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ABSTRACT 

The dynamic mechanical and rheological behavior of polyelectrolyte coacervates and complex 

precipitates is of interest for many applications ranging from health to personal care. Hydration is 

an important factor, but its effect on the dynamic properties of polyelectrolyte complexes (PECs) 

is poorly understood. Here, we describe the dynamic behavior of poly(allylamine hydrochloride) 

(PAH) and poly(acrylic acid) (PAA) complex precipitates at varying relative humidity values and 

temperatures using both dynamic mechanical analysis (DMA) and all-atom molecular dynamics 

simulations. To mirror the experimental system via simulation, the water content within the PEC 

is measured and used as the parameter of interest, rather than relative humidity. In experimental 

DMA, modulus decreases with both increasing water content and temperature. The data are 

superimposed into a super-master hydrothermal curve using the time-temperature superposition 

principle and the time-water superposition principle for the first time. The temperature-dependent 

shift factor (aT) follows an Arrhenius relation, and the water-dependent shift factor (aw) follows a 

log-linear relation with water content in the complex. These results suggest that both temperature 

and water affect the dynamics of the PEC by similar mechanisms over the range investigated. All-

atom molecular dynamics simulations show that an increase in water content and temperature lead 

to similar changes in polyelectrolyte chain mobility with little effect on the number of intrinsic ion 

pairs, suggesting the validity of time-water and time-temperature supposition principles. 

INTRODUCTION 

Polyelectrolyte complexes (PECs) are the product of strong interactions between oppositely 

charged macromolecules and the release of entropic counterions in solution.1-22 PEC morphologies 

range from solid-like (polyelectrolyte complexes) to liquid-like (polyelectrolyte coacervates),23, 24 

and are affected by assembly conditions (e.g., polyelectrolyte concentration, ionic strength and salt 
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type, polyelectrolyte type and molecular weight, etc.), as well as post-treatment conditions.25-27 

Consequently, PEC physical properties have proven to be affected by water content, salt, and 

pH.28-42 This enables PECs for several applications including humidity sensors,43, 44 adhesives,45 

self-healing materials,46-49 and mechanically adaptive materials.50 To date, it is generally accepted 

that water content and temperature affect the mechanical properties of PECs.28-34 However, there 

is little information regarding the dynamic mechanical behavior of PECs as a function of both 

water content and temperature. A fundamental understanding is needed to not only reveal how 

polyelectrolyte chains behave dynamically within the complex but also for enabling certain 

applications. 

PEC structure is generally described by intrinsic and extrinsic ion pairing. 23, 37 Intrinsic ion 

pairing is formed by the electrostatic interactions between oppositely charged polymer repeat units, 

and extrinsic ion pairing results from interactions of polymer repeat units and counter ions.23 Water 

acts as an essential plasticizing agent, relaxing the polymer chains within the PEC. Increasing the 

water content in PECs causes an increase in free volume, structural rearrangement, and a decrease 

in both the PEC glass transition temperature and modulus.25, 51 Salt facilitates PEC plasticization 

by transforming intrinsic ion pairs into extrinsic ion pairs, which promotes the relaxation of 

polyelectrolyte chains within the PEC. However, simulations indicate that the plasticizing effect 

of salt is influenced by water: salt acts as a plasticizer (weakening ion pairing) or a hardener 

(immobilizing the water molecules), depending on the PEC hydration level.51 Thus, salt influences 

whether a hydrated PEC is glassy — moduli ~ 109 Pa — or rubbery — moduli ~ 106 Pa.37, 52-54 

Similarly, pH can have a strong effect on the number of intrinsic ion pairs by way of controlling a 

polyelectrolyte’s charge density.38, 55 Together, water, pH, and salt have been reported to influence 

static mechanical properties.24, 25, 32, 37, 40, 51, 55 
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Due to the known effects of water, salt, and pH on the structure and mechanical properties of 

PECs, the dynamic mechanical behavior of PECs has been studied through the application of 

superposition principles. Superposition principles are a tool used to study physical and mechanical 

responses of materials in the time domain (e.g., polymers, polyelectrolyte complexes).40, 56 

Specifically, superposition principles are used to analyze frequency-dependent properties such as 

the complex modulus. The time-temperature superposition principle (TTSP), for example, relates 

the time and temperature response of viscoelastic materials.56 Thus, TTSP is used to either 

determine the temperature-dependence of a material’s rheological behavior, or to study a 

material’s behavior at a specific temperature over a broader frequency range.56, 57 Consequently, 

other superposition principles have been explored to study the dynamic mechanical response of 

homopolymers (e.g., nylon) to variables other than temperature, such as: salt,58, 59 pH,40 and 

water/humidity.60-62 In the specific case of the dynamic mechanical behavior of hydrated PECs, 

equivalent effects between time (frequency), temperature, salt, and pH have been proposed and 

studied for immersed PECs and/or PEC coacervates: time-temperature superposition,37 time-salt 

superposition,21, 24, 63 time-temperature-salt superposition,37 and time-pH superposition.40 Only 

two studies have addressed the application of the time-humidity superposition principle to PECs, 

however this was done for ion conductivity.35, 39 Therefore, information is lacking regarding time-

water-temperature superposition for the dynamic mechanical behavior of PECs.  

Here, we study the plasticizing effects of water and temperature on the dynamic mechanical 

behavior of a PEC made from poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) 

(PAA), as well as its mechanical behavior through the application of time-temperature (TTSP) and 

time-water (TWSP) superposition principles. PAH/PAA PEC specimens were equilibrated to 

specific relative humidity values and tested using a dynamic mechanical analysis (DMA) 
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instrument equipped with a relative humidity accessory. Data collected for the storage modulus 

(E’) were used to construct master curves after the application of TTSP and TWSP from which 

two horizontal shift factors were assessed: a temperature-dependent shift factor (aT) and a water-

dependent shift factor (aW). Finally, the temperature dependence of aT and the water dependence 

of aW were described using an Arrhenius equation and a log-linear equation, respectively. Such 

information is relevant to the selection of materials for specific applications in which the material’s 

mechanical behavior under the conditions of use (e.g., cyclic loading, temperature, relative 

humidity (water content), etc.) are important. 

EXPERIMENTAL SECTION 

Materials 

Poly(acrylic acid) (PAA, Mw 100,000 g-mol-1, 35 wt% aqueous solution) was purchased from 

Sigma Aldrich. Poly(allylamine hydrochloride) (PAH, Mw 120,000 – 200,000 g-mol-1, 40 wt% 

aqueous solution) was purchased from Polysciences Inc. PAA and PAH were used as received. 

Milli-Q water was used for all experiments and solutions preparation. 

Preparation of PAH/PAA Polyelectrolyte Complexes 

A preparation procedure developed by Zhang et al.38 was followed. 0.1 M solutions of PAH and 

PAA were prepared with respect to their repeat unit molar mass. The pH of the polyelectrolyte 

solutions was adjusted to pH 7 using NaOH or HCl aqueous solutions. 100 mL of the PAH solution 

were quickly added to 100 mL of the PAA solution. The PAH/PAA blend was stirred for 30 min 

at 600 rpm. Dialysis of the PAH/PAA PEC mixture was performed using Milli-Q water at pH 7 

for 2 days. Dialysis time was determined by measuring the conductivity of the Milli-Q water. The 

dialyzed PEC was transferred to Falcon tubes and centrifuged for 10 min at 8500 rpm and 25 oC. 

Centrifuged PECs were recovered, cut into small chunks, and allowed to dry at room conditions 



 6 

for at least 12 hours. Once dry, the PEC chunks were ground into a powder. For improved 

reproducibility, multiple batches were prepared and then blended all together. 

Solid specimens for dynamic mechanical testing and water content determination were prepared 

by compression molding according to ASTM D4703-16.64 A stainless steel flash mold with 

machined cavities was used, having cavity dimensions of 20 mm length, 6 mm width, and 0.5 mm 

depth. 50 ± 1 mg of the powdered PAH/PAA PEC were carefully placed in each machined cavity. 

Then, 55 μl of Milli-Q water at pH 7 were added to each cavity. Aluminum foil 1100 was used as 

the separating sheet. The mold was placed in a hot press at 100 oF for a total of 14 minutes: 10 

minutes without any load, 2 minutes with a 2 ton load, and 2 minutes with a 4 ton load. The PEC 

specimens were removed from the mold, placed between two glass slides to keep them flat, and 

allowed to dry for ~12 hours at ambient conditions. 

Determination of PEC Water Content 

Specimens were placed in a homebuilt humidity chamber at the desired RH value and room 

temperature. The mass of the hydrated PEC specimen was measured immediately after at least 24 

hours of exposure in the RH chamber. The “dry” weight of the specimens was measured after 

drying the hydrated PEC specimens for 3 days in a vacuum oven at 30 oC. Longer exposure times 

in the humidity chamber did not increase the PEC water content. Therefore, a period of 24 hours 

was determined to be sufficient for the PEC specimens to reach the equilibrated water content (see 

Table 1).  

Dynamic Mechanical Analysis Measurements 

Mechanical testing was performed using a TA Q800 dynamic mechanical analyzer with a 

relative humidity accessory. A tension clamp configuration was used. PEC specimens were first 

equilibrated in the homebuilt humidity chamber for at least 24 hours at the desired RH value before 
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DMA measurements were taken. Multi-strain tests were performed to ensure all measurements 

were within the linear viscoelastic regime for each RH value (50, 70, 80, 85, 90 and 95% RH) 

(Figure S1). A strain value of 0.01% was chosen for all multi-frequency strain tests.  

Multi-frequency strain (frequency sweep) tests were performed at set temperature and relative 

humidity values over a 10-1 – 101 Hz frequency range. PEC films were allowed to equilibrate for 

30 – 40 min within the relative humidity accessory once the temperature and relative humidity set 

points were reached. Three frequency sweeps (~ 6 h) were performed to ensure an equilibrated 

response and to eliminate any mechanical history. Data from the third frequency sweep were used 

for time-temperature and time-water superposition analysis. Samples were tested in duplicates 

(except for 50% RH). A representative data set from each relative humidity-temperature 

configuration was chosen for plotting purposes. A new specimen was used for each relative 

humidity-temperature configuration. 

Multi-frequency strain experiments provided information regarding the PEC mechanical 

behavior: storage (E’) and loss (E”) moduli as well as tan delta (E”/E’). A RH range of 50 – 95% 

was chosen due to sample and instrument limitations. Samples at 50% RH or less were glassy and 

brittle, thus often resulting in sample failure during experimental mounting. Therefore, RH values 

below 50% were not explored. The DMA relative humidity accessory presented limitations for RH 

and T ranges as well.65 Upper and lower temperature limits were initially determined according to 

operating specifications for the DMA relative humidity accessory. Upper temperature limits were 

additionally narrowed down according to sample failure (yielding) at specific relative humidity 

values (see Table 1).  
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Table 1. Temperature ranges and increments used for frequency sweep tests and measured PEC 

water content (WH2O) for different relative humidity values.  

RH / % WH2O ± SD / wt%a Measured Temperatures / oC 

95* 35.7 ± N/A 25.0 - 40.0, ∆T = 2.5 

90 31.7 ± 0.6 20.0 - 55.0, ∆T = 5.0 

85 24.8 ± 0.4 20.0 - 55.0, ∆T = 5.0; 57.5 

80 22.8 ± 0.5 20.0 - 65.0, ∆T = 5.0; 67.5 

70 18.7 ± 0.8 20.0 – 80.0, ∆T = 10.0; 85.0, 90.0, 95.0 

50 13.5 ± 0.8 20.0 - 90.0, ∆T = 10.0 

a WH2O was measured with a homebuilt humidity chamber at room temperature (~ 23 oC). 

* Water content at 95% RH was estimated from the linear relationship between aW and WH2O. 

 

Modulated Differential Scanning Calorimetry 

Modulated DSC measurements were performed using a TA Q200 differential scanning 

calorimeter. A procedure developed by Shao and Lutkenhaus was followed to measure the glass 

transition temperature (Tg) of dry PAH and PAA polymers.66 The Tg for hydrated PAH/PAA PECs 

was measured following a procedure developed by Zhang et al. (rate = 2 oC-min-1, modulation 

period = 60 s, and modulation amplitude = ± 1.272 oC).38 In this work, dried (3 d, 30 oC under 

vacuum) PEC powder was hydrated with Milli-Q water at pH 7. Sample masses ranged from 5 to 

12 mg. Measurements were performed in duplicates for the dry polymers and in triplicates for the 

hydrated PECs. 

Molecular Dynamics Simulations 

The Gromacs 5.1.3 package67, 68 was used for all-atom molecular dynamics (MD) simulations 

of assemblies consisting of 20 PAH20 and 20 PAA20 molecules. The subscript 20 refers to the 
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number of repeat units in each chain. The OPLS-aa force field69 was used for polyelectrolytes and 

TIP4P explicit water model70 for the water. The protonation of PAA and PAH was set so that all 

repeat units were fully charged, matching assembly at pH = 7.71 The degrees of ionization of PAH 

and PAA within PAH/PAA assembled at pH 7 were estimated as 100% and 93%, respectively. 

Three different water concentrations, i.e., 18.7, 24.8, and 31.7 wt%, corresponding to 70, 85, and 

90% RH in the experiments, were examined. The chemical structures of PAA and PAH, and 

sample simulation snapshots of 20-mer PAH and PAA are presented in Figure S2.  

The PME method72 was used for the long-range electrostatics interactions and the Lennard-Jones 

potential with a 1.0 nm cut-off for the van der Waals interactions. Long-range dispersion 

corrections for energy and pressure were applied. The LINCS73 and SETTLE74 algorithms were 

used to constrain the bonds in the polyelectrolytes and in water molecules. A 2 fs time step within 

the leap-frog integration scheme was applied, and the trajectories were recorded every 1000 steps. 

Temperature was controlled via the V-rescale thermostat75 with coupling constant  = 0.1 ps; the 

polyelectrolytes and solvent were coupled to separate heat baths. Periodic boundary conditions 

were applied in all directions. Pressure was maintained at 1 bar via the Parrinello-Rahman 

barostat76 with coupling constant p = 2 ps. The VMD software package was used for 

visualizations.77 Initial PEC configurations were generated using PACKMOL78 with a protocol 

established in previous work.42, 79 Additional information about the simulation system preparation 

and analysis is provided in the Supporting Information.  

RESULTS AND DISCUSSION 

PEC water content and Tg 

In order to understand the effect of water on the dynamic mechanical behavior of PAH/PAA 

PECs, their water content was determined at specific relative humidity (RH) values, Figure 1 (see 
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Table S1 in Supporting Information for a sample calculation). A linear trend of water content with 

RH is observed between 50 and 85% RH. At 90% RH, the PEC absorbs more water from the 

environment due to increased rearrangement of the PEC structure with increasing RH.80 This 

sudden increase in water content above 85% RH resembles a similar effect observed by Nolte et 

al.,80 where polyelectrolyte multilayer (PEM) swelling significantly increased above 90% RH. 

Figure S3 illustrates the glass transition temperature (Tg) as a function of water content in the 

PAH/PAA PEC. The Tg values measured for the PECs at varying RH values (water content) are in 

agreement with previously published Tg values for hydrated PAH/PAA PECs studied by Zhang et 

al.38 Tg decreased with increasing water content, which is explained by the plasticizing effect of 

water.81 

 

Figure 1. PAH/PAA PEC water content (◊, black) and water mole fraction (□, blue) as a function 

of relative humidity at 25 C.  

 

Time-Temperature Superpositioning Using Dynamic Mechanical Analysis  

E’ was measured over a 10-1 – 101 Hz frequency range at different temperatures and relative 

humidity values (see Table 1). Figure 2 presents the application of the time-temperature 

superposition principle (TTSP) for data taken at 90% RH. Figure 2a shows the behavior of E’ at 
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different temperatures (20.0 – 55.0, ΔT = 5.0 oC, where ΔT describes the temperature interval) as 

a function of frequency and where E’ decreases with increasing temperature and decreasing 

frequency. This behavior can be attributed to weakening of the polymer-water hydrogen bonding 

network with increasing temperature, followed by polymer chain relaxation.38 Notably, at higher 

temperatures and relative humidity the sample yielded due to heating through the glass transition. 

Figure 2b shows the master curve obtained after application of the TTSP with an arbitrarily chosen 

reference temperature (Tref) of 40 oC, where data in Figure 2a was shifted horizontally along the 

frequency axis using a temperature-dependent shift factor, aT.56 Figure 2b shows a broader 

frequency range of 10-4 – 106 Hz after the application of the TTSP to data taken in a 10-1 – 101 Hz 

frequency range. Therefore, TTSP allows for the study of PAH/PAA PEC mechanical behavior 

over a frequency range beyond DMA capabilities (10-2 – 102 Hz). 

 

Figure 2. Application of the time-temperature superposition principle. a) E’ data taken at 90% RH 

over a 10-1 – 101 Hz frequency range and a 20.0 – 55.0 oC temperature range. b) Time-temperature 

master curve made from experimental data in (a) with Tref = 40 oC. Legend in (b) applies to all 

panels. E’ data taken over a 10-1 – 101 Hz frequency range for 50 - 95% RH is shown in Figure 

S4. Tan delta data over the same frequency range, for all RH values, is presented in Figure S5. 
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Successful time-temperature superpositioning of data taken at different temperatures was 

obtained for RH values of 50, 70, 80, 85, 90, and 95%, indicating applicability of TTSP for 

PAH/PAA PECs. Figure 3 shows the temperature dependence of aT fitted using the Arrhenius 

equation (Equation 1), where Ea is the activation energy, R is the universal gas constant, T is 

temperature, and Tref is the reference temperature. An attempt to fit aT data using the WLF equation 

(Equation S1) was also made (see Supporting Information, Figure S6 and Table S2). However, 

values for C1 and C2 (empirically adjustable parameters) were not reasonable for RH values below 

90%. Additionally, the WLF equation should not be used for cases where: 1) T > Tg + 100 oC, 2) 

T < Tg, and 3) the temperature range is small.53 Therefore, the Arrhenius equation was deemed the 

best representation of the dynamic mechanical behavior of PAH/PAA PECs. This activation 

energy likely represents the activation barrier that must be overcome to break an intrinsic ion pair. 

 Arrhenius equation  (Equation 1)56  

Superpositioning of the dynamic mechanical data may become ambiguous should the physical 

network structure change.82 In other words, if the ratio of intrinsic to extrinsic ion pairs varies with 

strain, temperature, or humidity, then time-temperature and time-water superpositioning may be 

invalid. For example, Hu et al.82  demonstrated such a case for time-temperature superpositioning 

for dual hydrogel networks containing reversible hydrogen bonds. Here in this work, to ensure that 

the physical network structure remained intact, a low strain value of 0.01% was used throughout 

the dynamic mechanical experiments (e.g., see Figure S1). Additionally, to investigate the 

possibility of temperature or humidity effects on the physical network structure of the PEC, 

simulations were conducted and are discussed vide infra. From these simulations, we conclude 

that the fundamental nature of the physical PEC network does not change appreciably over the 

temperature and humidity ranges investigated. 
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Figure 3. Temperature-dependent shift factors (aT) for different relative humidity values (Tref = 40 

oC) and fits using the Arrhenius equation (dashed lines, Equation 1). 95% confidence intervals for 

the slope are represented by the shaded areas: 50% RH (blue), 70% RH (red), and 80 – 95% RH 

(black). The data sets for 80 – 95% RH are grouped and analyzed together because of their similar 

aT trends. 

The activation energy in the Arrhenius equation is related to small-scale molecular motions,56 

which here likely represent the dynamic relaxation of polyelectrolyte segments facilitated by the 

formation and reformation of polycation-polyanion intrinsic ion pairs. An activation energy of 379 

± 35 kJ-mol-1 (95% confidence interval) was calculated for RH values between 80 and 95%, which 

suggests that aT is independent of relative humidity (water content) within that range. Figure 3 also 

shows activation energies of 176 ± 20 kJ-mol-1 and 78 ± 57 kJ-mol-1 for 70% RH and 50% RH, 

respectively. These results suggest that, although PAH/PAA PECs at lower humidities have higher 

storage moduli, the energy barriers for relaxation are lower. LaPlante and LeeSullivan discussed a 

similar observation using an Arrhenius relationship in hydrated epoxy samples, for which water 

could have dual stiffening/plasticization effects, depending on water content and the state of the 

absorbed water (singly hydrogen bonded vs. multiply hydrogen bonded).83 Table S3 in the 
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Supporting Information presents Ea values for other materials, where a wide range of Ea values is 

observed. 

From examination of the trends in E’, the glass transition temperature of the PEC was inferred. 

The Tg determined using DMA is usually obtained from a) a peak in the loss modulus (which 

“more closely denotes the initial drop of E’ from the glassy state into the transition”) or b) a peak 

in tan delta.56 Figure S7 presents E’, E’’, and tan delta data as a function of temperature for each 

RH value. No peaks in E’’ or tan delta were observed, except for data taken at 90% RH where a 

peak in tan delta appeared at a temperature of 50 oC. Therefore, Tg data was taken at the intersection 

of two tangents for E’ and tan delta curves to capture the initial drop of E’ (Figure S7), which in 

this work is referred as the onset Tg determined by DMA (onset Tg, DMA), Table 2. Onset Tg values 

of 80.0, 58.7, 40.0 and, < 20.0 oC were observed for 70, 80, 85, and 90% RH values, respectively. 

In general, Tg values determined by MDSC (Tg, MDSC) are in agreement with onset Tg values 

determined by DMA (onset Tg, DMA). 
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Table 2. Comparison of Tg data obtained from MDSC and DMA measurements.  

RH / % WH2O / wt% a Tg, MDSC / oC 
Onset Tg, DMA

b / 
oC 

Onset Tg, DMA
c / 

oC 

95* 35.7 ± N/A -d - - 

90 31.7 ± 0.6 -d - < 20.0 

85 24.8 ± 0.4 35.4 ± 0.4 34.8 40.0 

80 22.8 ± 0.5 46.9 ± 0.7 55.8 58.7 

70 18.7 ± 0.8 70.9 ± 0.3 72.2 80.0 

50 13.5 ± 0.8 103.7 ± 0.6 - - 

 

a Water content calculated from exposure of PEC specimens to humidity in a homebuilt humidity 

chamber 

b Onset Tg determined from tan delta in Figure S7. 

c Onset Tg determined from E’ in Figure S7, where a sharp decrease in E’ occurs. 

d Tg data for PEC specimens exposed to RH > 85% were not detected with MDSC.   

* Water content at 95% RH was estimated from the linear relationship between aW and WH2O. 

 

In reviewing the literature, only a few articles were found on the study of temperature effects on 

the dynamic mechanical behavior of PECs and on the application of the time temperature 

superposition principle.37, 47, 84, 85 Shamoun,37 Ali,84 Wang,47 and Sadman,85 studied hydrated solid 

PECs and PEC coacervates, neglecting the effect of water content on the dynamic mechanical 

behavior of PECs. These studies, however, proved the successful application of the TTSP for PECs 

such as PDADMA/PSS (poly(diallyldimethylammonium chloride) / poly(styrene sulfonate)),37, 84 

PMMA/F127 (poly(methacrylic acid) / triblock copolymer Pluronic VR),47 and PSS/QVP 

(poly(styrene sulfonate) / quaternized poly(4-vinylpyridine)).85 In this work, the application of the 

TTSP was validated for PAH/PAA PECs. Most importantly, the effects of temperature on the 
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dynamic mechanical behavior of PECs were studied at different PEC hydration levels (13.5 – 35.7 

wt%). Thus, providing novel information regarding the plasticizing effect of water when solid-

liked PECs are partially hydrated, emulating real ambient conditions.  

Time-Water Superpositioning Using Dynamic Mechanical Analysis 

Using the time-temperature master curves for the six relative humidity values investigated (50, 

70, 80, 85, 90, and 95%), a time-water superposition principle (TWSP) was applied. Figure 4a 

shows the set of time-temperature master curves in one single E’ versus frequency plot, where E’ 

decreases with increasing relative humidity (increasing water content). This behavior can be 

attributed to an increase in free volume with increasing water content and lubrication of the 

intrinsic ion pairs, which promotes structural rearrangement within the PEC.25, 51 The time-

temperature master curves were shifted horizontally along the frequency axis as TWSP was 

applied for an arbitrarily chosen reference relative humidity (RHref) of 80% (22.8 wt% H2O), 

Figure 4b. Due to this additional data shifting, a second shift factor was defined here as the water-

dependent shift factor, aW. The time-water super master curve shown in Figure 4b corresponds to 

a doubly shifted hydrothermal master curve, which represents the time dependence of E’ at a single 

reference temperature and a single reference relative humidity (water content). Therefore, the 

successful construction of the time-water super master curve indicates the applicability of the time-

water superposition principle for PAH/PAA PECs. E’, E’’, and tan delta super master curves, with 

Tref = 40 oC and RHref = 80%, are shown in Figure S8a. A relaxation time  of about 108 sec was 

observed at a crossover frequency of aTawf = 10-8 Hz. This long relaxation time could correspond 

to the time required for a sufficient number of intrinsic ion pairs to rearrange, allowing for chain 

or segmental relaxation. The possible relevance of a vertical shift factor (b) was explored and 

deemed unnecessary, Figure S8b. 
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Figure 4. Application of the time-water superposition principle for PAH/PAA complexes. a) 

Time-temperature master curves for RH values of 50, 70, 80, 85, 90, and 95%. b) Time-water 

super master curve made from time-temperature master curves in (a) with RHref = 80% and Tref = 

40 oC. Legend in (b) applies to all panels.  

Analogous to TTSP, TWSP provides information regarding a water-dependent shift factor aW. 

Figure 5 shows the behavior of ln(aW) as a function of different parameters. Figure 5a presents a 

non-linear behavior for ln(aW) with RH, which is probably due to RH being related to the amount 

of water vapor present in the air — not to the amount of water present in the PEC. Figures 5b-c 

show a linear behavior for ln(aW) as a function of water content (WH2O / wt%) in the PEC, with 

Figure 5c taking into account the water content in the PEC at the RHref. Finally, Figure 5d shows 

a non-linear behavior for ln(aW) as a function of partial vapor pressure (Pi), which was expected 

because Pi is directly related to the water vapor present in the air. An attempt to fit aW data using 

a WLF-like equation (Equation S2) was also made (see Supporting Information, Figure S9 and 

Table S4), but was not successful. Therefore, a log-linear equation (Equation 2), with a slope B 

and a y-intercept c, was proposed to fit aW as a function of WH2O instead of RH.  

  (Equation 2) 
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Figure 5. Water-dependent shift factor (aW) as a function of: a) relative humidity; b) water content 

in the PEC (ln aW = -1.34 WH2O + 27.9, R2 = 0.9753); c) water content in the PEC relative to a 

reference state (ln aW = -1.34 (WH2O - Wref) – 2.53, R2 = 0.9870); and d) partial vapor pressure. 

Wref: WH2O at the RHref (80% RH, 22.8 ± 0.5 wt%). RHref = 80% and Tref = 40 oC. 

Effects of relative humidity (water content) on the dynamic mechanical behavior of PECs and 

the application of the TWSP to PECs or PEMs can be compared to recent work on time-humidity 

effects in PECs. De, Cramer, and Schönhoff studied the effect of relative humidity (or water 

content) on the ion conductivity of PECs and explored the application of a time-humidity 

superposition principle.35, 39, 86 Most importantly, they proposed two equations: 1) a log-linear 

equation that captured the relationship between relative humidity and a humidity-dependent shift 

factor,35 and 2) an equation that estimated the contribution of temperature to the humidity-

dependent shift factor.39 However, the latter was not explored over varying temperatures (see 

further explanation in Supporting Information). 
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In this work, the application of the TWSP provided aW values that were fit using a log-linear 

equation (Equation 2) equivalent to the equation proposed by De et al.,35 but applied here to the 

dynamic mechanical behavior of a PAH/PAA PEC as a function of water content instead of RH. 

Additionally, here we propose the shift factor ac to describe the combined effects of TTSP and 

TWSP to our experimental data, Equation 3. Ea is the activation energy, R is the universal gas 

constant, T is temperature, Tref is the reference temperature chosen during the application of the 

TTSP, B and c are the slope and the y-intercept of Equation 2, WH2O is the water content in the 

PEC, and Wref is the corresponding water content at the chosen reference relative humidity (RHref) 

during the application of the TWSP. Although Equation 3 appears similar to the equation proposed 

by Cramer et al.,39 Equation 3 can actually be used to calculate ac in order to predict a hydrothermal 

master curve. In this form, it becomes clear that B (which is determined experimentally to be 

negative in value) lowers the overall activation energy of the combined relaxation process with 

increasing water content.  

𝑎𝑐(𝑇,𝑊𝐻2𝑂) = 𝑎𝑇𝑎𝑊 = 𝑒𝑥𝑝 [𝐸𝑎𝑅 (1𝑇 − 1𝑇𝑟𝑒𝑓) + [𝐵(𝑊𝐻2𝑂 −𝑊𝑟𝑒𝑓) + 𝑐]] (Equation 3)   

As mentioned earlier, TTSP or TWSP may be inappropriate if the nature of the network exhibits 

large changes over the range of temperatures and humidities investigated. Here, our concern lies 

in quantifying whether the mobility of the network changes at the molecular level and whether the 

number of intrinsic ion pairs changes over the measurement. Because these factors are 

experimentally challenging to access in situ, we turn to molecular dynamics (MD) simulations of 

PAH/PAA PECs at corresponding water contents and temperatures. Figure 6a shows a 

representative snapshot of the PAH/PAA PEC in the simulations; the polyelectrolytes are 

entangled and their distribution, as well as water distribution, is relatively uniform. Figure 6b 

shows a set of mean square displacement (MSD) data sets for the PAH chains within the PECs in 
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simulations at different hydration and temperature conditions. Temperature and water content have 

very similar effects on the polyelectrolyte chain MSD; consequently, PAH chain mobility is 

similar for 70% RH at 55°C, 85% RH at 35°C, and 90% RH at 20°C. For a comparison, MSD for 

70% RH at 20°C (blue line) and 90% RH at 55°C (green line) were also included. The same 

behavior was observed for PAA chains. The entire range of hydration and temperature MSD results 

both for PAA and PAH is provided in Figure S10. 

Overall, increasing MSD with increasing hydration and temperature suggests an increase in the 

chain mobility. This is supported by a decrease in E’ with both increasing hydration and increasing 

temperature as observed in the experimental DMA results. These findings provide an explanation 

for why these two factors can be superposed via the hydrogen bond network in the system 

presented in Figure 6c (i.e., an intrinsic ion pair site with the closest water molecules around it 

and the formed hydrogen bond network). The similar responses of polyelectrolyte chain mobility 

to both variables, i.e., hydration and temperature, could be related to the mobility of water 

molecules in PECs. For example, we have recently found that water mobility responds similarly 

for simulations of PDADMA/PSS complexes.79 

The average number of intrinsic ion pairs formed by a single PAH repeat unit was calculated as 

a function of the temperature and water content, Figure 6d. The absolute number values of 

intrinsic ion pairs might differ slightly in simulations with different force-fields. However, as 

shown in reference 87 for ion-PE binding, the qualitative results can be expected to be insensitive 

of force-field. The changes in the number of intrinsic ion pairs within the studied temperature 

range are systematic, but relatively small in magnitude. For example, at T = 20 oC the average 

number of intrinsic ion pairs decreases slightly (from ~2.32 to ~2.00) with increasing hydration 

(from 70 to 90% RH). The calculated values for intrinsic ion pairs per PAH repeat unit at T = 20 
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oC equal 2.32 ± 0.02, 2.15 ± 0.05, and 2.00 ± 0.01 for 70, 85, and 90% RH, respectively. The 

decrease in the number of intrinsic ion pairs with increasing hydration might be explained by extra 

volume introduced by the added water molecules – polyelectrolytes are, on average, further apart. 

Notably, the intrinsic ion pair count exceeds one, as the polyelectrolytes form a complex 3D 

network. These simulation results suggest that TTSP is robust, as the number of intrinsic ion pairs 

does not change with temperatures. TWSP is also valid over this range because the number of 

intrinsic ion pairs changes only slightly.  

 

Figure 6. a) Representative snapshot of a PAH/PAA complex hydrated with 31.7 wt% water (90% 

RH) from MD simulations. PAA and PAH backbones are green and gray, respectively. The explicit 

water solvent is shown but polymer side chain chemistry is omitted in the visualization for clarity. 

b) Mean square displacement (MSD) of PAH chains at different hydration levels and temperatures. 

c) Snapshot showing an intrinsic ion pair in the simulations. Oxygen atoms are red, nitrogen atoms 

blue, and black dashed lines represent hydrogen bonds. d) Number of intrinsic ion pairs per single 

PAH repeat unit as a function of the temperature and relative humidity. 
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CONCLUSIONS 

Application of superposition principles demonstrated equivalent effects of temperature and 

water on the dynamic mechanical behavior of PAH/PAA PECs. Temperature and water content 

strongly influenced the storage modulus, where E’ decreased with both increasing temperature and 

increasing water content. The temperature-dependent shift factor (aT) followed an Arrhenius 

relation, and the water-dependent shift factor (aw) followed a log-linear relation with water content 

in the complex. Thus, the degree of plasticization in the PEC is controlled by its water content, 

which is determined by the relative humidity.32 Consequently, the designation time-water 

superposition principle (TWSP) was deemed more appropriate than the previously used time-

humidity superposition principle (THSP).  

This led to the construction of a time–water super master curve (or hydrothermal master curve), 

and the proposal of a shift factor that combines the effect of water and temperature, ac. Molecular 

simulations indicated the robustness of the application of TTSP and TWSP to the PEC, in that the 

mobility was similarly affected by temperature and water and that the number of intrinsic ion pairs 

did not change significantly. These results indicate that the rheological behavior of the PAH/PAA 

PECs is dominated by water and temperature. To place these findings in the context of our previous 

work, it may be suggested that water facilitates polymer relaxation by plasticization and lubrication 

at the intrinsic ion pair through a hydrogen bonding mechanism. Looking to the future, we plan to 

examine TWSP for other systems and conditions to further examine the significance of the B 

parameter from the log-linear aw relation.   
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