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pH-Dependent complexation and polyelectrolyte
chain conformation of polyzwitterion—polycation
coacervates in salted waterfy
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The phase behavior and chain conformational structure of biphasic polyzwitterion—polyelectrolyte coa-
cervates in salted aqueous solution are investigated with a model weak cationic polyelectrolyte, poly(2-
vinylpyridine) (P2VP), whose charge fraction can be effectively tuned by pH. It is observed that increasing
the pH leads to the increase of the yielding volume fraction and the water content of dense coacervates
formed between net neutral polybetaine and cationic P2VP in contrast to the decrease of critical salt
concentration for the onset of coacervation, where the P2VP charge fraction is reduced
correspondingly. Surprisingly, a single-molecule fluorescence spectroscopic study suggests that P2VP
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chains upon coacervation seem to adopt a swollen or an even more expanded conformational structure
at higher pH. As the hydrophobicity of P2VP chains is accompanied by a reduced charge fraction by
increasing the pH, a strong pH-dependent phase and conformational behaviors suggest the shift of
entropic and enthalpic contribution to the underlying thermodynamic energy landscape and chain
structural dynamics of polyelectrolyte coacervation involving weak polyelectrolytes in aqueous solution.
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Introduction

Polyelectrolyte complex coacervates are liquid-liquid separated
complex materials that are often formed between biological
and/or synthetic polyelectrolytes bearing opposite charges in
salt-added aqueous media. Polyelectrolyte complex coacervates
and their underlying process of polyion association are ubiqui-
tous in nature as being present in mussels, sandcastle worms,
and other marine organisms."” Protein-polyelectrolyte coacer-
vates have received much attention over the past decades as the
coacervation between proteins and synthetic polyelectrolytes
can be employed for effective protein separation and
fractionation.>* Since then, synthetic polyelectrolyte coacer-
vates have been investigated not only for the fundamental
understanding of the coacervation mechanism, but also for
wide applications ranging from drug and gene delivery,>”
underwater adhesives,®*° to stimuli-responsive advanced func-
tional nanomaterials.>”"**"'*

Despite widespread research on polyelectrolyte coacervates,
the underlying thermodynamics of polyelectrolyte coacervation
remains actively debated to date. Entropy driven ion-pairing
accompanied by the release of counterions near polyelectrolytes
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to the bulk solution has been mostly accounted for polyelec-
trolyte coacervation.”'>'>>! Yet in some particular situations,
such as high dielectric media or macroions bearing well-spaced
charges, enthalpy contribution could be dominant as the driv-
ing force for polyelectrolyte coacervation.'®**"** Entropy-driven
coacervate formation has been strongly regarded for coacerva-
tion between highly charged strong polyelectrolytes.>**1%22
However, the mechanism becomes less clear and understood
for the coacervation involving weak polyelectrolytes whose
charge density is highly tunable by local ionic and pH environ-
ments and could even acquire charges from the solution,
instead of counterion release.'®*** Charge regulation and
over-compensation on weak polyelectrolytes in aqueous
solution of varied ionic and pH conditions®*™® could signifi-
cantly modify polyelectrolyte associative interactions and
thereby the coacervate structure, leading to its strong pH- and
ion-dependent phase behavior."®?** Additionally, hydrophobic
interactions could also contribute considerably to charge asso-
ciation with weak polyelectrolytes of varied charge density,
which could ultimately offset the entropy-enthalpy energy
balance upon coacervation.’*>*?”?® yet with the nature of
polymer chains, it is difficult to completely exclude the enthal-
pic contribution resulting from hydrophobic interactions
between polyelectrolytes, except choosing multivalent ions®®
or inorganic macroions®*?" as one building constitute compo-
nent. However, the choice of hydrophilic polyions to form
complex coacervates remains limited. Instead, chemical
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approaches to further understand the thermodynamic land-
scape, in terms of relative entropic and enthalpic contributions,
and to control the phase behavior of polyelectrolyte coacervate
formation mostly rely on modifying the chemistry of polyelec-
trolyte monomers by different lengths of alkyl chains®* or
change density”” or polarity,”® etc. In this work, we instead
take a simple and physical approach with a weak polyelectrolyte
whose relative hydrophobicity can be varied by solution pH.
Furthermore, weak polyelectrolytes have grown as promising
constituting material candidates to control the material proper-
ties of polyelectrolyte coacervates for broad applications thanks
to their tunable charges and pH- and salt-responsive character-
istics. Thus it is critical to understand the phase behavior and
chain conformational structure of weak polyelectrolyte coacer-
vates. Recent research has demonstrated that the material
properties of polyelectrolyte complexes are intimately related
to their microscopic structure including dynamic chain
conformations.>*>?%3373 The microstructures of dense poly-
electrolyte coacervates have been characterized by different
experimental techniques, such as small-angle scattering
(including light scattering (SALS), X-ray scattering (SAXS), and
neutron scattering (SANS)),>***°™*' cryo-TEM and liquid
TEM,>**™* and fluorescence techniques.*'****” The results
obtained by dynamic light scattering, fluorescence recovery
after photobleaching (FRAP), and TEM indicate a bifluidic
sponge-like nanostructured network in polyelectrolyte dense
coacervates, where structural heterogeneity is observed with
domains of varied polymer density.* Conversely, recent results
obtained by small-angle scattering experiments suggest that
dense coacervates exhibit the behaviors of semi-dilute polymer
solutions*® or an interpenetrated overlapping gel-like network
structure.'>?%37*> Nevertheless, most prior work has focused
on the microstructure of polyelectrolyte coacervates formed
with polyelectrolytes of fixed charge, yet the cases of polyelec-
trolyte coacervates with weak polyelectrolytes and the single-
chain conformation of weak polyelectrolytes in the coacervates
remain much less studied. Thus it remains an open question
on how the dynamic conformational structure of weak poly-
electrolytes is adopted upon coacervation in comparison to the
original one before mixing. Limited results obtained via rheol-
ogy and small-angle scattering indicate that the long polyelec-
trolyte chain dictates the overall microstructure of the dense
coacervates.*'"*® However, the conformational structure of con-
stitute polyelectrolytes strongly depends on their respective
concentration ratios and solution ionic conditions and could
remain nearly unchanged, or further unfolded or shrunk in
comparison to that before coacervation. For example, recent
studies indicate that some strong polyelectrolytes exhibit an
ideal Gaussian chain conformation and the radius of gyration
of these polyelectrolytes in dense coacervates is slightly
larger than that in dilute solution.*' Conversely, the conforma-
tion of polypeptides in coacervates could vary with the
concentrations of both salt and the other oppositely charged
constitute polyelectrolyte.®® It is also expected that the confor-
mational structure of polyelectrolytes, particularly weak poly-
electrolytes, in coacervates could exhibit strong dependence on
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hydrophobic interactions or ‘sticky” contact in their chain
chemistry and structure. Recent computer simulation work
has predicted a distinct conformation change of a weak poly-
electrolyte upon coacervation from that in solution.*®*? Clearly,
the conformational structure of polyelectrolytes upon coacerva-
tion remains debated and varies case by case with different
polyelectrolytes and ionic environments of added polyions and
salts. Yet, experimental investigation of the chain conformation
of weak polyelectrolytes in their coacervates remains sparse. In
this work, we focus on one model weak polyelectrolyte, whose
chain conformation can be gradually modified by solution pH,
in coacervation with a net neutral polyzwitterion that has little
effect on the charge density of the weak polyelectrolyte.

In this work, we herein examine the coacervation and
conformational structure of a weak polycation, poly(2-
vinylpyridine) (P2VP) with a net neutral polyzwitterion,
poly(dimethyl methacryloyloxyethyl ammonium propane sulfo-
nate) (PDMAPS), in KCl-added aqueous solution of varied pH.
Compared to other zwitterionic polymers, such as proteins and
polyampholytes,*® the net charge of selected PDMAPS is main-
tained to be absolutely zero without any excess charges from
the polymer itself over the range of pH and salt concentration
varied in this work,”® thereby minimizing the charge regulation
of P2VP by the other constitute polyelectrolyte in aqueous
media. Thus it allows us to focus on the conformational change
of P2VP upon its coacervation with PDMAPS in salted aqueous
solution of varied pH. The pH- and salt-dependent conforma-
tional structures of P2VP chains in dilute aqueous solution
have been well studied in the past?®°>* and can be used as
reliable comparative references. Briefly, P2VP as a weak poly-
base becomes highly protonated at low pH and adopts a
swollen coil structure in aqueous solution due to strong elec-
trostatic repulsion between charged monomers. As its protona-
tion degree decreases with increasing pH, the P2VP chain
collapses at pH above a critical transition pH, pH;, and when
weakened electrostatic repulsion becomes insufficient to over-
come intra-chain hydrophobic attraction, the P2VP chain col-
lapses sharply in dilute aqueous solution. Also adding salt to
the P2VP aqueous solution could lead to a shift of its pH,, to a
higher pH range than that in salt-free solution due to increased
charge density. Yet it is challenging to characterize the chain
conformation of weak polyelectrolytes in crowding complex
environments, including the complex coacervate in this work,
where ensemble-averaged experimental techniques, such as
light or X-ray scattering, could become inapplicable due to
the inhomogeneity of associative aggregations.*>* Therefore,
we employ fluorescence correlation spectroscopy (FCS) to exam-
ine the conformational dynamics of fluorescence-labeled P2VP
mixed in plain PDMAPS-P2VP complexes under varied solution
conditions at the single-molecule level.>*°"*> Hence, we first
examine the phase behavior of PDMAPS-P2VP coacervates in
KCl-salted aqueous solution with varied concentrations of
PDMAPS, P2VP, and KCl and pH by fluorescence microscopy
as well as titration for composition analysis. We then examine
the conformational structure of a molecular fluorophore probe
and fluorophore-labeled P2VP in the dense PDMAPS-P2VP
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coacervates after removal of the supernatant. By using FCS, we
determine the pH-dependent hydrodynamic size of P2VP
chains upon PDMAPS-P2VP coacervation in comparison to that
of P2VP in dilute aqueous solution. The understanding of the
coacervation between the polyzwitterion and weak polyelectro-
lyte as well as the chain conformation in coacervates can be
employed to control and develop ‘“smart” novel materials for

efficient ion exchange/transport, ultrafiltration, drug delivery,
etc 2,5-10,13,14,54

Experimental
Materials

[2(Methactyloyloxy)ethyl]dimethyl-(3-sulfopropylJammonium hydro-
xide (DMAPS), 2,2'-azobis-(2-methylpropionamidine)dihydrochloride
(AAPH), acetone, potassium chloride (KCl), potassium chromate
(K,Cr0,), silver nitrate (AgNO3), sodium chloride (NaCl), and sodium
nitrate (NaNO;) were all purchased from Sigma-Aldrich and used
directly. Fluorophore probes, Alexa Fluor 488 succinimidyl ester
(c-Alexa488, A, = 488 nm, Invitrogen), non-reactive Alexa Fluor 488
without any conjugation (n-Alexa488, /., = 488 nm, Invitrogen), and
rhodamine 110 chloride (R110, A, = 488 nm, Sigma-Aldrich), were
used directly.

P2VP of molecular weight M,, = 24000 g mol~" (polydisper-
sity of M,/M,, PDI = 1.4) was synthesized by free radical
polymerization®® and repeatedly dissolved in ethanol and pre-
cipitated in water to lower the PDI. Amino-terminated P2VP of
M,, = 19000 g mol~"' (PDI = 1.3) was synthesized by reversible
addition—fragmentation chain transfer polymerization®® and
subsequently covalently labeled with c-Alexa488 by following a
prior protocol.’’”® c-Alexa488 labeled P2VP as a fluorescent
polymer probe (f-P2VP) is purified via dialysis in 0.1 M HCI for
two weeks and freeze-dried before adding f-P2VP to unlabeled
P2VP solution at a nanomolar level for the FCS experiment.
After dialysis, f-P2VP dilute aqueous solution was also charac-
terized by FCS to ensure no detectable free c-Alexa488 in the
solution as shown in Fig. S1 (ESIY).

P2VP aqueous solutions of varied concentration were pre-
pared by dissolving plain P2VP in HCI solution of known
concentration (~0.2 M), at which P2VP becomes positively
charged and dissolves well in aqueous solution. The pH of
each P2VP solution was subsequently adjusted and monitored
using a pH meter (Oakton pH6) until it reached a desired value.
As pK, for weak polyelectrolyte changes with its surrounding
environment, including the presence of charged small ions or
macroions, it is difficult to measure it accurately. More com-
plicatedly, the pK, of weak polyelectrolytes in aqueous solution
is not a fixed value but over a range, whose broadness could
strongly depend on the polyelectrolyte molecular weight and
concentration. Hence, we have decided not to report the pK, of
P2VP or use it in comparison to solution pH to estimate the
charge density in the coacervate system. In this work, the
charge fraction of P2VP monomers was calculated based on
the actually consumed HCI amount in comparison to the 2VP
monomer concentration based on the following chemical
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equilibrium: 2VP + H" — 2VP' and [2VP'] + [H'] = [added
HCI], where the bracket refers to the concentration of each
species. As the added HCI amount (~0.2 M) far exceeded the
resulting pH (= 2.05-4.37) of P2VP solution, we estimated the
charge fraction, « ~ [added HCI]/[2VP].

The pH of PDMAPS aqueous solutions before mixing was
also adjusted by varying the added amount of HCI stock
solution of pH = 2.0 and measured using a pH meter. It should
be noted that the control of solution pH by adjusting the
concentration of strong acid, such as HCI, instead of using
buffer solutions, has minimal effect on undesired electrostatic
screening. The pH values reported in this work were all
measured in polymer solutions before equal volumetric mixing
for coacervation. Yet it should be pointed out that as P2VP is a
weak polybase and actually works as a buffer agent in water, its
solution pH changed very little upon dilution or mixing with
PDMAPS. Hence, the final pH of the coacervates was approx-
imate to the pH of P2VP and PDMAPS solutions before mixing.

The PDMAPS polymer was synthesized by solution polymer-
ization by following a published procedure,**° except that the
monomer was different. To prepare a homogeneous PDMAPS
aqueous solution at room temperature, KCl was added to
significantly lower the upper critical solution temperature
(UCST) of PDMAPS to be below 0 °C and eliminate the “self-
coacervate” complexation of PDMAPS itself.”?**%%° In this
work, when the KCl concentration in the PDMAPS aqueous
solution was greater than 50 mM, no phase separation due to
UCST was observed at T > 0 °C, ensuring the initial homo-
geneous PDMAPS solution.

Preparation and characterization of PDMAPS-P2VP
coacervate complexes

To control the formation of complex coacervates, KCl was
added to both P2VP and PDMAPS stock solutions at the same
concentration before mixing. By varying the molar ratio of the
total 2VP monomers to total DMAPS monomers in the aqueous
mixture of PDMAPS/KCI and P2VP/KCI solutions, the formation
of PDMAPS-P2VP biphasic complex coacervates was examined.
The phase behavior and morphology of the PDMAPS-P2VP
complex formed after mixing two polymer solutions were
further examined using a confocal laser scanning microscope
(CLSM, Carl Zeiss LSM 780) using a 63x objective lens (Plan-
Apochromat, NA = 1.4, oil immersion) and an Airyscan detector
(Carl Zeiss), for which n-Alexa488 was added to the P2VP/KCl
solution at an n-Alexa488:2VP molar ratio of 1:1000 in aque-
ous solutions. All the characterization reported in this work was
carried out at constant temperature, T = 23 °C.

The yielding volume fraction of dense coacervates after
thorough removal of supernatant solutions was determined
using a procedure as follows. After the formation of biphasic
coacervates, the mixture was left to rest overnight before
separation. To thoroughly remove trace droplets of polymer-
poor supernatant solution from the dense coacervate, the
mixture was centrifuged at 10000 g for 30 min at 7' = 23 °C
and left overnight before the top supernatant solution was
removed. The extracted supernatant was weighed using a
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balance with a measurement uncertainty of +0.001 g. Consid-
ering that the supernatant appeared to be very dilute aqueous
solution with polymers in low concentrations, we simply
assumed its density in approximation to that (1 g ml™ ") of
water and calculated the volume of the supernatant phase
accordingly, which appeared consistent with the roughly mea-
sured volume using a pipette upon extraction. It is noted that
the weight measurement of extracted supernatant solution is
more accurate than the volume measurement in this work,
particularly when the volume of the supernatant solution is
rather small. Accordingly, the yielding volume and volume
fraction of the dense coacervate were obtained by subtracting
the volume of the extracted supernatant solution from the total
volume (= 800 pl) of the mixture, for which we observed no
noticeable volume expansion or contraction upon mixing.

To determine the water content in the PDMAPS-P2VP dense
coacervates, the wet dense coacervates after the removal of their
corresponding supernatant solutions were weighed and then
freeze-dried over 16 h. The weight fraction of water in the dense
coacervate was determined by subtracting the mass of the dried
dense coacervate from that of the initial wet coacervate of
known mass at each solution condition.

The concentrations of KCIl in the dense and supernatant
phases were determined based on the titration of Cl™ ions in
the supernatant solution. The extracted supernatant after cen-
trifugation from biphasic PDMAPS-P2VP coacervates was
directly titrated by AgNO; solution using K,CrO, as the indi-
cator (aka, Mohr’s method).*"®> Mohr’s method is an extremely
sensitive and accurate method to determine chlorine concen-
tration with a relative standard deviation <0.07%.%® AgNO;
solution was first titrated by a standard NaCl solution to
calibrate its concentration. The titration measurement for each
supernatant solution was repeated three times. With the known
yielding volume of the dense coacervate and the total amount
of Cl” ions, including both the added KCl salt and HCI for pH
adjustment, the concentration of the Cl™ ions in the dense
coacervate was calculated. The concentrations of P2VP in the
dense and supernatant phases were determined using a UV-vis
spectrophotometer (V-630, JASCO). The control experiment
showed that the intensity of the characteristic UV-vis absor-
bance peak of plain protonated P2VP at a wavelength of
260 nm>® increases with P2VP concentration in aqueous
solution, yielding a calibrated linear relationship of the P2VP
concentration against UV-vis characteristic peak intensity (see
Fig. S2, ESIt). The separated supernatant solution after centri-
fugation was diluted ~1000 times to ensure that the concen-
tration of the sample was in the range of the calibration curve.
The concentration of P2VP in the supernatant solution was
thereby obtained by comparing the measured absorbance
intensity to that of the calibration one. Similarly, with the
known yielding volume fraction of the dense coacervate and
the total amount of P2VP, the concentration of P2VP in the
dense coacervate was calculated accordingly.

FCS was employed to determine the conformational struc-
ture of P2VP in dense PDMAPS-P2VP coacervates formed at
varied pH. The diffusion coefficient, D, and thereby the
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hydrodynamic radius, Ry, of hydrophilic R110 and f-P2VP
probes in the dense coacervates were obtained by FCS. The
FCS setup was based on an inverted microscope (Zeiss Axio A1)
equipped with an oil-immersion objective lens (Plan Apochro-
mat 100x, NA = 1.4). Briefly, the tiny fluctuation, I(¢), in
fluorescence intensity, due to the motion of fluorescent probes
in and out of the laser excitation volume of a solid-state blue
laser (Crystal Laser, A.x = 488 nm), was measured by two single
photon counting modules (Hamamatsu) independently in a
confocal detection geometry at a sampling frequency of
100 kHz in this work. The autocorrelation function, G(z), of
measured I(¢) as®*>

G(z) = (81(t) x I(t + ) /{I(1))* 1)

was thereby obtained by using a multichannel FCS data acqui-
sition system (ISS) via cross-correlation analysis, which
removed the artifacts from detectors. The dimension of the
excitation confocal volume was calibrated as w ~ 288 nm in the
lateral radius and z ~ 5 pm in the vertical half-height by
n-Alexa488 of known D (= 435 um” s ') at a 10°° M molar
concentration in aqueous solution. The D and concentration,
[C], of the fluorescent probe can be obtained from the fitting of
G(t) based on a given equation as detailed in the section of
Results and discussion below. The conformational structure,
described by the hydrodynamic radius, Ry, of the f-P2VP chain
in the PDMAPS-P2VP dense coacervates of varied polymers and
salt concentrations and pH was obtained by naively employing
the Stokes-Einstein equation to the measured diffusion
coefficient as

kT
~ 6D’

H (2)
where kg is the Boltzmann constant and 5 is the known
viscosity of the medium. All the measurements reported in this
work were repeated at least three times for each sample.

Results and discussion

We start by investigating the pH-dependent coacervate for-
mation between zwitterionic PDMAPS and cationic P2VP in
KCl aqueous solution of fixed total DMAPS and 2VP monomer
concentration, ¢p = 0.2 M. It is noted that both PDMAPS-KCI
and P2VP-KCI aqueous solutions at pH = 2.05-4.37 are homo-
genous and transparent before mixing, while their mixtures
exhibit distinct phase behaviors with dependence on the 2VP-
to-total monomer molar ratio, ¢,yp/cr, KCI concentration, ckci,
and pH. As shown in Fig. 1a, at cxc) = 0.1 M and pH = 2.05 at
which P2VP is highly protonated in aqueous solution, the
mixture spontaneously separates into two transparent liquid
phases with one clear dilute supernatant upper phase and the
other clear dense coacervate phase on the bottom of the glass
vial when c,yp/cr exceeds 5%. It is noted that despite easily
observable liquid-liquid separation, all the dense coacervates
formed at varied c,yp/ct, Ckcl, and pH in this work appear to be
transparent without detectable cloudiness by the naked eye,
suggesting low viscosity and high water content in the dense

This journal is © The Royal Society of Chemistry 2021



Soft Matter

PDMAPS
-

(b)
(i)
PDMAPS

(a)

Fig. 1

Paper

P2VP/PDMAPS Mixture

) ncrease Cyyp/C;

(a) Representative optical photographs of PDMAPS and P2VP aqueous solutions, both added with. ckc; = 0.1 M, and liquid—-liquid separated

PDMAPS—-P2VP coacervates formed at coyp/ct = 0.25 and pH = 3.04. (b) Fluorescence micrographs of (i) PDMAPS and (iv) P2VP solution and (ii) and (iii)
PDMAPS—-P2VP coacervate formed under the same conditions as shown in (a) acquired at elapsed times of (ii) 100 s and (iii) 140 s after mixing.

coacervates (see Fig. 3b) and weak association between
PDMAPS and P2VP for coacervate formation as further dis-
cussed below.">?> We verify the biphasic PDMAPS-P2VP coa-
cervate formation and determine its phase diagram by CLSM
with n-Alexa488 added to the mixture. At c,yp/cr < ~0.05 and
> ~0.95, the morphology of PDMAPS-P2VP mixtures appears
to be homogeneous and featureless as shown in fluorescence
micrographs in Fig. 1b(i) and (iv), respectively. As shown in
Fig. 1b(ii) and (iii) for the complex formed at ¢,yp/cr = 0.25 and
added with n-Alexa488, we observe that the fluorescent droplets
of the dense coacervate phase are dispersed in the non-
fluorescent dilute supernatant solution, exhibiting the hall-
mark of the emulsion-like morphology of biphasic complex
coacervates.®>”?1?%6¢ Ag n-Alexa488 is negatively charged and
can strongly interact with cationic P2VP, it strongly suggests
that the fluorescent dense phase is the polymer-rich
phase while the non-fluorescent dilute supernatant is the
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=
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é 0.3 E
g
o 024 E
0.1
Coacervate
0.0 . ; i . |
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Fig. 2

polymer-poor phase. Over elapsed time, the fluorescence drop-
lets could coalesce with each other and expand into a fractal
and space-spanning morphology as shown in Fig. 1b(ii) and
(iii), confirming the liquid-like nature of polyelectrolyte
complex coacervates.

In this work we vary the pH of polymer solutions from
pH = 2.05-4.37. A similar emulsion-like morphology is con-
firmed as shown in Fig. S3, ESL.f As both the P2VP monomer
concentration (~0.01-0.19 M) and added HCl amount to adjust
the final solution pH are higher than the final proton concen-
tration in the solution, we can estimate the charge fraction, o,
of P2VP based on the ratio of consumed HCI to 2VP concen-
tration. For instance, at c,yp/ct = ~0.25, o is estimated to
change from 65% to 30% with increasing pH from 2.05 to
4.37, respectively (as also shown in Fig. 2b and 3b). Biphasic
PDMAPS-P2VP coacervates can be formed over pH = 2.05-4.37.
Yet the critical c,yp/ct and ckg for the coacervate formation

P2VP Charge Fraction, o (%)

(b) 70 60 50 40 30
0.5 .
—
=
S 041
£ .
G 0.3
O
¥
(&)
0.2
L]
0.1 T

15 20 25 30 35 40 45
Solution pH

(a) Effect of pH on the phase diagram of PDMAPS—P2VP coacervate formation at coyp/ct = 0.25, cr = 0.2 M, and ¢k = 0.1 M but varied pH = 2.05

(black squares), 3.04 (red circles), and 4.37 (blue triangles). (b) Upper critical salt concentration for PDMAPS—P2VP coacervate formation at coyp/ct = 0.25
and ¢t = 0.2 M against solution pH (bottom x-coordinate axis) and resulting charge fraction, o of P2VP (top x-coordinate axis).
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(a) Yielding volume fraction of PDMAPS—P2VP dense coacervates against c,yp/ct for coacervates formed at fixed ¢t = 0.2 M and cxc = 0.1 M but

varied pH = 2.05 (black squares), 3.04 (red circles), and 4.37 (blue triangles) after removal of the supernatant solution. (b) Weight fraction of water in the
dense coacervates against solution pH (bottom x-coordinate axis) and resulting charge density of P2VP (top x-coordinate axis). Water content was
measured after freezing—drying the separated wet dense coacervates from the supernatant. The coacervates were formed at coyp/ct = 0.25, ct =02 M

and Ckcl = 0.1 M.

show strong dependence on pH. We determine the phase
diagram of PDMAPS-P2VP complex formation in salted aqu-
eous solution against c¢,yp/ct, cxc1 and pH as summarized in
Fig. 2a. In this work, at the lowest cxc; = 0.05 M that ensures to
fully dissolve PDMAPS in aqueous solutions at room tempera-
ture, we observe that the PDMAPS-P2VP complex coacervates
can be formed over a wide range of cyyp/cy =~0.05-~0.95
without any noticeable precipitation. The polymer concen-
tration range for PDMAPS-P2VP coacervation appears to be
much broader than that reported for conventional polyanion-
polycation coacervates where one polymer component-to-total
polymer ratio typically ranges from 20% to 80%.>*”7° Such a
wide polyelectrolyte concentration range is similar to that of
coacervates formed with zwitterionic polyelectrolytes.>*"”! We
attribute the broad coacervate phase to the ionic effect on the
charge density, despite being maintained net neutral, of
PDMAPS, which increases with increasing simple ion or macro-
ion concentration due to enhanced ion binding with dipolar
DMAPS monomers.®® In this work, we expect that such charge
regulation of PDMAPS could also involve P2VP as a cationic
macroion, which further complicates the case here considering
its own weak polyelectrolyte nature as discussed below. The
upper critical KCI salt concentration, ckcier, above which a
transition from a biphasic coacervate to monophasic solution
occurs, is determined by CLSM. It is clearly shown in Fig. 2b
that increasing pH at a given c,yp/cr leads to a considerable
decrease of cxcer, indicating that the coacervate phase is
narrowed. Such a trend is consistent with previous studies of
pH-dependent polyelectrolyte coacervation with weak polyacids
and/or weak polybases®*®® due to pH-induced variance in the
charge density of weak polyelectrolytes. The monotonic
decrease of cgcyer With increasing pH from 2.05 to 4.37 (or
correspondingly decreasing P2VP charge fraction) is consistent
with the trend reported with the coacervates using weak poly-
electrolytes of varied charge density, which is strongly corre-
lated with entropic driving force, directly resulting from the
number of released bound ions in close vicinity to polyelec-
trolytes upon their ion pairing.>**®
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We also examine the yielding volume fraction of PDMAPS-
P2VP dense coacervates against c,yp/cr and pH at constant
ckcl = 0.1 M as shown in Fig. 3a. It is interesting to observe
that the yielding volume fraction of dense coacervates exhibits
a non-monotonic change with increasing c,yp/ct at all three
varied pHs, where the total volume and total monomer concen-
tration of two polymer solutions before mixing are kept con-
stant. At low c,yp/cr < 0.2, the yielding volume fraction of the
dense coacervate phase increases with increasing P2VP concen-
tration. Upon further increasing the P2VP concentration, the
yielding volume fraction of dense coacervates decreases con-
siderably. The maximum yielding volume of the PDMAPS-P2VP
dense coacervates is found at c,yp/cy ~ 0.2-0.3 for varied pH.
The non-monotonic and asymmetric change of the yielding
volume of dense coacervates with c,yp/ct suggests that the
interaction and structure of the PDMAPS-P2VP coacervates vary
with P2VP and PDMAPS concentrations, possibly due to varied
charge density and resulting conformational change of P2VP
and PDMAPS upon association. As a result, an optimal c,yp/cr at
each given pH for maximizing PDMAPS-P2VP ion pairs is
present. As the charge density and conformational structure
of P2VP could be more strongly affected by pH and local ionic
conditions than net-neutral zwitterionic PDMAPS, the asym-
metric change with c,yp/cy at constant ¢y could be expected.
Furthermore, at all varied c,yp/cr, except the extremely low and
high limits, the yielding volume fraction of the PDMAPS-P2VP
dense coacervates increases by nearly 50% with increasing pH
from 2.05 to 4.37. As the P2VP chain becomes less swollen with
increasing pH>"*> while the PDMAPS chain conformation
changes negligibly at pH > 1,°”° we exclude the contribution
of polymer chain swelling to the increased yielding volume of
dense coacervates. Additionally, we determine that the water
content in dense coacervates at constant c¢,yp/cr = 0.25 and
¢kcl = 0.1 M, where the maximum yielding volume of dense
coacervates is obtained, also increases with increasing pH as
shown in Fig. 3b. Such a trend appears opposite to the reported
increase of water content in polyelectrolyte coacervates with
increased polyelectrolyte charge density due to enhanced

This journal is © The Royal Society of Chemistry 2021
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Table 1 List of charge fraction of P2VP, critical KCl concentration for the
onset of coacervation, yielding volume fraction, and water content of
dense coacervates at varied pH

Charge Water content
fraction, Yielding volume  of dense
o of Cxkcl,er fraction of dense coacervates
P2VP (%) (mol L") coacervate (%) (%)

pH =2.05 65 0.50 23.0 66

pH=3.04 50 0.35 15.8 70

pH =437 30 0.20 13.3 92

electrostatic association.>” To further examine the pH-effect, we
have also summarized the pH-dependent solution conditions of
the PDMAPS-P2VP coacervates formed at constant ¢y = 0.2 M,
Covpler = 0.25, and cxg = 0.1 M in Table 1. The concomitant
increase of yielding volume fraction and water content of the
PDMAPS-P2VP dense coacervates suggests the strong effect of
P2VP chain hydrophobicity on the thermodynamics and struc-
ture of PDMAPS-P2VP association upon coacervation. As sug-
gested by theoretical predictions, the “sticky” hydrophobic
interaction between PDMAPS and P2VP could offset the weak-
ened entropic-driven ion-pairing between P2VP and PDMAPS
to some degree. Enhanced hydrophobic interactions could also
lead to the exclusion of more interfacial water in close vicinity
to both polyelectrolytes upon their aggregation.?>?>27:287273
Alternatively, the increase of water content in the PDMAPS-
P2VP dense coacervate at high pH could be attributed to a lower
associative networking degree due to the reduced charge density
of P2VP, which is analogous to increased water uptake by a
reduced crosslinking degree of the hydrogel.”* Nevertheless,
we speculate that the enthalpic contribution to the thermo-
dynamics underlying PDMAPS-P2VP coacervation could
be increased with respect to reduced entropic contribution
due to a lower charge density of P2VP at higher pH, despite
the weakening of the total PDMAPS-P2VP associative
interaction,>*°%7>

The pH-induced shift of the thermodynamic energy land-
scape, in terms of relative entropic and enthalpic contribution,
for PDMAPS-P2VP coacervate formation is supported by the
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measured compositions of P2VP and KCl in dense and super-
natant phases as shown in Fig. 4. With the known respective
yielding volumes of the supernatant and dense phases, the
molar concentrations of P2VP and KCl in each phase are
measured against pH in comparison to their initial concentra-
tions of ¢ yp/cr = 0.25 and ckc; = 0.1 M as shown in Fig. 4a and b,
respectively. At low pH = 2.05 where P2VP is highly protonated,
the measured c,yp in the dense coacervate phase is indeed
higher than that in the supernatant phase, yet cxc is lower,
strongly supporting entropy-driven coacervate formation result-
ing from the release of interfacial bound ions near the poly-
electrolytes upon PDMAPS-P2VP binding. However, upon
increasing the pH, the P2VP concentration in the supernatant
phase clearly exhibits a monotonic increase by more than one
order of magnitude to approach its original concentration
before mixing. In contrast, a moderate decrease of P2VP
concentration in the dense phase is observed with increasing
pH. Conversely, the KCl concentration in dense coacervates
also exhibits a monotonic increase with increasing pH to
approach its initial concentration in solution while its concen-
tration in the supernatant phase exhibits nearly pH-
independence and approximates to the initial concentration,
ckcl = 0.1 M. Mostly intriguingly, at pH = 4.37, the P2VP
concentrations in both phases appear to converge toward its
initial concentration, indicating nearly equal partition of P2VP
in both phases. Thus, considerable reduction of the concen-
tration gap between the supernatant and dense coacervate
phases with increasing pH strongly suggests much weakened
entropic contribution to PDMAPS-P2VP coacervate formation.
Importantly, this suggests that complex coacervation involving
weak polyelectrolytes can be tuned by pH, leading to associative
polyion binding of varied strength.?”2%487%:72

Next, we investigate the pH effect on the dynamic conforma-
tional structure of the P2VP chain upon its coacervation with
PDMAPS in KCI aqueous solutions. As the molecular weight of
PDMAPS is much higher than that of P2VP, it is generally
regarded that the overall structure of non-stoichiometric
PDMAPS-P2VP dense coacervates is mainly governed by
long PDMAPS chains.*"*” In this work, we thereby focus on
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Fig. 4 Measured molar concentrations of (a) 2VP monomer and (b) KCl in the supernatant (black squares) and dense coacervate (red squares) against
solution pH for PDMAPS—P2VP coacervates formed at ¢t = 0.2 M, coyp/ct =0.25, and ckc = 0.1 M in comparison to their respective initial concentration

before mixing (dashed line).
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(a) Normalized autocorrelation functions, G(z) by G(0) of R110 in PDMAPS—-P2VP dense coacervates formed at pH = 2.05 (red circles), 3.04 (green

triangles), and 4.37 (blue diamonds) in comparison to that in dilute aqueous solution of the same ckc and pH (black squares). Black dashed line indicates
the fitting with egn (3) while solid line indicates the fitting with eqn (4). Inset: The blowout of G(1)/G(0) at short = to emphasize the deviation of the fitting
using egn (3). (b) Obtained Do (red column) of R110 in PDMAPS—P2VP dense coacervates formed at different pHs. (c) Fitting parameter f; (black

column) and f; (blue column) corresponding to Dsast and Dgiow. respectively.

the pH-dependent conformational structure of P2VP in the
PDMAPS-P2VP dense coacervates at fixed coyp/or = 25% and
ckal = 0.1 M by determining its diffusive dynamics using FCS at
the single-molecule level. We carry out the control experiment of
hydrophilic, positively charged R110 in the PDMAPS-P2VP dense
coacervates to examine the diffusive dynamics of simple molecular
probes in a complex coacervate environment.””’® As shown in
Fig. 5a, the measured G(t) of R110 in the dense coacervate
apparently shifts to longer lag time in comparison to that in
polymer-free dilute aqueous solution, indicating slower diffusive
dynamics in the dense coacervate due to its higher viscosity than
that in polymer-free water. For the control case of R110 in polymer-
free dilute aqueous solution, the measured G(r) normalized by
G(r = 0) measured can be perfectly fitted by the equation:

G(r) = ([c]n“zwz)‘1 (1 + 4Df) B (1 + %) - 3)

0
assuming simple three-dimensional Brownian motion,”**%* yield-
ing D = 520 um> s' in good agreement with the known
D (= 470 ym® s ") for R110 in deionized water within FCS
experimental uncertainty.””’® However, the fitting of measured
G(7)/G(0) for R110 in PDMAPS-P2VP dense coacervates by eqn (3)
shows considerable deviation in a low t range as the blown-out is
shown in the inset of Fig. 5a. Such a fitting deviation is observed
with R110 in the dense coacervates formed at varied pH, indicating
that a simple Brownian dynamics of R110 with one single diffusion
coefficient becomes inaccurate and inapplicable to describe the
structural dynamics of the P2VP chain in the dense coacervates. The
deviation from eqn (3) at short lag time often suggests the presence
of a fast diffusive dynamics in the complex environment.**>”” 1t is
noted that the deviation from eqn (3) is distinct from recently
reported sub-diffusive molecular transport in specific protein-DNA
coacervates, which is observed by varying the optical observation
size from ~50-224 nm and attributed to a specific charge-r
interaction in the coacervate system.”® Conversely, in our FCS setup,
our observation spot size is fixed at » = 288 nm. More importantly,
we expect that merely electrostatic charge-charge and hydrophobic
interactions are present in our PDMAPS-P2VP coacervates.

8944 | Soft Matter, 2021,17, 8937-8949

Measured G(t) results by our FCS show the Brownian diffusion of
two distinct species in PDMAPS-P2VP dense coacervates, different
from the Fickian diffusion dynamics reported elsewhere.”® Accord-
ingly, we have tentatively fitted the measured G(t) with the model
including two distinct dynamic species by using the following
equation:

2.2 2)—1

G(r) = ([n*Zw

4D\ ! 4Dyt "
fu(1+—a;2tf) (1+—f ‘T>

22
4Dyt 4Dgoyt
+f2(1+—5'§ ) (1+—512° )
[0 Z

where f; and f; (= 1 — f;) are the molar fractions corresponding to
Dr,ge and Dgjow, respectively. According to the previously reported
sponge-like  microstructure  of  polyelectrolyte = complex
coacervates,*®”® we expect that D, corresponds to the diffusion
of R110 in aqueous medium between PDMAPS-P2VP associated
complex domains, essentially similar to that in dilute aqueous
solution, and thereby set Dg, = 520 um” s~ . It is noted that the
variance of obtained Dy, and f; by varying the value of D, from
470-520 pm* s~ for the fitting with eqn (4) is smaller than 3%,
which is far below the FCS experimental uncertainty, and thereby
negligible. The extracted Dy, Which corresponds to the diffusion
of R110 in the PDMAPS-P2VP associative network, and its corres-
ponding f, are summarized in Fig. 5b and c, respectively. It is
observed that f, = 57% and 56% at pH = 3.04 and 4.37, respectively,
are closely approximate to 50% and f, = 69% at pH = 2.05 is slightly
higher, suggesting that R110 has nearly equal partition in different
regions in the PDMAPS-P2VP dense coacervates as an inert mole-
cular probe for the coacervates. However, Dy, is much smaller than
Dgse by one order of magnitude and measured to be ~28.7, 17.9,
and 61.5 pm® s~ " at pH = 2.05, 3.04, and 4.37, respectively. With
measured Dy, as well as known and fixed hydrodynamic radius,
Ry = 0.5 nm, of R110 as an inert molecular probe, which is
independent of the polymer complex structure and medium pH,
we roughly estimate the effective local viscosity, n = ~0.015, 0.024,

(4)
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and 0.007 Pa s of PDMAPS-P2VP dense coacervates at pH = 2.05,
3.04, and 4.37, respectively, using eqn (2). Yet it is intriguing to
observe a non-monotonic change of the local viscosity of the
PDMAPS-P2VP dense coacervates against pH, where the local
viscosity at pH = 3.05 is higher than those at pH = 2.05 and 4.37.
We attribute it to the complexity of the solution properties of weak
polyelectrolytes of tunable charge fractions by pH and salt:*>®" it is
reported that the viscosity of weak polyelectrolyte solution could
increase with the salt concentration at a fixed polymer concen-
tration. Furthermore, at a fixed salt concentration, the viscosity
of weak polybase solution can increase and then decrease with
increasing pH due to the combined effects of decreased charge
fraction yet weakened electrostatic screening caused by reduced
counterion concentration. Thus we expect that the non-
monotonic change of measured local viscosity of the
PDMAPS-P2VP dense coacervates against pH could result from
the opposite effects of P2VP concentration, charge fraction, and
counterion concentration on the conformation of P2VP and the
structure of the dense coacervates involving weak polyelectro-
lytes. To further quantify and understand the change of the local
viscosity of polyelectrolyte coacervates involving weak polyelec-
trolytes, a future study of the scaling behavior of the P2VP
chains of varied molecular weight in the coacervates of varied
pH, polymer and salt concentrations could be highly desired. In
this work, we solely use the local viscosity to further estimate the
Ry of P2VP in different dense coacervate networks without the
intension to examine the viscosity of dense coacervates, assum-
ing that the change of a local coacervate complex environment
at each given polymer and salt concentration is negligible by
different fluorescent probes.

Next we focus on the diffusive dynamics of f-P2VP in the
PDMAPS-P2VP dense coacervates at pH = 2.05-4.37 as the
measured G(t)/G(0) is shown in Fig. 6a. Similar to the diffusion
of R110 in dense coacervates, the fitting of measured G(t)/G(0)
by eqn (3) shows considerable deviation in a low 7 range. Thus
we have fitted the measured G(r) with eqn (4) by setting
Dgysepove €qual to the diffusion of P2VP in dilute aqueous
solution of the same pH.>*>"*> The extracted Dyjow,pavp, COITES-
ponding to the diffusion of P2VP in the PDMAPS-P2VP

(a) 7

Paper

associated network, and f, are summarized in Fig. 6b and c,
respectively. The measured dynamic behaviors of f-P2VP, as
well as the effective local viscosity, in the PDMAPS-P2VP dense
coacervates at varied pH are also summarized in Table 2.
With the obtained local viscosity, n of the PDMAPS-P2VP
dense coacervates by Dgow Of R110 and rough assumption of
the negligible effect of different fluorescent probes (R110 versus
f-P2VP) on 1, we naively derive the Ry of P2VP in the PDMAPS-
P2VP associated network from Dgjow, pavp Using eqn (2). Intrigu-
ingly, we observe in Fig. 7 that the Ry of the P2VP chains in the
associated coacervate network at pH = 2.05-3.04 appears to be
approximate to that in dilute polymer solution of the same pH
in agreement with the previously reported ones.”®**> As illu-
strated in Fig. 8, the results intriguingly suggest that a swollen
conformational structure of the P2VP chain is preserved upon
its binding with PDMAPS at pH = 2.05-3.04 where P2VP is
highly protonated. Surprisingly, Ry increases considerably at
pH = 4.37 beyond the FCS experimental uncertainty, suggesting
a more expanded conformation of P2VP chains in the asso-
ciated network. Hence, we speculate that when P2VP is highly
charged at pH = 2.05-3.04, its conformation in the dense
PDMAPS-P2VP associated network remains the same as an
undisturbed and swollen chain upon its binding with PDMAPS.
Conversely, when P2VP is less charged with increased hydro-
phobicity at pH = 4.37, its conformation in the dense associated
network surprisingly becomes further expanded in sharp con-
trast to a more compact conformation for undisturbed P2VP in
dilute solutions of the same pH. We attribute the further
expanded conformation to enhanced sticky” hydrophobic
interactions between P2VP and PDMAPS upon coacervation
instead of the hydrophobic interaction within P2VP itself,
which further facilitates PDMAPS-P2VP binding by offsetting
weakened electrostatic interactions. Yet, we need to point out
cautiously that such conformational information is derived
from a naive assumption based on unchanged local viscosity
by varied fluorescent probes and the application of the Stokes—
Einstein equation (eqn (2)) to dense coacervates beyond the
limit of dilute polymer solution. In addition to the demand of
new theoretical wisdom on coacervate microstructures, a future
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(a) Normalized autocorrelation functions, G(z), by G(0) of f-P2VP in PDMAPS—P2VP dense coacervates (red squares) formed at pH = 2.05 and in

dilute aqueous solution of the same cxciand pH (black squares). The blue solid line indicates the fitting with eqn (2) while the red solid line indicates the
fitting with egn (4). Inset: The blowout of G(z)/G(0) at short T to emphasize the deviation of the fitting using eqn (3). (b) Obtained Dgjow,p2vp (red column) in
the PDMAPS—-P2VP associative network from the fitting of G(z)/G(0) using egn (4) based on the set values of D, pave (black column). (c) Fitting
parameters f; (black column) and £, (blue column) corresponding to Drast pavpe @aNd Dgiow,pave, respectively.
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Table 2 List of measured #, Drastpave, Dsiow,pave. and fo of f-P2VP in
PDMAPS—-P2VP dense coacervates at varied pH

Dfast of Dslow of
i (Pas) f-P2VP f-P2VP
of dense in dense in dense fa corres-
coacervate coacervate coacervate ponding
(Pa's) (um? s (um? s t0 Dygiow (%)
pH = 2.05 0.015 43.0 2.8 59
pH = 3.04 0.024 43.8 2.2 54
pH = 4.37 0.007 67.3 4.4 73
10.0- in dense coacervate "
VZ/in dilute solution
— 7.5+
=
=
T 5.01 77
(14
2.5
0.0 7

Fig. 7 Ry of f-P2VP in PDMAPS—-P2VP dense coacervates (black column)
and in dilute solution (blue column) against solution pH.

Slow diffusion inside
associative aggregates

Fast diffusion between
associative aggregates

Fig. 8 Schematic illustration of f-P2VP in different regions of dense
coacervates. Red circles illustrate f-P2VP diffusion in PDMAPS—P2VP
associative aggregates, in contrast to f-P2VP diffusion between associative
aggregates outside red circles.

study of the scaling behavior of polyelectrolyte chains in dense
polyelectrolyte coacervates is warranted to further understand
the structural dynamics of polyelectrolytes upon coacervation.

Conclusions

In summary, coacervate formation between zwitterionic
PDMAPS and cationic weak polyelectrolyte P2VP in KCl aqu-
eous solutions exhibits a strong dependence on pH. The upper
critical salt concentration for liquid-liquid separating
PDMAPS-P2VP coacervation decreases with increasing solution

8946 | Soft Matter, 2021,17, 8937-8949
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pH, which is attributed to the reduced charge fraction and the
increased hydrophobicity of P2VP in aqueous media. Thus, the
thermodynamic landscape in terms of relative entropic to
enthalpic contribution, which underlies PDMAPS-P2VP
complex coacervation, is speculated to shift with pH variance.
At low pH = 2.05-3.04 where P2VP is highly protonated, and the
binding between PDMAPS and P2VP is similar to electrostatic
induced association between the conventional polyanion and
polycation, leading to entropy-driven ion pairing for PDMAPS-
P2VP coacervation due to the release of counterions in a similar
fashion to that reported previously for oppositely charged
polyelectrolyte coacervation. The composition analysis in this
pH range clearly supports the entropy-driven coacervation:
higher P2VP and lower KCI concentration in dense coacervates
than their respective initial ones before mixing are observed in
contrast to lower P2VP and higher KCl concentration in the super-
natant. Conversely, at higher pH = 4.37 where P2VP becomes
considerably less protonated, the concentration difference between
the dense and supernatant phases for both P2VP and KCl cases is
much narrowed, suggesting that the entropic contribution to
PDMAPS-P2VP coacervation is reduced. Yet, both the yielding
volume fraction and water content of PDMAPS-P2VP dense coacer-
vates are increased with increasing pH, suggesting varied PDMAPS-
P2VP associative interactions and structures. Furthermore, a strong
pH-dependent conformational structure of the P2VP chains in
PDMAPS-P2VP dense coacervates is observed: at low pH = 2.05-
3.04, the P2VP chains in the dense coacervate appear to exhibit a
similar undisturbed swollen structure to that in dilute aqueous
solutions of the same salt concentration and pH. Surprisingly, P2VP
chains at pH = 4.37 with a resulting lower protonation degree seem
to adopt a more extended conformational structure in the dense
coacervate, in contrast to chain compaction as observed in dilute
aqueous solution. Such a further expanded chain conformation of
less charged P2VP in dense coacervates could be attributed to the
enhanced hydrophobic interaction between P2VP and PDMAPS,
instead of P2VP itself, for facilitating their binding upon coacerva-
tion. Put together, our results suggest that the enthalpic contribu-
tion to PDMAPS-P2VP coacervation could be increased, resulting
from the enhanced hydrophobic interaction between PDMAPS and
P2VP chains with increased pH. Hence, it gives further insight into
the modification of the thermodynamic landscape underlying the
formation and dynamic structures of polyelectrolyte coacervates
when weak polyelectrolytes of tunable charge fraction are involved.
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