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ABSTRACT: The electrospinning field is dominated by studies that investigate FElectrospinning oligomeric polyelectrolyte complex fibers

parameters, such as polymer concentration and chain length, to identify conditions
where the polymer chains are sufficiently entangled to facilitate fiber formation.

Charge driven fiber formation
Entanglement-free spinning  JeISeRils=" 8

Here, we report the first demonstration that linear, nonentangled, oligomeric 4 /
polyelectrolytes can be electrospun into fibers using a traditional single-nozzle = ; g i N

setup. Previously, we have demonstrated that the associative phase separation ©&—&
phenomenon known as complex coacervation facilitates the electrospinning of g W
polyelectrolyte complex fibers directly from water. In this work, we synthesized oligomeric aqueous
polycations and polyanions with degrees of polymerization ranging from ~500 complex coacervale
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down to <10, representing average molecular weights on the order of 100 to 1 kg/

mol. We then quantified the phase behavior and viscosity of our various coacervate samples as a function of both chain length and
salt concentration. Our results confirm that the polymer concentration in all samples was near or above the estimated value for the
overlap concentration and that only the longest polymer samples were expected to experience entanglements. However, we were able
to electrospin fibers from all of our coacervate samples, even oligomers. Thus, the electrospinnability of coacervates is fundamentally
different from the traditional electrospinning of linear, neutral polymers or solutions composed of polyelectrolytes mixed with
neutral polymers. In the same way that coacervation represents a novel way to enable the electrospinning of polyelectrolytes from
water, the associative interactions driving phase separation eliminate the need for entanglements by slowing the timescale for
relaxation. Qur results suggest an alternative route that enables the electrospinning of novel solutions by decoupling chain-length

requirements from other length-dependent parameters.

Bl INTRODUCTION

Electrospinning is a convenient, well-established technique to
manufacture nonwoven mats comprised of micro- and
nanoscale fibers that have a large surface-to-volume ratio.'
Electrospun fiber mats are multifunctional materials that can
be produced using a scalable process” * and are widely used in
tissue engineering,s_7 sel:’alratin:rms,8’9 and battery applica-
tions.'”"" While fibers have been electrospun from over 100
different polymers,'” electrospinning has been limited to
relatively long polymers.

Electrospinning utilizes electrical forces to drive the
formation of fine fibers.">'* Specifically, an applied voltage
induces charges in the precursor solution to first form a Taylor
cone at the tip of the spinneret.'>'® The electric field then
pulls the polymer solution from the Taylor cone, creating a jet
that accelerates toward the collector plate. During flight, the
jets are further thinned into fibers with micro- or nanometer-
scale diameters due to intense whipping and bending
instabilities.'* > To avoid the formation of droplets during
flight, electrospinning has typically relied on the physical
entanglement of polymers in the electrospinning solution to
slow chain rearrangement and suppress capillary instabilities.

The need to prepare an entangled polymer solution places a
lower bound on both the concentration and the length of the
polymers that can be used. Classical polymer physics describes
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a critical entanglement molecular weight (M), usually in the
range of 10—20 kg/mol for polymers, which indicates the
minimal length for a polymer to entangle in a solution or
melt.”’ > The concentrations where polymers begin to
overlap and entangle are defined as the overlap concentration
(C*) and entanglement concentration (C,), respectively, with
longer polymers entangling at lower concentrations. As relates
to electrospinning, empirical evidence has suggested that
smooth, continuous fiber formation requires concentrations
significantly above this entanglement threshold, such that Cg,.,
~ 4 x C 31

One consequence of this reliance on physical entanglements
is the inability to electrospin polymers below C,, whether as a
result of a low degree of polymerization (N) and/or low
polymer concentrations (Cp) in solution. For example, the
shortest polymer we found in the literature, which was
electrospun from an entangled aqueous solution, was the short-
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chain, neutral polymer 2]:n:rly(v.r'inyl alcohol) (PVA, 9-10 kg/
mol, N ~ 200—230).>” There are alternative strategies to
enable the electrospinning of polymer solutions without relying
on entanglements; they aim to slow the relaxation time of the
polymers in the solution. For example, to facilitate the
electrospinning of a very short poly(4-vinylpyridine) (P4VP,
5.2 kg/mol, N ~ 50), it was necessary to include a hydrogen-
bonding additive, 4,4’ biphenol.>> On the other hand, the
electrospinning of very long neutral polymers below the
entanglement concentration has been demonstrated by adding
small amounts of a hyperbranched polymer that slowed the
relaxation time of the solution.**** Studies have also shown
that self-associating molecules, such as cyclodextrin®*** and
tannic acid,** can be electrospun into continuous fibers.'”

While the electrospinning of charged polymers has typically
suffered from challenges associated with the self-repulsion of
charges along the polymer chain, coacervation is an associative
liquid—liquid phase separation phenomenon that takes
advantage of complexation between oppositely charged
polymers to produce a largely charge—neutral solution, similar
to a neutral polymer solution.”’ " Furthermore, the ion-
pairing interactions that drive coacervation provide stability
after fiber formation, eliminating the need for chemical cross-
linking or post-processing. Previously, our team has demon-
strated that complex coacervation can enable the electro-
spinning of polyelectrolytes from water.*™* Our work on
electrospinning coacervates took advantage of relatively high-
molecular-weight polymers that were physically entangled at
the concentrations present in the coacervate, ie, poly(4-
styrene sulfonic acid, sodium salt) (332 kg/mol, N ~ 1800)
and poly(diallyldimethylammonium chloride) (400 kg/mol, N
~ 2500),"* as well as a biopolymer system formed from
hyaluronic acid (199 kg/mol, N ~ 500) and chitosan (50—190
kg/mol, N ~ 300—1100).“ However, the aforementioned
reports describing the electrospinnability of associating small
molecules inspired us to explore the potential for using the
associative interactions that drive phase separation to enable
the electrospinning of coacervates formed from oligomers.

In this work, we demonstrate that the associative
interactions that drive complex coacervation can circumvent
the need for physical entanglements and enable the electro-
spinning of oligomers. To achieve this goal, we prepared
coacervates from a series of anionic poly(3-sulfopropyl
methacrylate potassium salt) (PSPMA) and cationic poly([2-
(methacryloyloxy)ethyl]trimethylammonium iodide)
(PTMAEMA) polymers with different molecular weights
(Figure la). This series of structurally similar methacryloyl
polyelectrolytes allowed us to correlate coacervate phase
behavior with electrospinnability as a function of polymer
chain lengths, spanning the range from a physically entangled
coacervate to one formed from unentangled oligomers.

B MATERIALS AND METHODS

Materials. All reactants, 3-sulfopropyl methacrylate potassium salt
(SPMA, 98%, Sigma-Aldrich), 2-(dimethylamino Jethyl methacrylate
(DMAEMA, 98%, Sigma-Aldrich), iodomethane (99%, Sigma-
Aldrich), 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid
(Sigma-Aldrich), 4,4'-azobis(4-cyanovaleric acid) (ACVA, Sigma-
Aldrich), dioxane (anhydrous, 99.8%, Sigma-Aldrich), acetone (ACS
grade, Fisher Scientific), tetrahydrofuran (THF, ACS grade, Fisher
Scientific), diethyl ether (ACS grade, Fisher Scientific), and potassium
bromide (KBr, ACS grade, Fisher Scientific), were used as received.
Deionized (DI) water was obtained from a Milli-Q water purification
system (resistivity of 182 MQ cm, Millipore).
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Figure 1. (a) Chemical structures of poly(3-sulfopropyl methacrylate)
(PSPMA) and poly([2-(methacryloyloxy)ethyl]trimethylammonium)
(PTMAEMA), chosen as a set of structurally similar, methacryloyl-
based polyelectrolytes. Counterions of potassium and iodide were
omitted from the chemical structures for simplicity. (b) Photograph
of a coacervate sample prepared from oligomeric PSPMA and
PTMAEMA with N, on/Naton = 6/9 and no added salt. The dense,
polymer-rich coacervate phase appears red due to the presence of the
phenylcarbonothioylthio group from the chain-transfer agent (CTA).
The coacervate was isolated from the polymer-poor supernatant
before electrospinning.

Cationic Monomer Synthesis. Monomers for the polycation
were prepared by the quaternization of commerdially available 2-
(dimethylamino)ethyl methacrylate (DMAEMA) (Figure Sla).
DMAEMA (15 g, 95.4 mmol) was first dissolved in THF (150 mL,
dry) in a flask submerged in an ice bath, followed by degassing with
nitrogen for 1 h. An excess of iodomethane (27.1 g, 190.1 mmol) was
then added dropwise into the solution. The resulting mixture was
stirred under nitrogen gas for 1.5 h in the ice bath and then allowed to
react further at room temperature for 24 h. The product, [2-
(methacryloyloxy)ethyl]trimethylammonium iodide (TMAEMA),
precipitated out of solution and was filtered and rinsed with diethyl
ether before drying under vacuum overnight. The successful
quaternization reaction reached 99% conversion of DMAEMA,
determined by '"H NMR (Figure S1b).

Polymer Synthesis and Characterization. All polymers used in
this work were synthesized by reversible addition—fragmentation
chain-transfer (RAFT) polymerization*” (Figure S2). RAFT was
chosen because of the ability to precisely control the molecular weight
of polymers from monomers of various chemical functionalities under
different reaction conditions.*” ™" The targeted degrees of polymer-
ization were N ~ 500, 50, 20, and § for both the polyanion and the
polycation. 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid was
used as a chain-transfer agent (CTA) and 4,4’-azobis(4-cyanovaleric
acid) (ACVA) was used as the initiator in all reactions at a molar ratio
of 10:1 (CTA/initiator). The degree of polymerization (N) was tuned
by modulating the feed ratio between the monomer and the CTA/
initiator. Each polymer was synthesized at a total polymer scale of § g.
All reactants were added to a 50 mL Schlenk flask under a nitrogen
atmosphere. For the synthesis of polymers with chain length N > 50,
only water was used as a solvent. For short-chain batches (N = § and
20), ~10 mL of dioxane was used as the co-solvent with water to
modulate the polarity of the solvent to account for the high
concentrations of the chain-transfer agent (CTA) and initiator, which
have limited solubility in water. Three cycles of freeze/pump/thaw
were applied to degas the solution. The Schlenk flask was then
backfilled with nitrogen and placed in an oil bath at 70 °C. The
reaction was kept at 70 °C for 14 h for polymers with N > 50. The
reaction time was shortened to 6 h for the synthesis of shorter
polymers (N = § and 20) to achieve a similar monomer conversion
level, as well as to minimize potential side reactions, such as CTA
hydrolysis due to the relatively high CTA concentration. The
polymerization was quenched by immersing the flask into an ice
bath. The product solution was precipitated into acetone to yield the
solid polymer product, which was redissolved in water and
precipitated in acetone three times to remove excess reactants. The
resultant polymer products, poly(3-sulfopropyl methacrylate potas-
sium salt) (PSPMA) and poly([2-(methacryloyloxy)ethyl] trimethy-
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lammonium iodide) (PTMAEMA), were then dried under vacuum
before further use.

Proton nuclear magnetic resonance spectroscopy ('H NMR,
Bruker Avance III 500) was performed in § mm diameter tubes in
deuterated water (D,0) at 25 °C. The monomer conversion for the
polymerization reactions was ~80%, calculated from 'H NMR of the
crude polymerization solutions, based on a comparison of the
integrated peak areas of the hydrogens from the alkene of the
monomer and those of the polymer. The degree of polymerization
(N) and the number average molecular weight (My) were determined
based on end-group analysis from 'H NMR spectra (Figure S3).
Table 1 summarizes N and My of all PSPMA and PTMAEMA used in
this study.

Table 1. Average Degrees of Polymerization (N) and
Number Average Molecular Weights (My, g/mol) for
PSPMA and PTMAEMA, Determined by End-Group
Analysis from '"H NMR

My M,; without counterion

N (g/mol) /mol)

polyanion (PSPMA)“ 6 1478 1243
18 4434 3730

45 11084 9325

450 110 844 93250

polycation (PTMAEMA)® 9 2692 1550
23 6881 3962

47 14061 8096

470 140 605 80960

“The counterion for PSPMA was potassium. bThe counterion for
PTMAEMA was iodide.

Complex Coacervate Preparation and Characterization.
Polyelectrolyte stock solutions were prepared gravimetrically at a
concentration of 0.125 M on a monomer basis in DI water. A stock
solution of KBr was also prepared gravimetrically at a concentration of
2.0 M using DI water.

Complex coacervates were prepared by adding KBr solution, water,
polyanion, and polycation solutions sequentially into a centrifuge
tube. The mixture was vortexed for 60 s between the addition of each
solution to ensure good mixing. The molar ratio of the cation to anion
(on a monomer basis) was fixed at 1:1 for all samples. Different scale
samples were prepared for binodal phase diagrams, rheology
experiments, and electrospinning. For binodal phase diagrams,
microcentrifuge tubes (2 mL, Fisher Scientific) were used with a
total sample volume of 1.5 mL. For rheology and electrospinning
experiments, large centrifuge tubes (S0 mL Falcon, Fisher Scientific)
were used with a total sample volume of S0 mL. All samples were
prepared with a total initial Cp of 45 mM, on a monomer basis, and
then mixed overnight on a tube rotator (Arma-Rotator A-1, Elmeco
Engineering) at 20 rpm to allow the sample to fully equilibrate. To
coalesce the dense coacervate phase, microcentrifuge tubes were
centrifuged at 17000g (13300 rpm, Sorvall Legend Micro 17
Centrifige, Thermo Fisher Scientific) for 20 min, while larger
centrifuge tubes were centrifuged at 4000g (10000 rpm, Sorvall ST
16R Centrifuge, Thermo Fisher Scientific) for 20 min.

A descriptive weight average molecular weight (Myq.cervaee™) and
number average molecular weight (My cocervare™) Of the coacervates
based on the size of the polymers used in each sample are tabulated in
Table S1.** The mathematical equations for both My coscervate” and
My coacervate™ are provided in eqs 1 and S1, respectively. The living
character of the RAFT polymerization technique confers narrow
dispersities to the resultant polymers; therefore, the number average
molecular weights (My) of PSPMA and PTMAEMA were used in
these calculations, neglecting the inherent dispersity of each polymer
sample. The counterions of the polyelectrolytes were omitted, ie.,
potassium ion for PSPMA and iodide for PTMAEMA, due to
counterion release during coacervation. In this work, My . cerate™ Was
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used since it is a more common parameter for a polymer blend with
the sensitivity of molecular size rather than My . cerae™s Which is
sensitive to polyanion and polycation proportional molarity.

2 2
* MN, pseMA T MN, PTMAEMA

‘W,coacervate —

My, pspma + My, pTMAEMA (1)

A combination of turbidimetry and visual inspection by optical
microscopy was used to determine the salt resistance of each
coacervate system. Samples of 200 uL at a total polymer
concentration (Cp) of 20 mM (on a monomer basis) were first
prepared in a 96-well plate (Falcon, Fisher Scientific) and three
samples of S50 uL were then transferred to a 384-well plate. The
turbidity of each sample was measured in triplicate using a microplate
reader (BioTek Synergy H1) at a wavelength of 562 nm (Figure S54).
Turbidity was defined as the natural log of the ratio between the
intensity of the incident light and the intensity of light passing
through the sample and was measured in absorbance units. An optical
microscope (EVOS FL Auto) with a 40X objective was used to
visually inspect samples immediately after preparation and allow for
the identification of the formation of a precipitate, coacervate, and/or
the absence of phase separation. Additionally, control samples were
made from a mixture of the SPMA and TMAEMA monomers, as well
as each of the polyelectrolyte monomers. The salt resistance was
defined as the concentration of salt above which no phase separation
was observed (Figures S4 and S5).

Phase Diagram Determination. The salt concentration (Cs) in
the supernatant was measured via conductivity (Oakton Con 450)
and referenced against potassium bromide (KBr) and counterion
potassium iodide (KI) calibration curves (Figure S6). The Cp in both
supernatant and coacervate phases was measured by precipitating
each phase in 10 mL of ethanol three times. Ethanol was chosen
because of the relatively high solubility of KBr in this solvent. The
precipitated solids were then lyophilized overnight to remove ethanol
and weighed. The volume of the supernatant was measured using a
100 mL glass volumetric cylinder, and the coacervate volume was
determined by subtracting this measured supernatant volume from
the total conserved volume of S0 mL. Experiments were conducted in
triplicate. The Cg in the coacervate was then calculated via mass
balance based on the measured values from the supernatant.

Linear Viscoelasticity Characterization of Complex Coac-
ervates. Rheology measurements were performed using a Malvern
Kinexus Pro stress-controlled instrument, run in strain-controlled
oscillatory mode. A 20 mm diameter stainless parallel plate fixture was
used for the shortest-chain (N, pion/Netion Of 6/9) coacervates, with a
gap size of 1 mm. A cone-plate fixture (50 mm diameter, 0.2°) was
used for all other samples (gap size = 0.07 mm). During all
experiments, a solvent trap was used with mineral oil to prevent water
evaporation. Before running frequency sweeps, an amplitude sweep
measurement at 6.28 Hz was conducted to assure that the strain
amplitude used (between 0.5 and 1.0%) was within the linear
viscoelastic regime for each coacervate sample. The storage and loss
moduli (G’ and G") were measured as a function of angular frequency
from 100 to 0.1 rad/s. Data points with large errors (ie, harmonic
distortion >5%) were removed to ensure data quality. The zero-shear
viscosity of the coacervates was extrapolated from the frequency
sweep data using IRIS software.>' All experiments were conducted in
duplicate at 25 °C to ensure reproducibility. The statistical analysis on
the slopes of coacervate viscosity dependence on Cp was performed
on all N combinations based on a two-tailed, Student’s t-test with p <
0.05.

Theoretical Calculations of the Overlap and Entanglement
Concentrations. The theoretical overlap concentration (C*),
entanglement concentration (C,), and condition for the onset of
fiber formation (C,,) were estimated for poly(methyl methacrylate)
(PMMA, monomer My, = 100.1 g/mol) as a structurally similar and
well-characterized neutral polymer. The Kuhn molecular weight
(M, xuha) of PMMA is 655 g/mol.”* Thus, the Kuhn segment (Ni)
for PMMA was calculated to contain 6.5 repeat units and was used to
calculate C*, C,, and Cg,,. We assumed the PMMA model in 6
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solvent (excluded volume = 0), as the polyelectrolyte chains in the
aqueous coacervates have been previously shown to have a Gaussian
coiled polymer geometry.42 The number of Ny for each coacervate
was extrapolated with respect to the average My coscervate” Of each
coacervate. Therefore, C* was estimated as’

C* ~ N0 @)
with an entanglement concentration (C,) of approximately
C.~ 10x C* (3)

Electrospinning of Complex Coacervates. After centrifugation,
the dense coacervate phase was loaded into a 5 mL Luer-Lock tip
syringe capped with a PrecisionGlide 22-gauge needle (BD). The
syringe was secured to a PHD ultra syringe pump (Harvard
Apparatus). Alligator clips were used to connect the positive anode
of a high-voltage supply (Gamma High Voltage Research Inc.) to the
needle, while the negative anode was connected to a copper plate
wrapped in an aluminum foil. For all experiments, the coacervate was
fed at a constant advancement rate of 1.0 mL/h, an applied voltage of
14 kV, and a needle-to-collector plate separation distance of 15 em,
based on our previous work *** The electrospinning apparatus was
housed in an environmental chamber (CleaTech) maintained at a
temperature of 23 &+ 1 °C and a relative humidity of 25—27% using a
desiccant unit (Drierite). All coacervates were electrospun for 20 min
before examination using an FEI-Magellan 400 scanning electron
microscope (SEM). A Cressington high-resolution ion beam coater
model 108 was used to sputter coat samples for 120 s with gold.

Bl RESULTS AND DISCUSSION

The goal of this study was to investigate whether the
associative electrostatic interactions that drive complex
coacervation are sufficient to enable the electrospinning of
unentangled coacervates formed from oligomers. We used
controlled radical polymerization to make low polydispersity,
oppositely charged polyelectrolytes that could form coac-
ervates. Specifically, we selected a pair of methacryloyl-based
polyelectrolytes (Figure 1) as our model system to maintain a
constant polymer backbone and similar side-chain structure for
both the anionic and cationic species. We then characterized
the phase behavior and linear viscoelasticity of our coacervate
system as a function of the degree of polymerization (N) and
salt concentration (Cs) and combined these fundamental
solution studies with electrospinning experiments and
microscopy analysis. In this work, we will refer to our various
coacervate samples based on the chain lengths of the two
polymers involved (ie, N,uon/Neation)-

Coacervate Phase Behavior. To begin with, we
characterized the phase behavior of our various polymer
samples as a function of added KBr concentration (Cg), as
displayed in Figures 2, S4, and S5. Complexes of our
methacryloyl polymers behaved as “saloplastic” materials,** >
forming solid precipitates at low Cs, liquid—liquid phase-
separated complex coacervates at intermediate Cs, and
ultimately transitioning to a single phase at high Cs.
Furthermore, an increase in the polymer chain length led to
both an increased tendency for solid precipitation (Figure S4)
and persistence of liquid coacervates at higher Cg and C;
(Figures 2a and S5), as expec:ted.“’ss_él In fact, precipitation
was observed for all of our systems, except for the shortest
N, o0/ Nestion = 6/9 system (Figure S4a).

The driving force for complex coacervation is generally
attributed to the large entropic gains associated with the
release of bound counterions from the individual polymers
upon complex formation.’%575%%52=% In particular, this
localization of counterions (ie., Manning condensation)®’ is
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Figure 2. Experimentally determined polymer—salt phase diagrams
for the complex coacervation of (a) length-matched PSPMA and
PTMAEMA showing the effect of increasing the chain length with
N.nion/ Nation of 6/9, 18/23, 45/47, and 450/470 and (b) length-
mismatched polymers with N, ;,./N .. of 45/470, and 450/47. Tie
lines connect data for corresponding coacervate (closed symbols) and
supernatant (open symbols) samples. Cp is on a monomer basis. Error
bars are based on the uncertainty of measurement and propagation of
error.

facilitated by the high charge density of the polymer chain and
is weaker at the ends of a polymer chain. This “end effect”
helps to explain the observed decrease in the stability of a
coacervate as the polymer chains decrease in length and the
end effects become more signiﬁcant.57 Furthermore, loss of
sufficient counterion condensation in the limit of very short
chains would be expected to eliminate the driving force for
coacervation. Our results are consistent with other reports that
included studies of coacervation as a function of chain
lnangth.“’r‘?_m’68 While a lower limit with respect to chain
length has not been rigorously explored in the literature,
examples exist where, for example, length-matched 12-mer
polypeptides of poly(lysine) and poly(glutamate)*” and a
system of adenosine triphosphate (ATP) with a 10-mer of
poly(lysine)® formed coacervates. However, the ability for our
system to form coacervates from oligomers with Nion/Neation
of 6/9 was not necessarily expected. To test the limits of phase
separation, we also performed a control experiment where
oppositely charged methacryloyl monomers were mixed.
However, no phase separation was observed by optical
microscopy.

The phase diagrams in Figure 2 highlight the interplay
between Cp and Cg in the coacervate phase. A sample prepared
at a concentration that falls under the binodal curve will phase
separate into a polymer-rich coacervate and a polymer-poor
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supernatant along a tie line. The thermodynamic equilibrium
described by this tie line complicates the preparation of
samples with different C, values for use in electrospinning
experiments, where Cp has traditionally been a key adjustable
parameter to control the spinnability and the size of the
resulting fibers.”® While it is straightforward to simply prepare
a more concentrated solution by adding more polymers, a
coacervate sample that is prepared at a higher C; on the same
tie line would simply produce a greater volume of the same
coacervate, rather than a coacervate with higher Cp. However,
with the knowledge of the phase behavior of our various
polymer systems, we can prepare samples with a specified
coacervate composition for comparison across different N
values.

While a detailed analysis of the phase behavior of this system
has been published elsewhere,*’ briefly, we were able to
prepare coacervates of different N values in the same general
range of Cp. Oligomeric coacervates of N, i0n/Neion 6/9 were
formed without the addition of salt at a C, of 2.2 M. With
increasing chain length, it was necessary to increase Cgp, to
0.05, 0.1, and 0.3 M to maintain the same Cp for N 18/21, 45/
47, and 450/470, respectively. As N increases, the width of the
two-phase region also increased (Figure 2), in agreement with
previous reports and theoretical predictions.*>*/»¢~¢7!

We were also inspired by previous reports in the
electrospinning literature where a long polymer was used as
a carrier to facilitate entanglements and the electrospinning of
a shorter polymer.?'l Therefore, we explored the coacervation
of polymers with mismatched N. We hypothesized that our
longest-chain length N ~ 500 polymers would have the
potential to entangle, while our shorter ~50-mers would not.
This is an analogous approach to the use of a longer carrier
polymer to facilitate the electrospinning of an otherwise
unspinnable polymer, as has been commonly reported in the
electrospinning literature.”"”>”* Therefore, we prepared
coacervates from polymers with mismatched chain lengths
Ninion/ Neation of 45/470 and 450/47. Interestingly, Figure 2b
shows that the phase behavior of these length-mismatched
polymers was dominated by the shorter polyelectrolyte. A
detailed theoretical and rheological analysis of these effects has
been published elsewhere,*” but briefly the dominance of the
shorter polymers on the phase behavior has been attributed to
a loss of translational entropy from the larger number of short
polymers needed to form a complex with a single longer
polymer. The dominating impact from shorter polymer species
on the phase behavior of length-mismatched systems was
further confirmed by two control experiments. No phase
separation was observed when mixing two oppositely charged
monomers together, nor was when mixing a long-chain
polymer (N ~ 500) with the oppositely charged monomer.

Coacervate Viscoelasticity. Next, we wanted to deter-
mine the presence or absence of physical entanglements based
on our knowledge of the coacervate phase behavior. Tradi-
tionally, the onset of entanglement has been observed via
rtheology. Polymeric electrospinning precursor solutions are
conventionally characterized by measuring viscosity as a
function of Cp using a log—log plot. While increasing Cp
would generally lead to an increase in solution viscosity, the
presence of entanglements can dramatically accelerate this
trend.”® Therefore, a sharp increase in the slope on a log—log
plot of viscosity vs C; is indicative of entanglements, with the
critical Cp defined as C, (Figures 3 and S7).
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Figure 3. Zero-shear viscosity plotted as a function of the total Cp
values of the coacervate in weight percent (wt %) at different Cs and
chain lengths N,../N..s. of 6/9, 18/23, 45/47, 450/470, 45/470,
and 450/47. These data are compared to those for poly(vinyl alcohol)
(PVA) at various molecular weights in water (gray lines, generalized
from experimental data).”” Lines represent fits to the data indicating
the power-law scaling. The dashed lines indicate the transition in
slope, characteristic of the chain entanglement. A more detailed plot
and the statistical analysis of the slopes of the coacervate samples are
shown in Figures S8 and S9.

We chose two water-soluble and electrospinnable polymers,
including a neutral polymer poly(vinyl alcohol) (PVA)* and a
charged polymer chitosan,’> as examples to guide our
interpretation of the correlation between viscosity and
spinnability as a function of G, (Figures 3 and S7). For both
PVA and chitosan, there is a distinct change in the slope,
indicating the onset of entanglements. Furthermore, with
increasing N, this transition can be observed at decreasing
concentrations. In general, the power-law scaling for neutral
polymers is much lower than that for polyelectrolytes, with no
molecular weight dependence.:"z’u For example, PVA showed
a power-law scaling of 0.1 above C* and 3.4 above C,, while
chitosan exhibited scaling behavior of 1.3 and 6, due to charge
repulsion along the chain, >7283031

We examined the zero-shear viscosity of coacervate samples
as a function of Cp by preparing samples with different Cs to
control Cp in the coacervate phase. Larger values for Cs lead to
lower Cp, meaning that the change in polymer content, as well
as the electrostatic screening from the salt ions, was expected
to decrease the viscosity of the resulting coacervates.”> > For
example, for the 45/47 samples, the addition of C; in the range
of 0.1—0.4 M resulted in coacervates with C; of 2.2—1.3 M and
a zero-shear viscosity of 400—5.2 Pa s, while for 450/470, Cg
was modulated in the range of 0.3—0.6 M to produce
coacervates with a similar 2.5—1.1 M range of C; and a
viscosity of 650—2.3 Pa s. The effectiveness of KBr salt can be
viewed in Video S1, which demonstrates the difference in the
viscosity of 45/47 coacervates prepared at 0.1 and 0.4 M KBr.
The coacervates can flow freely when the vial was flipped
upside down in 0.4 M KBr, whereas the sample in 0.1 M KBr
was more gel-like.

We also observed that the coacervates had greater zero-shear
viscosities for a given C;, compared to PVA at a similar My, but
lower viscosity than a chitosan solution of larger My, (Figure
§7).7777 Burthermore, there appears to be a difference in the
N-dependence on the magnitude of the viscosity of the
coacervates as compared with traditional polymer solutions.
For example, at a Cp of 30 wt %, all of the coacervates had a
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zero-shear viscosity close to 10 Pa s, regardless of N. In
contrast, the viscosity of PVA spans 4 orders of magnitude over
the same N range. We believe that this is because of the strong
associative interactions that drive coacervate formation. Even
for our oligomeric coacervate sample (Myycoucervate™ ~ 1.3 kg/
mol), the viscosity was more than 2 orders of magnitude
greater than for PVA of 2 kg/mol. Thus, the electrostatic
interactions are the main contributor to the viscosity for
coacervates and are indicative of the slow relaxation of
associating polymers, rather than topological chain entangle-
ments. Qur hypothesis is that these strong electrostatic
interactions are sufficient to facilitate the formation of a
continuous fiber jet, even for very short oligomers.

While we did not observe a sharp slope transition on our
viscosity plots for any of our coacervates samples, we did
observe a change in the slope when comparing the data for the
system of 20-mers to those with longer-chain lengths (Figures
3 and S8ab). A statistical analysis based on a two-tailed,
Student’s t-test with p < 0.05 confirmed that the data for the
20-mers system was statistically different from that of the
longer polymers, while there was no significant statistical
difference between 50- and 500-mers (Figure S8c). It is also
noteworthy that for the shorter oligomeric systems, a more
detailed analysis was limited by the number of data points.
Compared with the mismatched systems, the viscosity profiles
of the matched 50-mers were significantly different from 450/
47, and the matched 500-mers were significantly different from
both mismatched systems.

Coacervates and Polymer Chain Entanglement. As we
were unable to observe clear evidence of chain entanglement
based on the analysis of the viscosity vs C, behavior of our
samples (Figure 3), we decided to couple our observations of
the changes in the power-law slope behavior with theoretical
predictions for the entanglement concentration. Whether there
were entanglements or not, the self-assembly mechanism
requires that interchain electrostatic interactions are present to
form a coacervate phase. Therefore, one would expect that the
concentration of the polymer present in the coacervate should
be above C*.®

Using the parameters for PMMA in a good solvent,”> we
calculated the threshold values of C¥, C, and Cg,. as a
function of Cp and My, coacervate* as well as N (solid lines in
Figure 4). We also plotted the data for our various coacervate
systems using the calculated values of My ycervare™ Where
My coacervare™ 18 defined as the weight average molecular weight
of coacervates based on the My of the individual polymers,
ignoring polydispersity and omitting the counterions for both
polyelectrolytes (eq 1 and Table 1). Our calculations suggest
that all of the coacervates had polymer concentrations that
were near or above C¥, as would be expected for a complex
coacervate. For instance, the concentration of our shortest
oligomer coacervate was 7% lower than the estimated C¥*,
which is not likely to be a significant difference given the
assumptions used and the general nature of the calculation.
Furthermore, the polymer chains must experience some level
of overlap to allow for the electrostatic complexation that
drives phase separation.

From a classic polymer physics standpoint, there is a
minimum molecular weight (Mc) or N for polymers to
entangle. M for PMMA is Myy ~ 15 kg/mol, which is similar
to coacervates with an average N ~ 60. Thus, we expect that
coacervates comprised of oligomers, 20-mers, and 50-mers
should not be able to achieve physical entanglements at any
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Figure 4. Log—log plot of polymer concentration (Cp, Wt %) vs
average molecular weight (My coscervate™s g/mol, bottom axis) or chain
length (N, top axis) for coacervates with increasing chain length (N)
and salt concentration (Cg). Estimation of the overlap concentration
(C*), entanglement concentration (C,), and onset concentrations to
form fibers (Cg,) was calculated using the Kuhn length for
poly(methyl methacrylate) (PMMA) in a @ solvent.””> The pink
shading indicates conditions above 4 X C, corresponding to the
traditional threshold for electrospinnability.

concentration. Specifically, 45/47 was 70—80% lower than C,,
and 18/23 was ~90% lower than C, (Figure 4). It should again
be noted that C; is modulated by Cg, meaning that a lower Cg
could be used to produce coacervates with a higher C, to
potentially affect the spinnability.

We expected that the longer-chain 500-mer polymers had
the best chance to be entangled, though the samples might not
achieve the 4 X C, threshold traditionally considered necessary
for electrospinning. While it might be expected that the
presence of such entanglements could contribute to the
relatively high-viscosity dependence on C; for the long 500-
mer systems, a larger slope in the viscosity scaling relationship
was not observed for this longest polymer system (Figures 3
and S8). Additionally, no C, reached the traditionally
predicted Cgp,, at their My oacerare’- In other words, from a
traditional standpoint, none of our coacervates systems of
matched 450/470 or mismatched systems of 450/47 and 47/
450 would be predicted to be electrospinnable. In addition to
the polymethacroloyl system considered in this work, our
group has previously reported the successful electrospinning of
two other poﬁmer systems: PSS/PDADMAC (My cocervate” ~
310 kg/mol)™* and hyaluronic acid/chitosan (Myycoscervate™
~ 200 kg/mol).*® Using the parameters for PMMA, we
estimate that the polymers in both of these systems were
entangled but did not reach the Cg,, threshold.

Electrospinning Complex Coacervates. The goal of this
study was to demonstrate whether the associative electrostatic
interactions that drive complex coacervation can circumvent
the traditional criteria for polymer electrospinnability, ie., the
presence of sufficient entanglements. While conventional
electrospinnable polymeric solutions require long and
entangled polymers, we sought to determine the lower limit
of polymer chain length for electrospinnable complex
coacervates. We explored the electrospinnability for each of
our coacervate systems as a function of the as-prepared Cg as a
way of varying the Cp.

To prepare a spinnable coacervate solution, the Cp and
viscosity were key and achieved by modulating Cs for different
N combinations. For coacervates formed from the longest
polymers, N ~ 500, the electrospinnable as-prepared Cg, given

https://doi.org/10.1021 /acsmacromol.1c00397
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Figure 5. Schematic representation of the phase behavior and spinnability of complex coacervates as a function of polymer chain length N and the
Cp in the coacervate. Scanning electron micrographs highlight conditions where electrospun polyelectrolyte complex fibers were obtained. Pink
regions indicate conditions assumed to be electrospinnable between the tested samples. Blue regions at higher Cp indicate conditions where
coacervates formed but were too stiff to extrude through the spinneret in our current setup. In contrast, green regions indicate conditions at lower
Cp where no fiber formation was observed given the operating conditions used in this study, potentially due to the low viscosity/fast relaxation of
the samples and/or where coacervation did not take place (i.e, a single-phase solution was observed). An “X” indicates that a sample was prepared
but failed to electrospin into fibers. The orange “X” in the dashed line—boxed sample in the 18/23 system indicates a transition point thought to
represent the onset of fiber formation, which is in between electrosprayed droplets and continuous fiber formation. The electrospinning apparatus
conditions were held constant for all samples (see the Materials and Methods section for details). The highlighted regions were determined from
only one set of experiments using consistent apparatus conditions. Coacervate electrospinnability vs the as-prepared Cj is displayed in Figure S10,
while Figure S11 maps the coacervate spinnability onto the binodal curves for the various samples.

our apparatus parameters, was determined to be 0.5-0.6 M
KBr experimentally. The polymeric interactions under these
conditions were adequate to facilitate the formation of smooth,
continuous fibers in this range of Cp, as highlighted in pink in
Figure S. At higher C, (lower Cg), a solid precipitate or gel
would form, meaning that the complexes were too stiff to be
electrospun using our current setup (highlighted in blue). It
should be noted that these stiff complexes could potentially be
electrospun using a setup designed for more viscous
solutions,””*® whereas our focus in this paper was on chain-
length effects separate from considerations associated with
electrospinning operational parameters. With higher Cg, the
formation of a coacervate phase was challenging and/or the
polymeric interactions in the coacervates were too weak to
facilitate fiber formation, as highlighted in green. While the
successful electrospinning of our longest-chain coacervates
might not have been predicted based on the traditional Cg,,
threshold, our predictions did indicate the presence of some
level of entanglements. Thus, while this result indicates that
electrostatic interactions can reduce the level of entanglements
needed to facilitate electrospinning, it does not demonstrate
whether or not such associative interactions could replace
entanglements entirely.

Coacervates prepared from polymers of mismatched N
provide an interesting bridge from coacervates formed entirely
from long vs short polymers. For the aforementioned
electrospinnable system of long 500-mers, the polycation and
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polyanion had the potential to be entangled with each other, in
addition to experiencing associative ion-pairing interactions. In
contrast, for coacervates formed from polymers with
mismatched chain lengths (i, 450/47, 47/450), only the
longer polymer would have the potential to be entangled
(Figure S9). Despite this further reduction in the potential
number of entanglements, we were able to successfully
electrospun fibers from these mismatched coacervate samples,
albeit at a lower salt and polymer concentration than for the
500-mers, owing to the dominance of the shorter polymers on
the phase behavior (Figures 5, S11, and S12).

To further probe the role of entanglements in a mismatched
system, we prepared samples containing the long ~500-mer
polymer at the same C, as the mismatched coacervates but
substituted the shorter polymer for a charge equivalent
concentration of monomers. As our previous experiments
with this formulation had not resulted in the formation of a
coacervate phase, this sample served to test the role of
entanglements without the presence of multivalent electrostatic
interactions that could bridge multiple polymer chains. Despite
the presence of some chain entanglement, electrospinning
experiments failed to yield continuous fibers from these
solutions. This result highlighted the importance of coopera-
tive, multivalent interactions between oppositely charged
polymers in achieving the electrospinnability of the length-
mismatched coacervates, demonstrating that the electro-
spinnability of coacervates is fundamentally different from

https://doi.org/10.1021 /acsmacromol.1c00397
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traditional solutions of linear polymers or mixtures of
polyelectrolytes with polymers. The electrospinnability of
coacervates comes from the associative electrostatic inter-
actions rather than merely an entangled high-molecular-weight
polymer.

Moving on to consider coacervates formed from shorter
polymers and even oligomers for which entanglements were
not physically possible, it was very exciting to observe
continuous and cylindrical fiber formation for all of our
different N samples, including oligomeric coacervates, with
lower Cg being needed for shorter N (Figures S and S11).
‘While our control experiments demonstrated that a mixture of
oppositely charged monomers could neither form a coacervate
nor electrospin, the threshold level of interactions necessary to
facilitate both phase separation and electrospinning is some-
where in the 1 < N < 6/9 range.

Although we were not able to definitively identify a lower
limit on N for the electrospinnability of our methacryloyl-
based coacervates, our results highlight a connection between
the chain length and the minimum Cp needed to electrospin.
This broad trend can be envisaged based on the data shown in
Figures S and S11. However, we will highlight one particular
example for coacervates formed with N,;../N.go. of 18/23.
We observed a transition indicative of the onset of fiber
formation, i.e,, a transition from smooth continuous fibers to
discontinuous short fibers extending from electrosprayed
droplets going from an as-prepared Cg of 0.1—0.2 M. This
represented a decrease in Cp from 1.6 M on a monomer basis
(29.6 wt %) to 1.3 M on a monomer basis (10.3 wt %) and a
decrease in the viscosity from 5.1 to 0.4 Pa s. This result is in
contrast with fibers formed from S00-mer coacervates that
were prepared at a Cg of 0.6 M, for which C, was 1.1 M on a
monomer basis (20.7 wt %). However, the ability to use
polymer chain length to further modulate the necessary C; in
the coacervates will be limited by the overall phase envelope
and the fact that chain-length effects tend to attenuate above N
~ 200—500."7**! This complex interplay of variables suggests
that a more universal measure of coacervate electrospinnability,
such as one based on a more detailed rheological analysis than
simple viscosity measurements, could be very useful to simplify
efforts related to electrospinning coacervates. However, such a
study is beyond the scope of the current work.

These results represent the first time that electrostatic
interactions associated with complex coacervation have been
evaluated as a mechanism to drive electrospinning. Previous
reports have confirmed that associative interactions can indeed
drive electrospinning of supramolecules,'” for example, hydro-
gen bonding facilitated the electrospinning of P4VP* and of
self-associating cyclodextrins®*** and tannic acid.* While
extending into the size scale of small molecules, our work
highlights the way in which the electrostatic interactions
driving complex coacervation can allow for a continuum of
processability, from the smallest oligomers to long-chain
polymers. This fully realizes the potential for tuning chain-
length-dependent material properties of the resulting fibers

separately from the requirements for processing.

B CONCLUSIONS

This work demonstrates that the associative electrostatic
interactions that drive complex coacervation can also be used
to eliminate polymer chain length and entanglement require-
ments for electrospinning. We bridged studies of electro-
spinnability with phase diagram determination and rheological
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characterization using a model system of methacryloyl-based
polyelectrolytes ranging in chain lengths from N < 10 to ~500
or molecular weights from 1 to 100 kg/mol. Smooth
continuous fibers were successfully electrospun even from
coacervates formed from oligomers. We observed an interplay
between electrospinnability, chain length, and the concen-
tration of the polymer in the coacervate. Our ability to
electrospin oligomers via complex coacervation decouples the
polymer electrospinnability from the molecular weight require-
ments, which shed light on designing new solid materials,
which were deemed impossible in the past.
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