as a pale orange powder.

The total loss of polymer was low during this labeling pro-
cedure. Typically, 90% of the polymer is regained after freeze-
drying. The labeling efficiency for this fluorescein label was low,
however, in contrast to the labeling efficiency reported by
Anghel et al. We determined labeling efficiencies by dissolving
a known amount of labeled polymer in water, adjusting the pH
to 12 and recording the absorption spectrum using a Varian UV/
vis spectrometer. The molar extinction coefficient of fluorescein
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at 489 nm was measured to be 8.09 x 10* M~! cm™'. The
labeling ratios of the four PAA polymers are 1:8400, 1:1250,
19350, and 1:4480 for PAAzo, PAA47, PAA140, and PAA500
respectively. This means that on average 1 per 10—20 polymers
contains a label and the probability of having more than one
label per polymer is low. The reason for the low labeling effici-
ency is the position of the amino group that is directly attached
to an aromatic ring in isomer II of fluorescein amine. However,
for our present purpose of measuring polymer concentrations of
the order of 10 mg/L the labeling ratio suffices. Because of the
low labeling ratio we assume that the labels do not influence the
phase behavior of the polyelectrolytes we use. This assumption
was verified by determining the critical salt concentration of
labeled PAA>y and PDMAEMA .

Labeled PAA was further characterized using fluorescence
correlation spectroscopy (FCS) experiments in which any re-
maining traces of free label were quantified (see Supporting
Information). If necessary, measurements are corrected for the
presence of free label.

Polyelectrolyte Complex Formation. Mixtures of the two
oppositely charged polyelectrolytes were prepared at an overall
monomer concentration of 0.11 M (PAA: 7.9 g/L; PDMAEMA:
17.3 g/L) in a total volume of 4 mL. In this paper all mixtures
have a 1:1 stoichiometric ratio of chargeable groups, since all
mixtures were prepared at pH 6.5+ 0.2, where both poly-
electrolytes are equally strongly charged, as determined by a pH
titration (see Supporting Information). The fraction of charged
groups (i.e., protonated for PDMAEMA and deprotonated for
PAA)ranges fromo = 0.93at0.10 M KCltoa = 0.97at 1.0 M
KCI for both polyelectrolytes. Finally, all mixtures consist of
PAA and PDMAEMA of similar chain lengths. This means that
four combinations are made, for which the binodal composi-
tions were measured as a function of salt concentration: PAA,q
and PDMAEMA -, hereafter referred to as N = 20; PAA4; and
PDMAEMAj,, hereafter referred to as N = 50; PAA 4 and
PDMAEMA 5, hereafter referred to as N=150 and PAAsq
and PDMAEMA ¢, hereafter referred to as N = 510.

The procedure we followed to prepare our mixtures is as
follows. First, stock solutions of both PAA and PDMAEMA of
the desired length were prepared at a concentration of 50 g/L
and pH 6.5 (monomer concentrations 0.69 and 0.32 M respec-
tively). The stock solution of PAA contained about 20% labeled
polymer by weight. Second, 1.38 mL of the PDMAEMA solu-
tion was mixed with a calculated amount of 3 M KCl solution
and water in a plastic vial (V' = 6 mL) of known weight to give
3.37mL total solution at pH 6.5. Finally, 0.63 mL of PAA solu-
tion was added to give a mixture with a total volume of 4.0 mL,
an overall monomer concentration of 0.11 M and a 1:1 stoichio-
metric ratio of AA to DMAEMA monomers. In our calculation
of the overall salt concentration, we corrected for the ions pre-
sent in the stock solutions of PAA and PDMAEMA.

Complexation occurred immediately upon addition of the
PAA if the salt concentration was low enough. The complex was
visible as a pale white gel-like substance that initially floated
through the mixture. At this point all mixtures were shaken
vigorously and left to equilibrate for 5 days in total at room
temperature. After about 1—3 h, the phase separated mixtures
became transparent and the polyelectrolyte complex had sedi-
mented. Two days after mixing all samples were centrifuged
gently at 1000 g for 5 min. At this point all phase separated
mixtures had two clearly separated phases, both of which were
transparent (see Figure 2). The mixtures were then left for the
remaining 3 days before they are analyzed.

Analysis of the Separated Phases. The mixtures were sepa-
rated into the two phases and the volume of the dilute (top)
phase was measured using a graduated pipet. The concentrated
(bottom) phase was weighed and then dried in an oven at 110 °C
until the dry weight no longer changed. The density and water
content of the coacervate phase were calculated using the mea-
sured weight and calculated volume of this phase. The density of
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the dilute phase was measured using a densiometer, which was
calibrated using air and Milli-Q water. The error in the calcula-
tion of the water content of the coacervate phase was estimated
based on a 10 mg accuracy of the weight of the coacervate before
drying, due to a small amount of the dilute phase that was not
separated from the coacervate phase.

The concentration of fluorescein label in the dilute phase was
measured using a Varian UV/vis spectrometer and Hellma
quartz cuvets with an optical path length of 1 cm. All absorption
measurements were carried out at pH 12. Samples were brought
to pH 12 by dropwise addition of a 1 M KOH solution for
mixtures with an overall salt concentration below 1 M, or by
diluting first with a 3 M KCl solution and subsequent addition
of a I M KOH solution for mixtures with an overall salt con-
centration above 1 M. An absorption spectrum was recorded for
all samples in the range 200—600 nm, using a scan rate of 1 nm/s.
A maximum in absorbance was found at 489 nm for all samples
(see Supporting Information). This absorbance maximum is
unique for the fluorescein label and it was used in all further
calculations.

The concentrations of acrylic acid monomers (AA) in both
the dilute and the concentrated phase were calculated from the
known volumes of both phases, the labeling ratio of the PAA,
the mixing ratio of labeled and unlabeled PAA and the concen-
tration of the fluorescein label in the dilute phase. The salt
concentration was assumed to be the same in both phases and
equal to the overall salt concentration. This assumption is dis-
cussed in the following section. The relative error in the calcu-
lated concentrations was estimated from a summation of the
relative errors of the volume determination (absolute error
50 uL), the labeling ratio (0.05), the mixing ratio of labeled
and unlabeled PAA (0.02), the molar extinction coefficient of
fluorescein (0.001), the measured absorbance (absolute error
0.002) and the dilution in the cuvette (0.02). We verified for one
pair of polymers (N = 20) that an independent measurement of
the concentration of fluorescein label in the coacervate phase
results in the same concentration of AA monomers in the coa-
cervate phase as our calculation, within the given accuracy. For
this independent measurement, another series of coacervate
samples was prepared and separated as described above. The
coacervate phase was not dried but dissolved in a known
amount of 3 M KCl solution and adjusted to pH 12 by KOH.
Absorbance was measured as described above and the concen-
tration of AA monomers was calculated using the labeling ratio,
the mixing ratio of labeled and unlabeled PAA, and the dilution
factor in the absorption measurement.

Calculation of the Theoretical Phase Behavior. The mean field
lattice model of Voorn and Overbeek was used to describe our
experimental binodal compositions of PAA—PDMAEMA
polyelectrolyte complexes. Our calculations start from the gen-
eral expression for the free energy of a mixture of polyelectrolyte
solutions with a Debye—Hiickel approximation for the electro-
static interactions and a Flory—Huggins approximation for the
mixing entropy. An additional nonionic interaction between
two or more components can be included using a y parameter.>

PF 3/2 ¢

VT — _Q(Z o)+ Zﬁiln ¢+ Z;X;jd’i‘pi (1)

In the above equation /is the size of a monomer, Vis the total
volume, o; is the charge density, ¢, the volume fraction and N;

the chain length of component i. a is the electrostatic interaction
parameter.

3/2 3/2
1 [ & 1 2 Ig
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where /z ~ 0.7 nm is the Bjerrum length.
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Figure 2. Images of a phase-separated mixture of PAA and PDMAEMA (N = 150) at 1 M salt. The left image shows two samples of this mixture, the
left one of which contains 5% fluorescein-labeled PAA by total PAA weight. The liquid-like nature of the coacervate phase can be seen from the
horizontal meniscus between two phases even though the tube is tilted. The middle image shows a similar sample of this mixture with 20% fluorescein-
labeled PAA in a cuvette. The coacervate phase has a clear orange color due to the high PAA concentration. The right image shows a droplet of the

coacervate phase from the left sample in the left image.

The mixtures we are interested in consist of three components:
(1) a polymer salt, PQ, composed of two equally long polyelec-
trolytes (P°" and Q°7) of length N and charge density o = z/N,
(2) a microsalt, KCI, composed of two monovalentions (K and
Cl7), with N = 1 and ¢ = 1, and (3) water. Volume fractions of
the polymer salt, microsalt, and water are ¢,, ¢, and (1 — ¢, —
¢,), respectively.

A two phase equilibrium is found when the two coexisting
phases have a lower free energy than a homogeneous mixture of
all components: AF = F' 4+ F'' — F* < (. The compositions of
the coexisting phases can be derived from the condition that the
electrochemical potentials of all components have to be equal in
both phases: [u; + zey]” = [u; + zew]”. For equal lengths and
charge densities of both polymers, the electrostatic potential
difference between both phases must be zero: Ay = 0.'°

The above approach can be simplified by assuming that the
salt concentrations in both phases are almost equal. In that case,
the binodal compositions can be found from a common tangent
construction in the graph of free energy versus polymer volume
fraction. Numerically, we solve this problem by first calculating
the spinodal points, for which

8’F
YT 3)
o

Then, we find the binodal points from the condition of equal
tangents using the first derivative of the free energy. Finally, the
critical point can be derived from the conditions 3 and

»BF

The assumption of equal salt concentrations in both phases is
based on both experimental measurements of the salt concen-
tration in coacervates and their coexisting dilute phases by
Voorn,'% and theoretical modeling of polyelectrolyte complexa-
tion by Kudlay and Olvera de la Cruz.** Voorn argued that the
ratio K/c, where K'is the salt concentration in the coacervate and
¢ the salt concentration in the coexisting dilute phase, is always
larger than 1, because salt ions will have a lower electrostatic free
energy in a phase with a higher charge concentration, such as the
coacervate phase (see eq 1). Both the experiments and theory of
Voorn indeed show that K/c is slightly larger than 1. Its value is
at most 1.4 for salt concentrations of practically 0, and it
decreases quickly to 1.05 at 60 mM salt. This ratio depends on
chain length and charge density of the specific polyelectrolytes.
However, Voorn concluded that the salt concentration in the
coacervate is always only a little higher than in the dilute phase.
This hypothesis was extended by Kudlay and Olvera de la
Cruz, who showed that K/c is only larger than 1 for hydro-

philic polyelectrolytes. In case of hydrophobic polyelectrolytes,
the coacervate is depleted of salt.’> We assume that the inaccu-
racy in both the experimental and the theoretical binodal
compositions due to unequal salt concentrations is small com-
pared to the experimental error in the measurement of the
concentrations.

To verify that assuming equal salt concentrations in both
phases does not change the theoretical phase diagram signifi-
cantly, we have compared our approximation with the full
calculation carried out by Voorn for parameters o = 3.655,
N = 1000, and ¢ = 0.15 (data not shown).'® We find that the
results are equal within a margin of 10% and conclude that
this approximation suffices to describe our data within ex-
perimental error.

Finally, we are able to quantitatively describe all experimen-
tally measured aspects of the associative phase separation
between PAA and PDMAEMA using a = 0.9 and the experi-
mentally known chain lengths and charge densities of both
polymers. This value for parameter oo would correspond to a
molecular length scale of 0.85 nm at a temperature of 293 K. We
believe that this length scale, i.e., close to the Bjerrum length, isa
realistic one for the hydrated monomeric units of PAA and
PDMAEMA. In order to convert the calculated volume frac-
tions to molar concentrations, Voorn proposed to use the size of
a single water molecule (/ ~ 0.3 nm). This would, however,
underestimate the size of our monomeric units and salt ions and
thereby overestimate their concentrations. Instead, we use an
average between our obtained length scale / and the size of a
water molecule to obtain very similar concentrations as found
experimentally. Results of our calculations are shown as solid
lines in all remaining figures.

Results and Discussion

Observation of Coacervation. Polyelectrolyte complexa-
tion between PAA and PDMAEMA manifests itself experi-
mentally as phase separation into two coexisting clear phases: a
top phase that is dilute in both polymers and a bottom phase
with a high concentration of both polymers. All concen-
trated phases, i.e., for any chain length pair, are transparent
and liquid-like. This means that all these phases flow under
the influence of gravity if they are given enough time. Figure 2
shows an example of one of the phase separated mixtures.
These qualifications, liquid-like, highly viscous, transparent
and resulting from oppositely charged colloids or polymers,
are exactly the qualifications Bungenberg-de Jong originally
introduced to describe complex coacervates.'** We there-
fore conclude that the polyelectrolyte complexes of PAA and
PDMAEMA that originate from phase separation of a
mixture of both polymers can be qualified as coacervates in



6480  Macromolecules, Vol. 43, No. 15, 2010

all our experiments. In contrast to what Chollakup et al.
found for PAA—PAH complexes, we do not find a region of
precipitation preceding the coacervate region.” We believe
that weaker interactions between PAA and PDMAEMA, as
inferred from the lower critical salt concentrations, prevent
irreversible precipitation even at the lowest salt concentra-
tions we use.

Equilibration of the mixtures is verified by measuring local
fluorescein concentrations in the coacervate phase. Figure 3
shows a confocal microscopy image of a mixture of the coa-
cervate phase and a small amount of dilute phase, both con-
taining fluorescein-labeled PAA. The image shows droplets
of dilute phase in a continuous coacervate phase. The mix-
ture is made by taking an equilibrated sample, discarding
90% of the dilute phase and gently mixing the remaining of
the two phases. We purposefully mix the two phases to show
contrast in fluorescence intensity between the two phases.
The dilute phase contains a much lower concentration of
PAA than the coacervate. Here, the coacervate forms the
continuous phase because of its relative excess in the mixture.
The image shows no inhomogeneities in the coacervate on
length scales larger than 500 nm, the optical resolution of this
image. This is a strong indication that the mixtures are equi-

Figure 3. Confocal image of an equilibrated mixture of a coacervate
phase of PAA and PDMAEMA (N = 150, ¢,;; = 1.0 M) with droplets
of coexisting dilute phase. The image is obtained with a Zeiss LSM510
setup using an C-Apochromat 40x 1.2 water immersion objective, an Ar
ion laser (488 nm excitation), an emission filter of 505—550 nm and a
pinhole of 190 um. The scale bar represents 10 ym.

Spruijt et al.

librated long enough to ensure a homogeneous structure of
the coacervate down to 500 nm.

Phase Diagram. The effects of polymer chain length
and salt concentration on polyelectrolyte complexation are
summarized in the salt-polymer phase diagram depicted in
Figure 4. This phase diagram shows binodal compositions of
PAA—PDMAEMA mixtures at a 1:1 stoichiometric ratio,
under the assumption that salt concentrations in both phases
are equal.

The phase diagram in Figure 4 shows concentrations of
PAA in the dilute phase (left branch) and coacervate phase
(right branch), both on a logarithmic and on a linear scale.
Two coexisting phases are connected by tie lines, of which
one is drawn as an example. Since we assume equal salt con-
centrations in both phases, tie lines are horizontal lines in
Figure 4. Furthermore, we can assume that concentrations of
PDMAEMA are equal to concentrations of PAA at all
points in Figure 4, because all mixtures are prepared with
equally long polymers, having the same charge densities, at a
1:1 stoichiometric ratio. This assumption is also supported
by theoretical work of Voorn.'®

Experimentally, we find that increasing the salt concen-
tration in a complex coacervate phase increases solubility of
polymeric components of that complex. The concentration
of the polymers in the coexisting dilute phase increases at the
expense of the concentration inside the coacervate with
increasing salt concentration. At high enough salt concent-
rations, polymer concentrations in both phases become
equal, and the mixture no longer phase separates. The experi-
mental critical salt concentration beyond which no phase
separation is observed is indicated by the crossed symbols in
Figure 4. Furthermore, we find that longer polymer chains
tend to have more extreme coexisting phases. The dilute
phase is more dilute for longer chain lengths at similar salt
concentrations and the coacervate phase is more concentrated.

Theoretical predictions of binodal compositions are given
by solid lines in Figure 4. For coacervates, predictions seem
to be in good quantitative agreement with experimental
values. For dilute phases, however, predictions seem to sys-
tematically underestimate the polymer concentration at a
given salt concentration, differences becoming larger for
longer chains. The absolute errors here, however, are very
small, as the scale is logarithmic. It has been suggested that
polyelectrolytes form soluble complexes as an interme-
diate state to their macroscopic phase separation.®> The
presence of such soluble complexes in dilute phases of
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Figure 4. Salt—polymer phase diagram for associative phase separation between PAA and PDMAEMA at pH 6.5 (o = 0.95) on a logarithmic scale
(left) and a linear scale (right) for polymer concentration. Symbols indicate experimentally measured binodal compositions of the coexisting phases.
Crossed symbols indicate lowest salt concentrations for which phase separation was no longer observed. Solid lines are theoretical predictions of the
phase behavior based on the model. The dotted lines are examples of tie lines.
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Figure 5. Water fraction in complex coacervate phases of PAA and
PDMAEMA at pH 6.5 (0 = 0.95) as a function of salt concentration.
Symbols indicate experimentally measured water fractions by weight.
Solid lines are theoretical predictions of the water fraction of a complex
coacervate phase based on the model.

PAA—PDMAEMA mixtures could explain the fact that we
experimentally find higher polymer concentrations than
what is predicted by the model. However, we have found
no indication at all of the presence of soluble complexes in
the 1:1 stoichiometric dilute phase measured with FCS (see
Supporting Information). Instead, the difference between
experiments and theory is thought to be caused either by very
small amounts of free label that were not detected by FCS, or
by limitations of this mean field model, which we will discuss
at the end of this paper.

Qualitatively, these results are similar to the theoretical
predictions by Biesheuvel et al. for complexation between
oppositely charged biopolymers, in the limit of low X
For larger values of y, which indicate additional attrac-
tive interactions, such as hydrophobic interactions, between
the biopolymers, the authors no longer find a critical salt
concentration.

Composition of coacervate phase. The coacervate phase of
a PAA—PDMAEMA mixture has a polymer concentration
of about 1—3 M (typically 140 g/L PAA or 310 g/L PDMA-
EMA), expressed in concentration of monomer units, depend-
ing on salt concentration and chain length, as can be seen from
Figure 4. The limiting concentration of polymer in a coa-
cervate for salt concentrations approaching zero, however,
depends surprisingly weakly on polymer chain length. All
limiting polymer concentrations are 2.5—3 M, corresponding
to a volume fraction of approximately 30%. This observation
suggests that the water content of a coacervate also depends
weakly on polymer chain length.

Experimentally, we determine the water content by weigh-
ing and drying the obtained coacervates. Figure 5 shows the
water content inside coacervates as a function of salt con-
centration for different chain lengths. In general, the water
content of coacervates increases with increasing salt concen-
tration. Far from the critical point, at low salt concentra-
tions, the water content of coacervates increases only weakly
with increasing salt concentration. Close to the critical point,
however, the water content of coacervates increases rapidly
to the value of a homogeneously mixed solution, which is
close to 99% (w/w). These findings are supported by Figure 4,
where we see a much stronger dependence of the monomer
concentration on salt concentration close to the critical
point. Theoretical predictions of the water content are in reason-
able agreement with experimentally determined values. In
particular, for large N, the water content seems to be under-
estimated by the model.
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Figure 6. Limiting coacervate water fraction for ¢y, — 0 as a function
of polymer chain length for a. = 0.9 and ¢ = 0.95 based on a mean field
model.

The observation that the water content of a coacervate
phase is only very weakly dependent on chain length and salt
concentration, up to salt concentrations close to the critical
point, is interesting in the light of a number of studies on
other types of coacervates. In all cases, coacervates are re-
ported to have a water content between roughly 65% to
85%. Bohidar et al. found that BSA—PDADMAC coacer-
vates have a water content of 73%, independent of PDAD-
MAC molecular weight.?” Since they limited their experi-
ments to very low salt concentrations, it is likely that they
never measured close enough to the critical salt concentra-
tion to see a similar increase in water content as in Figure 5.
Mathieu et al. reported a water content of 70—80% for coa-
cervates of gelatin and PAA.*” Wang et al. reported water
contents ranging from 65% to 85% for coacervates of f3-
lactoglobulin and pectin.?’ They found higher water contents
when coacervates were prepared at lower protein to pectin
ratios. Finally, Weinbreck et al. reported total solid contents of
25—32% (w/w) for coacervates of whey protein and gum
arabic, depending on pH.>® At the pH value where they found
a maximum degree of coacervation, the total solid content
reached 32%, and hence, the water content was 68%.

Because we have a theoretical prediction that describes the
compositions of coacervates under current investigation re-
asonably well, we can calculate the effect of chain length on
the coacervate water content in more detail. Figure 6 shows
the limiting water content (i.e., for salt concentrations ap-
proaching zero) of a coacervate as a function of chain length
of the polyelectrolytes. We see that the limiting water content
is truly independent of chain length for chains longer than
N ~200. For shorter polymer coacervates, the water content
increases with decreasing chain length. Too short polymers
show no phase separation for this choice of a. Below this
critical chain length, we therefore find a water content equal
to that of a homogeneously mixed solution. Although the
range of chain lengths for which we find a variation in the
coacervate water content is small, it is exactly the range that
is important for most applications of polyelectrolyte com-
plexes. The assembly of polyelectrolyte complex micelles,
vesicles, multilayers, or coatings typicall¥ occurs with poly-
electrolyte block lengths up to N = 200.°~ 710

Finally, we emphasize that the predicted water content in
Figure 6 is valid only for parameters that were found to apply
to our pair of strongly charged flexible polyelectrolytes
(i.e.,0 = 0.95and a = 0.9). However, previous studies have
indicated that coacervates with much lower charge densities,
consisting for example of proteins and WeakI;/ charged poly-
saccharides, also consist of 80% water.>>2"**7 The cur-
rent mean field theory predicts a much higher water content
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Figure 7. Critical salt concentration of complex coacervation between
PAA and PDMAEMA at pH 6.5 (6 = 0.95) as a function of polymer
chain length. Symbols indicate experimentally measured critical salt
concentrations. Solid lines are theoretical predictions of the critical salt
concentrations for different values of o based on the model.

for charge densities of 20% for the same value of a. It is
therefore not clear yet how such an apparently robust water
content can be explained theoretically.

Critical Salt Concentration. The critical salt concentration
is that salt concentration beyond which phase separation into
a dilute phase and a complex coacervate phase is suppressed. At
this critical salt concentration, the monomer concentrations in
both phases have become equal and the phases are therefore no
longer separated. Figure 7 shows the critical salt concentration
for phase separation in PAA and PDMAEMA as a function of
polymer chain length. We have determined the critical salt
concentration for all four chain length pairs as that salt con-
centration between the highest salt concentration where phase
separation still occurred and the lowest salt concentration
where phase separation was suppressed.

The critical salt concentrations we find are comparable to
the critical salt concentration we found previously for a pair
of strongly charged polyelectrolytes (N = 100, ¢, . = 1.25
M).* For grafted chains of oppositely charged polyelectro-
lytes, we argued that such a high critical salt concentration
implies that complex dissolution is not related to classical
screening of the electrostatic potential on both polyelectro-
lytes by diffuse double layers around them.* Instead, we
gave a qualitative explanation that is in better agreement
with the critical salt concentrations we find. There is a com-
petition for the formation of ion pairs within a polyelectrolyte
complex between monovalent salt ions and ionic groups on the
polymer chains. Monovalent ions cannot contribute to the
cohesion of the complex. Instead, they weaken the complex. A
polyelectrolyte complex will dissolve when monovalent salt
ions have weakened the complex enough for the translational
entropy of the polymer chains to take over. This typically
occurs when the salt concentration is comparable to the con-
centration of polymeric charges in the complex. This expla-
nation predicts the correct order of magnitude for the critical
salt concentration.

Theoretical predictions of the critical salt concentra-
tion for various charge densities are given by solid lines in
Figure 7. It can be seen that the critical salt concentration is
strongly dependent on charge density, in agreement with our
argument above. A charge density of 0.95 seems to describe
experimental critical salt concentrations best, although the
effect of chain length on the critical salt concentration is
slightly overestimated: for small chains, the critical salt
concentration is underestimated, whereas for long chains it is
overestimated. For all charge densities a leveling off of the
critical salt concentrations is predicted for long chains. This
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is in agreement with Figure 6, which shows that the polymer
concentration in coacervates becomes constant for long
chains, and the notion that translational entropy becomes
negligible for infinitely long chains. Again, the experimental
range where the critical salt concentration depends on chain
length is of great practical importance, since most assemblies
of polyelectrolytes are based on polyelectrolyte blocks of
such lengths.

A similar dependence of critical salt concentration on
polymer chain length was found by Chodanowski and Stoll
in Monte Carlo simulations.*” They measured the critical
salt concentration for binding of a strongly charged poly-
electrolyte, with a charge density of 1, to a strongly charged
surface under the Debye—Hiickel approximation. They found
critical salt concentrations that increase to 0.4 M for chain
lengths up to N =200, but that seem to level off for longer
chains. They also found a lower critical chain length below
which no adsorption occurs at all, as Figure 7 suggests as
well. In their case, this lower critical chain length is N = 20.
The fact that these authors found lower absolute critical salt
concentrations at similar chain lengths can be explained by
the difference between a single chain sticking to a charged
surface, with a lower charge density than the chain itself, and
multiple equally strongly charged chains aggregating to-
gether into a coacervate phase. In the latter case, we expect
higher critical salt concentrations, as would be the case for
higher charge densities on the surface.

It is informative to compare the experimental effect of
chain length on the critical point in this case of associative
phase separation to the expected trends in segregatively
phase separating systems. We know that there exists a critical
interaction parameter for segregative phase separation that
depends on the polymer chain length in the following way.

X('r - 2 \/N

Associative phase separation can be mapped onto the
above condition for segregative phase separation, using
an effective interaction parameter that depends on salt
concentration.*!

2 15’k ~ L0?

Xé’ff, o = Xr +Xion = Xr +? B+ (6)
Here «~' is the Debye length and y, is the nonionic
contribution to the effective interaction parameter, which
corresponds to y,,, ineq 1. In the model we used to describe
our experimental measurements, we assumed that y, = 0, i.e.,
that the polymers are in an athermal solvent. We therefore
expect that we can map the obtained chain length dependence
for associative phase separation (Figure 7) on segregative
phase separation using an effective interaction parameter in
which the ionic contribution dominates. By putting 3 equal to 4
and neglecting the contribution of ¢, to « around the critical
point, we obtain the following expression for the critical salt
concentration as a function of chain length.

oot

) 2
Bl1-2 ,4+—>
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Figure 8 shows that for a value of y,. = 0.1, the correct
critical salt concentrations are predicted based on mapping
of the associative phase separation onto segregative phase
separation. There is a strong dependence of the critical salt
concentration on the choice of y,, indicating that slightly
more hydrophobic polymers might have a significantly
higher critical salt concentration for identical chain lengths.

(7)
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Figure 8. Critical salt concentration of complex coacervation between
PAA and PDMAEMA at pH 6.5 (6 = 0.95) as a function of polymer
chain length. Symbols indicate experimentally measured critical salt
concentrations. Solid lines are predictions based on 5.

Furthermore, we find that especially for short polymers, this
approach predicts different behavior than the mean field
model of Voorn—Overbeek (Figure 7). The model predicts a
lower critical chain length, below which no complexation
takes place; Figure 8 predicts that complexation takes place
even for a chain length of 1 for y, > 0. However, in this limit
¢, can no longer be neglected in the critical point, because ¢, .,
increases with decreasing chain length as shown in Figure 4.
This means that sufficiently short chains will dissolve even at
zero salt concentration, as predicted by Figure 7.

Validity of the Mean Field Theory. In our attempt to give a
theoretical description of the complexation between PAA
and PDMAEMA we have used the mean field theory of
Voorn and Overbeek, which uses a Debye—Hiickel approxi-
mation for the electrostatic interaction. This model has
some important limitations. First of all, the approximations
within the derivation of the electrostatic interaction free energy
are only valid for low surface potentials, which translates into
low charge densities. Second, correlation effects at high salt
concentrations and of monomeric units on a polymer chain
are neglected. This limits the applicability to low salt con-
centrations. Finally, ion pairing effects, such as counterion
condensation, are not taken into account here. Therefore,
this mean field theory might seem to be inadequate for des-
cribing the phase separation in mixtures of the two strongly
charged polyelectrolytes, PAA and PDMAEMA, at very high
salt concentrations into a highly concentrated coacervate
phase. However, Voorn argued that neglecting the correlation
effects due to connectivity of the monomer units is justified,
especially in the concentrated coacervate phase, since the
polymers in the coacervate phase are strongly overlapping
and hence the distribution of ions will be determined pre-
dominantly by electrical effects.'® Moreover, we believe that
applying this model to strongly charged polymers is not
necessarily problematic. The random phase approximation
has proven to be very successful in describing strong;ly
charged polyelectrolytes at low salt concentrations.'® 2>
However, we typically measure and model complexation at
high salt concentrations, such that high surface potentials are
strongly screened and counterion condensation effects are no
longer important. Finally, by adapting a lower value of the
electrostatic interaction parameter, o, than proposed by
Voorn, we have most likely corrected for several remaining
overestimations of interactions and neglect of additional
interactions, such as hydration effects.

Summarizing, we find that a simple mean field model
based on a Debye—Hiickel approximation is able to describe
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all aspects of the equilibrium complexation between PAA
and PDMAEMA surprisingly well. We believe that this
successful description is possible for any equilibrium com-
plexation between flexible polyelectrolytes with high charge
densities, as long as the salt concentrations are high enough
to ensure that high surface potentials are strongly screened
and counterion condensation effects are no longer impor-
tant. Adjusting the electrostatic interaction parameter,
a, leads to different effective sizes of the interacting ions and
can help to correct for neglect of, for example, hydration
effects. If we compare our results to the recent work of
Chollakup et al., a small adjustment in o, because of the
smaller monomer size of poly(allylamine hydrochloride) com-
pared to PDMAEMA, can predict the correct critical salt
concentrations of 2—3 M at stoichiometric mixing ratio and
for the chain lengths used in these experiments.” Alternatively,
a slightly higher y, (Figure 8) would have a similar effect.

Conclusions

We used fluorescently labeled PAA to directly measure equi-
librium compositions of polyelectrolyte complexes, or coa-
cervates, of PAA with PDMAEMA and their coexisting dilute
phases. We measured binodal compositions of both dilute and
coacervate phases and water content of the coacervate phases as a
function of polymer chain length and salt concentration. We
found that longer polyelectrolytes tend to have more extreme
coexisting phases, but that the concentration differences in the
coacervate phase are small. As a result, the water content of the
coacervate phase is only weakly dependent on salt concentration
and independent of polymer chain length for sufficiently long
polymers. Similarly, the critical salt concentration increases
with increasing chain length, but becomes independent of
chain length at sufficiently long chain lengths. However, most
practical applications of polyelectrolyte complexation in
capsules, coatings or multilayers are carried out in the range
where we find a dependence of chain length. Our results are
therefore important for many of these applications. We
describe all our experiments quantitatively using a mean field
model. We find that this model can be applied successfully to
associative phase separation of strongly charged flexible
polyelectrolytes, as long as the salt concentration is high to
ensure that high surface potentials are strongly screened and
the complexation is reversible.
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