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ABSTRACT OF THE THESIS 

 

 

Influence of Small Ions on Composition and 

Viscoelasticity of Polyelectrolyte Complexes 

 

 

by 

 

 

Vaqar Mustafa Shah Syed 

Master of Science in Chemical Engineering 

University of California, Los Angeles, 2020 

Professor Samanvaya Srivastava, Chair 

 

 

The addition of salt speeds up chain relaxation dynamics in polyelectrolyte complexes 

(PECs), and time-salt superposition (TSS) approaches to describe the linear viscoelastic response 

of PECs are well-established. However, TSS is carried out at fixed initial polyelectrolyte 

concentrations, and varying the initial polyelectrolyte concentration results in distinct TSS master 

curves. In this thesis, we show that accounting for the small ions that accompany the oppositely 

charged polyelectrolyte chains (designated as accompanying counterions) enables assimilation of 

these distinct TSS master curves into a single universal master curve. This approach, that we 

christen as time-ionic strength superposition (TISS), enables a unified description of the PEC 

viscoelastic response in terms of the solution ionic strength, that accounts for both the 

accompanying counterions and the added ions, and underlines the dynamic similarities between 

PECs and semi-dilute polymer solutions. The sticky electrostatic associations among the 
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oppositely charged chains, however, contribute additional relaxation modes in the PECs. We 

demonstrate that the timescales of these additional relaxation modes are described quantitatively 

by a modified sticky Rouse model that accounts for the influence of solution ionic strength on the 

electrostatic screening and chain friction.  

We then investigate the effect of the cationic valency of the added salt on the composition 

and rheology of the PECs. A stronger screening of electrostatic interactions is observed with 

increasing cation valency, leading to higher concentrations of polyelectrolytes in the supernatant 

phase and lower concentrations in the complex phase. In addition, electrostatic bridging of the 

polyanion chains by the multivalent cation alters the chain relaxation process in PECs by 

competing with the electrostatic interactions between the oppositely charged chains, resulting in 

non-monotonic variations of PEC moduli with increasing ionic strength of the solution. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

Polyelectrolyte complexes (PECs) are of immense interest in modern soft matter science 

owing to their tunable material properties such as composition,1–3 viscoelasticity,19–21 and interfacial 

tension that make them attractive for a variety of applications including drug encapsulation and 

bioadhesives.4–6 PECs form when oppositely charged polyelectrolytes are mixed in aqueous 

solution and undergo phase separation, leading to the formation of the polymer-dense complex in 

equilibrium with a polymer-lean supernatant liquid.1,3,29–31 This phase separation is driven by 

associative electrostatic interactions between oppositely charged polyelectrolytes as well as by the 

entropy gained from the release of the counterions accompanying the polyelectrolyte chains.3,19,29,32 

PECs are generally responsive to external stimuli such as added ion concentration,19,32 

temperature33 and pH, all of which can influence their compositions and viscoelastic properties, 

enabling great control in the design of PEC-based materials.2,3 

This thesis focuses on fine-tuning PEC compositions and viscoelasticity by adding salt to 

PEC formulations. The effects of added salt concentration and ionic valency are quantified by 

thermogravimetric analysis (TGA) and rheology characterization of the complexes. TGA, using a 

furnace oven, provides compositional mapping of both the complex and supernatant phases to 

construct binodal phase diagrams. Rheology characterization provides insight into the viscoelastic 

properties of the PECs. Combined, these tools create a clearer picture of the underlying 

intermolecular interactions driving the complexation process and the relaxation of the constituent 

polyelectrolyte chains. This work uses the model system of poly(acrylic acid sodium salt) (PAA, 
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 𝑀𝑛 = 14800 g/mol) and poly(allylamine hydrochloride) (PAH, 𝑀𝑛 = 15000 g/mol) – anionic and 

cationic weak polyelectrolytes, respectively – mixed in charge-matched ratios in aqueous solution 

to form PAA-PAH PECs on which the rheology and compositional analyses are performed. 
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1.2 Objectives and Outline 

This thesis is arranged as follows: Chapter 2 discusses the effect of varying concentrations 

of NaCl added during the formation of the PAA-PAH PECs on their rheological properties, 

elucidating the screening effect of salt on the chain relaxation processes in PECs.1,3,29–31 The 

rheological response of the PECs is also studied at varying total polymer concentration, which 

directly reflects changes in the concentrations of accompanying counterion concentrations.29 This 

enables creation of master curves that unify the rheological responses of varying added ion 

concentrations at a fixed total polymer concentration with the responses at varying total polymer 

concentrations, further highlighting the role of both the added ions and the accompanying 

counterions in determining the rheological properties of the PECs.19,20 The concept of Time-Ionic 

Strength Superposition (TISS) is introduced to show that both types of ions speed up relaxation in 

the same manner. TISS also gives us access to rheology otherwise only accessible at much longer 

timescales.32,34–41 The unified relaxation spectra of the polyelectrolytes is described using the sticky 

Rouse model,42–45 resulting in an accurate description of the relaxation times and, improving our 

current understanding of chain relaxation dynamics in PECs. 

Chapter 3 builds on the findings in Chapter 2 by investigating the effects of adding divalent 

salts, CaCl2 and MgCl2, and a trivalent salt, FeCl3, in PAA-PAH PECs rather than the monovalent 

NaCl salt. The composition and the rheology of the PECs are affected non-intuitively as the 

cationic valency of the added salt increases, at comparable ionic strength of the solution. It is 

hypothesized that the multivalent salts alter the relaxation process via an additional mechanism, 

electrostatic bridging, in which ion-bridging between two ionic sites on the like-charged polymer 

chain occurs due to an oppositely charged multivalent small ion linking them. 55,56 This competes 

with the reversible ionic interactions between the two oppositely charged chains and electrostatic 
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screening effects, resulting in complexes that are visibly different and possess binodal phase 

diagrams and rheological responses that are distinct from the monovalent case.57 Ultimately, we 

show that PECs properties can be fine-tuned precisely with manipulation of both electrostatic 

bridging between like-charged chains and electrostatic attraction between oppositely-charged 

chains.  
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CHAPTER 2 

TIME-IONIC STRENGTH SUPERPOSITION: A UNIFIED DESCRIPTION OF CHAIN RELAXATION 

DYNAMICS IN POLYELECTROLYTE COMPLEXES 

 

Adapted with permission from Vaqar M. S. Syed and Samanvaya Srivastava,  

ACS Macro Letters 9, 1067 (2020). 
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2.1 Background 

Polyelectrolyte complexes (PECs), comprising oppositely charged polyelectrolytes in 

aqueous milieu,1–3 are diverse materials with applications in biomedical,4–6 adhesive,7–11 

pharmaceutical,4,12 food,13,14 and cosmetics15,16 industries. The texture,17,18 moduli and 

viscoelasticity,19–21 surface tension and wetting,22,23 self-healing,24,25 and ionic conductivity,26–28 

among other bulk properties2,3 of PECs are dictated by chain relaxation dynamics. Therefore, the 

challenges of controlling the bulk properties as well as processability of PEC materials can be 

outlined in terms of a lack of understanding of chain dynamics in PECs. In this contribution, we 

pursue a unified description of PEC relaxation dynamics across timescales spanning multiple 

decades by characterizing their linear viscoelastic response and elucidating the influence of small 

ions on chain relaxation processes. 

The concentration of small ions in PECs dictate the screening of electrostatic interactions 

between the oppositely charged polyelectrolytes as well as the entropic gains from counterion 

release upon complexation.1,3,29–31 Strength of electrostatic screening also influences the stickiness 

between the oppositely charged chains, and consequently, affects chain relaxation dynamics.3,19,29,32 

The plasticizing role of small ions in PECs has enabled time-salt superposition approaches, 

analogous to time-temperature superposition,33 to expand the dynamic range of the viscoelastic 

spectra and probe long-time relaxations of dynamically retarded PECs.19,20,32,34–41 

Introduction of ions by addition of salt, therefore, has been the approach of choice to tune 

both composition and chain dynamics in polyelectrolyte complexes.19,32 Various 

investigations19,20,32,38–41 have pursued a description of chain relaxation dynamics in PECs by 

varying added salt concentration, 𝐶𝑆 in PEC formulations while maintaining a constant initial 
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polyelectrolyte concentration, 𝐶𝑃. This PEC preparation approach, depicted in Figure 1a, enables 

exploration of the binodal phase boundaries between the complex and the supernatant phases29 and 

presents opportunities for tuning chain relaxation dynamics by changing 𝐶𝑆. However, this 

approach ignores the role of the ions that accompany the polyelectrolytes (accompanying 

counterions) in influencing the chain relaxation dynamics and PEC bulk properties. As Figure 1 

depicts, such accompanying counterion concentration, 𝛼𝐶𝑃, can be comparable to the added salt 

concentrations in PECs.29 Here, 𝛼 is the average degree of ionization of the polyelectrolyte chains. 

Consequently, a unified description of chain dynamics in PECs that accounts for both added ions 

and accompanying counterions has been elusive. 

Here, we characterize the influence of varying both 𝐶𝑆 and 𝐶𝑃 on the linear viscoelastic 

response of PECs. Our experimental design comprises PEC preparation with varying 𝐶𝑆 at constant 

𝐶𝑃, the preferred approach in the literature (Figure 1a), as well as with varying 𝐶𝑃 at constant 𝐶𝑆 

(Figure 1b). To the best of our knowledge, effects of varying 𝐶𝑃 on PEC rheology have not been 

described in the literature. We first show the applicability of time-salt superposition for describing 

the relaxation spectrum of PECs materials and discuss its inability to account for the effects of 

varying 𝐶𝑃 on the PEC viscoelasticity. Subsequently, we introduce time-ionic strength 

superposition (TISS) as an approach to achieve 𝐶𝑆- and 𝐶𝑃-independent description of the chain 

relaxation dynamics in PECs. Our approach also enables a robust interpretation of the chain 

dynamics in PECs by incorporating the contributions of both added ions and accompanying 

counterions in the sticky Rouse model.42–45 
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Figure 1. Schematics of the experimental design of the PECs investigated in this study. Binodal 

phase boundaries (black solid lines), depicting generic PEC phase behavior, denote the distinction 

between the two-phase and the one-phase regions. Yellow squares depict the PEC samples 

constituted at (a) constant initial polyelectrolyte concentration 𝐶𝑃 and varying added salt 

concentration 𝐶𝑆, and (b) varying 𝐶𝑃 and constant 𝐶𝑆. 𝛼 represents the average degree of ionization 

of the polyelectrolytes. Thus, 𝛼𝐶𝑃 is the concentration of accompanying counterions. Red circles 

denote the compositions of the complex and the supernatant, respectively, on the right and the left 

branch of the binodal phase boundary. Dashed black OE lines denote the charge equivalence line. 
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2.2 Experimental Procedure 

Charge-matched PECs were obtained by mixing aqueous solutions of poly(acrylic acid 

sodium salt) (PAA,  𝑀𝑛 = 14800 g/mol) and poly(allylamine hydrochloride) (PAH, 𝑀𝑛 = 15000 

g/mol) (inset of Figure 2b) with initial polyelectrolyte concentrations 𝐶𝑃 and added sodium 

chloride (salt) concentrations 𝐶𝑆, and subsequent isolation of the polyelectrolyte-rich PECs from 

the polyelectrolyte-lean supernatant upon centrifugation at 25 ˚C (see Appendix 1: Materials and 

Methods). We note that a compositional analysis of the complex and the supernatant phases 

obtained upon mixing of the PAA-PAH polyelectrolyte pair at varying 𝐶𝑃 and 𝐶𝑆 was reported 

recently.46 The pH of the mixed solutions was measured to be 6.5, indicating near complete 

ionization of both the polyelectrolytes (𝛼 ≈ 1).46 𝐶𝑃 and 𝐶𝑆 are reported here in wt% and M units; 

a conversion from wt% to M units for 𝐶𝑃 can be obtained using a conversion factor 𝑘 = 0.053 

M/wt%. 

Upon equilibration following centrifugation of the samples, the PEC phase settled at the 

bottom of the sample. The PEC samples, extracted after removing the supernatant, were off-white 

in color with smooth texture and notable stickiness. We note that the molecular structure of PEC 

phases is expected to be similar to semi-dilute polymer solutions, both in the quiescent state and 

under shear.40 An Anton Paar MCR 302 stress-controlled rheometer with a cone and plate (10 mm 

diameter, 2˚ cone angle) measuring system was used for all rheology measurements. The PEC 

samples were transferred to the rheometer immediately after preparation. A solvent trap was 

utilized to minimize evaporation. Excellent repeatability of the rheology tests was observed, 

indicating that the rheology measurements probed the equilibrium properties of the PECs. 
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2.3 Results and Discussion 

The response of PAA-PAH PECs to oscillatory shear strains with fixed strain amplitude 

and frequency varying over three decades, in the linear viscoelastic regime (see Figure A1), is 

depicted in Figure 2. The loss modulus 𝐺′′ was observed to be consistently larger than the storage 

modulus 𝐺′ over the entire frequency range, verifying the liquid-like nature of the PAA-PAH 

complexes with added salt concentrations in the range 0.5 M ≤ 𝐶𝑆 ≤ 2 M.20,21,40 Figure 2a highlights 

the oscillatory response of PECs prepared with constant initial polyelectrolyte concentration 𝐶𝑃 = 

3 wt% (following the experimental design depicted in Figure 1a). Both 𝐺′ and 𝐺" decreased with 

increasing 𝐶𝑆 (with 𝐺′′ > 𝐺′), revealing faster relaxation of the polyelectrolyte chains in the PECs, 

in agreement with previous studies.47 Similar trends were noted for PECs prepared with 0.5 wt% 

≤ 𝐶𝑃 ≤ 7 wt% and 0.5 M ≤ 𝐶𝑆 ≤ 2 M (Figure A2). 

Figures 2b and 2c depict the influence of varying 𝐶𝑃 on the oscillatory shear response of 

PECs at constant 𝐶𝑆 = 0.5 M and 2 M, respectively. Unlike the often-studied influence of added 

salt shown in Figure 2a, the dynamic response of PECs as a function of 𝐶𝑃 is hardly ever 

investigated. Increasing 𝐶𝑃 led to lower 𝐺′ and 𝐺′′ for PECs, indicating faster chain relaxation. As 

moduli can be changed by >2-fold by varying 𝐶𝑃, both processability and applications of PEC 

materials can be tuned by varying 𝐶𝑃. Furthermore, the effect of 𝐶𝑃 on the moduli is pronounced 

at low 𝐶𝑆 (Figure 2b). In contrast, at high 𝐶𝑆, larger increases in 𝐶𝑃 were required to influence 

moduli reductions (Figure 2c). 
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Figure 2. Frequency sweep curves for PAA-PAH PECs with (a) initial polyelectrolyte 

concentration 𝐶𝑃 = 3 wt% and varying added salt concentration 𝐶𝑆 = 0.5 M, 1 M, and 2 M, and (b, 

c) varying initial polyelectrolyte concentrations 𝐶𝑃 = 0.5 wt%, 3 wt%, and 7 wt% at a constant low 

(𝐶𝑆 = 0.5 M, b) and high (𝐶𝑆 = 2 M, c) added salt concentration. Closed and open symbols denote 

storage (𝐺′) and loss moduli (𝐺′′), respectively. All the measurements were carried out at 25 ˚C in 

the linear viscoelastic regime with a strain amplitude 𝛾 = 0.1%. Inset in (b) depicts the chemical 

structures of the polyelectrolytes employed in this study. 
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Acceleration of chain relaxation dynamics in PAA-PAH PECs upon increasing 𝐶𝑆 (Figures 

2a and A2) enabled a time-salt superposition (TSS) of their oscillatory shear responses. The 

applicability of the superposition methodology to expand the dynamic range of the viscoelastic 

spectra was further verified by using the Cole-Cole and the modified Cole-Cole representation of 

the viscoelastic data (Figures A3.1, A3.2).33 TSS master curve obtained from horizontally and 

nominally vertically shifting the oscillatory shear response of PAA-PAH PECs with 𝐶𝑃 = 3 wt% 

and 𝐶𝑆 varying between 0.5 M and 2 M is presented in Figure 3a (green symbols; also see Figure 

A4b). The shifting was carried out with the oscillatory shear response of the PEC with 𝐶𝑃 = 3 wt% 

and 𝐶𝑆 = 0.5 M as the reference. This master curve thus represents the dynamic response of 𝐶𝑃 = 

3 wt% PAA-PAH PECs and provides access to their relaxation spectra across five decades of 

dynamic range.19,32 

At low 𝜔, the complexes exhibit terminal flow behavior with 𝐺′ and 𝐺′′ scaling as 𝜔2 and 

𝜔, respectively. The plateauing of 𝐺′ at low 𝜔, which partially occludes the 𝐺′~ 𝜔 behavior at 

low 𝜔, was attributed in previous reports to either modes arising from weak, long-range 

electrostatic interactions among the oppositely-charged chains, or to the increasing error in 

measurement of 𝐺′ at low 𝜔 for low viscosity liquids with 𝐺′′/𝐺′ ≫ 1.40,48,49 Furthermore, we note 

that the low 𝜔 plateau of 𝐺′ does not influence any of the inferences in this work. At high 𝜔, both 

𝐺′ and 𝐺′′ scaled as 𝜔0.5, indicating Rouse-like relaxation of the chains in the complexes.33,47 

consistent with earlier reports of analogous behavior in semi-dilute polymer or polyelectrolyte 

solutions.19,39,40,50 Attractive electrostatic interactions between the oppositely charged chains in 

PECs, however, are expected to contribute additional relaxation modes as compared to semi-dilute 

polymer solutions. 
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Similar TSS master curves for PECs constituted at other fixed 𝐶𝑃 are shown in Figures 3 

and A4. The TSS master curves noticeably shifted downwards as 𝐶𝑃 increased. These differences 

highlight the influence of 𝐶𝑃, and concomitantly of the accompanying counterions on the shear 

response of PECs across an extended dynamic range.29 We note that current practices in the 

literature attempt TSS at fixed 𝐶𝑃 only and therefore do not encounter the 𝐶𝑃-based variation of 

the TSS master curves. 

The horizontal and vertical shift factors 𝑎𝑆 and 𝑏𝑆, employed to create the TSS master 

curves shown in Figure 3a (and Figure A4), are shown in Figures 3b and 3c, respectively (also see 

Figure A5). 𝑎𝑆 decreased with increasing 𝐶𝑆, indicating a >10-fold enhancement of chain 

relaxation timescales with 𝐶𝑆 increasing from 0.5 M to 2 M. Further, the influence of 𝐶𝑆 on 𝑎𝑆 was 

found to diminish with increasing 𝐶𝑃. Corresponding vertical shift factors 𝑏𝑆 were in the range of 

0.5 – 1 irrespective of 𝐶𝑃 and 𝐶𝑆 values. 
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Figure 3. (a) Time-salt superposition (TSS) master curves for PAA-PAH PECs. Each master curve 

was prepared by shifting the dynamic shear response from a series of PECs constituted at constant 

initial polyelectrolyte concentration 𝐶𝑃 (= 0.5 wt%, 3 wt%, and 7 wt%) and added salt 

concentration 𝐶𝑆 varying from 0.5 M to 2 M. (b, c) The horizontal shift factors 𝑎𝑆 and the vertical 

shift factors 𝑏𝑆 as a function of added salt concentration 𝐶𝑆 of the PECs prepared at fixed initial 

polyelectrolyte concentration 𝐶𝑃. The solid lines in (b) depict fits to the data of the form 

𝑎𝑆~ exp(−𝐴ඥ𝐶𝑆). Inset in (b) depicts the 𝐶𝑃 dependence of exponential argument 𝐴. The dashed 

lines in (c) are guides to the eye. 
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The sticky Rouse model45 has been invoked to predict the behaviors of polyelectrolyte 

chains in complexes and the functional dependence of the frequency shift factors.19,20,32,38–41 The 

sticky Rouse model describes dynamics of Gaussian chains with attractive interactions with their 

surrounding that impose additional friction impeding thermal relaxation of the chains.42–45 In PECs, 

the additional friction inhibiting polyelectrolyte relaxation arises from the electrostatic 

associations among oppositely charged chains and is characterized by a characteristic electrostatic 

association lifetime 𝜏0. The relaxation processes were proposed to occur through an activated 

process with an activation energy of 𝐸𝑎 as19 

𝜏0 =
1

𝜔0
exp (

𝐸𝑎

𝑘𝐵𝑇
)                                                             (1) 

𝐸𝑎 is the energy required to separate a quartet of polymeric ions into pairs, and thus is 

written as 𝐸𝑎 = −2𝜅𝑒2/4𝜋𝜖𝜖0 +  𝑒2/2𝜋𝜖𝜖0𝑑. 𝜔0 refers to the relaxation rate in the absence of 

ionic interactions. 𝑒, 𝜖0, 𝜖, 𝑘𝐵 and 𝑇 represent the elementary charge, permittivity of free space, 

relative permittivity of the medium, Boltzmann constant and temperature, respectively. 𝜅 

represents the inverse Debye length, and 𝑑 represents the contact distance between charges 

comprising an ion pair. Since the shift factors are expected to scale as the relaxation time of the 

polyelectrolytes, they are expected to scale as 𝑁𝛼𝜙𝑃
𝛽

𝜏0. Here 𝑁 is the degree of polymerization of 

the polyelectrolytes, 𝜙𝑃 is the polyelectrolyte volume fraction in the PECs, 𝛼 depends on the 

relaxation regime and is 2 for Rouse-like relaxation, and 𝛽 is related to the solvent quality and is 

~1.19 Thus, 𝑎𝑆 ~ 𝜔0
−1𝑘𝑁𝛼𝜙𝑃

𝛽
exp(−𝜅𝑒2/2𝜋𝜖𝜖0) with 𝑘 = exp(𝑒2/2𝜋𝜖𝜖0𝑘𝐵𝑇𝑑), and 

consequently 

𝑎𝑆~ exp(−𝐴√𝐼) ;  𝐴 =
ඥ2000𝑁𝐴𝑒3

2𝜋(𝜖𝜖0𝑘𝐵𝑇)1.5
                                         (2) 
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Here, 𝐼 denotes the ionic strength in the PECs. The exponential argument 𝐴 is a constant 

(= 1.68 × 107𝑇−1.5𝜖−1.5) and 𝜙𝑃 is assumed to be independent of 𝐼. Various reports19,20,32,39,40 have 

described the 𝜅-dependence of 𝑎𝑆 only in terms of the added salt concentration as 

𝑎𝑆~ exp(−𝐴ඥ𝐶𝑠). Analogously, 𝑎𝑆 obtained from the time-salt superpositions (Figure 3a) were 

also described satisfactorily with 𝑎𝑆~ exp(−𝐴ඥ𝐶𝑠) (Figures 3b and A5a).19 However, 𝐴 was found 

to vary with 𝐶𝑃 (shown in the inset of Figure 3b), contrary to the expectations from the sticky 

Rouse model wherein 𝐴 is a constant (≅ 3266𝜖−1.5 at 𝑇 = 298 K). The 𝐶𝑃-dependence of 𝐴 

highlights the inadequacy of using 𝐶𝑠 to estimate the Debye length; and the non-trivial role of the 

accompanying counterions in influencing the chain relaxation dynamics, rheology and related bulk 

properties of the PEC materials. 

The hypothesis that chain relaxation in PECs is dictated by both added ions and 

accompanying counterions also enables construction of a 𝐶𝑆 and 𝐶𝑃-independent master curve. A 

collapse of all the dynamic rheology data in the modified Cole-Cole representation (Figure A6a), 

the Cole-Cole representation (Figure A6b) and the van Gurp-Palmen representation51 (Figure A6c) 

also point towards a universal relaxation mechanism in PECs irrespective of the processing 

conditions. Figure 4a shows a universal master curve obtained by horizontally and nominally 

vertically shifting all the constant 𝐶𝑃 master curves (shown in Figure 3 and A4) with respect to the 

𝐶𝑃 = 0.5 wt% TSS master curve (also see Figure A7). The universal master curve, termed here as 

time- ionic strength superposition (TISS) master curve for PECs describes the oscillatory shear 

response of these materials irrespective of the solution conditions (𝐶𝑃 and 𝐶𝑆). The overall dynamic 

response again exhibited signatures of Rouse-like relaxation of the chains with terminal relaxation 
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in the low frequency limit (𝐺′ ∝ 𝜔2 and 𝐺′′ ∝ 𝜔) and 𝐺′~𝐺′′ ∝ 𝜔0.5 in the high frequency limit, 

underlining the analogy between PECs and semi-dilute polymer solutions.19,39,40,50 

Horizontal shift factors for the constant 𝐶𝑃 master curves 𝑎𝑃, are shown in the inset of 

Figure 4a. Thus, 𝑎𝑃 denotes the ratio of relaxation timescale for PECs with varying 𝐶𝑃 at a fixed 

𝐶𝑆. 𝑎𝑃 decreased with increasing 𝐶𝑃; this trend was expected as increasing 𝐶𝑃 while maintaining 

𝐶𝑆 led to higher 𝐼, thus increasing screening of electrostatic interactions and accelerating chain 

relaxation. The vertical shift factors 𝑏𝑃 that were employed to obtain the TISS master curve were 

~ 1 irrespective of 𝐶𝑃 values (Figure A8). 

Shift factors 𝑎𝑆 and 𝑎𝑃, employed to construct the TSS master curves at constant 𝐶𝑃 and 

the TISS master curve from TSS master curves, respectively, were combined to obtain an overall 

shift factor 𝑎𝐼 (= 𝑎𝑆𝑎𝑃). 𝑎𝐼 thus describes the relative chain relaxation timescale in the PAA-PAH 

PECs constituted at a prescribed 𝐶𝑃 and 𝐶𝑆 with respect to the PAA-PAH PECs constituted at 𝐶𝑃 

= 0.5 wt% and 𝐶𝑆 = 0.5 M. Lack of a clear trend in the 𝑎𝐼 vs. 𝐶𝑆 data (Figure A9) with no apparent 

general trend means that the chain relaxation processes cannot be described by accounting only 

for the amount of added salt in the PECs, contrary to the current practices.19,20,32,40 Accounting for 

the total ionic strength, shown in the 𝑎𝐼 vs. 𝐼 representation in Figure 4b, resulted in collapse of 

the shift factors. The corresponding vertical shift factors, 𝑏𝐼 (= 𝑏𝑆𝑏𝑃), also collapsed irrespective 

of 𝐶𝑃 or 𝐶𝑆 values, varying between 0.5 and 1 (Figure 4c). Interestingly, in agreement with 

Equation 2, the collapsed 𝑎𝐼 data was described satisfactorily by 𝑎𝐼~ exp(−𝐴√𝐼), as shown with 

the solid line in Figure 4b. 𝐴 = 4.74 was found to be surprisingly close to the theoretical value of 

𝐴 = 4.57, with 𝜖 = 80 and 𝑇 = 298 K. 
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We note that the description of collapsed 𝑎𝐼 data by an exp(−𝐴√𝐼) trend did not account 

for the 𝐼 dependence of 𝜙𝑃. This, however, can be justified owing to the weak dependence of 𝜙𝑃 

on 𝐼 for PAA-PAH PECs.46 Compositional analysis of PAA-PAH  PECs has revealed that 𝜙𝑃 

decreases with increasing 𝐼 as 𝜙𝑃 = 0.4 − 0.02𝐼.46 The 𝑎𝐼 vs. 𝐼 trends were described well with 

𝑎𝐼~𝜙𝑃(𝐼) exp(−𝐴√𝐼) with 𝐴 = 4.63; a marginal improvement over the fit shown in Figure 4b. 

We also note the near equipartitioning of small ions between the PAA-PAH PECs and their 

corresponding supernatant phases.46 These features, however, are particular to the polyelectrolyte 

pair considered here. Generally, 𝜙𝑃 is known to decrease with increasing 𝐶𝑆 (salt screening1–3,29,31) 

or 𝐶𝑃 (self-suppression3,29,31,52,53), or both. And small ions are known to partition preferentially, 

albeit slightly, in the supernatant phase.2,29,54 The 𝜙𝑃(𝐼) dependence as well as the preferential 

partitioning of small ions away from PECs must be appropriately accounted for in the description 

of the shift factors to achieve the TISS master curves. 
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Figure 4. (a) Universal time-ionic strength superposition (TISS) master curves for PAA-PAH PECs 

obtained by shifting the individual TSS master curves prepared at constant initial polyelectrolyte 

concentrations 𝐶𝑃, using horizontal (𝑎𝑃) and vertical (𝑏𝑃) shift factors. Inset: The horizontal shift 

factors 𝑎𝑃 for the individual TSS master curves as a function of 𝐶𝑃. (b, c) The overall horizontal 

shift factor 𝑎𝐼 = (𝑎𝑃𝑎𝑆) and the overall vertical shift factor 𝑏𝐼 = (𝑏𝑃𝑏𝑆) required to construct TISS 

master curves from individual frequency sweeps, as a function of ionic strength 𝐼 of PAA-PAH 

PECs. The solid line in (b) depicts fit to the data of the form 𝑎𝐼~ exp(−4.74√𝐼). 𝐼 was calculated 

as 𝐼 = 𝐶𝑆 + 𝑘𝛼𝐶𝑃, or the sum of monovalent added ion concentration and the accompanying 

counterions concentration, with 𝛼 ≈ 1 and 𝑘 denoting the numerical conversion factor (= 0.053 

M/wt%) that converts 𝐶𝑃 from wt% to molar units. 
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2.4 Conclusion 

In summary, our findings elucidate the non-trivial role of the counterions that accompany 

the polyelectrolyte chains in influencing chain relaxations and the viscoelastic response of 

polyelectrolyte complexes. We argue that the total ionic strength, rather than the added salt 

concentration, must be employed as the frame-of-reference for examining chain relaxations and 

dynamic rheology response of PEC materials. Time-salt superposition master curves are shown to 

depend on the PEC preparation conditions, highlighting the inadequacies of this approach. These 

shortcomings were addressed by incorporation of ionic strength, which accounts for both the 

counterions accompanying the polyelectrolyte chains and the added ions, in the electrostatic 

friction among oppositely charged polyelectrolytes. This modification led to unified master curves 

obtained via time-ionic strength superposition (TISS) that lend a universal description of the chain 

relaxation dynamics in PEC materials independent of preparation conditions, as well as a robust 

interpretation of the chain relaxation spectra within a modified framework based on the sticky 

Rouse model. We expect this approach to be applicable broadly for PECs and anticipate future 

investigations on the applicability of TISS on PECs comprising polyelectrolytes with diverse 

chemistries. Our findings add to growing understanding of structure and properties of PEC 

materials and are expected to diversify their applications as well as inform their industrial 

processing. 
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CHAPTER 3 

INFLUENCE OF MULTIVALENT SALTS ON POLYELECTROLYTE COMPLEXATION: COMPETITION 

BETWEEN REVERSIBLE IONIC INTERACTIONS AND ELECTROSTATIC BRIDGING 

 

3.1 Background  

The role of monovalent salts in polyelectrolyte complexation is well-described in numerous 

studies.19,20,32,38–41 However, rather surprisingly, the effect of the valency of the added small ions on 

PEC phase behavior and properties remains understudied. This chapter expands on our 

investigations presented in Chapter 2 by considering the effect of adding salts with divalent and 

trivalent cations on the phase behavior, composition, and rheology of PAA-PAH complexes. 

Polyelectrolyte complexation is widely accepted to be driven by a combination of 

electrostatic interactions between the oppositely charged polyelectrolytes and the accompanying 

entropy gains from the release of counterions localized near the polyelectrolyte chains.1,3,29–31  

Addition of salt screens the electrostatic interactions and therefore weakens the complexes, 

eventually dissolving them. 42,43 It has been suggested that multivalent ions can cause ionic bridging 

between ionic sites (of the opposite charge) on two or more like-charged chains or even ionic sites 

on the same chain.55,56 Such bridging phenomena have been demonstrated to result in enhanced 

adhesion as well as friction in polyelectrolyte brushes. 56 Figure 5 illustrates this for a divalent ion 

linking polyelectrolyte chains grafted to a surface. 56 
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Figure 5. A schematic depicting trivalent cation-mediated electrostatic bridging between two 

ionic sites on the same anionic polyelectrolyte chain (intrachain bridging) and between two 

adjacent anionic polyelectrolyte chains. Here, the chains are grafted to a surface rather than 

inside a complex; however, the interactions and the underlying physics are expected to be same 

in both cases. Adapted with permission from Ref. 56 under the terms of the Creative Commons 

Attribution-NonCommercial license. 
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The sticky electrostatic associations between the PAA and PAH chains in PAA-PAH PECs 

are mediated by small ions.1,3,29–31 Monovalent added and accompanying ions preferentially 

partition into the supernatant phase owing to the excluded volume effects and maximization of 

entropy of the system, despite the electrostatic correlations favoring their partitioning into the 

complex phase. This contributes to the negatively-sloped binodal phase diagram previously shown 

in Figure 1.29 The stress relaxation mechanism in the PEC is also dictated by added salt 

concentrations.19 Multivalent cations, specifically Ca2+, Mg2+, or Fe3+, possessing smaller ionic 

radii and greater charge density are expected to result in stronger screening of electrostatic 

interactions, leading to higher and lower concentrations of polyelectrolytes in the supernatant and 

the complex phase, respectively. Furthermore, the ability of the multivalent cations to bridge PAA 

chains is expected to result in preferential partitioning of the salt into the complex phase. 

Bridging of the PAA chains is also expected to manifest as distinct trends in the PEC 

rheology. At low concentrations 𝐶𝑆 of the added ions, the relaxation process, reflected in the 

rheology measurements, is theorized to be similar to that of the NaCl-PECs with both the storage 

and loss moduli, 𝐺′and 𝐺′′, decreasing as 𝐶𝑆 is increased. This is because the interactions between 

the PAA and PAH chains and the screening effect of the added ions and the Na+ and Cl– ions that 

accompany PAA and PAH respectively dominate the relaxation process. Compared to the NaCl-

PAA-PAH PECs of the same total ionic strength 𝐼 and polymer concentration 𝐶𝑃, higher moduli 

for the CaCl2-PAA-PAH PECs and even higher yet for the FeCl3-PAA-PAH PECs are expected 

due to electrostatic bridging that hampers chain relaxation and enhances PEC moduli. At higher 

𝐶𝑆, the degree of bridging between PAA chains may be dominant, hindering sufficient interaction 

with PAH chains and preventing proper formation of the complex phase. To test these hypotheses 

and thus establish a clearer link between the valency of the added salt and the properties of the 
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PAA-PAH PECs, TGA and rheology tests were carried out to map the evolution of PEC 

composition and moduli with ionic strength, as described in the subsequent sections. 
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3.2 Experimental Procedure 

 The objectives of this part of the study require a direct comparison between some of the 

NaCl-PAA-PAH PECs from Chapter 2 (referred to as NaCl-PECs) from this point onward) with 

their ionic strength-matched and polymer concentration-matched multivalent counterparts. Hence, 

PAA-PAH samples using CaCl2, MgCl2, and FeCl3 as the added salt (CaCl2-PECs, MgCl2-PECs, 

and FeCl3-PECs, respectively) were prepared using the same methodology described in Appendix 

1 for NaCl-PECs. The order of addition of PAA and PAH were reversed for the multivalent 

samples to prevent any premature bridging of PAA; this reversal was not found to have any effect 

on the rheology or composition of the NaCl-PECs (Figure A10). The pH of the multivalent samples 

was adjusted to pH = 6.5 using very minor amounts of hydrochloric acid or sodium hydroxide to 

ensure uniform complexation conditions across all samples. PEC samples with 𝐶𝑃 = 0.5 wt% were 

prepared, with ionic strength ranging from 0 ≤ 𝐼 ≤ 2 M.  

 The composition analysis of PECs was conducted using a furnace oven. Upon 

complexation, PEC samples and their corresponding supernatants were placed in separate 

aluminum pans. They were weighed and placed in the oven on 110 ˚C for 3.5 hours to remove all 

the water content, re-weighed and then placed back in the oven at 600 ˚C for 12 hours to remove 

all polymer content from both phases. The contents of the pans, which were only salt at this point, 

were weighed once more. This enabled the calculation of the weight fractions of each component 

in each phase, which were employed in generating the binodal phase diagrams. The rheology tests 

on the multivalent samples followed the same protocol as used in Chapter 2 (described in Appendix 

1). Composition tests were also repeated at a higher 𝐶𝑃 of 3% for further verification. 
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3.3 Results and Discussion 

 Tables 1, 2, and 3 summarize the data from the furnace tests for NaCl-PECs, CaCl2-PECs, 

and FeCl3-PECs, respectively, in terms of total polymer, water, and salt concentrations in both 

phases. All samples were prepared at 𝐶𝑃 = 0.5 wt% with ionic strength ranging from 0 ≤ 𝐼 ≤ 2 M. 

In all three cases, we observe that the supernatant phase is mostly water but that the polymer and 

salt weight fractions both increase in this phase with increasing ionic strength, increasingly more 

so with increasing cation valency. For NaCl-PECs, the polymer is still almost entirely retained 

within the complex phase and the salt shows preferential partitioning into its supernatant phase at 

all ionic strengths.  

For the CaCl2-PECs, opposite trends are observed. Salt is found to partition preferentially 

into the PEC itself than in the corresponding supernatant through the entire range of ionic strengths 

studied. This is hypothesized to occur owing to trapping of Ca2+ ions between ionizable groups on 

the PAA chains in the complex and formation of electrostatic bridges. The increased screening due 

to the CaCl2 ions leads to water-rich complexes and hence a notable increase in the polymer content 

of the CaCl2 supernatant relative to that of the NaCl supernatant. The additional polymer content 

of the CaCl2 supernatant may be comprised largely of expelled PAH chains that were unable to 

form electrostatic associations with PAA chains. The trends observed for CaCl2-PECs are even 

more evident in the case of FeCl3-PECs and their supernatants. 
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Supernatant Phase 

Ionic Strength (M) Polymer wt% Salt wt% Water wt% 

0 0.48% 0.64% 98.88% 

0.25 0.64% 1.10% 98.27% 

0.5 0.75% 2.81% 96.45% 

0.75 0.83% 4.81% 94.36% 

1 1.02% 6.99% 91.99% 

1.25 1.03% 6.87% 92.10% 

1.5 1.14% 7.35% 91.51% 

1.6 1.09% 7.50% 91.41% 

1.75 1.10% 8.20% 90.70% 

1.8 1.21% 9.53% 89.26% 

2 1.19% 9.66% 89.15% 

 

Complex Phase 

Ionic Strength (M) Polymer wt% Salt wt% Water wt% 

0 45.20% 0.40% 54.40% 

0.25 43.80% 0.59% 55.61% 

0.5 42.50% 1.08% 56.42% 

0.75 44.70% 0.68% 54.63% 

1 45.80% 3.76% 50.44% 

1.25 45.90% 4.00% 50.10% 

1.5 47.10% 5.30% 47.60% 

1.6 46.00% 5.59% 48.41% 

1.75 45.90% 6.10% 48.00% 

1.8 46.30% 5.24% 48.46% 

2 46.20% 5.65% 48.15% 

 

 

  

Table 1. Compositions of supernatants and complexes of NaCl-PAA-PAH PECs. All samples 

were prepared at 𝐶𝑃 = 0.5 wt% with ionic strength ranging from 0 ≤ 𝐼 ≤ 2 M.  
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Supernatant Phase 

Ionic Strength (M) Polymer wt% Salt wt% Water wt% 

0 0.49% 0.52% 98.99% 

0.25 0.69% 1.38% 97.93% 

0.5 1.01% 2.56% 96.43% 

0.75 3.25% 3.22% 93.53% 

1 3.00% 3.90% 93.11% 

1.25 4.71% 4.85% 90.44% 

1.5 5.43% 6.12% 88.45% 

1.6 7.40% 6.74% 85.86% 

1.75 8.04% 6.81% 85.15% 

1.8 8.57% 6.99% 84.45% 

2 8.95% 7.31% 83.74% 

 

Complex Phase 

Ionic Strength (M) Polymer wt% Salt wt% Water wt% 

0 50.00% 0.49% 49.51% 

0.25 49.10% 2.37% 48.53% 

0.5 49.50% 5.01% 45.49% 

0.75 46.78% 6.76% 46.46% 

1 41.57% 9.78% 48.65% 

1.25 42.10% 10.02% 47.88% 

1.5 41.06% 10.34% 48.60% 

1.6 39.59% 11.98% 48.43% 

1.75 38.66% 12.00% 49.34% 

1.8 36.15% 12.79% 51.06% 

2 35.95% 13.25% 50.80% 

 

  
Table 2. Compositions of supernatants and complexes of CaCl2-PAA-PAH PECs. All samples were 

prepared at 𝐶𝑃 = 0.5 wt% with ionic strength ranging from 0 ≤ 𝐼 ≤ 2 M. 
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Supernatant Phase 

Ionic Strength (M) Polymer wt% Salt wt% Water wt% 

0 0.48% 0.50% 99.02% 

0.25 3.51% 1.83% 94.66% 

0.5 7.09% 6.53% 86.38% 

0.75 9.72% 6.94% 83.34% 

1 11.14% 10.40% 78.46% 

1.25 12.71% 12.53% 74.76% 

1.5 13.83% 13.00% 73.17% 

1.6 13.63% 14.10% 72.27% 

1.75 13.62% 13.84% 72.54% 

1.8 13.99% 14.38% 71.63% 

2 14.61% 14.83% 70.56% 

 

Complex Phase 

Ionic Strength (M) Polymer wt% Salt wt% Water wt% 

0 50.20% 0.47% 49.33% 

0.25 48.10% 6.89% 45.01% 

0.5 39.07% 17.86% 43.07% 

0.75 38.49% 19.12% 42.39% 

1 35.10% 20.74% 44.16% 

1.25 34.23% 20.88% 44.89% 

1.5 33.55% 21.35% 45.10% 

1.6 32.01% 21.42% 46.57% 

1.75 31.22% 21.50% 47.28% 

1.8 31.06% 21.26% 47.68% 

2 29.70% 21.58% 48.72% 

  
Table 3. Compositions of supernatants and complexes of FeCl3-PAA-PAH PECs. All samples were 

prepared at 𝐶𝑃 = 0.5 wt% with ionic strength ranging from 0 ≤ 𝐼 ≤ 2 M. 
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The composition data were combined to create binodal phase diagrams on a molar basis of 

salt versus total polymer weight fraction as per Figure 6. It is demonstrated for the 𝐶𝑃 = 0.5 wt% 

samples that the phase diagram for the NaCl samples leans toward the left, resulting in negatively-

sloped tie-lines underscoring the preferential salt partitioning into the supernatant phase.29,57,58 As 

we increase the valency of the cation of the added salt, the phase boundaries shift increasingly to 

the right, suggesting the tendency of the salts to partition into the complex phase, which in turn 

further highlights the role of electrostatic bridging in influencing PEC phase behavior. 

To verify that the behavior can indeed be generalized, the furnace tests were repeated at 𝐶𝑃 

= 3 wt% (Figure 7) as well as with the replacement of CaCl2 with MgCl2 (Figure 8), both of which 

were found to be in agreement with results obtained at the  𝐶𝑃 = 0.5 wt%. 
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Figure 6. Binodal phase diagrams depicting the compositions of both the complex and 

supernatant phases for NaCl-, CaCl2-, and FeCl3-PAA-PAH systems at 𝐶𝑃 = 0.5 wt%. 

Increasing the cationic valency of the added salt shifts the tie-lines from negatively to positively 

sloped, suggesting the greater tendency of the salt ions to partition into the complex phase, 

reaffirming the presence of electrostatic bridging. 
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Figure 7. The binodal phase diagrams depicting the compositions of both the complex and 

supernatant phases for NaCl-, CaCl2-, and FeCl3-PAA-PAH systems at 𝐶𝑃 = 3 wt%. This 

verifies the results obtained for the 𝐶𝑃 = 0.5 wt% samples.  Once again, increasing cationic 

valency of the added salt shifts the tie-lines from negatively to positively sloped, indicating 

greater tendency of the salt ions to partition into the complex phase, reaffirming the presence 

of electrostatic bridging. 
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Figure 8. The binodal phase diagrams comparing the the compositions of both the complex 

and supernatant phases CaCl2-, and MgCl2-PAA-PAH systems at (a) 𝐶𝑃 = 0.5 wt% and (b) 𝐶𝑃 

= 3 wt%. The results for both these systems utilizing different divalent cationic added salts is 

highly similar showing that the findings are not specific to just CaCl2-based systems. 

(a) 

(b) 
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Rheology tests, including amplitude and frequency sweeps, were carried out for CaCl2-

PECs at 𝐶𝑃 = 0.5 wt%. For samples between ionic strength 𝐼 = 0.5 M – 0.75 M, both the storage 

and loss moduli, 𝐺′and 𝐺′′, decreased as ionic strength increased, with 𝐺′′ consistently greater than 

its corresponding 𝐺′, in accordance with the trends seen earlier. However, for 0.75 M ≤ 𝐼 ≤ 1.6 

M, both 𝐺′and 𝐺′′ increased with increasing ionic strength, opposite to the earlier trends. These 

results are summarized in the frequency sweep depicted in Figure 9 and could be explained by the 

increasing amount of electrostatic bridging occurring inside the PEC, leading to hindered chain 

relaxation, increasing stress-storage capacity and reduced viscous dissipation.50 For 𝐼 > 1.6 M, the 

complexes were too brittle to be tested reliably. Electrostatic bridging is hypothesized to 

outcompete the electrostatic interactions between PAA and PAH chains at such high ionic 

strengths. The rheometer is unable to perform measurements on these samples as it is too stiff, but 

then disintegrates upon further applied strain. This is supported by the growth of a bright, brittle 

white spot on the complex representative of PAA chains that are bridged with another, leading to 

an inhomogeneous appearance and texture, as shown in Figure 10. 

In Figure 11, the rheological response of the CaCl2-PECs is compared with that of the 

NaCl-PEC at a fixed frequency of 𝜔 = 1 rad/s across the range of 0.5 M ≤ 𝐼 ≤ 1.6 M. It is clear 

that as ionic strength increases in NaCl-PECs, we see a more distinct decrease in 𝐺′and 𝐺′′. 

Meanwhile, CaCl2-PECs show a milder decrease in both moduli, followed by gradual increase, 

suggesting increased robustness as valency of the added salt is increased. 
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Figure 9. Frequency sweep curves for CaCl2-PECs with initial total polyelectrolyte 

concentration 𝐶𝑃 = 0.5 wt% across the range of 0.5 M ≤ 𝐼 ≤ 1.6 M at a fixed frequency of 𝜔 = 

1 rad/s. For 0.75 M ≤ 𝐼 ≤ 1.6M , we see an increase in 𝐺′and 𝐺′′, contrary to the observation 

made for NaCl-PECs. Improper complexation occurs for 1.6M ≤ 𝐼, preventing rheology 

characterization. 



 

36 
 

  

Figure 10. (a) At 𝐼 = 1.6 M, there appears to be a bright white spot that felt more brittle in 

comparison to the rest of the CaCl2-PEC. (b) The complex becomes increasingly like this “spot” 

at even higher ionic strength 𝐼 = 2 M, rendering a CaCl2-PEC that could not be characterized 

using rheology. 

(a) (b) 
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Figure 11. Dependence of 𝐺′and 𝐺′′ on ionic strength 0.5 M ≤ 𝐼 ≤ 1.6 M for 𝐶𝑃 = 0.5 wt% 

NaCl-PECs and CaCl2-PECs at a fixed frequency of 𝜔 = 1 rad/s. As ionic strength increases in 

NaCl-PECs, there is a distinct decrease in 𝐺′and 𝐺′′. For CaCl2-PECs, there is a milder decrease 

in 𝐺′and 𝐺′′, followed by gradual increase with increasing ionic strength. 
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Rheology was not feasible for FeCl3-PECs even for lowest ionic strengths prepared: 𝐼 = 

0.25 M and 𝐼 = 0.5M. Essentially, complexation appears to be hindered since in contrast to typical 

complexes that are uniform in texture and color, the FeCl3-PECs complexes seemed to comprise 

two different “complex” phases settled on top of each other at the bottom of the tube, as depicted 

in Figure 12a. While the complex appeared relatively liquid-like, harder clumps that are very solid-

like and brittle also appeared. The rheometer was unable to compress them to its zero gap, and 

instead resulted in the complex breaking down (Figure 12b). Collectively these observations 

suggest that the electrostatic bridging due to the trivalent Fe3+ ion is so strong that it prevents any 

complexation in the range studied to begin with; it deprives the PAH chains of available ionic sites 

on the PAA chains needed for the sticky electrostatic associations that drive complexation. 
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Figure 12. (a) A FeCl3-PEC prepared at 𝐶𝑃 = 0.5 wt% and  𝐼 = 2 M, elucidates how the complex 

appears to be more like two improperly-complexed phases that have settled at the bottom of the 

tube. (b) The brittle clumps that have formed in place of the complete PEC needed for rheology 

characterization. 

 

(a) (b) 
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3.4 Conclusion 

 In summary, we show that increasing cationic valency of the added salt can have a 

significant effect on the composition and rheology characterization of PECs. We demonstrate that 

using multivalent cations, Ca2+
, Mg2+, and Fe3+ results in increased screening effect in PECs, with 

more polymer content in their corresponding supernatants relative to their monovalent NaCl 

counterparts. We also identify an electrostatic bridging process where the multivalent cations bind 

with anionic sites on the PAA chains. This process competes with the sticky electrostatic 

associations between the PAA and PAH chains. Therefore, electrostatic bridging can explain the 

general increase in the storage and loss moduli as ionic strength at a fixed polymer concentration 

is increased to a point where the bridging phenomenon outcompetes the interactions between the 

PAA and PAH chains, preventing proper complexation. This is observed for CaCl2- PECs at 𝐼 >   

1.6 M. Meanwhile, there is a lack of proper complexation even at the lowest ionic strengths studied 

for FeCl3-PECs. 

 While our findings agree with the current understanding of polyelectrolyte complexation, 

these phenomena must be further investigated using an electronic TGA device to support our 

compositional analyses. Additionally, a second trivalent salt should be used in forming these PECs 

to further support the conclusion for FeCl3-PECs. 
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APPENDICES 

Appendix 1: Materials and Methods 

Preparation of Stock Polyelectrolyte Solutions 

The polyanion poly(acrylic acid) sodium salt (PAA) was purchased from Millipore Sigma 

as 35 wt% aqueous solution. The polycation poly(allylamine hydrochloride) (PAH) was purchased 

from AK Scientific in powder form (95% purity). Sodium Chloride (100% purity) was purchased 

from Fisher Scientific International, Inc. The chemical reagents were used as received. The 

molecular weight, degree of polymerization, and dispersity values from the vendors are listed in 

Table A1 under Appendix 1: Materials and Methods.  
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Table A1. Characterization of polymers used in the study 

Sample Molecular Weight (Mn 

g/mol) 

Dispersity 

(Mw/Mn) 

Degree of Polymerization 

(N) 

PAA 14,800 1.04 158 

PAH 15,000 1.18 160 
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Preparation of Polyelectrolyte Complexes 

Polyelectrolyte complexes were prepared by mixing the PAA and PAH in a 1:1 

stoichiometric, charge-matched ratio. 10 wt% aqueous stock solutions of each polyelectrolyte and 

5 M solution of NaCl were prepared in DI water. Appropriate volumes of stock solutions of PAA 

and PAH, NaCl solution, and DI water needed to constitute the mixture of a certain initial 

polyelectrolyte concentration 𝐶𝑃 and added salt concentration 𝐶𝑆 were mixed in the following 

order: PAA stock solution, NaCl solution, DI water, then PAH stock solution. After each addition, 

samples were vortexed for approximately 30 seconds. Samples were prepared to be a total volume 

of 1, 2, or 5 mL to obtain appropriate amounts of complexes for subsequent rheology 

characterization. For instance, all samples with 𝐶𝑃 = 0.5 wt% required 5 mL sample volumes, 

samples with 𝐶𝑃 = 7 wt% and high added salt concentrations required 2 mL sample volumes, and 

all other samples required 1 mL sample volumes to obtain sufficient complexes. All samples were 

prepared at room temperature. The order of addition of the polyelectrolytes did not make a 

difference in PEC rheology (see Figure A10). 

The mixed sample was centrifuged at high speed (4696xg) for 30 minutes to accelerate 

coalescence of the phase separated droplets. The resulting solutions had two distinct phases: an 

opaque white polyelectrolyte-rich complex phase at the bottom and a clear polyelectrolyte-lean 

supernatant phase on top. The supernatant phase was removed, and the underlying complexes was 

extracted for rheology testing. 

 

Rheological Characterization and Processing of Data 

An Anton Paar MCR 302 stress-controlled rheometer with a cone and plate (10 mm 

diameter, 2˚ cone angle) measuring system was used for all rheology measurements. Amplitude 

sweep that measured the storage and loss moduli as a function of shear strain (γ) ranging from 
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0.01% to 100%, at a fixed angular frequency (ω) of 1 rad/s were carried out to identify the linear 

viscoelastic region of the rheology response of the complexes. Based on these measurements, 0.1% 

was used as the appropriate constant shear strain to be applied in the subsequent frequency sweep, 

which measured the storage and loss moduli over an angular frequency range of 0.1 rad/s to 100 

rad/s. All experiments were conducted at 298 K. Scripts in MATLAB were used to carry out the 

various superpositions, calculate the shift factors, and obtain fits to the shift factors using the sticky 

Rouse model.  
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Appendix 2: Supplementary Figures  

 

Figure A1. Amplitude sweep curves for PAA-PAH PECs with initial polyelectrolyte 

concentration 𝐶𝑃 = 0.5 wt% (a), 1 wt% (b), 3 wt% (c), 5 wt% (d) and 7 wt% (e) and varying 

added salt concentration 𝐶𝑆 = 0.5 M, 1 M, and 2 M. Closed and open symbols denote storage 

(𝐺′) and loss moduli (𝐺′′), respectively. All the measurements were carried out at 25 ˚C with a 

strain oscillation frequency 𝜔 = 1 rad/s. 
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Figure A2. Frequency sweep curves for PAA-PAH PECs with initial polyelectrolyte 

concentration 𝐶𝑃 = 0.5 wt% (a), 1 wt% (b), 5 wt% (c), and 7 wt% (d) and varying added salt 

concentration 𝐶𝑆 = 0.5 M, 1 M, and 2 M. Closed and open symbols denote storage (𝐺′) and loss 

moduli (𝐺′′), respectively. All the measurements were carried out at 25 ˚C in the linear 

viscoelastic regime with a strain amplitude 𝛾 = 0.1%. 
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Figure A3.1. Modified Cole-Cole representation (log 𝐺′′ vs. log 𝐺′) of the frequency sweep 

curves for PAA-PAH PECs with initial polyelectrolyte concentration 𝐶𝑃 = 0.5 wt% (a), 1 wt% 

(b), 3 wt% (c), 5 wt% (d), and 7 wt% (e) with varying added salt concentration 𝐶𝑆 = 0.5 M, 

0.75 M, 1 M, 1.5 M and 2 M. All the measurements were carried out at 25 ˚C in the linear 

viscoelastic regime with a strain amplitude 𝛾 = 0.1%. The collapse of log 𝐺′′ vs. log 𝐺′ data for 

PECs with varying 𝐶𝑆 (fixed 𝐶𝑃) onto single curves suggests that the moduli interrelation is a 

continuous function that describes the shear relaxation processes in PECs, validating the TSS 

superposition approach. 
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Figure A3.2. Cole-Cole representation (𝐺′′vs. 𝐺′) of the frequency sweep curves for PAA-PAH 

PECs with initial polyelectrolyte concentration 𝐶𝑃 = 0.5 wt% (f), 1 wt% (g), 3 wt% (h), 5 wt% 

(i), and 7 wt% (j) with varying added salt concentration 𝐶𝑆 = 0.5 M, 0.75 M, 1 M, 1.5 M and 2 

M. All the measurements were carried out at 25 ̊ C in the linear viscoelastic regime with a strain 

amplitude 𝛾 = 0.1%. The collapse of 𝐺′′ vs. 𝐺′ data for PECs with varying 𝐶𝑆 (fixed 𝐶𝑃) onto 

single curves further validates the TSS superposition approach. 
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Figure A4. Time-salt superposition (TSS) master curves for PAA-PAH PECs. Each master 

curve was prepared by shifting the dynamic shear response from a series of PECs constituted 

at constant initial polyelectrolyte concentration 𝐶𝑃 (0.5 wt%, 1 wt%, 3 wt%, 5 wt% and 7 wt%) 

and added salt concentration 𝐶𝑆 varying from 0.5 M to 2 M. 
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Figure A5. (a, b) The horizontal shift factors 𝑎𝑆 and vertical shift factor 𝑏𝑆 employed to achieve 

TSS master curves for PECs prepared at fixed initial polyelectrolyte concentration 𝐶𝑃 as a 

function of added salt concentration 𝐶𝑆. The solid line in (a) depict fits to the data of the form 

exp(−𝐴ඥ𝐶𝑆). 
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Figure A6. (a) Modified Cole-Cole representation (log 𝐺′′ vs. log 𝐺′), (b) Cole-Cole 

representation (𝐺′′ vs. 𝐺′) and (c) van Gurp-Palmen representation (𝛿 vs. 𝐺∗) of the frequency 

sweep curves for PAA-PAH PECs with varying initial polyelectrolyte concentration 𝐶𝑃 and added 

salt concentration 𝐶𝑆. All the measurements were carried out at 25 ˚C in the linear viscoelastic 

regime with a strain amplitude 𝛾 = 0.1%. The collapse of log 𝐺′′ vs. log 𝐺′ data for PECs with 

varying 𝐶𝑆 and 𝐶𝑃 onto single curves suggests that the moduli interrelation is a continuous function 

that describes the shear relaxation processes in PECs, validating the TISS superposition approach. 
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Figure A7. Universal time-ionic strength superposition (TISS) master curves, shown in (a) 𝐺′ 

and 𝐺′′ vs. 𝜔 and (b) tan 𝛿 vs. 𝜔 representations, for PAA-PAH PECs obtained by shifting the 

individual TSS master curves prepared at constant total polyelectrolyte concentrations 𝐶𝑃, using 

horizontal (𝑎𝑃) and vertical (𝑏𝑃) shift factors. 
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Figure A8. Vertical shift factor 𝑏𝑃 employed to achieve TISS master curves for PECs from 

TSS master curves as a function of initial polyelectrolyte concentration 𝐶𝑃 of the PECs. 



 

54 
 

  

Figure A9. The overall horizontal shift factor 𝑎𝐼 = (𝑎𝑃𝑎𝑆), required to construct TISS master 

curves from individual frequency sweeps, as a function of added salt concentration 𝐶𝑆 of PAA-

PAH PECs. 
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Figure A10. Frequency sweep curves for PAA-PAH PECs with initial polyelectrolyte 

concentration 𝐶𝑃 = 0.5 wt% and added salt concentration 𝐶𝑆 = 0.5 M. The order of addition of 

the constituents in preparing the samples were: (i) PAA stock solution, NaCl solution, DI water, 

then PAH stock solution (circles) and (ii) PAH stock solution, NaCl solution, DI water, then 

PAA stock solution (squares). Closed and open symbols denote storage (𝐺′) and loss moduli 

(𝐺′′), respectively. All the measurements were carried out at 25 ˚C in the linear viscoelastic 

regime with a strain amplitude 𝛾 = 0.1%. 
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