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Abstract 

The linear viscoelastic response, LVR, of a hydrated polyelectrolyte complex coacervate, PEC, 
was evaluated over a range of frequencies, temperatures, and salt concentrations. The PEC was 
a nearly-stoichiometric blend of a quaternary ammonium poly([3-
(methacrylamido)propyl]trimethylammonium chloride), PMAPTAC, and poly(2-acrylamido-2-
methyl-1-propanesulfonic acid sodium salt), PAMPS, an aliphatic sulfonate, selected because 
they remain fully charged over the conditions of use. Narrow molecular weight distribution 
polyelectrolytes were prepared using fractionation techniques. A partially deuterated version of 
PMAPTAC was incorporated to determine the coil radius of gyration, Rg, within PECs using small 
angle neutron scattering. Chain dimensions were determined to be Gaussian with a Kuhn length 
of 2.37 nm, which remained constant from 25 to 65 0C. The LVR for a series of matched molecular 
weight PECs, mostly above the entanglement threshold, exhibited crossovers of modulus versus 
frequency classically attributed to the reptation time, relaxation between entanglements, and the 
relaxation of a Kuhn length of units (the “monomer” time). The scaling for zero shear viscosity, 

η0, versus chain length N, was η0 ~ N3.1, in agreement with “sticky reptation” theory. The lifetime 

and activation energy, Ep, of a pair between polyanion and polycation repeat units, Pol+Pol-, were 
determined from diffusion coefficients of salt ions within the PEC. The activation energy for LVR 
of salt-free PECs was 2Ep, showing that the key mechanism limiting the dynamics of undoped 
PECs is pair exchange. An FTIR technique was used to distinguish whether SCN- acts as a 
counterion or a co-ion within PECs. Doping of PECs with NaSCN breaks Pol+Pol- pairing 
efficiently, which decreases effective crosslinking and decreases viscosity. An equation was 
derived that quantitatively predicts this effect.   

 

 

Introduction 

An intriguing soft material spontaneously phase separates when solutions of 
polyelectrolytes with opposite charges are mixed. When immersed in aqueous solutions, these 
polyelectrolyte complexes retain substantial amounts of water, yet they display properties ranging 
from glassy (below a well-defined glass transition temperature, Tg), to rubbery/liquidlike above 
Tg.1 Complexes above their Tg at room temperature are usually termed “coacervates,” a definition 
originating from the droplet-like morphologies of biopolymer complexes observed by Bungenberg 
de Jong and coworkers.2 Here, the term PEC is used in its most general sense to mean 
polyelectrolyte complexes or coacervates.  

 Microscopic representations of PECs usually depict pairing of repeat units on the 
polycation, Pol+, and polyanion, Pol-, illustrated in Scheme 1, which shows a stoichiometric PEC 
with equal numbers of positive and negative repeat units. Pol+Pol- charge pairs that have 
appreciable lifetimes can be considered to be physical crosslinks.  

Scheme 1. Depiction of a stoichiometric PEC showing Pol+Pol- charge pairings, also known as 
“intrinsic sites,” and Pol+A- and Pol-M+, extrinsic sites (within dotted squares), where salt MA acts 
as counterions. Some salt ions within the PEC exist as coions (highlighted by dotted circles).  
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The crosslink is a fundamental construct in macromolecular science. If permanent, crosslinks 
make glassy materials stiffer, or they turn liquid-like polymers into rubbery ones.3 There has been 
intense interest in dynamic crosslinks, which may be chemical or physical in nature.4-5 The latter 
category includes hydrogen bonding 6 and “electrostatic” interactions such as those represented 
in Scheme 1. 

 The addition of salt, M+A-, introduces a processing dimension not available to neutral 
polymers: as more salt is added to solution it enters the PEC and breaks interactions between 
polymers.7 This effective decrease in crosslink density makes the PEC more fluidlike. Added salt 
transforms a glassy polymer into a rubbery one, enabling processing such as extrusion,8 spin 
coating,9 bar coating,10 embossing,11 compression,7, 12 and electrospinning.13  This “saloplasticity” 
promotes self-healing driven by enhanced chain mobility at intermediate salt concentrations.7  

 Salt effects on polyelectrolyte solution conformations and properties are usually explained 
using continuum electrostatics arguments, wherein salt “shields” Coulombic interactions between 
charges.14-15 A similar mechanism is often used to explain the control of Pol+Pol- interactions in 
PECs by MA.16-18 An alternative approach focuses on a site-specific interplay between paired or 
unpaired units, connected via chemical equilibria.19-20 Electrostatic theories take a step towards 
site-specificity by introducing charge-charge correlations.21-22  

 In the ideal specific salt “doping″ model, one MA breaks one crosslink, illustrated in 
Scheme 1. In fact, not all MA that enters a PEC breaks Pol+Pol- pairs (Scheme 1). Those that do 
so are termed counter-ions and those that do not are co-ions.23 Though incorporated into theory,24 
to this point it has proven difficult to measure the fraction f of MA within the PEC acting as 
counterions. If f =1, all salt within a PEC breaks charge pairs and the influence of physical 
crosslinking density on PEC properties such as linear viscoelastic response, LVR, could be 
reliably modeled. 
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 Viscoelastic measurements of PECs yield critical information on the dynamics of these 
amorphous, hydrated materials.17, 25-30 Variables such as frequency and temperature, available to 
rheology, may be used to investigate modulus and viscosity as a function of molecular weight, 
and molecular weight distribution.31 Many PECs exist in near-equilibrium with the “dilute phase” 
in which they are immersed and salt concentration is a reproducible and reversible variable.  

The effects on phase compositions and LVR by reversibly breaking Pol+Pol- pairs using 
salt have been studied intensively over the last decade.26, 32-36 Polyelectrolyte pairs with matched 
molecular weights are optimal for studying chain relaxation dynamics. LVR for polymers 
exceeding the entanglement molecular weight, Mc, may be compared to theories for “sticky 
reptation,” which account for transient interactions between “sticker” groups.37-39  

We have studied LVR for PECs below and above Mc using poly(methacrylic acid) salts, 
PMA, and poly([3-(methacrylamido)propyl]trimethylammonium chloride), PMAPTAC.40 This pair 
forms a liquidlike PEC, far above Tg at room temperature, which behaves like a polymer melt. 
Using carefully fractionated materials, time-temperature superposition produced LVR that was 
broad enough to show several classical crossovers in storage and loss modulus (G′ and G″ 
respectively) as a function of frequency. This work illustrated strong slowing of polymer dynamics 
on all scales but produced the unusual result that zero-shear viscosity, 𝜂௢, scaled as N5 rather 
than N3 (predicted by theory).37, 40 Subsequent studies of PECs containing pH-sensitive (also 
termed “weak”) polyelectrolytes revealed a complex interplay between salt concentration, pH and 
the degree of association and protonation within the PEC:41 the presence of an oppositely-
charged polymer, or salt, shifts the apparent pKa

42 which shifts the Pol+Pol- density.43 Narrow 
molecular weight distribution polypeptides have been employed for many PEC systems.33, 36, 44 
However, there is a wide range of LVR responses attributed to the hydrogen bonding programmed 
into these biopolymers.45-46 

Given the intense interest in PEC composition and dynamics, a good representative 
system is needed. The goals of the present work were to establish reliable LVR in a strongly 
charged, synthetic, liquidlike, entangled PEC, free of hydrogen bonding and made with narrow 
molecular weight distribution components. Comparison to theory places several additional 
demands on the system: first, PECs must be stoichiometric. Second, the chain dimensions and 
the “ideal monomer” Kuhn length, and whether this changes with temperature, must be measured. 
In addition, the mechanism for relaxation at the monomer length scale must be established. 
Finally, when salt is added to PECs the fraction f that breaks charge pairs must be known so that 
the effective sticker density can be calculated.   

Experimental Section 

Materials. [3-(Methacryloylamido)propyl]trimethylammonium chloride (MAPTAC, 50 wt. % in 
H2O), 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS, 50 wt. % in H2O), N-(3-
aminopropyl)methacrylamide hydrochloride (AMA), dimethyl formamide (DMF), d3-iodomethane 
(CD3I), ethyl acetate, 1,2,2,6,6-pentamethylpiperidine (PMP),  inhibitor removal beads, sodium 
nitrate (NaNO3), sodium azide (NaN3), and sodium thiocyanate (NaSCN) were from Sigma 
Aldrich. Acetone used for fractionation and polymer purification was from Fisher Chemicals. 
Deuterium dioxide (D2O, 99.9%) was from Cambridge Isotope laboratories. The radioactive salts 
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were sodium chloride (22NaCl, 54.3 Ci) from Perkin Elmer and potassium thiocyanate (KS14CN, 

100 Ci) from ViTrax. Ultrapure water (18.2 M cm) was supplied via a Barnstead E-Pure system 
(Thermo Scientific) to prepare all solutions. 

Polymer Synthesis. Solutions of MAPTAC and AMPS monomers were stirred for 4 h with 
inhibitor removal beads. After filtering out the beads, 50 mL of MAPTAC solution was diluted with 
water to a concentration of 1.19 M. A similar dilution with AMPS yielded 1.46 M AMPS. 8 mg 
K2S2O8 initiator was added to the solutions and free radical polymerization was carried out at 65 
C under N2 and stirring for 18 h. The polymer solutions were freeze dried then dried at 120 C 
for 18 h.  

Polyelectrolyte Fractionation. To isolate polyelectrolyte (PE) samples with low dispersity, 
molecular weight fractionation was carried out with the starting PMAPTAC (Mw = 311 kg mol-1, Đ 
= 2.32) and PAMPS (Mw = 119 kg mol-1, Đ = 1.71) samples. Acetone was gradually added to 10 
g of PMAPTAC or PAMPS in 100 mL water. Each fraction precipitating out was collected by 
centrifuging the solution at 6000 rpm for 30 - 60 min. Additional acetone was added to the 
remaining polymer solution and the process repeated to obtain several fractions. The fractions 
were dried at 120 C for 18 h. Unless otherwise stated, PMAPTA/PAMPS PECs were made with 
the Đ = 2.32/1.71 mentioned above. 

Size Exclusion Chromatography (SEC). Size exclusion chromatography (Supporting 
Information Figure S1) was used to determine the weight-average molecular weight, Mw, number-
average molecular weight, Mn, and the dispersity index (Đ = Mw/Mn), all given in Table 1. Molecular 
weights include the counterions of the mobile phase (see Supporting Information for a detailed 
procedure).  

Table 1. Mw, Mn, Đ and n of the PMAPTA(NO3) and PAMPS fractions. n is the average number of 
monomers per polymer chain. n = Mn/M0, and M0 the molecular weight of the monomer repeat 
unit: 247 g mol-1 for MAPTA(NO3), and 229 g mol-1 for AMPSNa and N the number of Kuhn 
segments 
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Preparing Stoichiometric Polyelectrolyte Complexes. Nearly stoichiometric PECs were 
prepared by mixing equimolar solutions (0.125 M) of PMAPTAC and PAMPS in 0.1 M NaSCN. 
The mixture was stirred for an hour at room temp and the polymer rich phase (PEC) was collected. 
The PEC was rinsed in water to wash out the salt ions, then dried for 18 h at 120 C. The ratio of 
PMAPTA:PAMPS was measured using NMR (Supporting Information Figure S2) and verified by 
radiolabeling (see below). For NMR, 10 mg of sample was dissolved in 1.0 mL, 1.0 M NaSCN in 
D2O (for PMAPTAC or PAMPS homopolymers) while the complexes were dissolved in 0.6 M 
NaSCN in D2O, and 1H NMR spectra were collected using an AVANCE 600 MHz NMR (Bruker). 
All PECs were liquidlike and transparent. 

Radiolabeling. The degree of non-stoichiometry can be precisely measured by 
determining the amount of residual counter ions. Excess charge from either polyelectrolyte will be 
compensated by a counter-ion (Na+ compensates excess AMPS- and SCN- compensates excess 
MAPTA+). Unlabeled counterions were replaced with labeled ones by soaking the PEC in a dilute 
solution of radiolabeled ions (NaS14CN or 22NaSCN) as in prior work (see Supporting Information 
for detailed procedure). The number of moles of PEC, 22Na+ and S14CN- in the PEC are given in 
Table 2.  

 

Mw 

kg 
mol-1 

Mn 

kg mol-1 

 

Đ 

 

n 

 

  N 

PMAPTA(NO3) 39.5 33.2 1.16 134 14 

181 168 1.09 679 72 

217 190 1.14 769 82 

349 319 1.09 1290 137 

390 356 1.10 1440 153 

613 554 1.11 2241 238 

      

PAMPS 54.6 51.3 1.06 224 24 

139 128 1.09 559 60 

215 206 1.04 898 96 

270 248 1.09 1085 115 

370 347 1.06 1517 161 

502 472 1.06 2063 219 

NO3
- 

Na+ 
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Table 2. Stoichiometry of P1479 PEC via radiolabeling  

  

P1479 (mol repeat 
units) 

1.52 x 10-4 

S14CN- PEC (mol) 3.27 x 10-6 

22Na+ PEC (mol) 5.12 x 10-7 

Pol+:Pol- 1.018 

 

A small amount of salt enters the PEC via doping, which introduces both Na+ and SCN-. Excess 
Pol+ only brings in SCN- The stoichiometry is given by   

                                                   
ሾ௉௢௟శሿ

ሾ௉௢௟షሿ
ൌ 1 ൅

௠௢௟௘௦ௌ஼ேషି௠௢௟௘௦ே௔శ

௠௢௟௘௦௉ா஼
                                         [1] 

Critical Salt Concentration (CSC). Turbidimetry was used to determine the CSC. A Cary 100 
UV-Visible spectrophotometer (Varian) was used to measure the absorbance of 1 mg mL-1 
solutions of PMAPTA/PAMPS at λ = 450 nm. 0.025 g of dry PEC was dissolved in 25 mL of 0.6 
M NaSCN. Solutions with navg = 1188, 834 and 179 were prepared and their absorbances 
measured as the concentration of NaSCN was varied near the PEC CSC, which was determined 
to be between 0.5 and 0.6 M NaSCN by visual inspection of the point at which sufficient NaSCN 
had been added to dissolve the PEC. 2 mL of each dissolved PEC solution was diluted with 
aliquots of 100 L H2O until the absorbance increased to above 1 (“reverse” method). 100 L of 
[NaSCN] = 0.6 M was then gradually added to increase the concentration back to above the CSC 
(“forwards” method), until the solution no longer scattered light (absorbance ≈ 0).  

Doping Behavior. The composition, including the concentration of salt in the PEC, [NaSCN]PEC, 
as a function of the concentration of salt in solution (dilute phase), [NaSCN]s, was determined by 
soaking a known mass of dry PMAPTA/PAMPS in different [NaSCN]s (0.3, 0.2, 0.1, 0.08, 0.06, 
0.04, 0.02, 0.01 M), removing the supernatant, then releasing the PEC salt ions into 110 mL water 
in a jacketed, temperature controlled cell and recording the conductivity using a four-probe 
conductivity cell (Orion 013005MD, Thermo Scientific) and a conductivity meter (Orion 3 star, 
Thermo Scientific). The conductivity at long time, ,  assumed to correspond to release of all salt 
in the PEC, was converted to the salt content using conductivity standards. The water content 
was determined from the mass of the hydrated PEC in the various [NaSCN]s. The conductivity 
cell was thermostatted to ± 0.1 oC with a Thermo Haake K20 circulator and stirred with a large 
paddle. 

Linear Viscoelastic Response. The storage modulus G′, loss modulus, G″, and complex 
viscosity, η, for the PEC pairs were evaluated as a function of temperature and salt concentration 
using a stress-controlled DHR-3 rheometer (TA Instruments). PEC pairs P179, P619, P834, 
P1188, P1479, P2152, P1 and P2 (details given in Table 3) were soaked in 0.01M NaSCN for a 
minimum of 18 h, loaded onto the lower plate of the rheometer, and compressed using a 20 mm 
upper plate while immersed in 0.01 M NaSCN using a reservoir built in-house. The reservoir was 
equipped with a lid to prevent evaporation. The storage and loss modulus were recorded as a 
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function of oscillation frequency across a range of temperatures (between -5 and 85 C) at 0.1% 
strain, well within the linear viscoelastic regime. Time-temperature superposition (TTS) was 
performed to obtain responses at a reference temperature Tr = 25 C across a wide range of 
effective frequencies (10-4 - 105 rad s-1).  

For zero shear viscosities, the steady state viscosity was recorded as a function of shear 
rate at 55 C using the lowest range of shear rates available (10-4 -10-2 rad s-1). The system was 
given 180 s to reach equilibrium after applying a shearing force. Viscosity independent of shear 
rate gave a plateau of values, which were averaged across the plateau to yield η0, zero-shear 
viscosity, as a function of molecular weight and salt concentrations (for the pair nav = 1479).  

Table 3. Pairs of PMAPTA and PAMPS with matched, or mismatched, chain lengths. The 
average number of Kuhn segments (Nav) in the PMAPTA/PAMPS pairs.  Mole ratio of 
PMAPTA+:PAMPS- measured by NMR. P179 was below entanglement. P1 and P2 were 
mismatched lengths. 

Pnav nav N+ N- Nav Pol+:Pol- 

P179 179 14.3 23.8 19.1 0.97:1 

P619 619 72.2 59.4 65.9 0.98:1 

P834 834 81.8 95.5 88.7 0.98:1 

P1188 1188 137 115 126 0.97:1 

P1479 1479 153 161 157 0.99:1 

P2152 2152 238 219 229 0.98:1 

P1 - 239 24 - 0.96:1 

P2 - 15 219 - 1:1.02 

 

FTIR Spectroscopy. Attenuated total internal reflection Fourier transform infrared spectroscopy 
(ATR-FTIR) was used to monitor the absorbances corresponding to the C≡N stretch for 
thiocyanate (at 2060 cm-1 when SCN- is a counter ion and 2064 cm-1 when it is a co-ion). Spectra 
of 0.6 M aqueous NaSCN, 1.0 M PMAPTA+ with SCN- as counterion (PMAPTA(SCN)), 1.0 M 
PAMPS dissolved in 0.6 M NaSCN, and PMAPTA/PAMPS PEC doped in 0.3 M NaSCN were 
collected at 0.5 cm-1 resolution using a ThermoScientific Nicolet iS20 with a Pike MIRacle ATR 
attachment fitted with a single-reflection diamond/ZnSe crystal. The background for all 
measurements was air. PMAPTA(SCN) was obtained via ion exchange by dialyzing a dilute 
solution of PMAPTAC against NaSCN (see above).  
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Measuring Ion Diffusion. The diffusion coefficient, Dions (cm2 s-1), of NaSCN in PMAPTA/PAMPS 
was measured as a function of temperature using the kinetics of salt release from the PEC into a 
solution of fresh water over a temperature range of 5 to 65 C. 1.43 g of hydrated 
PMAPTA/PAMPS soaked in 0.10 M NaSCN, 0.066 cm thickness, 2.5 cm radius, was placed 
inside a water jacketed beaker connected to a circulating thermostat. 110 mL water, equilibrated 
at the target temperature, was poured over the coacervate disk at t = 0 and the conductivity was 
recorded every 10 s until a plateau was reached. To ensure kinetics of salt release were limited 
by diffusion through the PEC, and not by diffusion through solution, the solution above the PEC 
was briskly stirred with a large paddle.   

The tracer diffusion coefficient of SCN-, DSCN-, within PECs doped with [NaSCN]s = 0.01, 
0.02, 0.04, 0.08, 0.16 and 0.3 M was measured at room temperature (T = 23.4 C) by self-
exchange of labeled (S14CN-) with unlabeled SCN-. 0.15 g of dry PMAPTA/PAMPS was added to 
10 mL of each salt concentration (starting with 0.01 M NaSCN) and 10 μL of NaS14CN (1 μCi, 1 
Ci = 3.7 x 1010 disintegrations per second) was added. 24 h was allowed for the radioisotope to 
exchange into the PEC. The kinetics of SCN- release was measured by removing the radioactive 
solution and substituting it with an unlabeled NaSCN solution of the same concentration. 
Maintaining vigorous stirring, 100 μL aliquots were extracted at different times, mixed with 2 mL 
liquid scintillation cocktail and the counts were recorded using the 14C channel of the scintillation 
counter until the count rate of sequential aliquots reached a plateau.  

Small-Angle Neutron Scattering (SANS). The syntheses of deuterated monomer and polymer 
are described in Supporting Information. The deuterated polymer was fractionated as above into 
samples with defined size and paired with a polyelectrolyte with matching degree of 
polymerization (Table 4, Figure S3, Table S1). A 1:4 mole ratio mixture of deuterated and non-
deuterated PMAPTAC was complexed with PAMPS under stoichiometric conditions.  

Table 4. n+ the number of repeat units in PMAPTA+, n- the number of repeat units in PAMPS- and 
nD+, the number of repeat units in the deuterated PMAPTA+ comprising the samples used in 
neutron diffraction. 

PEC n+ nD+ n-

d-A 1290 1363 1085
d-B 739 609 559 

 

Nondeuterated components were contrast matched using a 1:4 D2O:H2O mixture. Scattering 
length densities (SLDs) of one PMAPTA/PAMPS unit (C17H33N3OsS) at different D2O:H2O ratios 
were matched with the appropriate 0.1 M NaSCN D2O:H2O mixture of equal SLD. The SLDs were 
calculated using the NIST online calculator (density = 1.1 g cm-3, sample thickness = 1 mm, and 
neutron wavelength of 6 Å). PECs d-A and d-B were soaked in 0.1 M NaSCN/1:4 D2O:H2O and 
annealed at 50 °C for 18 h. The complexes were then loaded into 1 mm path 20 mm diameter 
silica banjo cells, sealed while covered with the contrast matched solved and annealed at 45 °C 
for 3 days. The samples were slowly cooled back to room temperature. SANS measurements 
were performed on the extended q-range small-angle neutron scattering diffractometer (EQ-
SANS) at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL). Two 
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sample-to-detector distances (9m and 4m) in combination of wavelength bands defined by 
minimum wavelength of 15 Å and 2.5 Å, respectively, were used to cover the q-range of 0.003 Å-

1 < q < 0.3-1, where the magnitude of the scattering vector, q, is defined by 𝑞 = (4𝜋/𝜆)𝑠𝑖𝑛(𝜃). Here, 
𝜆 is the wavelength of neutron and 2𝜃 is the scattering angle. Absolute scale intensities were 
calibrated with a porous silica standard sample. Measurements were performed at 25 oC for 
samples d-A and d-B, and a reference banjo cell loaded with the contrast matched electrolyte. 
Sample d-B was also measured at 35, 45 and 65 °C. The data reduction including corrections for 
detector sensitivity and background was performed using MantidPlot software. SasView was used 
to fit the data to the scattering intensity versus q for a monodisperse Gaussian coil.  

Results 

    SANS was used to evaluate the radius of gyration, Rg, of D-PMAPTA in 
PMAPTA/PAMPS, and thence the length of a statistical Kuhn unit. Rg was measured for two PECs 
of different chain length, and as a function of temperature. D-PMAPTAI (see Figure S3 and Table 
S1) was used to make a deuterium labelled PEC by mixing 25 mol% P(D-MAPTAI) with 75 mol% 
PMAPTAC, and PAMPS in stoichiometric ratios to obtain complexes with polymer chain lengths 
given in Table 4. Dilution of the deuterated chains in this way simplifies the analysis by separating 
interchain from intrachain correlations.47 To ensure that the deuterated polymers were the only 
segments contributing to coherent scattering, the non-deuterated components were contrast 
matched with a 1:4 mixture of D2O and H2O.  Figure 1 shows the neutron scattering profile from 
the two PEC samples (see also Figure S4) soaked in a 0.1 M NaSCN 1:4 D2O:H2O solution.  

 

Figure 1. Small angle neutron scattering of PEC d-A (upper curve, nDMAPTA = 1363, Table 4) 
displaced for clarity by a factor of 3 and PEC d-B (lower curve nDMAPTA = 609, Table 4), both in 
0.10 M NaSCN at 25 oC. 25% of the PMAPTA was pure D-MAPTA homopolymer. The 
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nondeuterated components were contrast matched with a mixture of 1:4 D2O/H2O. The fits (solid 
lines) are to Gaussian coils with respective RG of 11.3 and 8.0 nm. Inset shows the Guinier region: 
intensity from 0.08 to 0.8 and q from 0.04 to 0.09 Å-1  

 

In intermediate q ranges (0.02 Å-1 < q < 0.2 Å-1), the scattering is predominantly from 
length scales of the polymer coil size (D-PMAPTA in this case). SASview was used to fit the form 
factor, P(q) for Gaussian chains: 

                                                     𝑃ሺ𝑞ሻ ൌ
ଶሺ௘షೣା௫ିଵሻ

௫మ                                                     [2] 

where x = q2Rg
2. The scattering intensity I(q) decays with q as I(q) ~ q-2 (Figure 1 inset and Figure 

S4) which is a feature of scattering from Gaussian chains. The Rg measured for PECs d-A and 
d-B was 11.3 and 8.0 nm, respectively. The Kuhn length, b, was calculated from the polymer 

contour length nl (n is the number of monomer repeat units and l = 0.252 nm is the length between 

repeat units along the backbone) such that b = 6Rg
2/nl. b was determined to be 2.23 and 2.50 nm 

for the longer and shorter chains in Figure 1, respectively, for an average of 2.37 ± 0.19 nm. The 
Kuhn length for PAMPS in a θ-solvent was reported to be 2.4 nm.48 The number of monomer 

units, nK, in a Kuhn length is b/l = 9.4. Scattering from PEC d-B (nDMAPTA = 609) over the same q-
range was measured as the system was heated (5 to 65 oC, Figure S4) and the fitted Rg was 

found to be constant within error (8.0  0.20 nm) as a function of temperature.  

Critical Salt Concentration, CSC. Sufficiently concentrated salt solutions swell, then dissolve, 
most PECs, effectively reversing the liquid-liquid phase separation that caused them.49 The point 
at which this occurs, often judged by eye, or measured with turbidimetry, is the CSC (also termed 
“salt resistance”50). The CSC, a readily accessible point on the phase diagram of PECs in 
equilibrium with the dilute phase, depends on molecular weight: the CSC for shorter chains is 
lower.23 The CSC also depends strongly on the chemical nature of MA: salts containing ions at 
the hydrophobic end of the Hofmeister series are more effective at dissolving PECs. Some PECs 
which do not show an apparent CSC at any [MA]s for a particular salt may be dissolved with a 
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more hydrophobic salt.41 The CSCs for three PMAPTA/PAMPS pairs in NaSCN are shown in 
Figure 2. 

 
Figure 2. Measurement of the critical salt concentration of 1 mg mL-1 PMAPTA/PAMPS using 
PECs P179 (circles); P619 (diamonds); and P1188 (triangles) pairs, all with low polydispersity 
(see Tables 1 and 3). Turbidity is given by the absorbance at a wavelength of 450 nm (A450) at 
room temperature. The CSC is taken to be [NaSCN] where A450 drops to zero. First, 0.6 M NaSCN 
was added to 3 mg PEC, which was slightly above [NaSCN]S,CSC (absorbance ≈ 0). Water was 
then added to dilute the NaSCN and bring the solution below the [NaSCN]S,CSC in the “desalting″ 
or “reverse” method (filled symbols). Then, NaSCN was added to the precipitated PEC to dissolve 
it again (the “forwards” method, open symbols).  
  

Specific Doping of PEC by NaSCN. Below the CSC, MA added to solution is assumed to “dope” 
the PEC, represented by Equation 3, in a site-specific model. (In contrast, MA “shields” the 
polymer charges in continuum electrostatics models)  

                         ሾ𝑃𝑜𝑙ା𝑃𝑜𝑙ିሿ௉ா஼ ൅ 𝑦𝑀௦
ା ൅ 𝑦𝐴௦

ି → ൣሺ𝑃𝑜𝑙ା𝑃𝑜𝑙ିሻଵି௬൅ሺ𝑃𝑜𝑙ା𝐴ି𝑃𝑜𝑙ି𝑀ାሻ௬൧
௉ா஼

          [3] 

where y is the fraction of intrinsic sites converted to extrinsic ones, “s” is the solution phase and 
“PEC” is the PEC phase. Equation 3 assumes all salt in the PEC breaks Pol+Pol- pairs, as in 
Scheme 1. However, it has been found experimentally23, 51 and computationally24 that MA does 
not necessarily break Pol+Pol- pairs and, especially near the CSC,34 much of the salt exists as co-
ions rather than the counterions implied by Equation 3. A more accurate representation of the 
disposition of ions within a PEC is 

     ሾ𝑃𝑜𝑙ା𝑃𝑜𝑙ିሿ௉ா஼ ൅ 𝑟𝑀௦
ା ൅ 𝑟𝐴௦

ି → ൣሺ𝑃𝑜𝑙ା𝑃𝑜𝑙ିሻଵି௙௥൅ሺ𝑃𝑜𝑙ା𝐴ି𝑃𝑜𝑙ି𝑀ାሻ௙௥൅ሺ𝑀ା𝐴ିሻሺଵି௙ሻ௥൧
௉ா஼

       [4] 
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where r is the molar ratio of total MA in the PEC to Pol+Pol- and f is the fraction of MA within the 
PEC acting as counterions. Thus, y = fr.  Figure 3 shows r as a function of [NaSCN]s. The data is 
also presented as [NaSCN]PEC versus [NaSCN]s, which makes it clear that the concentration of 
MA in the PEC is more than that in the supernatant at equilibrium, in conflict with most 

electrostatics-based theory.10 As with most PEC doping responses,23, 51 there is a small intercept 
on the [MA]s axis, giving a negative intercept on the r axis (here, about -0.02) , probably due to a 
combination of the residual ions from excess PMAPTA+ (about 2%) and the osmotic pressure of 
the chains themselves. These nonidealities are hard to avoid,27 as all undoped PECs contain a 
few extrinsic sites (see Table 3), making it difficult to approach truly ion-free PEC.     
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Figure 3. Doping of PMAPTA/PAMPS PEC with NaSCN at room temperature. A: molar 
concentration of NaSCN in the PEC, [NaSCN]

PEC
, as a function of [NaSCN] in the solution or 

“dilute phase,” [NaSCN]s. The dashed line is provided by Equation 10, where f was assumed to 
be = 1 and ΔHPEC was measured to be +2255 J mol-1; [NaSCN]

PEC
 = 1.58[NaSCN]

s
. B: ratio r = 

[NaSCN]
PEC

/[PE]
PEC

 versus [NaSCN]s. The dotted line gives r = 1.93[NaSCN]
s
 – 0.02. From this 

fit, at r = 1, [NaSCN]s = 0.53 M which is close to the experimental CSC (Figure 2).   

          
Ion Dynamics as a Reporter of Polymer Repeat Unit Dynamics. Ion transport in PECs can be 
modeled by hopping between adjacent segments of the same charge.40 e.g. 

𝑃𝑜𝑙ଵ
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ି ൅ 𝑃𝑜𝑙ଶ
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Because counterion dynamics are coupled to, and limited by, polymer dynamics,52 the ion hopping 
rate ωion is assumed to be the same as the Pol+Pol- breaking rate.40  The diffusion coefficient of 
NaSCN was determined by monitoring the conductivity of a solution of fresh water which was 
poured on top of a doped PEC film. The fraction of the released salt (ψ = 𝑀ே௔ௌ஼ே௧ 𝑀ே௔ௌ஼ே௧ୀஶ⁄ ), 

where 𝑀ே௔ௌ஼ே௧ is the amount of NaSCN released at time t, was used to evaluate the salt diffusion 

coefficient, Dions of NaSCN (cm2 s-1) using the equation for diffusion out of/into a plate:53 

                                                           

𝜓 ൌ
ெ೟

ெಮ
ൌ 1 െ ∑ ଼

ሺଶ௡ାଵሻమగమ 𝑒𝑥𝑝 ቂି஽೔೚೙ೞሺଶ௡ାଵሻమగమ௧

ସఙమ ቃஶ
௡ୀ଴ ൌ ൬

ଶඥ஽೔೚೙ೞ௧

ఙ√గ
൰

టழ଴.଺
          [6] 

where σ is the thickness of the PEC. The boundary conditions for Eq. 6 are: diffusion from one 
side of a parallel plate, assume uniform distribution of ions in the PEC at t = 0 and the 
concentration of ions at the surface and in the bulk water  0, ensured by a large volume of water 
and brisk stirring at the interface. The slope of the line in Figure 4A is the linear limit of Equation 
6, valid for ψ < 0.6. Average ion hopping frequencies can then be calculated by assuming three-
dimensional hopping between nearest next neighbors: 

                                                                      𝜔௜௢௡ ൌ  
଺஽೔೚೙ೞ

ௗమ                                          [7] 

Where d is the hopping distance or the distance between Pol+Pol- pairs (Table S2). The relaxation 
rate slows with cooling according to the Arrhenius equation with activation energy Ei (J mol-1): 

                                                                  𝜔௜௢௡ ൌ 𝐴ଵ𝑒
ିா೔

ோ்ൗ                                       [8] 

 Ei was calculated from the slope of lnD vs. 1/T to be 18.2 kJ mol-1 and A1 was found from the 
intercept of Figure 4B: 1.36 x 1012 s-1. 
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Figure 4. A. Fraction ψ of NaSCN released into water as a function of t
0.5

 (s
0.5

) at various 
temperatures from a PMAPTA/PAMPS PEC doped in 0.1 M NaSCN. Solid lines are the fit to 
Equation 6 using the fitted diffusion coefficients (cm2 s-1) in B (left axis). The hopping frequencies 
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were calculated using  𝜔௜௢௡ ൌ
଺஽೔೚೙ೞ

ௗమ   and an average distance d between Pol+Pol- pairs of 0.95 x 

10-7 cm (in 0.1 M NaSCN, Table S2). The slope gives an activation energy of 18.2 kJ mol-1 and 
an intercept D0 of 2.05 x 10-3 cm2 s-1 and A1 = 1.36 x 1012 s-1.  
 

The tracer diffusion coefficient of SCN-, DSCN, at different [NaSCN]s was determined by 
measuring the fraction of radioactive thiocyanate, S14CN-, released into a solution of non-
radioactive NaSCN of the same concentration (Figure 5). DSCN remained surprisingly similar 
(Figure 5B) over the range of [NaSCN]s, another indication that SCN- clings to MAPTA+ as it hops 
through the PEC. In fact, the only reason for the variation of DSCN is from the slight increase in 
film thickness σ as the PEC is doped. There is little evidence that NaSCN accelerates dynamics 
by “screening” Pol+Pol- electrostatic interactions.17 

Dions represents the coupled diffusion coefficient between Na+ and SCN-, while DSCN is the 
tracer or single ion coefficient for SCN-. The two are related by54 

𝐷௜௢௡௦ ൌ
ଶ஽ಿೌ஽ೄ಴ಿ

஽ಿೌା஽ೄ಴ಿ
     [9] 

where DNa is the tracer diffusion coefficient for Na+. Because the coefficient at 25 oC for Dions and 
DSCN are similar (1.3 x 10-6 and 1.0 x 10-6 cm2 s-1, respectively), DNa must be close to DSCN.  
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Figure 5. A; Fraction of radiolabeled S
14

CN
-
, ψ, exchanged with 10 mL unlabeled NaSCN as a 

function of time
0.5

 (s
0.5

) at [NaSCN]
s
 = 0.01, 0.02, 0.04, 0.08, 0.16 and 0.3 M. Room temperature. 

B; The diffusion coefficient fits to Equation 6 for ψ < 0.6 as a function of [NaSCN]
s
 (blue circles). 

Ion hopping frequencies were calculated from Equation 7 using d values given in Table S2 (red 
squares). The dotted lines are guides to the eye. 
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Linear Viscoelastic Response (LVR). Rheology was used the monitor the LVR of PEC pairs of 
various lengths. The storage and loss modulus were measured at a strain of 0.1% and at different 
temperatures in the frequency range 0.01 ൏  𝜔 ൏ 100 rad s-1. Time-temperature superposition, 
TTS, was used to study the dynamics across a wider range of frequencies in Figure 6. Individual 
TTS plots of the pairs along with shift factors aT and bT are given in Figure S5. 

 

 

Figure 6. Linear viscoelastic response of PMAPTA/PAMPS PECs in 0.01 M NaSCN. Storage and 
loss modulus, G′ and G″ (Pa), as a function of frequency (in rad s-1). Shift factors aT and bT for 
time-temperature superposition are given in Supporting Information Figure S5. Reference 
temperature is 25 oC. A, PEC below entanglement and mismatched pairs. B, pairs with matched 
molecular weights, all above the entanglement molecular weight. 
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 Table 5. The dynamic crossover lifetimes rep, e and 0 (s), storage modulus at the rubbery 
plateau Go (Pa), number of Kuhn segments between entanglements Ne, and zero shear viscosity 
ηo (Pa s) of the PMAPTA/PAMPS pairs at Tref = 25 oC and [NaSCN]s = 0.01 M.  

Pnav  𝜏rep (s) 𝜏e (s) 𝜏0 (s) Go (Pa) Ne ηo (Pa.s) Go𝜏rep 

P179  - - 2.5 x 10-4 - - 2.58 x 103 - 

P619  0.35 0.029 3.6 x 10-4 38000 14 2.35 x 104 1.33 x 104 

P834  1.26 0.020 5.6 x 10-4 32400 16 5.39 x 104 4.08 x 104 

P1188  5.8 0.028 4.8 x 10-4 33100 16 1.91 x 105 1.89 x 105 

P1479  11.3 0.025 3.5 x 10-4 28200 19 2.88 x 105 3.19 x 105 

P2152  45.6 0.012 5.8 x 10-4 26900 20 1.14 x 106 1.23 x 106 

P1  - - 4.8 x 10-4 - - 2.71 x 103 - 

P2  - - 5.2 x 10-4 - -- 2.89 x 103 - 

 

Fig. 6B gives G′ and G″ for pairs P619, P834, 1188, P1479, P2152, all above entanglement as 
indicated by the two dynamic crossover points at lower frequencies: 𝜔௥௘௣ and 𝜔௘. 𝜏௥௘௣ = 1/𝜔௥௘௣ 

describes the relaxation time of the longest dynamic length scale corresponding to a polymer 
chain reptating out of a tube. 

 Table 5 summarizes the characteristic LVR parameters for PEC pairs. Characteristic 
relaxation times are read directly from the G’ and G” crossing points in Figure 6: reptation time, 

τrep; Rouse relaxation time of a chain length between entanglements, τe; relaxation time of a Kuhn 

(ideal) monomer, τ0.  Plateau modulus G0 was taken as G’ at the maximum of G’/G” (minimum of 

tanδ). The number of Kuhn monomers between entanglements, Ne = Me/M0nK, where Me was 
calculated from Equation 11.  

DISCUSSION 

In order to understand the response of PECs to variables such as temperature, molecular 
weight and salt concentration, many parameters must be known, including the coil size, and the 
dependence of coil size on temperature. This work attempts to measure these on the same, well-
behaved system to enable theoretical and quantitative descriptions. Because charged monomers 
were used for synthesis, the resulting polyelectrolytes were fully charged. PMAPTAC and PAMPS 
yield a liquid-like PEC well above Tg at room temperature, similar to conditions used for many 
neutral polymers to probe dynamics in the melt phase. The quaternary ammonium and sulfonate 
charged groups on the respective polyelectrolytes are strongly charged i.e. remain fully ionized 
over a wide range of solution pH. Due to their enhanced stability against hydrolysis,55 acrylamido 
monomers were preferred over acrylates. The acrylamido group also places hydrophilicity near 
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the backbone, as opposed to phenyl pendant groups such as those in poly(styrene sulfonate), a 
widely used polyelectrolyte.  

Narrow molecular weight distributions of PMAPTAC and PAMPS were prepared using 
classical fractionation techniques (see Table 1 and Figure S1 for details on polyelectrolyte length 
and distribution). The polymer chains did not have hydrophobic end units, believed to have 
caused anomalous results in prior PEC SANS characterization.56 Solution NMR was used to verify 
that PECs were close to stoichiometric (see Table 3 for Pol+Pol- ratios and Figure S2 for NMR 
spectra and peak assignments). Non-stoichiometric PECs tend to be softer than stoichiometric 
ones because the charge pairing density is lower and the water content is higher.57 In the present 
case, the level of nonstoichiometry was less than 3%, which was considered acceptable for the 
current set of experiments. One well-entangled polyelectrolyte pair, P1479, was selected for more 
intensive studies on the effect of salt content on properties. Using sensitive radiolabeling 
techniques, the stoichiometry for P1479 was determined to be 1.018 Pol+:Pol- (i.e. 1.8% off-
stoichiometric; Table 2).  

Coil Dimensions. Few studies have been reported on SANS of synthetic PECs. The first found 
that chains were close to Gaussian,58 a conclusion also reached by Spruijt et al.,56 who used 
PECs made from weak polyelectrolytes poly(acrylic acid), PAA, and poly(N,N-dimethylaminoethyl 
methacrylate). However, the estimated Kuhn length in that work varied strongly from 3.5 to 16 
nm. A long Kuhn length would support the “twisted pair” model of Hamad et al.,27 but a review by 
Larson et al. 29 presents a variety of shorter Kuhn lengths for charged polymers and concludes 
the Kuhn high lengths of Spruijt et al. may be upper limits. Compact Gaussian coils are expected 
if there are no long-range perturbations, such as electrostatic repulsions and extensive solvation. 
All well-paired PECs are locally neutral and the amount of water admitted to the PEC is low 
relative to dilute solution. Fares et al. found Rg to be independent of salt concentration,59 in 
contrast to the typical response of individual polyelectrolytes, possibly a consequence of the high 
Pol+Pol- charge density (>1 M) within PECs. SANS studies of PECs report a “low q upturn,” 
attributable to density fluctuations approaching the 1 µm length scale, although the materials 
remain transparent to the eye.56, 58, 60-61 This long-range feature, probably not a result of thermal 
fluctuations, as it changes little with temperature (Figure S4), may be due to weak microphase 
separation between deuterated and  non-deuterated polymers. The negligible temperature 
dependence of coil size in Figure S4 is similar to that found in neutral polymers under θ-conditions. 
For example, Zirkel et al. found that the Rg of poly(ethylethylene) in a θ-solvent changed by less 
than 2% over the same temperature range as that used here.62 

PEC Stability. The CSC in NaSCN of three pairs of PMAPTA/PAMPS was measured using 
turbidimetry. The thiocyanate ion is at the hydrophobic end of the Hofmeister series, making it 
particularly effective at breaking Pol+Pol- pairs.63 Low polydispersity P179, P619, and P1188 

yielded steep room temperature CSCs at around 0.55 M NaSCN (Figure 2). Figure 2 reveals only 
a mild dependence of CSC on molecular weight, as expected for longer polymers. Approaching 
the CSC from low to high [NaSCN]s (the more conventional “forwards” method) gives the same 
result as from the reverse method (also known as “desalting″ 2, 64). This is strong evidence that 
the composition of this (liquid-like) PEC is in equilibrium with the solution composition. Being 
kinetically sluggish, more solid-like PECs are expected to show distinct metastable phases.65  
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 The CSC of wide MWD PMAPTA/PAMPS was found to be less sharp (Figure S6) and the 
forwards salt addition did not track the desalting curve. Because the effective association constant 
between associated polyelectrolytes in PEC and individual polymers in solution is extremely 
high,66 over most [MA]s < [MA]CSC negligible amounts of polyelectrolyte are expected in the dilute 
phase, either as individual molecules or “quasisoluble” clusters.67 Quasisoluble PEC 
nanoparticles are favored when there is nonstoichiometry and a length mismatch,68-70 which 
means for a wide Ð sample, the forwards addition may not generate the same particle size 
distributions as the reverse, generating hysteresis in the absorbance and giving the appearance 
of metastability. 
PEC Ions: Counter- or Co- ? To date, there are no experimental methods that directly indicate 
whether an ion in a PEC is a counterion or a co-ion. Without this knowledge, the density of Pol+Pol- 
pairs as a function of [salt] remains unknown. Presumed fast exchange between the two ion 
environments complicates such a measurement. If the fraction f were approximately = 1, y = r. 
There are two systems where f is believed to approach 1: glassy PECs have limited free volume, 
forcing Pol+Pol- to break at low doping.23 Alternatively, ions with specific affinity for either Pol+ or 
Pol- would bias the MAPEC population in favor of counterions. Thiocyanate is, potentially, such an 
ion. Affinity (specificity) for Pol+ or Pol- is revealed by an endothermic heat of complexation: 
polymer pairing causes the loss of a specifically “bound” ion.51  

Isothermal calorimetry (ITC, detailed procedure described in Supporting Information) was 
carried out to measure the heat of complexation, ΔHPEC, between PMAPTA(SCN) and 
PAMPS(Na). The ITC thermogram (Figure S7) showed net endothermic complexation with ΔHPEC 
= +2255 J mol-1, indicating significant attractive MA specificity, probably SCN- for MAPTA+. The 
distribution of MA between PEC and supernatant is the result of a Donnan equilibrium, described 
by51 

 

                                                   
ሾெ஺ሿುಶ಴

ሾெ஺ሿೞ
ൌ 𝑒௙∆ுುಶ಴/ଶோ்                                           [10] 

 
The 𝑒௙∆ுುಶ಴ term represents the departure from an ideal Donnan equilibrium driven by entropy 
alone. If f = 1, Eq. 10 for the current PEC system would yield [NaSCN]PEC = 1.58[NaSCN]s, which 
is shown as the dotted line, predicting the experimental [NaSCN]PEC results in Figure 3 well.  
 A second piece of information supporting the assumption that f = 1 over much of the 
[NaSCN]PEC is obtained by extrapolating r versus [NaSCN]s to r = 1. At this point, the number of 
salt ions equals the number of polyelectrolyte charges and, if f = 1, y = r and the PEC should be 
dissociated. Indeed, at r = 1, the [NaSCN]s is at the CSC (Figure 3B).   

As a final and direct indication of the disposition of ions within the PEC, FTIR was 
performed on various SCN- - containing systems. The wavelength of the C≡N stretch in SCN- (and 
in other cyano systems) is known to depend on the solvation environment.71 This “vibrational 
solvatochromism” can be related to a change in the local electric field, or Stark effect, once all the 
contributions to this field are accounted for. SCN groups are also used as site-specific vibrational 
probes of protein electrostatics.72 Figure 7 shows a clear, albeit small, 4.6 cm-1 shift for SCN- 
associated with PMAPTA+ in a counterion environment (PMAPTA(SCN) solution). The identical 
shift is seen for SCN- in PEC (in 0.3 M NaSCN for a doping level of about 0.6), whereas in a 
solution of NaSCN or NaSCN with PAMPS, νSCN- is at 2064 cm-1, reflecting an unassociated or co-
ion environment. This is the first reported direct measurement of the ion environment within a 
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PEC. 2060 cm-1 corresponds to a 6.2 x 1013 Hz = 2.6 x 10-15 s relaxation time, much shorter than 
the residence time of SCN- on MAPTA+ (about 2 ns at room temp, see below). It is assumed that 
SCN- in a PEC co-ion environment would be reflected by intensity at 2064 cm-1.  All these pieces 
of evidence support the assumption that f = 1, at least up to 60% doping, and that each NaSCN 
breaks a charge pair crosslink as in Scheme 1. The precise nature of the MAPTA+:SCN- 
association, whether a contact ion pair or a solvent separated pair, is not known.   Though SCN- 
is more likely to be specifically located next to MAPTA+ than Na+ is next to AMPS-, one SCN- still 
breaks one Pol+Pol- pair.   
 

 

Figure 7. Normalized ATR-FTIR spectra of CN stretch in: 1.0 M NaSCN, blue long dash; 0.6 M 
NaSCN in 1.0 M PAMPS-Na, solid blue line; 1.0 M PAMPTA(SCN), red short-dashed line; and 
PMAPTA/PAMPS PEC doped in 0.3 M NaSCN, red dash-dot. Spectral resolution, 0.5 cm-1. Room 
temperature. When SCN- is associated with PMAPTA, either in solution or in the PEC, there is a 
~4.6 cm-1 red shift in the C≡N absorption band. 
 
 Without a direct measure of f, and if f varies as a function of [salt], it becomes difficult to 
relate the density of Pol+Pol- pairs to external salt concentration. As long as f is > 0, Pol+Pol- pairs 
will be broken on doping and the viscoelasticity will change to lower values of modulii and 

viscosity. Ghasemi et al.24  have computed the value of f as a function of [salt]. If there are 
measurable enthalpy changes on complexation, the magnitude of f may be extracted by 
determining the ratio [MA]PEC/[MA]s and using Equation 10. In certain cases, f decreases with 
doping, e.g. when ΔHPEC is exothermic, and the product fr never reaches 1. In such a scenario, a 

CSC is not observed.41  
 

-0.1

0.3

0.7

1.1

200020502100

R
el

at
iv

e 
A

bs
or

ba
nc

e

Wavenumber, cm-1

2060 cm-12064 cm-1



Accepted Version. Macromolecules 2024, 57, 3, 1169–1181 

24 
 

The Nature of the “Sticker”. Physical interactions between polymers are often called 
“stickers.”37-39 Charge pairing interactions break and reform at a fast rate, about 5 x 108 s-1 at room 
temperature according to Figure 5. Such a short sticker lifetime is on the order of the fastest 
relaxation time in neutral polymers3 and would not be effective by itself at slowing chain dynamics. 
In fact, in undoped PECs, there are no “available” extrinsic sites, so neighboring two pairs, or a 
quad of charges, must exchange places simultaneously if they are to move.40 Pair exchange has 
twice the activation energy as pair breaking and occurs much more slowly. In effect, almost all of 
the pair breaking events lead to recombination of the same pair and only in the rare event that 

two pairs break simultaneously, lifetime τq, can chains move relative to each other. This is an 

example of a “renormalized” sticker lifetime, 𝜏௕
∗ .37 In the present system,  𝜏௤ ൌ 𝜏௕

∗ ൌ

7.3 ൈ 10ିଵଷexp ሺ
ଷ଺,ଽ଴଴

ୖ୘
ሻ (see Supporting Information Figure S8 for more details). To compare with 

the LVR data (Figure 6, Table 5) τq must be further normalized so that τ0 represents a Kuhn length 

of stickers, which is 9.4 pairs. The estimated τ0 (see Supporting Information) is about 2 x 10-4 s, 

which is fairly close to the value read from the τ0 crossover.  

Sticky Reptation. From Figure 6 and Table 5, the measured G0, τe, and τ0 do not depend 

significantly on chain length, as expected, whereas τrep becomes significantly slower with longer 

chains. The terminal region shows the expected ω1 and ω2 scaling for G″ and G′, respectively. 
The ratio of 𝜏௥௘௣/𝜏௘ vs. navg was used to determine nc, the critical number of monomer units for 

entanglement (Figure S9). nc = 347 (Nc = 37) was found to be 2 - 3 times the value of ne, which is 
similar to neutral polymers.  

  Below nc, only the “monomer time” τ0 was observed (Figure 6A), at values similar to those 

for entangled pairs. The similarity of τ0 and viscosity for the mismatched pairs P1 and P2 support 

the assumption that the chain dimensions (i.e. Kuhn lengths) for PMAPTA and PAMPS are 
similar. In P1 and P2 the shorter chain is below nc and G′ ≈ G″ ~ ω0.5. Over much of the frequency 
range, which are the gel criteria according to Winter and Chambon.73 For these PECs, the smaller 
polyelectrolyte chains act as crosslinks between the longer chains of opposite charge.   

The expression for the plateau modulus G0 depends on polymer volume fraction ϕ (for 
0.01 M NaSCN ϕ = 0.45), and density, ρ, and has the form74  

                                                                   𝐺଴ ൌ
ସఘோ்∅

ହெ೐
                                                           [11] 

where Me is the molar mass between entanglements. G0 is assumed to be unaffected by sticker 
units.37 The number of monomer units between entanglements, ne, is Me/M0, where M0 is the 
molar mass of a repeat unit, here an average between MAPTA and AMPS of 196 g mol-1. Sticky 
reptation dynamics for entangled polymers have been treated theoretically by Rubinstein and 

Seminov37 and others.38 The sticky reptation time τrep (also called the “disengagement time”) is37  

                                                    𝜏௥௘௣ ൎ 𝜏௕
∗ ሺ𝑓௦𝑝௜௡௧௘௥ሻଶ𝑁/𝑁௘                                                   [12] 
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Where fs is the number of stickers per chain, τb* is the renormalized sticker lifetime and pinter is 

the fraction of intermolecular (as opposed to intramolecular) stickers. In PECs, because all 
polymer repeat units are forced to pair with other units, pinter = 1. In the LVR data presented in 

Figure 6 and Table 5 the relaxation time τ0 corresponds to a Kuhn length and F corresponds to 

the number of Kuhn length stickers per chain, F = fs/nK, thus 

𝜏௥௘௣ ൎ 𝜏଴ሺ𝐹ሻଶ𝑁/𝑁௘     [13] 

For undoped PEC, F = N and  

𝜏௥௘௣ ൎ 𝜏଴𝑁ଷ/𝑁௘     [14] 

𝜂଴ ൎ
ఘோ்∅ேయ

ெ೐ே೐
𝜏଴ ൎ 𝐺଴𝜏଴

ேయ

ே೐
ൎ 𝐺଴𝜏௥௘௣    [15]  

Zero shear viscosities plotted as a function of Navg (Figure 8) show a scaling of ηo ~ N3.10, slightly 
more than the N3 predicted.37 A scaling of N3.4 is usually observed  for entangled polymers.3 The 
slightly lower scaling may come from a population of unentangled polymers in each fraction. η0, 
estimated from Equation 15, which is an approximation without prefactors, 37 is also listed in Table 
5 and is in rough agreement with experiment. In a previous work using a polycarboxylate,40 a pH 
sensitive polyanion, we had obtained a puzzling scaling of ηo ~ N5.4, one of the motivations for the 
present work. It is possible that the rapid protonation/deprotonation of the carboxylate repeat units 
provides another channel for disengaging Pol+Pol- pairs. This might explain why carboxylate 
PECs are usually liquid-like. 

At sufficiently high temperatures all the dynamics in a polymer chain follow Arrhenius 
behavior, lnω ~ 1/T, reflected in a linear lnaT versus 1/T plot. Under these conditions, the fastest 

relaxation in the LVR in Figure 6 and Table 5, τ0, should be that of a Kuhn length. In the current 

system, Arrhenius response was only observed at temperatures > 50 oC (Figure S8). To correct 

the response to what it would have been if τ0 were measured in the Arrhenius region (it would be 

faster) the measured value of τ0 is corrected by the factor shown on the graph in Figure S8, which 

is a factor of about 0.71. An average 𝜏଴ of 4.7 x 10-4 s was read from Figure 6 which yields a 

corrected τ0 of 3.3 x 10-4 s. This is orders of magnitude slower than the Kuhn length relaxation 

time in neutral melts and explains the high viscosity of liquid-like coacervates, even though the 
polymer volume fraction is decreased significantly by the presence of water.    
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Figure 8. Experimental zero-shear viscosity (●, see Figure S10) as a function of chain length for 

entangled PECs in 0.01 M NaSCN. Tref = 25 
o
C. The measured η0 scales as ~ N

3.10
 (solid line). 

Approximate prediction  η0 ≈ G0τrep is shown by the open squares. 
 

Breaking Charge Pairs via Doping. The experimental variables in the LVR of PECs are 
often interrelated by attempts at superposition,29 such as TTS discussed previously. LVR at 
various [NaSCN]s was shifted to produce the master curve shown in Figure 9. The influence of 
salt was originally75 attributed to the control of the  lifetime of Pol+Pol- interactions by electrostatic 

screening. The pair lifetime, τpair was proposed to scale with [NaCl]0.5 as follows17 

ln𝜏௣௔௜௥ ~ െ 𝐴ඥሾ𝑠𝑎𝑙𝑡ሿ ൅ 𝐵  [16] 

where A and B are constants. Figure 5 shows this lifetime changes very little with added Na                        
SCN. Equation 16 assumes the Debye-Hückel approximation to describe electrostatic shielding, 
in spite of the fact that PECs already contains > 1 M charges from the polyelectrolyte units 
themselves. Also, the authors assumed ϕ did not change with [salt]. A viscoelasticity study of a 
more glassy PEC also employed Equation 16 and found an appropriate salt scaling if ϕ was 
assumed to decrease with increasing salt concentration.30 However, in another study on length-
matched polypeptides, Marciel et al.36 were unable to find the scaling of Eq. 16, and instead found 
the dynamics (reported by the shift factor as) to vary as e-[NaCl], similar to the response observed 
here.   

Attempts at time-salt superposition often produce imperfectly-overlapping datasets,29 as 
seen in Figure 9 in the 1 – 10 rad s-1 frequency range. (See also Figure 9 in reference  25, Figure 
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4 in reference   7, and Figure 8 in reference 40). This is because there are at least three variables 
– change in polymer volume fraction from swelling (which changes G0 and Ne), lifetime of Pol+Pol- 
pairs, and number density of pairs - that are not sufficiently captured by two shift factors. In 
contrast to Equation 16, the pair lifetime changes very little over the entire [salt] range (see Figure 
5B). 

 

 

Figure 9. Time-salt superposition of P1479 doped with 0.01, 0.1, 0.2 and 0.3 M NaSCN at T = 
25 0C. Reference salt concentration is 0.01 M. Inset shows salt shift factors aS and bS. See 
Supporting Information Figure S11 for individual time-temperature superposition data.    

The viscosity was measured as a function of [NaSCN]s. At higher [MA], up to the CSC, the 
ions continue to exclusively break Pol+Pol-, decreasing the pair density in the complex. This is 
paralleled by a decrease in PEC viscosity. Figure 10 gives the zero-shear viscosity measured in 
P1479 as a function of y. Figure 10 reveals a leveling of viscosity at the lowest values of y, 
believed to be a consequence of small nonstoichiometry thus residual ions. The change in 
viscosity with salt concentration less pronounced than that observed in PDADMA/PSS34 30 76, a 
PEC with a glass transition temperature of 34 oC, because added salt also decreases Tg. 25 
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Figure 10.  Zero shear viscosity of P1479 as a function of y (from Figure 3B) the fraction of 
Pol+Pol- pairs broken, at Tref = 25 oC. Viscosities were measured at T = 55 oC (see Supporting 
Information Figure S10B) and shifted to 25 oC using a shift factor aT = 1/0.17. Solid line is 
Equation 17 with intercept fit of 5 x 105 Pa s. Dashed line shows the contribution to η0 from the 
decreasing polymer volume fraction ϕ only.  

The number of Kuhn length stickers F in Equation 13 is now (1-y)N. In a θ-solvent for 

entangled polymers, η0 ~ ϕ4.7,3 thus the estimated viscosity of the doped PEC, η0,d, relative to 

undoped, η0,u, is 

𝜂଴,ௗ ൌ 𝜂଴,௨
ఛబ,೏

ఛబ,ೠ
ቀ∅೏

∅ೠ
ቁ

ସ.଻
ሺ1 െ 𝑦ሻଶ    [17] 

The volume fractions come from Table S2, the ratio τ0,d/τ0,u for undoped and doped PEC from 

Figure 5B, and y is taken from Figure 3B (y = r = 1.93[NaSCN]
s
 – 0.02). Because the viscosity 

remains constant at low y, about 2.2 x 105 Pa s, a fit value of 5 x 105 Pa s was used as η0,u for 
completely undoped PEC. Equation 17 provides a reasonable fit to most of the data.  The 
decrease in viscosity on doping comes largely from the loss of Pol+Pol- pairs. The dotted line 
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shows the contribution from the decrease in volume fraction ቀ
∅೏

∅ೠ
ቁ

ସ.଻
. The η0 at low y coincides with 

a significant change in ϕ over this region, which is unexpected. Though the cause is presently 
uncertain, this swelling is thought to be due to residual ions and the osmotic pressure of the PEC 
matrix.     

Conclusions 

A decade of studies in the field have pointed to unique aspects of dynamics within PECs, 
but full picture of how dynamics at the monomer scale translate to bulk viscoelastic response in 
PECs has been slow to emerge. The current work has systematically isolated, controlled and 
measured the variables needed to provide a quantitative understanding of dynamics in a liquid-
like polyelectrolyte coacervate. The dynamics of PECs close to, or below, Tg will be additionally 
slowed by cooperativity known to operate in glassy systems approaching Tg.  

Although individual Pol+Pol- dynamics are fast, sticky interactions for undoped PECs act 
pairwise, via a pair exchange mechanism, responsible for slowing chain motion by orders of 
magnitude compared to neutral polymers. A Kuhn length “monomer” relaxation time of about 0.3 

ms at 25 oC was measured. The dynamics of any PEC will depend critically on τ0 and its 

temperature response. Variations in these parameters probably account for the wide variation of 
LVR observed for different combinations of Pol+ and Pol-.   

The use of thiocyanate ion in salt doping has enabled a breakthrough in identifying how 
many Pol+Pol- pairs are broken. SCN- specifically interacts with positive polymer repeat units, 
ensuring that one added salt breaks one Pol+Pol- pair in a site-specific PEC doping model. This 
specific association of a counterion within a PEC was directly demonstrated, for the first time, 
using the position of the CN stretching band in FTIR. The viscosity of undoped PECs scaled with 
N3.1 in line with the sticky reptation model.  A relationship for the viscosity of doped PEC was 
tested using NaSCN as a doping salt. Most of the decrease in viscosity on doping stems from the 
loss of sticky interactions and not from a modification of the Pol+Pol- pair lifetime, as originally 
proposed.  

While every effort was made here to eliminate variables such as the pH-dependence of 
charge, supplemental H-bonding, polydispersity, mixed functionality, charges separated by 
neutral units, hydrophobic effects, and nonlinear architecture, some or all of these variables are 
present in most coacervating systems, especially biological ones. The formation and properties 
of PECs made from more complex systems remain of great interest.  
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