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1. Introduction

It has been long known that the electrostatic interaction of
oppositely charged polyelectrolytes can lead to the formation of
soluble complexes, or to phase separation including liquid-liquid
(coacervation) and liquid-solid (precipitation) separation, depend-
ing on factors such as charge density, ionic strength and polymer
molecular weight [1-4]. When complex coacervation occurs, a
dense polymer-rich phase (coacervate phase) and a very dilute
polymer-deficient phase (aqueous phase), which exist in equilib-
rium, are formed [4-6]. The coacervation process is generally con-
sidered to be entropically driven by the release of small counter
ions, producing dispersed polyelectrolyte-rich liquid coacervate
droplets [4,5,7]. Complex coacervation has been applied in various
fields, including pharmaceutical delivery and food industries as
microencapsulates for drugs and flavors [8,9]. For example,
chitosan-based coacervates have been investigated for the delivery
of proteins and vaccines, which provides insight for the develop-
ment of coacervates for delivery of protein biologics and vaccines
[10]. Kohane et al. developed gelatin-gum Arabic complex coacer-
vates for the encapsulation and thermally sensitive controlled
release of flavor compounds, to improve the appeal of frozen baked
foods upon heating [11].

As the coacervate phase has low surface tension with water, it is
capable of easily partitioning solutes within it based on relative
affinities between the solute and the polyelectrolytes and water.
For example, our previous study shows that complex coacervates
formed with oppositely charged polyelectrolytes have the ability
to efficiently sequester a cationic dye, methylene blue (MB),
through both electrostatic and m-7 interactions [12]. Another study
on hydrogen-bonding complex coacervates reveals that with the
specific hydrogen bonding interaction between the solutes and
polymer, the uptake efficiency can be significantly increased. Addi-
tionally, by adjusting the hydrophobicity within coacervate dro-
plets, the partition coefficient of solutes can be tuned [13]. These
preliminary studies may give insight into better designing poly-
meric coacervate-based materials for drug delivery or personal
care products.

It has been widely reported that the phase behavior of polyelec-
trolyte aqueous solutions is highly dependent on many factors, i.e.,
molecular weight, polymer concentration, stoichiometry of the two
interacting polyelectrolytes, ionic strength, charge density, as well
as the temperature of the solution [1,14,15]. For instance, it was
found that upon shortening the chain length of polyelectrolytes,
or when there is a significant deviation of the stoichiometric polyca-
tion/polyanion ratio, the stability of the complex coacervate phase
was decreased [1]. It has been reported that increases in salt concen-
tration can lead to transitions from precipitates to coacervates and
finally to polyelectrolyte solutions [1,16]. The precipitate-
coacervate transition is regarded as the result of successive replace-
ment of ion pairs between oppositely charged polyelectrolytes.
Compared to the precipitate-coacervate transition, the coacervate-
solution transition occurs at relatively high salt concentrations,
where intermolecular electrostatic interactions have been signifi-
cantly screened. However, there are few studies on how the seques-
tered solutes within coacervates would in turn impact the phase
behavior and coacervation of aqueous polyelectrolyte systems.

This study provides a more complete understanding of phase
behavior and complex coacervation of synthetic, strong polyelec-
trolytes in the presence of small molecules, using poly(dial-
lyldimethylammonium chloride) (PDAC) as the polycation and
poly(sodium 4-styrene sulfonate) (SPS) as the polyanion. The small
molecules partitioned into the coacervate in this work are an aro-
matic cationic water-soluble dye (methylene blue or MB) as well as
an aromatic non-ionic dye (bromothymol blue or BtB) into the
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Scheme 1. Chemical structures of PDAC, SPS, MB and BtB.

PDAC-SPS coacervates was studied. These various molecules can
be seen in Scheme 1. The influence of the small molecules on the
phase boundaries was examined and explained with a number of
techniques, including spectrofluorimetry isothermal titration
calorimetry (ITC) and rheology to examine the interaction between
the dyes and polyelectrolytes, as well as the influence of these dyes
on the physical properties of the coacervate. Although works
studying how to encapsulate small molecules into coacervates
are represented in the literature, there are few if any reports show-
ing how the presence of these small molecules impact phase
boundaries or other transitions such as precipitation and rheolog-
ical properties of the coacervates themselves.

2. Experimental section
2.1. Materials

Poly(diallyldimethylammonium chloride) (PDAC, M, = 16000,
PDI = 1.4), poly(sodium 4-styrene sulfonate) (SPS, M, = 13000,
PDI = 1.6), and MB, BtB and ANS dyes were purchased from
Sigma-Aldrich. The molecular weight and polydispersity of PDAC
and SPS were measured by aqueous gel permeation chromatogra-
phy (GPC) using polyethylene oxide standards. Both the polycation
PDAC and the polyanion SPS are strong polyelectrolytes and are
insensitive to pH. All water was dispensed from a Milli-Q water
system at a resistivity of 18.2 MQ cm. All these materials were
used as received without further purification.

2.2. Turbidity measurement

Turbidity was used to qualitatively measure the extent of coac-
ervate formation as a function of PDAC/SPS stoichiometry (PDAC/
SPS) at different total polyelectrolyte concentration, with the addi-
tion of various amounts of MB or BtB. The detailed information on
the concentration of PDAC and SPS stock solutions with various
concentrations of added MB or BtB, namely PDAC-MB and SPS-
MB, or PDAC-BtB and SPS-BtB stock solutions, were listed in Tables
S1 and S2. Turbidity measurements for the titration with the addi-
tion of MB were performed using a 2 cm path length fiber-optic
colorimeter (Brinkmann PC 950) at a wavelength of 420 nm. Tur-
bidity measurements for the titration with the addition of BtB were
performed on an Agilent 8453 UV-vis Spectrophotometer at a
wavelength of 600 nm, to avoid the absorbance of BtB at 420 nm.
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Turbidity was reported as 100 - T%, where T corresponds to the
transmittance. Titration of PDAC-dye stock solutions (1, 5, 10, 20,
or 40 mM) into SPS-dye stock solutions (1, 5, 10, 20, or 40 mM)
with matching polyelectrolyte and dye concentrations was done
with stirring. The transmittance (T) was recorded at 60 s after each
PDAC addition. All of the above polyelectrolyte concentrations are
repeat unit concentrations.

2.3. Zeta potential measurement

Zeta potential measurements were used as a way to approxi-
mate charge of the coacervate particles in solution. Stock solutions
of PDAC (10 mM) and SPS (10 mM) with various concentrations of
added MB or BtB (see Table S3) were prepared separately. MB or
BtB encapsulated PDAC-SPS coacervates were formed simply by
mixing the dye added PDAC and SPS stock solutions with matching
dye concentrations at a mixing ratio of PDAC:SPS = 0.5, keeping the
total concentration of PDAC and SPS at 10 mM. Stock solutions of
PDAC (10 mM) and SPS (10 mM) without dye addition were pre-
pared separately as well. Dye-free PDAC-SPS coacervate samples
were prepared by mixing the PDAC and SPS stock solutions at var-
ious mixing ratios (PDAC:SPS = 0.067, 0.1, 0.2 and 0.5). The appar-
ent zeta potentials of the as-prepared PDAC-SPS coacervates with
various added dye concentrations or various PDAC:SPS molar ratios
without dye addition were then estimated using a Brookhaven
Instruments Zeta PALS electrophoretic light scattering instrument
(where the Smoluchowski model was used to obtain apparent zeta
potential values from the measured electrophoretic mobilities).

2.4. Determining partition coefficient of dyes into coacervates

Partition coefficients show the efficiency of a particular coacer-
vate system to encapsulate a dye. Stock solutions of PDAC (10 mM)
and SPS (10 mM) were made with the addition of various concen-
trations of MB or BtB, respectively (see Table S4). PDAC-SPS coac-
ervates with sequestered dyes were prepared by mixing the
PDAC and SPS stock solutions with a mixing ratio of PDAC:SPS =
0.5, to study the dye partition coefficients as functions of dye con-
centration. Further, to examine how these partition coefficients
depend on the PDAC:SPS mixing ratio, stock solutions of PDAC
(10 mM) and SPS (10 mM) containing 0.01 mM MB were prepared.
These solutions were mixed in various ratios to prepare additional
batches of PDAC-SPS coacervates with sequestered MB and vari-
able PDAC:SPS mixing ratios (PDAC:SPS = 0.067, 0.1, 0.2 and 0.5).
After 24 h stirring, samples were centrifuged for 3 h at 8000 rpm
(Allegra X-30R Centrifuge, Beckman Coulter). After centrifugation,
the supernatant was removed using a micropipette, and the coac-
ervate phase was left in the bottom of centrifuge tubes. UV-vis
measurements (Agilent 8453 spectrophotometer) were used to
determine the dye concentration in the supernatant and to then
infer it in the coacervate. The partition coefficient (K) was calcu-
lated as Eq. (1).

[Solute in Coacervate]

= [Solute in Supernatant]

(1)

2.5. Fluorescence spectroscopy

Fluorescence spectrometry was used to measure polarity of the
microenvironment within the coacervate. Steady state emission
spectra of ANS within PDAC-SPS coacervate microdroplets with
or without accumulated MB in coacervate were measured using a
Horiba FluoroMax 4 spectrofluorometer with an excitation wave-
length of 350 nm. Fluorescence emission was measured from 365
to 650nm in quartz cuvettes for microdroplet dispersions

prepared with 10 mM PDAC and 10 mM SPS with a mixing ratio
of PDAC:SPS = 0.5, 0.5 mM of added ANS and different (0, 0.1, 0.5
and 1 mM) concentrations of MB. All fluorescence was attributed
to ANS within the microdroplets as ANS fluorescence was
quenched in water.

2.6. Rheological measurements

The coacervate samples were prepared by mixing PDAC (5 mM)
and SPS (5 mM) at a PDAC:SPS stoichiometry of 0.75 and various
MB or BtB concentrations (see Table S5), and collected by cen-
trifuging the mixtures at 8000 rpm for 3 h (Allegra X-30R Cen-
trifuge, Beckman Coulter). The dynamic rheological properties of
the collected coacervates were characterized using a TA Instru-
ments ARES-G2 rheometer in parallel plate geometry using an
8.00 mm diameter aluminium upper plate and 43.9 mm diameter
aluminium lower plate along with a solvent trap. For dynamic rhe-
ological experiments, a constant strain amplitude of 0.4%, which
was within the linear viscoelastic response region for all the col-
lected coacervate samples, was used. The frequency was swept
from 0.1 to 100 rad/s for these dynamic measurements.

2.7. Isothermal titration calorimetry (ITC)

ITC experiments were performed using a VP-ITC microcalorime-
ter (GE Healthcare, USA). Each titration experiment involved 27
injections (10 pL) of 2.5 mM polyelectrolyte (either PDAC or SPS)
solution at 5 min intervals into the sample cell containing 0.25
mM dye (MB or BtB) solution. Both the polyelectrolyte and dye
solutions had the same pH of 3.00 & 0.02. The reference cell was
filled with DI water, while the experimental temperature and stir-
ring rate were fixed at 25 °C and 310 rpm, respectively. The heat of
dilution, which was obtained through a control experiment where
the PDAC or SPS were titrated into dye-free water at a matching
pH, was later subtracted from the titration data to generate the
final thermogram that reflected the enthalpic signature of the
polyelectrolyte-dye binding.

2.8. Optical microscopy

An optical microscope (Olympus DP80) was used to obtain
images of coacervate droplets. The coacervate mixture was cen-
trifuged and then placed on a glass slide to image the droplets.
Coacervate and precipitate samples were prepared by adding 10
mM PDAC solution into 10 mM SPS solution with a ratio of 1:4
and 1:1, respectively. Samples used for imaging were centrifuged
for 15 min at 8000 rpm using a centrifuge (Allegra X-30R Cen-
trifuge, Beckman Coulter) to achieve rapid sedimentation. After
centrifugation, the supernatant was carefully removed by using a
micro-pipette while the dense coacervate phase was left at the bot-
tom of centrifuge tube, and transferred on to the glass slide to
obtain optical microscope images. Similarly, optical microscope
images of precipitate were obtained as well.

2.9. 'TH NMR

'H NMR spectroscopy (Mercury 300 spectrometer) was used to
measure the PDAC:SPS ratios in the polyelectrolyte complex coac-
ervates as follows: PDAC-SPS coacervate samples were prepared by
mixing the PDAC (10 mM) and SPS (10 mM) stock solutions with
various mixing ratios (PDAC:SPS=0.067, 0.1, 0.2 and 0.5), and
collected by centrifuging the mixtures at 8000 rpm for 3 h (Allegra
X-30R Centrifuge, Beckman Coulter). The collected coacervate sam-
ples were dried at 60 °C to remove water completely. The dried
coacervate samples were then dissolved in D,0 with the addition
of 2.5 M KBr.
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3. Results and discussion
3.1. Solute partitioning into PDAC-SPS coacervates

The partitioning of the two dyes MB and BtB into PDAC-SPS
coacervates was studied using UV-vis spectroscopy. Fig. 1 shows
the partition coefficients of MB and BtB into PDAC-SPS coacervates
as a function of solute concentration, at a fixed mixing ratio of
PDAC:SPS = 0.5. The partitioning of MB into the PDAC-SPS complex
coacervate is significantly higher than that for BtB. This efficient
uptake of MB likely reflects the strong m-m interactions between
MB and SPS as previously reported [12]. The UV-vis spectra of pure
MB, MB with SPS, pure BtB and BtB with SPS aqueous solution at
pH 3.0 are shown in Fig. S1. The red shift in the UV-vis maximum
absorbance wavelength (1) of MB in the aqueous solution with
SPS indicates m-m interaction between MB and SPS. However, there
is no shift in A4 of BtB in the aqueous solution with SPS, which
suggests that there is no -7 interaction between BtB and SPS. In
addition, as the concentration of MB increases from 0.01 to 0.5
mM, the partition coefficient of MB into the PDAC-SPS complex
coacervate increases from approximately 120 to 210; even though
the apparent zeta potential (which reflects the negative coacervate
charge) is reduced from approximately —36 to —5 mV as the MB
concentration in the system varies from 0 to 0.1 x 107> M
(Fig. 2). This trend indicates that the m-m stacking and possibly
hydrophobic interactions are the main factors that contribute to
the sequestration of MB, rather than electrostatic interactions.
However, PDAC-SPS coacervates show a reduced sequestration
capacity for BtB compared to that of MB, but there is also a trend
of BtB partition coefficient increasing with BtB concentration in
the system. Specifically, the BtB partition coefficient into PDAC-
SPS coacervate increases from around 15 to 45, as the overall con-
centration of BtB varies from 0.01 to 0.1 mM. This comparatively
low sequestration of BtB into PDAC-SPS coacervate suggests that
the affinity of BtB for the coacervate is not as strong as that of MB.

The partition coefficient representing MB concentration in the
PDAC-SPS coacervate compared to its concentration in the water
rich phase was also studied as a function of PDAC:SPS molar ratio
(Fig. S3). As the PDAC:SPS mixing ratio increases from 0.067 to 0.5,
the partition coefficient of MB decreases from approximately 139
to 117. The decrease in the MB partition coefficient of MB with
the increase in PDAC:SPS mixing ratio can be ascribed to the
decreasing SPS content in the coacervate phase. The composition
of the as-prepared PDAC-SPS coacervates was determined using
'H NMR, as shown in Fig. S4. As the overall PDAC:SPS molar ratio
in the system was increased from 0.067 to 0.5, the PDAC:SPS molar
ratio in the coacervate phase increases from approximately 0.41 to
0.5 only, which does not vary as significantly as the overall molar
ratio in the system. The zeta potential of the prepared PDAC-SPS
coacervates with various overall PDAC:SPS ratio was measured as
well (Fig. S5). The absolute zeta potential values of the PDAC-SPS
coacervates decrease slightly as the overall PDAC:SPS molar ratio
increases with a large range from 0.067 to 0.5, which corresponds
to the slight variation of the coacervate composition obtained from
'H NMR measurement.

3.2. Effect of solutes on zeta potential of PDAC-SPS coacervates

The apparent zeta potentials of the PDAC-SPS coacervates pre-
pared with the addition of various concentrations of MB or BtB
were measured, as shown in Fig. 2. An increase in MB concentra-
tion in the system results in a remarkable change in the zeta poten-
tial value of the PDAC-SPS coacervates, varying from
approximately —36 to —5 mV as the concentration of MB increases
from 0 to 0.1 mM. However, for the SPS-PDAC coacervates with the

addition of BtB, the variation in zeta potential with the addition of
BtB is much slighter than that of MB, changing from —36 to —25
mV only. These results are reasonable since the sequestered MB
is positively charged while BtB is nonionic at the studied pH.
Therefore, the dramatic decrease in the absolute zeta potential
value of PDAC-SPS coacervates with the addition of MB is because
of its positive charge. Additionally, even though the apparent zeta
potential, which reflects the negative charge of the coacervate, is
reduced from approximately —36 to —5 mV as the overall concen-
tration in the system increases from O to 0.1 mM, the partition
coefficient of MB into PDAC-SPS coacervates still keeps increasing.
This trend indicates that the m-mt stacking and possibly hydropho-
bic interactions are the main factors that contribute to the seques-
tration of MB, rather than electrostatic interactions, since the
coacervate with low negative charge still uptake MB with a high
efficiency. The UV-vis spectra of BtB in aqueous solution at differ-
ent pH values as well as that for BtB in PDAC aqueous solution at
pH = 3.0 are shown in Fig. S2. BtB acts as a weak acid in aqueous
solution (pK,=~7.1) [17], which can thus be in protonated or
deprotonated form, appearing yellow or blue respectively. The
UV-vis peak at 433 nm is attributed to the protonated form of
BtB, while the peak at 617 nm is assigned to the deprotonated form
of BtB. However, since at the experimental pH value (pH = 3) BtB is
nonionic in both pure aqueous solution and PDAC solution, it is
unclear what the cause of the change in absolute zeta potential
value of PDAC-SPS coacervate is as the concentration of BtB in
the system increases. To better explain this phenomenon, ITC
experiments were carried out to better understand the interaction
between the dyes and polyelectrolytes used in this study.

3.3. Isothermal titration calorimetry (ITC)

ITC was employed to study the intermolecular interaction of MB
and BtB with PDAC and SPS. ITC is able to show whether an asso-
ciation process occurs between two molecules and allows for esti-
mation of the intermolecular interaction strength between the
dyes and polyelectrolytes. Fig. 3 shows the ITC titration curves
for the titration of the polyelectrolyte (PDAC or SPS) solutions into
dye (MB or BtB) solutions. The ordinate axis represents the
enthalpy changes due to the polyelectrolyte injection, and the
abscissa is the corresponding composition of the system (polyelec-
trolyte monomer:dye ratio). Based on these results, there is no
enthalpy change for the titration of PDAC into MB and SPS into
BtB solution, indicating that there is no specific intermolecular
interaction between MB and PDAC or BtB and SPS, or the interac-
tion is too weak to be detected by ITC. However, both the titration
of SPS into MB and PDAC into BtB shows a significant exothermic
signal, which is an indication of a substantial polyelectrolyte-dye
interaction. In both dye-polymer systems, saturation (where the
exothermic binding heat diminishes to baseline levels) occurs near
the 1:1 polyelectrolyte:dye ratio, suggesting that the binding sites
for the MB and BtB dye molecules do not exceed one polyelec-
trolyte monomer unit in size. The titration of PDAC into BtB has
a less negative profile than that of SPS into MB, suggesting that
the interaction between MB and SPS is much stronger than that
for BtB and PDAC. However, as entropy plays a large role in the
interactions here, it is important to also note that this greater inter-
action strength is also supported by a more abrupt saturation tran-
sition [ 18], which is indicative of stronger binding and is consistent
with the much higher partition coefficient of MB into PDAC-SPS
coacervate than that of BtB.

It is a little surprising to see such a strong association between
PDAC and BtB since at pH 3.0, BtB is non-ionized, as indicated in
Fig. S2. It was reported that PDAC is capable of forming cation-m
interactions with aromatic molecules such as reduced graphene
oxide, charged and uncharged lignin [19,20]. Additionally, a careful
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observation of the titration curve of SPS into MB (where the enthal-
pic signal increases in magnitude up to the stoichiometric point)
reveals that binding of MB to SPS occurs in two steps. It has been
reported that in aqueous solution, MB undergoes exothermic
dimerization and trimerization at MB concentration higher than
0.1 mM [21,22], with similar orders of magnitude as the dye con-
centration in the ITC experiment. Addition of SPS into MB aqueous
solution may therefore result in destruction of the MB dimer and

trimer, with the formation of SPS-MB associations via 7-1 stacking
and electrostatic interaction [23]. The breakup of dimer and trimer
at low SPS:MB ratio could absorb heat and therefore reduce the net
exothermic signal [22]. At higher SPS:MB ratios, the concentration
of MB that is unbound to SPS becomes lower, which corresponds to
fewer MB aggregates in solution. Thus, fewer MB aggregates likely
break up at high SPS:MB ratios, and with less heat absorbed by this
unstacking process, the net exothermic signal increases.

3.4. Effect of accumulated MB on the hydrophobicity within PDAC-SPS
coacervate droplets

Generally, the partition coefficient of solutes into coacervates
decreases as the solution concentration in the system increases.
For example, it was reported that the encapsulation efficiency of
BSA protein into polypeptide coacervates decreases as the ratio
of BSA to polypeptide increases [24]. However, in our PDAC-SPS
coacervate system with MB, the partition coefficient of MB was sig-
nificantly increased as the concentration of MB in the system
increases, which is unusual at first sight. An assumption that arises
is that the accumulated MB within PDAC-SPS coacervates is cap-
able of influencing the chemical environment of the coacervate
and therefore further uptake the MB molecules in aqueous solution
into PDAC-SPS coacervate droplets, resulting in such a high seques-
tration efficiency even at high MB concentrations.

To study how the accumulated MB can influence the environ-
ment within the coacervate, fluorescence spectra of ANS seques-
tered within the PDAC-SPS coacervate droplets with the presence
of different concentration of MB in the system were measured, as
shown in Fig. 4. The photo-physical properties of are highly sensi-
tive to polarity and viscosity of the environment. As shown in
Fig. 4, the fluorescence spectra of ANS sequestered within PDAC-
SPS coacervates with the addition of different concentration of
MB showed a broad emission band between 365 and 650 nm,
which indicates a combination of different micro-environments
of varying polarities within coacervate droplets. Deconvolution of
the fluorescence spectra by Gaussian fitting provides two specific
emission peaks associated with two distinct microenvironments
of the coacervates. The peak located at ~470 nm was assigned to
the nonpolar excited state localized on the naphthalene ring of
ANS, which represents a more hydrophobic environment, which
the other peak at ~530 nm was consistent with the emission from
the charge transfer state of ANS, which corresponds to a
more hydrophilic environment. As previously mentioned, the
partition coefficient of MB into PDAC-SPS coacervates increases
with the feed concentration of MB. It is therefore no doubt that
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Fig. 4. Fluorescence emission spectra of ANS sequestered in PDAC-SPS coacervate dispersions with the addition of (a) 0 mM, (b) 0.1 mM, (c) 0.75 mM and (d) 1.0 mM MB
recorded at room temperature. The coacervates were prepared with 10 mM PDAC and 10 mM SPS at a mixing ratio of PDAC:SPS = 0.5, with the addition of 0.5 mM ANS.

the sequestered amount of MB within the coacervates also
increases with the overall MB concentration. As shown in Fig. 4,
as the MB concentration increases from 0 to 1.0 mM, the relative
intensity of emission peak at around 470 nm increases gradually,
while the intensity of emission peak at approximately 530 nm
attributed to the hydrophilicity or polarity of the environment
within coacervate decreases to almost zero, indicating that the
accumulated MB within coacervate droplets would increase the
hydrophobicity of coacervate significantly. The enhanced
hydrophobicity within PDAC-SPS coacervates induced by the accu-
mulated MB would in turn enable the coacervates to uptake more
MB, leading to a significantly increased MB partition coefficient
with the increase of MB concentration.

3.5. Effect of solutes on PDAC-SPS phase behavior

The phase behavior of PDAC-SPS in the presence of added dye,
with respect to the overall dye concentration, PDAC/SPS mixing
ratio, and the total polyelectrolyte concentration, is illustrated
and compared in a series of phase diagrams depicted in Figs. 5
and S6. Fig. S7 shows typical optical micrographs of precipitates
and coacervates coexisting, or possibly aggregates of coacervate
drops, prepared using PDAC and SPS aqueous solution. There are
several characteristic features of the phase behavior of the PDAC-
SPS system with the addition of MB or BtB.

First of all, for all PDAC-SPS concentrations studied here,
the single-phase solution regime narrows with increasing MB or
BtB concentration, indicating that the presence of MB or BtB slightly
favors the coacervation process. Additionally, the broadening in the
precipitation regime with increasing MB or BtB concentration sug-
gests that the presence of MB or BtB strongly favors precipitation.

The increase in ionic strength induced by the positively charged
MB should not be the main factor that impacts the phase behavior
of the PDAC-SPS system, since the addition of 1 mM NaCl into the
polyelectrolyte system has almost no impact on the phase diagram,
as shown in Fig. S6. Increased hydrophobicity of coacervates with
the addition of dyes is suggested as the main reason for the acceler-
ation of coacervation. It has been reported that an increase in the
hydrophobicity of polyelectrolytes increases the tendency towards
coacervation despite the reduction in charge interactions between
the polyelectrolytes [25]. Additionally, the tendency towards pre-
cipitation was also enhanced as the concentration of MB or BtB in
the system increases. There are multiple reasons for the increase
in the tendency towards precipitation. Firstly, an increase in the
MB or BtB concentration of the system leads to a lower absolute
value of zeta potential of the coacervates, resulting in weaker elec-
trostatic repulsion between coacervates, which might accelerate
the precipitation. Secondly, the increased hydrophobicity of the
coacervates by the addition of dyes might also contributes to the
enhancement of tendency towards precipitation.

Second, the total polyelectrolyte concentration has an impact
on the phase behavior of PDAC-SPS system as well. An increase
in coacervate formation as reflected by turbidity with increasing
total polymer concentration was observed for all MB and BtB con-
centrations. One example of the influence of polyelectrolyte total
concentration on the turbidity of PDAC-SPS system is shown in
Fig. S8. Additionally, a higher total polyelectrolyte concentration
promotes coacervation and precipitation, as shown in Fig. S6. Mix-
tures with higher polymer concentrations have a higher number of
oppositely charged sites available to interact, thus the coacervation
and precipitation tend to occur earlier at a smaller PDAC to SPS
ratio.
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3.6. Effect of MB and BtB on water content of coacervates

Experimentally, the water content of ternary coacervate is
determined simply by weighing the complex coacervate before
and after drying. Fig. S9 shows the water content of PDAC-SPS
coacervates as a function of concentration of MB or BtB in the sys-
tem. In general, an increase in the concentration of MB or BtB
results in a decrease in water content of the formed PDAC-SPS

coacervates. To be specific, the water content of PDAC-SPS complex
coacervate is reduced from approximately 86.9% to 64.6% as the
concentration of MB increases from 0 to 0.5 mM. Similarly, the
water content of PDAC-SPS coacervates is reduced from 86.9% to
76.0% with an increase in the concentration of BtB from 0 to 0.2
mM. This can be considered an indirect proof that the hydropho-
bicity of PDAC-SPS coacervates with the sequestered BtB might
also be increased as the concentration of BtB increases.

3.7. Effect of solutes on the rheological properties of complex
coacervates

It has been reported that the rheological properties of polyelec-
trolyte complexes and coacervates are influenced by various fac-
tors, including salt concentration, polyelectrolyte stoichiometry
and pH [26-28]. Dynamic rheological measurements were used
to characterize the coacervate materials, as shown in Figs. 6 and
7. The frequency sweep was performed at a constant strain of
0.4%, which was found to be in the linear regime. The viscoelastic
behavior is highly dependent on the addition of MB or BtB.

The presence of MB within the complex coacervates has a
strong influence on the rheological properties of PDAC-SPS coacer-
vates. The frequency sweep data shows a decrease in the overall
magnitude of the storage (G') and loss (G") moduli with increasing
MB concentration (Fig. 6a), which is similar to the salt effect on the
rheological properties of coacervates, although enhanced given the
low overall concentration of dye [29-31]. Furthermore, for the
PDAC-SPS coacervate samples prepared at high MB concentrations
(0.4 and 0.5 mM), a frequency-dependent crossover between the
storage and loss moduli can be observed, while at lower MB con-
centrations, the storage modulus was dominant over the entire fre-
quency range, indicating the coacervate samples prepared at low
MB concentrations are more solid-like. For the coacervate samples
prepared at high MB concentrations, at low frequencies the loss
modulus dominates over the storage modulus, indicative of a vis-
coelastic liquid-like behavior, while at higher frequencies, a cross-
over in the two moduli was observed, followed by a region where
solid-like behavior dominates. Additionally, as shown in Fig. 7a,
tan(s) of PDAC-SPS coacervates formed at various concentration
of MB all exhibit a decrease with increasing frequency. At low
MB concentrations (0, 0.1 and 0.2 mM) tan(s) is much lower than
1, indicative of solid-like feature of the coacervate. However, for
PDAC-SPS coacervates prepared at high MB concentrations (0.4
and 0.5 mM), tan(é) is higher than 1, indicating a viscoelastic
liquid-like behavior, while at high frequencies the tan(d) is lower
than 1, with solid-like behavior dominating. Plotting tan(s) data
as a function of MB concentration instead of the frequency can help
with visualization and elucidation of the relation between the
crossover frequency and MB concentration (Fig. 8). The crossover
frequency increases as the concentration of MB increases. The
inverse of the crossover frequency (where tan(é) =1) can be
related to the longest relaxation time for the polymers in the sam-
ple [30]. Here, an observation of increasing crossover frequency for
increasing MB concentration corresponds to a decrease in the time
needed for polymer molecules to disentangle and relax. As men-
tioned before, an increase in the MB concentration results in a
decrease in water content of the formed PDAC-SPS coacervates. If
water is to be considered as a plasticizer for polyelectrolyte com-
plexes [32-34], a lower water content should lead to a higher coac-
ervate modulus. However, in this study, as the concentration of MB
increases, though the water content is reduced, the overall magni-
tude of the storage (G') and loss (G") moduli decrease with increas-
ing MB concentration. This unusual behavior indicates that the MB
encapsulated within PDAC-SPS coacervates tends to efficiently
impair the ionic bond between PDAC and SPS. The wt% of MB
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molecules in the PDAC-SPS coacervates is quite low, varying from
0.03% to 2.38% as the overall MB concentration in the system
increases from 0.01 to 0.5 mM, which indicates that the displace-
ment of ionic bond pairs between the oppositely charged polyelec-
trolytes by the positively charged MB is limited. In addition to the
displacement of ionic bond pairs by MB, the formation of ionic
bond pairs between PDAC and SPS is further sterically hindered
by the MB molecules which associates with SPS through both ionic
and -1 interaction.

Similarly, with the increase in concentration of BtB in the coac-
ervate, though the water content of the PDAC-SPS coacervate
decreases, there is still a decrease in the overall magnitude of the
storage (G') and loss (G”) moduli and a slight increase in the
tan(s) (Figs. 6b and 7b), indicating that the presence of BtB within
PDAC-SPS coacervates reduces the ionic crosslink density of the
PDAC-SPS material, because of the cation-m interaction between
PDAC and BtB. The cation-7 interaction is electrostatic in nature,
which can be conceptualized as the interaction of a positively
charged ion with the negative electrostatic potential surface of
the m electrons above and below the aromatic structure [35,36].
Therefore, as with the MB case, the cation-m interaction between
PDAC and BtB leads to a weaker interconnecting network of the
PDAC-SPS coacervates as the concentration of BtB increases.

4. Conclusion

It has been widely reported that coacervates are capable of
encapsulation of various solutes, including small organic mole-
cules, proteins, and nanoparticles [12,13,24,37,38]. Previous stud-
ies reveal that phase behavior of complex coacervation is
dependent on various factors, such as ionic strength, polymer
molecular weight, pH, temperature, as well as the polymer concen-
tration [1,14]. However, there are few studies on how the seques-
tered solutes within coacervates would in turn impact the phase
behavior and coacervation of aqueous polyelectrolyte systems.
Presented here is a study of the sequestration of the small mole-
cules MB and BtB into PDAC-SPS complex coacervate, as well as
the influence of the sequestered solutes on the phase behavior
and properties of the coacervate. The absolute apparent zeta
potential values of the PDAC-SPS coacervates decrease as the con-
centration of MB or BtB in the system increases. Hydrophobicity
within the PDAC-SPS coacervate droplets can be increased simply
by increasing the sequestered MB content within the complex
coacervate. The phase behavior of PDAC-SPS system is highly
dependent on the concentration of dyes as well as the total poly-
electrolyte concentration. An increase in the MB or BtB concentra-
tion of the system tends to shift the window over which



224 S. Huang et al./Journal of Colloid and Interface Science 518 (2018) 216-224

coacervation and precipitation occur to a wider range of stoichio-
metric ratios of oppositely charged polyelectrolyte. Additionally,
for mixtures with higher total polyelectrolyte concentration, coac-
ervation and precipitation tend to occur earlier at a smaller PDAC
to SPS ratio. The accumulation of MB or BtB within PDAC-SPS coac-
ervate phase has a strong influence on the rheological properties of
the coacervates. As the concentration of MB or BtB increases, there
is a decrease in the overall magnitude of the storage (G') and loss
(G") moduli and an increase in the tan(s), indicating that the pres-
ence of these two small molecules within PDAC-SPS coacervates
can reduce the ionic bonds between PDAC and SPS. In conclusion,
this work studies the encapsulation of solutes into coacervates as
well as the influence of the sequestered solutes on the phase
behavior of the polyelectrolyte solution, hydrophobicity within
coacervate droplets, as well as the rheological properties of the
coacervates, which may provide some guidance for design of
solute-encapsulated coacervates with desired properties.
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