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Abstract 
Polyelectrolyte complexes, PECs, are glassy and brittle when dry but may be plasticized 

with water. Though hydrated PECs contain a high proportion of water, many still exhibit a glass 
transition in the 0 to 100 oC range. The apparently unique effectiveness of water as a plasticizer 
of PECs has been an obstacle to further developments in applications and in fundamental studies 
of PEC properties. In this work it is shown that formamide is an excellent and even superior 
solvent for plasticizing PECs, substantially decreasing glass transition temperatures relative to 
those of hydrated PECs when formamide is used as a solvent instead. The affinities of PECs for 
water and formamide, indicated by the (exothermic) enthalpies of solvent swelling of dry PECs, 
are comparable. Ion transport dynamics revealed similar lifetimes, about 1 ns, of charge pairs 
within a PEC solvated with water compared to formamide, despite the differences in their dielectric 
constants.  Ion transport dynamics, which depend on the mobility of pendant groups, have lower 
cooperativity than those of the polymer backbone. The use of formamide is a significant 
experimental variable for reducing the glass transition temperature/viscosity of complexed 
polyelectrolytes and can turn a solidlike hydrated complex into a fluidlike coacervate. 

 
 

Introduction 
 
Plasticizers are small molecules widely used to soften brittle or glassy polymers.1 For 

example, polyvinyl chloride, used in rigid pipes, becomes soft and flexible with the addition of 
organic plasticizers.2 For hydrophilic materials, water can be an extremely effective plasticizer. In 
the biopolymers realm; aggrecan, with a charged bottle-brush polyelectrolyte architecture, 
maintains a high osmotic pressure in cartilage, which endows this biomaterial with elastic and 
shock-absorbing properties.3 Proton conducting membranes, such as Nafion, used in fuel cells, 
require proper hydration in order to transport ions.4  

Polyelectrolyte complexes, PECs, are blends of oppositely-charged polymers.5-8   Formed 
by spontaneous phase separation from mixed solutions of polyelectrolytes due to the pairing of 
opposite charges, PECs retain a high weight percent of water when in contact with aqueous 
solutions. This water is essential to all the physical properties of PECs, including mechanical 
properties and ionic conductivity.9 Michaels, who explored the processing and properties of 
PECs,5-6 described the strong plasticizing effects of water, which transforms dry PECs from stiff 
and brittle to soft and flexible. Hydrated PECs that are above their glass transition temperature, 
Tg, have liquidlike properties and are generally termed “coacervates,” following Bungenberg de 
Jong’s early work on liquid-liquid phase separations of biopolymers.7 Complexation/coacervation 
may be driven by mechanisms other than pairing between charges.8 

Though the plasticizing effect of water on PECs was generally known in early work, 
quantitative explorations of this phenomenon were rare, perhaps because the dried material is so 
brittle.5-6 The more recent ultrathin “multilayer” format of PECs10 allowed the modulus of dried 
films to be measured using scanning probe microscopy or nanoindentation11-13 and buckling 
methods.14-15 Some PECs were found to have elastic modulii in the several GPa range.11, 14, 16 
Extrusion of hydrated PECs in the absence of added salt aligns the chains and leads to increased 
modulus and toughness.17 For example, a fiber extruded in this way from a PEC of 
poly(diallyldimethylammonium), PDADMA, and poly(styrene sulfonate), PSS, had a modulus of 
1.5 GPa and toughness of 9.1 MJ m-3 when dry and could even be tied in knots.17 

As with neutral, hydrophilic polymers,18 the modulus of PECs depends strongly on relative 
humidity15, 19-20 which controls their water content.21-22 Hariri et al.12 used the osmotic stressing 
agent poly(ethylene glycol) to regulate the water content in bulk and thin film PECs made from 
PDADMA and PSS. The initial water extracted from the PEC had little influence on the modulus 
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until the water content reached about 40 wt%, whereupon the PEC became stiffer.12 Ohno et al.23 
employed differential scanning calorimetry, DSC, to identify strongly versus weakly bound water 
in PECs. More recently, Lutkenhaus and coworkers correlated Tg in PECs to the amount of water24 
and were able to differentiate between water in various states using DSC and computational 
methods.25 In addition to their effective plasticization by water, PECs can also be softened by 
breaking the charge pairing between positive, Pol+, and negative, Pol-, polyelectrolyte repeat 
units.26 This “saloplasticity” is reversible and allows glassy PECs to be processed into many bulk 
formats.27  

The selection of small molecules other than water available for plasticizing PECs is 
surprisingly small.28  Many polar solvents cannot swell PECs, possibly limited by the mesh size 
of their dense ionic crosslinking.28 Ionic liquids, with chemical and charge compositions similar to 
those of PECs, are also unable plasticize or dope PECs by themselves without water.29 A deep 
eutectic solvent required the addition of a cosolvent such as ethylene glycol or water in order to 
dissolve a PEC.30 Michaels addressed the challenge of swelling and dissolving PECs by using 
ternary mixtures of water, acetone and a salt.31  

It is not clear whether the mechanism of plasticizer action in charged polymers differs from 
that in neutral polymers. Although both benefit from the free volume added by small molecules, 
as well as the dilution of contacts and entanglements, the mobility of PEC chains in the fluid state, 
far above Tg, depends on the dynamics of Pol+Pol- pair making and breaking.26 In particular, flow 
properties of undoped (salt ion free) liquid-like PECs are thought to be derived from the rapid 
exchange of neighboring Pol+Pol- pairs of polyelectrolyte repeat units.26 It could be argued that a 
high dielectric medium should stabilize the separation of charges in the possible pair exchange 
transition state, shown in Scheme 1. 

 

 
Scheme 1. Rearrangement of Pol+Pol- pairs may involve a charge-separated transition state. 

 
Using a solvent with a higher dielectric constant than water may result in PECs with 

weaker interactions. The dielectric constant of water and formamide32 are 78 and 110, 
respectively at 25 oC. Individual polyelectrolytes can be dissolved in formamide. Formamide and 
water have many similar properties, such as self-association, hydrogen bonding, a large dipole 
moment, and fast reorientational jump dynamics.33 The two solvents show almost ideal mixing,34 
but the temperature range of liquid formamide (2 – 210 oC) is much wider than that of water. 
Formamide is often used in structural biology studies. Similar to water, formamide is capable of 
four hydrogen bonds, is a strong H-bond donor, and a stronger H-bond acceptor than water.35 
Formamide is known to destabilize DNA duplexes.36 This destabilization occurs with cooperative 
π-electron charge transfer interactions, forming bidentate pairs with DNA bases.37-38 Formamide 
thereby lowers the melting temperatures of DNA by 0.65 °C per percent volume fraction.39 
Kamineni et al. demonstrated the ability to make polyelectrolyte multilayers of PAH and PSS 
dissolved in formamide,40 but this solvent has not been used in bulk PECs. 

The purpose of this work is to introduce formamide as an alternative to water for 
fundamental studies and applications of PECs. Both thermodynamic and kinetic aspects of the 
influence of formamide on PEC properties are explored.  
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Experimental 

Materials 
Poly(diallyldimethylammonium chloride) (PDADMAC, molar mass 200,000 – 350,000 g 

mol–1) and poly(4-styrenesulfonic acid, sodium salt) (PSSNa, molar mass 75,000 g mol–1) were 
obtained from Sigma-Aldrich and purified by dialysis. Poly(vinylbenzyl trimethylammonium 
chloride) (PVBTAC, 27 wt% in water, 100,000 g mol-1) was from Scientific Polymer Products and 
used without further purification. Sodium bromide was supplied by Sigma-Aldrich and dried at 110 
°C for 24 h. Formamide (ReagentPlus®, >99.0%) from Sigma-Aldrich was used as received. All 
solutions were prepared using deionized water (18 MΩ cm Barnstead, Nanopure). 
Methods 

Critical Salt Concentration, CSC. UV–visible spectroscopy (UV-vis) was performed using 
a Cary 100 Bio UV–vis spectrometer to determine the CSC of PECs in formamide solutions of 
NaBr. Two methods of determining the CSC were employed: the forward and reverse methods. 
In both, scattering (turbidity) of a 10 mg mL-1 PEC solution was monitored at 390 nm. In the 
forward method, where aliquots of concentrated NaBr in formamide were added to a suspension 
of PEC particles in formamide, the CSC was taken to be the point where the turbidity dropped to 
nearly zero absorbance. The reverse method consisted of adding known amounts of formamide 
to PEC dissolved in NaBr just past the CSC and identifying the [NaBr] at which the turbidity started 
to increase.  

Isothermal Titration Calorimetry. Isothermal calorimetry (ITC) was performed using a VP-
ITC (MicroCal Inc.) calorimeter using water or formamide as solvents. Prior to the aqueous 
experiments, the ITC was calibrated with an internal y-axis calibration followed by a standard 
titration between hydrochloric acid and Tris base. All samples were degassed for 10 min at room 
temperature. Approximately 300 μL of 10 mM polycation (concentrations are based on the 
polymer repeat unit) in 0.01 M NaBr was loaded into the syringe. Ten microliters of the syringe 
solution were manually discharged from the syringe to relieve any back pressure from the loading 
process. Prior to filling, the sample cell (1.4138 mL) was washed with 0.5 mM polyanion in 0.01 
M NaBr. The syringe was rotated at 260 rpm in the sample cell with an injection size of 4 μL per 
aliquot at a rate of 0.50 μL s–1, with 240 s between injections. The heat flow was recorded as a 
function of time at 25.0 °C for all samples. Enthalpies were calculated by summing the total heat 
generated to the 1:1 Pol+:Pol- end point with a correction for the background dilution enthalpy. To 
perform the ITC experiments in formamide, the reference cell was rinsed then filled with 
formamide. The reference cell was sealed and the sample cell was similarly rinsed and filled. A 
titration of formamide into formamide was performed to ensure that there was no leftover water 
or polyelectrolyte in the system. Formamide (with 0.01 M NaBr) experiments were carried out in 
conditions identical to those of the aqueous experiments.   

Solvent Swelling Calorimetry. The enthalpies of solvent swelling of dry PECs were 
determined using a Parr 6755 solution calorimeter charged with 100.0 mL formamide. The dry 

PECs were finely ground, passed through a 100 m sieve, dried again at 120 C, sealed while 
hot, and stored in an argon filled dry box. Samples were weighed into a PTFE sample dish in the 
glovebox. The sample dish was sealed and transferred to the calorimeter. After a short 
temperature equilibration period the sample was plunged into the formamide and the temperature 
increase, ΔT, was measured with a Parr 6772 calorimetric thermometer. A linear temperature 
ramp was subtracted from the data to account for temperature drift. The calorimeter was 
calibrated as described previously37 to provide a calorimeter constant C of 539.2 J K-1 when 
charged with 100.0 mL water. C for 100.0 mL formamide was determined by subtracting the 
contribution of the water (= 539.2 – (4.18 x 100) = 121.2 J K-1) and adding the heat capacity of 
100 mL (= 113 g) of formamide of specific heat capacity 2.39 J g-1 K-1 to obtain a constant of 391.4 
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J K-1 for the formamide experiments. The enthalpy of swelling, ΔHswell (J g-1), was calculated from 
ΔH = CΔT/msample, where msample is the mass of the sample (g). 

PEC Tablet Preparation. The starting PECs of PDADMA/PSS and PVBTA/PSS used here 
have been described and were determined to be stoichiometric in previous works.41-42 The dried 
PECs were ground into a fine powder and placed into an 8 mm diameter stainless steel mold with 
a drop of formamide. A weight of approximately 8 kg was placed onto the mold, and the PEC was 
pressed into a circular tablet over 24 h under pressure. These tablets were used for ATR-FTIR, 
salt doping, and rheology.  

ATR-FTIR Spectroscopy. Attenuated total internal reflection–Fourier transform infrared 
(ATR-FTIR) spectra were collected using a ThermoScientific Nicolet iS20 spectrometer with a 
Pike MIRacle universal ATR attachment fitted with a single-reflection diamond/ZnSe crystal and 
a high-pressure clamp. A stainless-steel well was machined to fit onto the crystal plate to allow 
solid samples to be pressed onto the crystal while remaining immersed in solution. The number 
of scans coadded was 32 and resolution was 4 cm-1. 

Rheology. Measurements of the linear viscoelastic response (LVR) were performed using 
a strain-controlled rheometer (DHR-3, TA Instruments) with Peltier temperature control. An 8 mm 
parallel plate geometry was used throughout. A custom-designed lower plate had a reservoir for 
solutions with a cap to prevent evaporation. Prior to loading, all PECs were soaked in 0.01 M 
NaBr solutions with varying water and formamide contents for 24 h, which were also added to the 
solution reservoir to maintain the PECs in a fully solvated state. The PECs were first transferred 
onto the upper plate. The upper plate was then lowered onto the lower plate. An axial force of 0.5 
N was applied for PECs containing 0.25 -1.00 mole fraction (25% -100%) formamide. A strain of 
0.5% was used and verified to be in the linear viscoelastic response region. PECs soaked in 
solutions containing less than 25% formamide had an axial force of 1.0 N (and a strain of 0.02%). 

The modulus as a function of temperature from 5 to 95 C was determined at 0.1 Hz with a ramp 
rate of 2 °C min−1 (0.05 and 0 mole fraction formamide had a ramp rate of 1 °C min−1). 

Salt Doping. Radiolabeling experiments were performed to determine the doping level, or 
the salt content, of PDADMA/PSS PEC tablets exposed to solutions of various [NaBr] in 
formamide. A 22Na-labeled solution was prepared as follows: to 4 mL of 0.1 M NaBr in formamide 
was added 1μCi 22NaCl (half-life = 950 days, γ-emitter, Emax = 511 keV, PerkinElmer 
Radiochemicals). The PDADMA/PSS was soaked in 3 mL of the 0.1 M 22NaBr for 24 h in a flat-
bottom sealed plastic tube. After doping, the solution was removed (and put aside to be reused 
for the next doping steps) and the tablet was quickly dabbed dry and weighed. The tube containing 
the tablet was placed in a well drilled into a plastic scintillator (SCSN-81, Kuraray, 12 mm thick, 
38 mm x 38 mm area), which was in good optical contact with the fused silica window of an end-
on RCA 8850 photomultiplier tube (PMT) powered at −2300 V. The PMT was connected to a 
frequency counter (Philips PM6654C) with a 10 s gate time and a −20 mV pulse threshold. The 
tablet was counted for at least 15 min. The tablet was then soaked in the 22NaBr solution with a 
higher concentration (by adding solid unlabeled NaBr to the reserved hot solution to go from 0.1 
to 0.2 M NaBr), and the same equilibration and counting steps were repeated. A calibration curve 
was collected by placing aliquots of the 22Na labeled 0.1 M NaBr solution in the plastic tube and 
counting with the plastic scintillator. The background count rate was about 24 counts per second 
(cps). The count rate for the doped PEC was about 250 cps and counts were acquired for 7 min 
for a total of about 105 counts, which give a counting error of 0.3%. 

Ion Diffusion Coefficients by Self-Exchange. The kinetics of diffusion were investigated in 
water and formamide-swelled PECs using 22Na-labeled sodium as a radiotracer. An 8 mm 
PDADMA/PSS tablet, of thickness about 1 mm, was immersed in a 0.4 M NaBr solution of either 
water or formamide, then dabbed dry with a lab wipe and immersed for 48 h in 4 mL 0.4 M NaBr 
solution spiked with 2μCi 22Na+ to reach equilibrium. The tablet was carefully dabbed dry again to 
remove any liquid on the surface and placed into 4 mL a solution of unlabeled 0.4 M NaBr (the 
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start of the experiment). Under constant, brisk stirring, 22Na+ in the PEC was self-exchanged with 
unlabeled Na+ in solution.  

Aliquots of 100 µL of the exchanging solution were withdrawn at various time points and 
mixed with liquid scintillating cocktail (Ecolite, MP Biochemicals) and counted in a Charm II 
counter (Charm Sciences).  Three measurements at each time point were averaged. This 
experiment requires a data point at sufficiently long time, t = ∞, such that the exchange is 
complete. 48 h was used for this time. A data point taken 24 h later had the same count rate, 
showing 48 hours was sufficient for complete exchange. Counts for each sample ranged from 
about 5,000 to 40,000, with counting errors ranging from ± 0.5 to 1%.  
 

Results and Discussion 
 Two PEC compositions with Tg greater than room temperature when fully hydrated were 
selected to compare the plasticizing effectiveness of formamide relative to water. PDADMA/PSS 
has been studied extensively and is known to have a Tg of around 39 oC in aqueous solutions of 
low salt concentration.43 In contrast, poly(vinylbenzyltrimethylammonium), PVBTA, complexed 
with PSS has a much higher Tg when fully hydrated, estimated to be about 102 oC.43  Sulfonates 
can undergo an amidation reaction in the presence of formamide at low pH to form 
sulfonamides.44-46 Figure S1 (Supporting Information) shows that the sulfonates within 
PVBTA/PSS are stable in formamide under the conditions used.  
Salt Resistance 

The stability of pairing between Pol+ and Pol- is commonly assessed using one of two 
methods. In the classical “salt resistance” concept, introduced by Bungenberg de Jong,8  the salt 
concentration is increased until the PEC dissolves, at which point it is assumed all Pol+Pol- pairs 
are broken.41, 47-48 The point of dissolution is identified approximately by visual observation (a 
cloudy solution becomes clear) or more accurately by turbidimetry (absorbance → 0). Static and 
dynamic light scattering are more sensitive methods to reveal aggregates in solutions that appear 
to be transparent.49 The salt resistance is assumed to be near the CSC and the terms are used 
interchangeably here. Alternatively, the strength of Pol+Pol- pairing may be determined by 
following the amount of salt internally “doped” into the polymer at equilibrium as a function of 
external solution salt concentration.50 The salt doping method is preferred, as salt resistance 
depends mildly on molecular weight51 and PECs tend to be “inflated” with a high concentration of 
unbound co-ions near the CSC.52 In addition, some PECs do not yield a CSC under 
experimentally accessible conditions.41 For example, PDADMA/PSS cannot be dissolved in 
aqueous solutions of NaCl.53 This was also found to be the case for PVBTA/PSS. In such 
examples, aqueous CSCs are sometimes attainable with the use of a more hydrophobic selection 
of ions along the Hofmeister series.      

The CSC was measured either by increasing the [salt] until a suspension of PEC particles 
clarified or by adding pure solvent (thus decreasing the [salt]) until the solution became turbid. 
These techniques are respectively termed the “forward” and the “reverse” method. If there are no 
kinetic or thermodynamic limitations at the CSC, both methods should yield approximately the 
same results.26 The two methods are less likely to superimpose for wide molecular weight 
distributions,26 as used here, but they both intercept the concentration axis at the same points 
(Figure 1). 
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Figure 1. Turbidimetry to detect the dissociation of Pol+Pol- at the critical salt concentration at 
room temperature. Normalized absorbance at 390 nm of a PEC suspension versus the 
concentration of NaBr. Forward (red square) and reverse (blue circles) methods.  
 
 For PDADMA/PSS, shown in Figure 1, the CSC in formamide occurs at 1.3 M NaBr 
compared to 2.6 M NaBr in water.41 The CSC of PVBTA/PSS is also about 1.3 M NaBr in 
formamide while it cannot be dissolved in aqueous NaBr.54 CSC results for both PECs imply 
weaker binding between Pol+ and Pol- in formamide than in water.  
 
Enthalpies of Swelling and Complexation 
 The ionic nature of PECs provides them with such a strong affinity for water that they have 
recently been investigated as desiccants, outperforming state-of-the-art molecular sieves in some 
cases.42 The affinity of PECs for a solvent may be ranked by comparing their relative enthalpies 
of swelling, ΔHswell.42 These enthalpies were determined via solution calorimetry, where a known 
mass of dry PEC was immersed in the solvent of interest and the temperature change recorded. 
It was essential to dry the PECs by heating them (here to 120 oC) and immediately moving them 
to the drybox before they cooled. In our experience, PECs that are nominally “dry” in ambient 
conditions contain about 10 wt% water, as do the individual polyelectrolytes used to make them. 
The term “enthalpy of swelling” is used here to denote the heat change from the equilibrium uptake 
of solvent by dry, pure PEC (the reference state). In comparison, the terms enthalpy of solution 
and enthalpy of hydration commonly refer to dissolving a dry material to infinite dilution in solvent 
or transferring isolated species of a solute from the gas phase to water, respectively. For charged 
species, the latter can be quite exothermic. ΔHswell has previously been used to measure the 
hydration of dry crosslinked gels.55 
 Examples of the solution calorimetry are shown in Figure 2. ΔHswell for PDADMA/PSS in 
water and formamide were -137 and -128 J g-1, respectively; and for PVBTA/PSS ΔHswell was -85 
J g-1 in water compared to -127 J g-1 in formamide. These exothermic values reveal strong specific 
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interactions of PECs with these two polar solvents, which is a result of the strong radial electric 
fields from the polyelectrolyte charges (i.e. the Born theory of solvation56). Most theories of PEC 
formation do not consider the energetics of the Pol+Pol- hydration shell, although Salehi and 
Larson57 approximated Born solvation with a linear mixing rule for the effective dielectric constant. 
In addition to the Born solvation energy, smaller ΔHswell contributions are expected from van der 
Waals interactions of other parts of the polymers with water. While nominally “hydrophobic,” these 
parts may actually contribute small exothermic quantities.58  
 

 
Figure 2. Calorimetry of PECs to determine the enthalpy of swelling. Temperature increases of 
less than 1 K at room temperature, measured when dry PEC powder was immersed in the solvent, 
were converted to J of released heat per g. A, PDADMA/PSS in water (blue circles), and 
formamide (red triangles). B, PVBTA/PSS in water (blue circles) and formamide (red triangles.) 
Data for PECs in water from reference 42. 
 
 Figure 2 shows that swelling of the same < 100 μm particle size of both PECs occurs more 
slowly in formamide. Using Chem3D version 20.0, the Connolly solvent excluded volume of water 
was 10.3 Å3 and that for formamide was 35.3 Å3, which would explain the slower diffusion of 
formamide into the dried PEC. The volume of formamide is below the apparent PEC mesh size 
cutoff28 for swelling of about 50 Å3. Chem3D also returned similar octanol-water partition 
coefficient of logP = -1.38 and -1.51 for water and formamide, respectively. 
 Enthalpies of complexation of polyelectrolytes in water solutions are typically small, 
sometimes unmeasurably so, which prompted Michaels to conclude that the entropy of counterion 
release was the driving forcesfor formation of PECs.2 This omnipresent driving force is 
supplemented by small enthalpic contributions (endo- or exothermic), mainly attributed to 
changes in the solvation environment of charges.59 Isothermal titration calorimetry revealed small 
enthalpies of complexation, ΔHPEC, in both water and formamide (see Supporting Information 
Figure S2 for ITC thermograms), summarized in Table 1. Enthalpies of complexation are less 
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negative in formamide than in water. However, the differences are small despite a factor of 1.4 
difference in dielectric constant.  
 
Table 1. Enthalpies of complexation for polyelectrolytes in water and formamide at 25 oC. All 
experiments were conducted with PSSNa as polyanion and a salt concentration of 0.01 M NaBr.  
 

Polycation Solvent ΔHPEC (+/- 100) J mol-1 

PDADMA(Br) Water -1200 

PDADMA(Br) Formamide 85 

PVBTA(Br) Water -520 

PVBTA(Br) Formamide -160 

 
 In doping experiments, salt MA, such as NaBr, added to solution enters the PEC in a 
reversible manner and breaks a fraction, y, of Pol+Pol- pairs, forming extrinsic sites Pol+Br- and 
Pol-Na+ as in Equation 1,58  

 
where the subscript “PEC” refers to the PEC phase and “s” to the solution phase. Equation 1 
implies that all MA that dopes a PEC breaks Pol+Pol- pairs and become counterions for their 
respective polyelectrolyte repeat units, but only a fraction, f, which decreases with increasing 
doping, actually do so, the rest occupying space within the PEC as co-ions. 57-58 The ratio, r, 
between the total salt and total polyelectrolyte concentration, [PE]PEC, within the PEC is,58  
 

𝑟 =
[𝑀𝐴]𝑃𝐸𝐶

[𝑃𝐸]𝑃𝐸𝐶
      [2] 

Thus, y = fr. The equilibrium for unpairing in Equation 1 is represented58 by a constant Kunp 
 

𝐾𝑢𝑛𝑝 =
𝑦2[𝑃𝐸]𝑃𝐸𝐶

(1−𝑦)[𝑀𝐴]𝑠
2     [3] 

   

An approximation for Kunp using the molar volume of the PEC, Vm (=
1

[𝑃𝐸]𝑃𝐸𝐶
 ), is58  

 

𝐾𝑢𝑛𝑝 ≈ 𝑓0
2𝑉𝑚,0𝑒

𝑓0∆𝐻𝑃𝐸𝐶
𝑅𝑇     [4]  

 
where f0 is the value of f at low doping levels (e.g. y is less than 0.1 or 10%) and Vm,0 is the molar 
volume at these levels. Unfortunately, it is difficult to estimate f, other than by computational 
methods57, though f tends to increase at low doping levels.60 In Figure 3A it is seen that r as a 
function of [NaBr]s is almost identical for water and formamide. Vm,0 is about 0.45 L mol-1 and 
about 0.53 L mol-1 for PDADMA/PSS in water and formamide, respectively, assuming 40 wt% 
water and 51 wt% formamide and a dry PDADMA/PSS density of 1.26 g cm-3.28 This means the 
other factors, f0 and ΔHPEC, compensate each other and the doping curves turn out to be similar 
(Figure 3A). 

The distribution of ions in solution versus in the stoichiometric PEC is given by the 
following equilibrium,58  

      [𝑁𝑎𝐵𝑟]𝑃𝐸𝐶 = [𝑁𝑎𝐵𝑟]𝑠𝑒
𝑓∆𝐻𝑃𝐸𝐶

2𝑅𝑇  .   [5] 
 

𝐷𝑜𝑝𝑖𝑛𝑔              𝑃𝑜𝑙+𝑃𝑜𝑙𝑃𝐸𝐶
− + 𝑁𝑎𝑠

+ + 𝐵𝑟𝑠
− → 𝑃𝑜𝑙+𝐵𝑟𝑃𝐸𝐶

− + 𝑃𝑜𝑙−𝑁𝑎𝑃𝐸𝐶
+    [1] 

𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚        1 − 𝑦             𝑀𝑠
+        𝐴𝑠

−   ↔       𝑦                      𝑦  
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If ΔHPEC ≈ 0, Equation 5 predicts [NaBr]PEC = [NaBr]s, which is almost found experimentally (Figure 
3B). The small intercepts on the [NaBr]s axes in Figure 3 are from a small amount of 
polyelectrolyte nonstoichiometry and the osmotic pressure generated by the polyelectrolyte chain 
network in the PEC.28 The volume of the PEC remained constant (± 2%) with doping in formamide 
over the range studied in Figure 3, while in water the volume increased by 9% over the same 
range.60 

 
Figure 3. Doping of PDADMA/PSS by NaBr in formamide. A; the doping level, r, is the molar ratio 
of NaBr:polyelectrolyte within the PEC. The red long-dashed line corresponds to doping of the 
same PEC by the same salt in water (from reference 60). B; the concentration of NaBr in the 
PEC, [NaBr]PEC, versus the concentration in the solution, [NaBr]s. The long-dashed line is 
theoretical using Equation 5 assuming athermal doping, where [NaBr]PEC = [NaBr]s. Short-dashed 
lines are linear least squares fit to the data. The precision of each data point is ±4 % and accuracy 
is ±10 %. 
 

 
If they are used to compare Pol+Pol- pairing strengths, the close doping responses for 

PDADAMA/PSS between NaBr in water and formamide shown in Figure 3A contradict the 
significantly greater difference in concentrations (respective CSCs of 2.6 M versus 1.3 M) needed 
to dissociate the PEC in these solvents. It has been noted that it may be difficult or impossible to 
achieve a CSC with a particular salt for PECs that exhibit exothermic ΔHPEC.41 The rationale for 
this observation is that ΔHPEC provides a measure of differences in specific interactions between 
Pol+ and Pol- as pairs and as their respective counterion-compensated forms Pol+A- and Pol-M+. 
An endothermic ΔHPEC implies that counterions, on average, prefer to break Pol+Pol- pairs while 
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an exothermic ΔHPEC implies that counterions prefer to act as co-ions within the PEC and not 
break Pol+Pol- pairs.41 Thus, PECs with more exothermic ΔHPEC must be pressed to higher [salt] 
to break all Pol+Pol- pairs and reach the CSC.  A good example is provided by the much-studied 
PDADMA/PSS, which has a CSC of 1.8 M in KBr (ΔHPEC ≈ 0) whereas simply changing K+ for Na+ 
(ΔHPEC = -1200 J mol-1) pushes the CSC to 2.6 M in NaBr. Because ΔHPEC of PDADMA/PSS and 
PVBTA/PSS in formamide are close and nearly athermal (Table 1), their CSCs (Figure 1) are 
similar and measurable at experimentally achievable [salt]. Reliable comparisons of the CSC or 
salt resistance between different PECs are best made under athermal (ΔHPEC ≈ 0) conditions. 
ΔHPEC is adjusted by the choice of counterions.60   

  
Solvent Composition 
 Previous work has shown that the few solvents that swell PECs do so to different extents.28 
The solvent content of the PEC as a function of solution composition was determined using ATR-
FTIR. PECs equilibrated in solvent were squashed against a single-bounce diamond ATR crystal. 
The vibrational bands corresponding to formamide and water overlapped, so D2O was used in 
place of H2O to give well-separated bands (Figure 4 and Supporting Information Figures S3 and 
S4). In prior work with H2O/D2O mixed solvents there was less than 3% preference of H2O 
compared to D2O in swelling PDADMA/PSS.61 Solutions of known concentrations of PSS in 
formamide and PSS in D2O provided calibration curves (Supporting Information Figure S4) to 
convert the ratio of respective peak areas in PECs to the mole ratio.  
 

 
 Figure 4. ATR-FTIR of PDADMA/PSS in D2O/formamide mixtures. Strong features are from the 
O-D stretch at 2500 cm-1 and C=O stretching from formamide at 1670 cm-1. Dotted box shows 
PSS reference peaks. Samples were allowed to equilibrate in solvents at room temperature for 
24 h before measurements. 
 
 Figure 5 shows that the content of a particular solvent with PDADMA/PSS PEC is 
approximately proportional to its mole fraction in the external bathing medium. The total number 
of solvent molecules per Pol+Pol- pair remains roughly constant at 6 ± 0.8. Solvation by water is 
slightly favored over solvation by formamide (the enthalpy of PEC solvation for the former is 
slightly higher in Figure 2).  
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Figure 5. FTIR composition of solvents within PDADMA/PSS as a function of the mole fraction of 
solvent in the bath. Room temperature. The composition is given as the ratio of solvent molecules 
to Pol+Pol- pairs. Error is ± 0.8 solvent/Pol+Pol-.   
 

PDADMA/PSS equilibrated in 0.01 M NaBr in formamide for 1 month contained 51% by 
weight of solvent (volume fraction 54% assuming a PDADMA/PSS density of 1.26 g cm-3), which 
is about 7 formamide molecules per Pol+Pol-, somewhat more than about 5 molecules presented 
in Figure 5. It is believed that this difference is due to the pressure (several atmospheres) which 
was used to squash the PEC against the ATR crystal. Loosely bound solvent would be pressed 
out of the PEC, as it is under osmotic pressure.12 Similarly, from Figure 5, the water content of 
PDADMA/PSS in pure water was about 6 H2O per Pol+Pol-, which is lower than about 10 H2O (37 
weight%, 42% volume fraction) per Pol+Pol- in unpressed PEC.60 Batys et al. found,25 using 
differential scanning calorimetry, that 29.1 wt% water, or about 7 H2O per Pol+Pol-, in 
PDADMA/PSS was nonfreezing, attributed to strong binding. Presumably, these water molecules 
would resist being expelled from the PEC by hydrostatic pressure.  
 
PEC Dynamics in Formamide 
 Variable temperature rheology measurements of the two PECs in water or formamide 
were performed in order to investigate their influence on Tg, located by the peak of tanδ. In 
addition, the proportions of solvent in the rheometer reservoir, and therefore the proportions of 
solvent in the PEC according to Figure 5, were varied. Compositions are based on mole fractions, 
also expressed as mole percentages. All solutions had 0.01 M NaBr to prevent possible 
spontaneous inflation and pore formation induced by the residual osmotic pressure in the PEC.28 

PDADMA/PSS in water exhibited a Tg of 37 C as seen in Figure 6, which agrees with the 
literature.43 The addition of even a small amount of formamide decreased the Tg; for example, 
solution compositions of 5 mol% to 21 oC, and 10 mol% to 6 oC (see Figure 6B and 6C). Further 
additions of formamide moved Tg out of the temperature scan range (Figure 6E). The PVBTA/PSS 
PEC was particularly useful for demonstrating the strong shift in Tg with the addition of formamide 
(Figure 7). In pure water Tg was slightly above 100 oC (estimated to be 102 oC in previous work43). 
In formamide, the Tg was lowered by about 75 degrees to 27 oC (Figure 7).  
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Figure 6.  A, time-temperature (see inset) superposition (TTS) of the LVR of PDADMA/PSS in 
water, upper curves, and formamide (FM), lower curves (both with 0.01 M NaBr). Triangles 
correspond to storage modulus G’, circles correspond to loss modulus G”, in Pa. Frequency in 
rad s-1. Reference temperature was 25 °C. Shift factors provided in Supporting Information Figure 
S5. B - E, G’ (solid line), G” (long dash line) and tan(δ) (short dash line) versus temperature 
(cooling ramps at 0.1 Hz) of PDADMA/PSS in various mole fractions of formamide in water (0.01 
M NaBr for all solutions): B, 0.00 formamide; C, 0.05 formamide; D, 0.10; E,1.00. Additional 
compositions provided in Supporting Information Figure S6. 
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Figure 7.  A, TTS of PVBTA/PSS in water, upper curves, and formamide (FM), lower curves (both 
with 0.01 M NaBr). Triangles correspond to G’, circles correspond to G”, Pa. Frequency in rad s-

1. Reference temperature was 25 °C. Shift factors provided in Supporting Information Figure S7. 
B - E, G’ (solid line), G” (long dash line) and tan(δ) (short dash line) (cooling ramps at 0.1 Hz) of 
PVBTA/PSS in various mole fractions of formamide with 0.01 M NaBr: B, 0.00; C, 0.10; D, 0.25; 
E, 1.00. Additional compositions provided in Supporting Information Figure S8. 

 
Frequency sweep experiments for both PECs in 100% water and 100% formamide, with 

0.01 M NaBr added, were performed from 0.1 to 100 rad s-1 at multiple temperatures and stitched 
together in Figures 6 and 7 by using time-temperature superposition (TTS) and shift factors 
(horizontal, aT, vertical, bT summarized in Figures S5 and S7). 

Strong plasticization by formamide relative to water is demonstrated in Figures 6 and 7. 
Quantitative comparisons of relaxation times versus temperature are difficult because different 
sets of shift factors are employed for each solvent. Also, the temperature span goes through the 
Tg of PDADMA/PSS in water and through the Tg of both PECs at different temperatures when 
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immersed in mixed solvents (see Figures 6 B-E and 7 B-E). Further, the polyelectrolytes have a 
broad molecular weight distribution, which would complicate detailed analysis of the relaxation 
versus frequency, often performed for polymers of narrow polydispersity considerably above their 
Tg.

62 The scaling of 2 and 1 in the terminal regime for G’ and G” respectively is not seen here 
because ωaT does not go to low enough frequencies, whereas it is observed in narrow molecular 
weight distribution liquidlike PECs.26 

Notwithstanding these limitations, various types of superpositions have been attempted 
for PECs, such as time-salt superposition and time-water superposition, exploiting the plasticizing 
effects of salt doping and water content.63 Attempts to obtain a master curve combining the 
responses in water and formamide are shown in Figure 8. Frequencies for the entire formamide 
curve were all shifted by a constant factor ks. The solvent superposition master curve for 
PDADMA/PSS required a bs shift and was not satisfactory at lower frequencies for unknown 
reasons. The PVBTA/PSS in formamide data provided reasonable master curves with ks = 2 x 10-

9 and no b-shifting. These master curves show the effective chain dynamics of PDADMA/PSS 
and PVBTA/PSS at a particular reference temperature near Tg are accelerated when solvated by 
formamide instead of water. The exceptionally small values of ks obtained here are because both 
systems go across a glass transition.  
 
 
 
 

 
Figure 8. Attempted LVR “solvent master curve” by shifting all TTS in formamide by a factor ks 
relative to water (i.e. reference solvent is water) on the frequency axis. G’ and G” in Pa, ω in rad 
s-1. A, for PDADMA/PSS (ks = 10-5); and B, for PVBTA/PSS (ks = 2 x 10-9). Reference temperature 
= 25 oC. 
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 It is reasonable to assume that stronger association between Pol+ and Pol- would be 
correlated to slower dynamics and therefore stiffer materials. According to Equation 4, strength is 
related to volume charge density (= 1/Vm) and f, which is, in turn, enhanced by endothermic ΔHPEC. 
The role of charge pairing in stabilizing biomaterials has long been debated in 
biomacromolecules. “Salt bridges” in proteins are formed by pairing of positively and negatively-
charged amino acid residues.64-65 Salt bridges can be found either “exposed” on the outer surface 
of the protein or “buried” within the protein.66 Using a continuum electrostatics analysis, exposed 
salt bridges were suggested to contribute from 0 to 8 kJ mol-1 additional structural stability while 
buried salt bridges contribute up to 13 kJ mol-1.67 The computed strength of the buried salt bridges 
was attributed to a surrounding lower effective dielectric constant (from 4 – 37), compared to the 
dielectric constant surrounding the exposed salt bridge which approaches 80 (i.e. that of water).67-

68 Accordingly, a higher dielectric constant medium might be expected to weaken interactions 
between Pol+ and Pol-. From Figure 3A this effect is weak. Figure 3B shows reasonable 
agreement between the experimental and calculated [NaBr]PEC versus [NaBr]s using Equation 5, 
which does not explicitly contain a dielectric constant (although ΔHPEC may include dielectric 
constant effects).  Bosshard et al.66 point out that solvation changes occurring when peptides pair 
to form salt bridges are a major contribution to the free energy change. In particular, desolvation 
(unfavorable) is expected to occur for buried salt bridges, rendering them destabilizing.66 We have 
stressed the importance of changes in solvation environment on PEC formation, showing that the 
level of water hydrogen bonding disruption is proportional to ΔHPEC, and that athermal 
complexation may be interpreted as a zero net change in solvation shell enthalpy between 
Pol+Pol- versus Pol+A- and Pol-M+, leaving entropy as the sole driving force. 26, 58, 59      
 The dynamics represented in Scheme 1 are at the pendant group level whereas the 
dynamics of a linear chain are represented theoretically by the relaxation time of a Kuhn length 
of the polymer backbone and, if they are entangled, by the segment length between 
entanglements.62 We have used ion transport measurements to determine the lifetime of a 
Pol+Pol- pair, reasoning that the average ion diffusion coefficient Dions depends on the average 
ion hopping rate ωion between charged polyelectrolyte segments which is the same rate at which 
Pol+Pol- pairs are broken ωpair:26   
 

𝜔𝑖𝑜𝑛 = 𝜔𝑝𝑎𝑖𝑟 =  
6𝐷𝑖𝑜𝑛𝑠

𝑑2    [6] 

where d is the average distance between Pol+Pol- pairs. The volume, Vm, of one mole of 
PDADMA/PSS in 0.4 M NaBr, 520 cm3, was taken from prior work.60 Vm for the same PEC in 0.4 

M NaBr in formamide was 350 cm3. Using 𝑑 = √𝑉𝑚/𝑁𝐴
3

, where NA is Avogadro’s number, d is 0.95 

nm for water and 0.83 nm for the formamide-swelled PEC. In previous studies of PDADMA/PSS 
in water69 Dion exhibited almost no change when the PEC went through Tg, showing the dynamics 
of Pol+Pol- pair breaking are less cooperative than  those of backbone motions. Such a property 
is sought in studies of ion conducting polymers for batteries.70  
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Figure 9. Fraction ξ of 22Na+ in PDADMA/PSS exchanged with unlabeled Na+ in 0.4M NaBr 
solution versus time1/2 at room temperature. Squares, in water; circles, in formamide. Solid lines 
are fits to Equation 7 using DNa+ = 2.30 x 10-6 cm2 s-1 for water and DNa+ = 1.45 x 10-6 cm2 s-1 for 
formamide. Samples were discs of PEC, thickness σ = 0.125 cm for water, and 0.120 cm for 
formamide. Precision and accuracy of each data point is ±5 %. 
 
 To compare the pair breaking rate for a PEC hydrated by water versus solvated by 
formamide, Dion was measured via the self-exchange of radiolabeled 22NaBr. Similar samples of 
PDADMA/PSS were doped in 0.4 M 22NaBr in water or formamide, which, according to Figure 3, 
gives similar doping levels. Under stirring, the radiolabeled 22Na+ was allowed to self-exchange 
with unlabeled Na+ in unlabeled 0.4 M NaBr and the amount of released isotope was tracked by 
scintillation counting. If the fraction, ξ, of exchanged 22Na+ in the PEC as a function of time, t, is 
held below 0.6, ξ is given by26  
 

𝜀 = (
2√𝐷𝑖𝑜𝑛𝑠𝑡

𝜎√𝜋
)

𝜀<0.6
      [7] 

 
where σ is the thickness of the PEC. In Figure 9, ξ is plotted versus t1/2. The diffusion coefficients 
for PDADMA/PSS immersed in water and formamide were 2.30 x 10-6 cm2 s-1 and 1.45 x 10-6 cm2 
s-1, respectively. Using values of d for hydrated versus formamide-swelled PEC in 0.4 M NaBr the 
room temperature pair breaking rates ωpair (Equation 6) were 1.5 x 109 s-1 and 1.3 x 109 s-1, 
respectively.  
 If ωpair is similar in water and formamide why are the Tgs in these solvents so different? 
Individual ion hopping/pair breaking events occur with minimal cooperativity whereas polymer 
backbone motions are highly cooperative. Ions that are “solvated” by polymer chain segments 
rely on the motion of these segments for mobility.71 In contrast,  pendant groups only need to 
swing less than 1 nm to transfer counterions to adjacent pendant groups. The dynamically 
relevant length of an ideal polymer segment is the Kuhn length, which has been shown to be 
about 10 repeat units in a related PEC.26 The pair exchange mechanism in Scheme 1, which 
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allows polyelectrolytes in PECs to flow, is much slower than ωpair, e.g. on the order of 1 μS per 
event at room temperature.26 Five of these pair exchanges must occur to allow one Kuhn length 
to move. Thus, the level/range of cooperativity of the backbone motions are much greater than 
those of individual ions, leading to apparent decoupling of ion and backbone motions. 
Approaching Tg, the motions of the polymer backbone become increasingly cooperative/longer 
range, limited by free volume,72 indicated by increasingly steeper changes in shift factor versus 
temperature, as seen in Supporting Information Figure S5A.  Figure 6B (PDADMA/PSS in water) 
shows strong modulus changes near Tg (about 35 oC), a consequence of this increased 
cooperativity, whereas Figure 6E, the same PEC in formamide, depicts a flatter response since 
the material is far above Tg. To further illustrate this point, Figure S9 (Supporting Information) 
provides a zoom-in of higher temperature responses of G’ in water compared to formamide. If the 
modulus is controlled by the pair breaking and exchange rate shown in Figure 1, the modulus of 
PEC in water or formamide should be comparable, all other things (such as molecular weight, 
ratio, and solvent volume fraction) being equal.  Figure S9 suggests the modulii are indeed 
converging at higher temperatures.  

Though there are about the same number of waters or formamides per Pol+Pol- (Figure 
5), the formamide molecule is larger, which means the volume fraction is larger. Whether this 
additional volume is free volume, which shifts Tg lower, may also depend on where the solvent is 
located. The (hydrophobic) backbone may experience superior plasticization in formamide, 
because it is more solvated. Formamide is miscible with low-polarity solvents such as chloroform 
and ethyl ether.73 Differential solvation of backbone and sulfonated pendant group is strong 
enough in Nafion to induce nanophase separation and segregation of sulfonates into ion-
conducting channels.4  
  

Conclusions 
 Formamide, a potent plasticizer for polyelectrolyte complexes, significantly reduces PEC 
glass transition temperatures compared to those found in water-swelled systems. PDADMA/PSS, 
a common and widely-studied example of a PEC with Tg above room temperature, takes up about 
the same amounts of water and formamide at equilibrium. Mixing a small amount of formamide 
into an aqueous solution lowers the Tg and full plasticization, according to the LVR, is observed 
at a formamide content of about 50%. Equilibrium composition studies show no significant 
preference for swelling by water or formamide in terms of number of molecules per Pol+Pol- repeat, 
but the volume fraction of formamide in PECs is greater.    
 Though toxic, formamide provides insight on the role of small-molecule swelling agents, 
notably water, on the properties of PECs. An equilibrium expression accurately predicted the 
distribution of salt ions between solution and PEC. Ion transport, reflecting the hopping of ions 
between neighboring charged sites in the PEC, occurs at a similar rate at room temperature in 
water-swelled PEC (below Tg) as  in the formamide counterpart (above Tg). These similarities in 
ion transport were observed despite differences in dielectric constant, raising questions regarding 
the transition state depicted in Scheme 1. However, while dielectric constants are known in bulk 
solutions, the effective dielectric constant between charges for PECs in water relative to 
formamide is unknown and may be much less than the bulk values for these solvents.   
 Liquidlike PECs, or coacervates, already exhibit far more chain mobility than the glassy 
PECs studied here. For researchers interested in coacervate droplets as artificial cells,7-8, 51    
combinations of polyelectrolytes exhibiting solid-like properties can be liquified with the addition 
of formamide.  The dielectric constant of methylformamide (MF), 180, is even higher than that of 
formamide and MF is less toxic. Unfortunately, the PECs studied here were not swelled by MF, 
although mixtures of MF and other solvents might be able to swell PECs. Our prior work points to 
a sharp cutoff in size for swelling of PECs by small molecules.28  
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