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ABSTRACT. The effect of complexation pH and water on the relaxation time and dynamics of
polyelectrolyte complexes (PECs) and coacervates remains poorly understood. Here, we describe
the dynamic mechanical behavior of solid-like PECs containing weak polyelectrolytes
poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) at varying complexation pH,
relative humidity, and temperature with support from molecular dynamics simulations. Time-
temperature, time-water, and time-intrinsic ion pair superposition principles are applied to obtain

the relaxation times. It is shown that the natural log of relaxation time in hydrated PAH-PAA PECs
is inversely proportional to the volume fraction of water (In t ~ d);,l) for a given complexation pH.
For all complexation pH values examined, the natural log of relaxation time collapsed into a single

line when plotted against the ratio of the number of intrinsic ion pairs to water molecules (In(t)

~ M). Taken together, this suggests that the relaxation of solid-like, hydrated PAH-

Nwater

PAA PECs is mediated by bound water at the intrinsic ion pair.

INTRODUCTION

Aqueous solutions of oppositely charged polyelectrolytes (PEs) phase separate upon
mixing, leading to the formation of a dilute supernatant and a polymer-rich phase known as a
polyelectrolyte complex (PEC). PECs are formed due to electrostatic attractions between
oppositely charged polyelectrolytes and the entropic release of counterions and water.'-* PECs can
exist as solid-like complexes or liquid-like coacervates,*” and the physical properties are affected
by salt, temperature, water, pH, and hydrophobicity of the polyelectrolytes.®?’ This leads to

applications of PECs in drug delivery systems, humidity sensors, separation membranes,



electrochemistry, and many more.?®*> However, there is little information regarding the impact of
complexation pH and water content on the mechanical properties and relaxation of PECs.

PECs are composed of two different types of ion pairs: intrinsic and extrinsic ion pairs.’
Intrinsic ion pairs are comprised of oppositely charged polyelectrolyte pairs, and extrinsic ion pairs
are comprised of charged polyelectrolyte and counterions. The fraction of intrinsic ion pairs may
be adjusted by varying the complexation pH, especially in the case of pH-sensitive weak
polyelectrolytes.® Accordingly, the dynamics and mechanical properties of a PEC are expected to
vary with complexation pH.

Pavoor et al. studied the mechanical properties of poly(allylamine hydrochloride) (PAH) -
poly(acrylic acid) (PAA) PAH-PAA polyelectrolyte multilayers (PEMs) using nanoindentation.*?
The authors observed that assembly pH impacts the hardness and effective modulus of the PEMs.
In a different study, Reisch er al. studied the mechanical properties of compact saloplastic PAH-
PAA complexes.** The authors observed that the mechanical properties of the saloplastic
complexes are influenced by the ratio of PAA and PAH (as controlled by complexation pH).
Tekaat et al. studied the effect of pH on the dynamics of coacervates prepared from
poly(diallyldimethylammonium chloride) (PDADMA) and PAA.* The authors applied time-pH
superposition and postulated that the charge density of PAA only influenced the timescale of
relaxation dynamics but not the mechanism. Notably, the authors did not study the relaxation time
as a function of pH. None of these studies considered the coupled effects of water and
complexation pH on the dynamics of the PEC.

Similar to the complexation pH, the fraction of intrinsic ion pairs in the polyelectrolyte
complexes or coacervates can be adjusted using salt.*>-#’ In contrast to complexation pH, the impact

of salt concentration on the relaxation time of PECs has been explored in detail > !7-20-2! Time-salt



and time-temperature-salt superposition principles have been applied in PECs, suggesting their
mutual equivalence. -6 17.19-21

Water acts as a plasticizer in solid-like PECs and facilitates its relaxation from a glassy
state to a rubbery state.!' For example, Huang et al. observed four different regions of mechanical
behavior: glassy, transitional, rubbery, and terminal by varying the water content within PEC fibers
composed of alginate and PDADMA.!" The same four regions of mechanical behavior were
observed separately by Akkoui et al. in performing time-temperature superposition (TTS) on
entangled PECs.? This suggests that time, temperature, and water may be equivalent in PECs.
Similar to time-temperature and time-salt superpositions, time-humidity superposition has been
applied to study the effect of water on ionic conductivity in PECs.!** In a different study, we
observed that increases in temperature and water led to a decrease in the storage modulus of solid
PECs.!° This led to the application of time-temperature-water superposition (TTWS) in PECs and
suggested equivalence between temperature and water. A log-linear relationship captured the
relationship between the water shift factor and water content within the PEC. This suggests that
the extent of plasticization of the PEC is dependent on the water content of the PECs. However,
the overlays of loss modulus and tan(d) were poor, and we did not examine the impact of water on
the relaxation time, nor did we examine varying complexation pH values. Additionally, there are
different water microenvironments within PECs and PEMs,*-5! but the contribution of each
microenvironment towards the plasticization of PECs is not known.

Here, we examine the effects of water and complexation pH on the relaxation time of
intrinsic ion pairs in solid-like PAH/PAA PECs. PAH and PAA are weak polyelectrolytes, which
allows us to study the impact of pH (i.e., impacts of ionization and intrinsic ion pair number).

These PECs were prepared at different pH values (4.5, 5.5, 7.0). The degree of ionization of PAA



and the PEC composition was determined using Fourier-transform infrared (FTIR) and proton
nuclear magnetic resonance (‘H NMR) spectroscopy, respectively. PAH/PAA solid specimens
were equilibrated at different relative humidity (RH) values and dynamic mechanical
measurements were performed with varying temperature. Time-temperature, time-water, and time-
intrinsic ion pair superpositioning was performed, and the relaxation times of the PECs were
identified. To support the findings as to the role of water interactions and the intrinsic ion pair’s
hydration, molecular simulations were performed for varying RH values (water contents) and
temperatures. Differential scanning calorimetry (DSC) experiments were performed to quantify
the different microenvironments of water in the PEC. The relaxation times and dynamic
mechanical responses are discussed in the context of water volume fraction and the number of
intrinsic ion pairs as it relates to the Doolittle equation and the Kohlrausch—Williams—Watts
(KWW) model. Taken together, this work leads to the first description and scaling relationships
for how bound water impacts the relaxation time of solid-like PAH-PAA PECs.
EXPERIMENTAL SECTION
Materials

Poly(acrylic acid) (PAA, M,, = 125,000 g/mol, P-= 1.3, see Figure S1) was obtained from
Sigma-Aldrich, and poly(allylamine hydrochloride) (PAH, M,, = 120,000 — 200,000 g/mol) was
purchased from Polysciences, Inc. The polyelectrolytes were used as received. The pKa value for
PAA in solution is 6.5, and the pKa value for PAH lies between 8 and 9.5> Deuterium chloride, 35
wt % in D,0O, was purchased from Sigma-Aldrich. Sodium 2 ,2-dimethyl-2-silapentane-5-sulfonate
(DSS), used as an internal NMR standard, was purchased from Cambridge Isotope Laboratories,
Inc. Dialysis tubing with a molecular weight cut off (MWCO) of 12 — 14 kDa was purchased from

VWR. Milli-Q water with resistivity of 18.2 MQ-cm was used for all experiments.



Preparation of Polyelectrolyte Complexes

The polyelectrolyte complexes were prepared according to our method described
previously.® The concentrations of PAH and PAA solutions were 100 mM with respect to polymer
repeat unit. The pH values of individual polyelectrolyte solutions (4.5, 5.5 and 7.0) were adjusted
using HCI or NaOH aqueous solutions. Polyelectrolyte complexes were prepared by mixing PAH
solution and PAA solution of equal pH. 100 mL of PAH solution was quickly added to 100 mL of
PAA solution under stirring. The mixture was stirred at 600 rpm for 30 minutes. Dialysis was
performed for the mixture against water of matching pH for a period of 7 days. The water was
changed once or twice per day. Dialysis continued until the measured conductivity of the exchange
water fell below 10 ¢S/cm. The dialyzed mixture was centrifuged at 8500 rpm for 10 minutes. The
solid precipitate obtained after centrifugation was cut into small chunks and air-dried overnight.
The dried PEC chunks were ground into a powder, vacuum-dried at 303 K for 3 days, and then
stored in a desiccator until further use. PECs synthesized at pH x will be referred as “(PAH-
PAA),”.
Preparation of Solid PEC Specimens

A preparation procedure developed by Suarez-Martinez et al. was followed to obtain solid
specimens for mechanical testing.!” Briefly, the powdered PEC (50 = 1 mg) was placed in a cavity
on a stainless steel mold and 80 uL. Milli-Q water of corresponding pH was added to it. Then,
compression molding was performed at 100.0 °F (37.8 °C) for 14 min in the following order: 10
min with no load, 2 min with 2 ton load, and 2 min with 4 ton load. The solid specimens were
removed from the machined cavity and then annealed in Milli-Q water of matching pH at 50 °C

for 24 hours to remove residual stresses. After annealing, the solid PEC specimens were dabbed



using a Kimwipe to remove excess moisture. Lastly, the specimens were kept between two glass
slides overnight to ensure that the samples remained flat for mechanical testing.
Determination of PEC Water Content

First, the PEC solid specimen was kept inside a custom-built humidity chamber. The
custom-built humidity chamber was made from plexiglass and the relative humidity inside the
chamber was controlled using an atomizer connected to a controller. The mass of the specimen
was monitored as a function of time. Periodically, the hydrated specimen was removed from the
chamber and the specimen’s mass was measured using a microbalance in ambient conditions
(~40% RH). A period of 24 h was enough for the solid specimen to reach an equilibrium water
content. Lastly, the water content of the solid specimen was calculated by comparing the mass of
the hydrated specimen after 24 h of equilibration with the mass of the dried PEC powder used to
prepare the original solid specimen.
Dynamic Mechanical Analysis

Dynamic mechanical measurements on solid specimens were performed using a tension
clamp configuration and a TA Q800 fitted with a relative humidity accessory. Strain-sweep
experiments were performed at a frequency of 1Hz at different temperatures for each pH and RH
value to determine the linear viscoelastic region (Figures S2, S3 and S4). The upper and lower
temperature limits were determined according to the operating conditions of the DMA relative
humidity accessory and sample failure.

Multifrequency strain tests (10~ — 10 Hz) at a specific RH and different temperatures
were performed for PEC solid specimens. The solid specimens were equilibrated for 30 min after
reaching the desired RH at 20 or 25 °C. The samples were then equilibrated for 30 min above the

T, and then a frequency sweep was performed at different temperatures. Samples were tested in



triplicates, and a new sample was used for each RH and pH value. Each multifrequency strain test
took 6~9 h.
Differential Scanning Calorimetry (DSC)

The state of water in the hydrated PEC was determined using DSC (Q200, TA
Instruments), as mentioned previously.**-* Briefly, the hydrated PECs were cooled from 293 K to
223 K at 5 K min’!, kept isothermally for 10 min, and then heated to 293 K at 5 K min'. The
thermograms are shown in “exotherm down” format and correspond to the 2" heating cycle unless

otherwise mentioned. The weight fraction of freezing water (Wf) was given by the following

equation:
AH .

W; = —=  Equation 1
AH,

where AH,, is the melting enthalpy of freezing water in the hydrated PEC, and AH,, is the melting
enthalpy of pure Milli-Q water, which is 329 J g!. The freezing water is classified into freezing
free water (Wy) or freezing bound water (Wpg,) based on the melting temperature. The mass of non-
freezing water bound water, Wy, is given as
Wit = Wy,0 — Wy Equation 2
where Wy, ¢ is the total water content of the hydrated PECs.
Fourier Transform Infrared Spectroscopy

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR, Thermo,
Nicolet Nexus 6700) using a Quest diamond single-bounce ATR attachment (Specac) was used to
calculate the degree of dissociation of PAA in the PECs. Spectra were taken by averaging 64 scans
over a range of 600 cm~' up to 4000 cm~" at a resolution of 2 cm™'.

Proton Nuclear Magnetic Resonance Spectroscopy



Proton nuclear magnetic resonance ( “H NMR) spectroscopy (400 MHz proton frequency,
Avance Neo 400 spectrometer) was used to measure the composition of PAH-PAA complexes. 50
mg of dried complex was dissolved in 1 mL of deuterium chloride (35 wt% in D,0). To this, 40
mL of KBr solution was added so that the final concentration of KBr solution is 2.5 M. 20 L of
2 mg/mL DSS (standard internal reference) was added into the NMR tube just prior to recording
the spectra.

Molecular Dynamics Simulations

The all-atom molecular dynamics (MD) simulations employ the Gromacs 5.1.3 package .
3 Assemblies consisting of 20 PAH,, and 20 PAA,, molecules were used for modelling the PECs,
Figure S5. The subscript 20 refers to the number of repeat units per chain. To describe the PEs
and the ions, the OPLS-aa force field>® was used. For water, the explicit TIP4P water model>® was
employed. Both, PAA and PAH were fully charged, matching assembly at pH = 7.5 Three different
water concentrations matching 18.7, 24.8, and 31.7 wt% were examined. A temperature range of
20 — 40°C was investigated.

The simulation protocol and settings follow our previous work.!” Initial configurations of
PECs were generated using PACKMOLY" using a previously reported protocol,’* see Table S1.
The Particle-Mesh Ewald (PME) method® was used to describe the long-range electrostatics
interactions, while the van der Waals interactions were modeled using the Lennard-Jones potential
with a 1.0 nm cut-off. To enable a 2 fs integration time step, the LINCS* and SETTLE® algorithms
were used to constrain the bonds in the PEs and in the water molecules, respectively. The leap-
frog integration scheme was applied, and the trajectories were saved every 2 ps. The V-rescale
thermostat®' with a coupling constant 7= 0.1 ps was applied to control temperature. The pressure

in the periodic simulation box was maintained at 1 bar by the Parrinello-Rahman barostat® with a



coupling constant 7, = 2 ps. All the visualizations were prepared using VMD software.®* Hydrogen
bonding was assessed based on geometric criteria for which the acceptor—donor distance was less
than 0.35 nm and the H-bond angle was less than 30°. All presented results were an average over
simulation trajectories, each 185 ns in total duration (of which 110 ns was equilibration), resulting
from three different initial configurations. Temperature was ramped up stepwise with 15ns MD
simulation duration in each temperature. The first 1 ns of each temperature step was disregarded

in the analysis.

RESULTS AND DISCUSSION
PEC Composition and Water Content

PAH-PAA complexes were prepared under stoichiometric mixing conditions at pH 4.5,5.5
and 7.0, dialyzed, isolated by centrifugation, and dried. Figure S6 shows the ATR-FTIR spectra
for dried PAH-PAA PECs at different pH values. The absorption band corresponding to the
asymmetric stretching of -NHZ confirmed the presence of PAH. The absorption bands related to
PAA’s carboxylic functional groups were observed at 1531 cm™! (COO~ asymmetric stretching)
and 1698 cm™! (C=O0 stretching in -COOH) for complexes prepared at pH 4.5 and 5.5. In contrast,
there was no peak at 1698 cm™? for complexes prepared at pH 7.0, indicating complete ionization
of PAA at this condition. The degree of dissociation («) of PAA within the complex was quantified
using Equation 3?:

Abs(CO0™)
" Abs(COO~)+ Abs(COOH)

x 100  Equation 3

The degrees of ionization of PAA within the PECs prepared at pH 4.5, 5.5 and 7.0 were

84,90, and 100 %, respectively. Thus, the degree of ionization of PAA increased as the assembly

H value increased, as expected. *H NMR spectroscopy was used to quantify the PEC’s
p p
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composition at different pH values, Figure S7.2 The PAA mol %, which represents the fraction of

PAA repeat units in the dry PEC, was 58, 56, 52 for PECs prepared at pH 4.5, 5.5 and 7.0

respectively, Figure la. The amount of PAA decreased with increasing complexation pH,

consistent with our prior observations.?
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Figure 1. (a) PAA degree of ionization (%) and PAA mole % (by repeat unit) for dry PAH-PAA
PECs prepared at pH 4.5, 5.5 and 7.0. (b) Weight percentage of water (Wu,0) in hydrated PAH-
PAA complexes at different pH values as a function of relative humidity at 25 °C. Wy,o values for
complexes prepared at pH 7.0 were compared against prior work (ref. 10). (c) Volume fraction of
water (¢pyw) in hydrated PAH-PAA complexes at different pH values as a function of relative

humidity at 25 °C. ¢ values for complexes prepared at pH 7.0 were compared against prior work
(ref. 10).

To understand the amount of water residing in the complex, the isolated complexes were
compressed into bars, annealed, and then exposed to controlled environments of different relative
humidity (RH) values. The water content (weight %) in the sample (Wy,o) was estimated

gravimetrically using Equation 4:

Wig,o = % x 100  Equation 4

1

where W, is the mass of sample after equilibration at a particular RH value and W; is the mass of
dried PEC powder used to prepare the initial sample, resulting in Figure 1b. The volume fraction

(dw) of water in the PEC was then calculated (see SI), resulting in Figure 1c.

At low RH values (70 — 90 %), a linear trend was observed for Wy, vs RH for all pH
values investigated. At higher RH values (>90 %), water uptake positively deviated from the linear
trend. A similar deviation was observed by Nolte et al. for the swelling of PAH-PAA PEMs and
by Suarez-Martinez et al. for PAH-PAA films prepared at pH 7.0.1% ¢ Recently, Straeten et al.
studied the swelling/deswelling of PAH-PSS PEMs using quartz crystal microbalance with
dissipation monitoring (QCM-D).% They observed a linear increase in mass with low water
activities (0.11 — 0.90) and an exponential increase at water activities greater than 0.90. We
compared our water content for PAH-PAA films prepared at pH 7.0 to our prior study,'® and found
that the difference may be attributed to varying PEC compositions, PAA ionizations, and methods

of annealing.
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Dynamic Mechanical Time-Temperature Response

Strain sweep experiments were performed at 1 Hz and at varying temperatures to determine
the linear viscoelastic region. Next, E’ and E" values were recorded over a 10~1 — 10! Hz
frequency range at different temperatures and RH values. Figure 2 shows the application of the
time-temperature superposition principle (TTS) to (PAH-PAA),, PECs at RH = 85 %. Figure 2a
shows the frequency-dependent behavior of E’ and E”" from 20 to 40°C, for which E’ was greater
than E”, indicating the glassy nature of the PEC. As temperature increased, E’ decreased and E”
increased, but the two parameters did not crossover for the case displayed here. The decreases in
E’ and E” are attributed to faster molecular motion of polyelectrolyte chain segments as

temperature increases.

13
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Figure 2. Time-temperature superposition principle applied to (PAH-PAA),;, PECs at 85 % RH

with a reference temperature of 30 °C. (a) E’ (closed symbols) and E’’ (open symbols) at 10! —

10" Hz and 20 — 40 °C (b) Time-temperature master curve produced from data in panel (a). (c)

Horizontal temperature shift factors (ar) at different RH values. (d) Vertical temperature shift

factors (br) at different RH values. A reference temperature of 30 °C was selected for all humidity

values investigated.

Figure 2b shows the master curve obtained after applying TTS to the data in Figure 2a.

TTS was performed by shifting curves horizontally and vertically with respect to a reference

temperature (T.of) of 30°C (303.15 K). TTS enabled the description of the PECs’ mechanical
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properties over a broader frequency range (10™* — 10* Hz). TTS was verified by the successful
overlay of tan(0) data as shown in Figure 2b and Cole-Cole plots, Figure S8. TTS is successful
if the physical network structure does not change with temperature;* therefore we conclude that
the PECs’ structure does not change significantly for the experimental range displayed in Figure
2. Similarly, Suarez-Martinez et al. confirmed the applicability of TTS to PAH-PAA complexes
by observing only minor changes in the number of intrinsic ion pairs with varying temperature in

all-atom molecular dynamics simulations.!°

Figure 2¢ and S9 show the horizontal temperature shift factors (at) used to perform TTS
for PAH-PAA complexes prepared at pH 4.5, 5.5 and 7.0 and at different RH values, and Figure
2d and S10 show the corresponding vertical temperature shift factors (by). The horizontal (ar)
and the vertical (by) shift factors were obtained by performing TTS in the Trios software provided

by TA-instruments. The horizontal shift factors were well-described by the Arrhenius equation:

Ea
R

In(ag) = (l - ) Equation 5.

T Tref

where E,, R, T and, T,.s represent the activation energy, molar gas constant, temperature, and
reference temperature, respectively. The reference temperature (T.er ), again, was 30°C (303.15
K), and the value of molar gas constant (R) was 8.314 J- mol~! - K™1. The Arrhenius equation is
often used to describe horizontal shift factors in glassy systems when T<T, (glass transition
temperature); this is the case for our system in Figure 2¢, for which the T, of the (PAH-PAA),
PEC is ca. 35°C for a water content corresponding to 85% relative humidity.® The activation
energies (E,) obtained from Equation 5 at different RH values are shown in Table 1 for PAH-PAA
complexes prepared at pH 7.0 and Table S2 and S3 for PAH-PAA complexes prepared at pH 4.5

and 5.5. Yang et al. identified three relaxation times in polyelectrolyte coacervates,'” and Akkaoui
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et al. suggested that the shortest relaxation time corresponds to the correlated exchange between
two intrinsic ion pairs.?’ Given the glassy state of our system, the activation energy obtained for
PAH-PAA likely corresponds to the barrier that must be overcome to break an/multiple intrinsic

ion pairs.

Table 1. Activation energies (E;) of (PAH-PAA),;, PECs at different RH values (or Wy, o)
calculated from the horizontal shift factors (ar) and the Arrhenius equation, along with the
corresponding coefficient of determination (R?) value. Error was taken as the standard deviation

from three unique experiments.

Humidity (%)/ Wy, o E, kJ-mol™1)  R?
(wt%)
70/ 18.6 245+7 0.94
80/21.6 310+10 0.97
85/23.6 45121 0.99
90/26.2 722426 0.95
95/304 80350 0.94

In Table 1, the activation energy values increase notably with increasing PEC water
content or relative humidity. Specifically, E, increases from 245 to 803 kJ/mol as relative humidity
(or water content) increases from 70 to 95% (or 18.6 to 30.4 wt% water). This behavior points to
water’s involvement in the breaking and reformation of the intrinsic ion pairs. We speculate that,
as Wy, increases, water may be more evenly spread among the intrinsic ion pairs, perhaps

facilitating concerted relaxation of an increasing number of ion pairs within a cluster.

16



Alternatively, increasing Wy, o may allow for a greater number of conformations to be accessed,

thus increasing the activation barrier.

To investigate these ideas, the number of hydrogen bonds by water with either PAA or
PAH at the intrinsic ion pair as a function of water content and temperature for PAH-PAA PECs
was estimated using all-atom molecular dynamics simulations. Figure 3a shows a representative
snapshot of the PAH/PAA PEC at 31.7 wt% of water and 20°C. Figure 3b shows the average
number of PE-water hydrogen bonds per PAA or PAH unit at the intrinsic ion pair as a function
of the temperature (20 — 40 °C) and hydration (18.7 — 31.7 weight %) in the simulations. The
findings suggest that the number of H-bonds between the polyelectrolyte and water increases with
hydration, but PAA forms roughly three times more H-bonds than PAH. Because the data for both
temperatures overlaid well with one another, the effect of temperature is considered negligible for
the PAH-PAA PEC. However, it should be noted that the effect of temperature appears to be
specific to the type of PEC investigated.’® Additionally, we have analyzed the H-bond strength in
terms of its angle and distance distribution,®” Figure S11; from the results, it appears that the H-
bond strength is relatively constant in the studied range of temperature and hydration. Taken
together, the increase in E, (Table 1) may be attributed to an increase in the number of hydrogen

bonds by water to PAA and PAH at the intrinsic ion pairs.
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Figure 3. a) Representative snapshot of a PAH-PAA PEC containing 31.7 wt% of water at 20°C,
derived from MD simulations. In the PEs, the backbone and sidechain carbons are cyan, while
oxygen and nitrogen atoms are marked red and blue, respectively. The explicit water solvent is
shown with red oxygen and white hydrogen atoms, respectively. The hydrogen atoms in the PEs
are omitted for clarity. b) The number of H-bonds between PEs and water molecules normalized
per single repeat unit (either PAA or PAH) as a function of temperature and hydration. The H-
bond angle and distance distributions are presented in the SI, Figures S11. ¢) The average diffusion
coefficient (D) of water molecules as a function of the temperature in PECs of varying hydration.

The dashed lines denote Arrhenius fits (see SI for details) to the simulated data points.

As shown above, the activation energy E. determines the temperature-sensitivity of the
investigated process.®® The changes in E, cannot be explained based only on the H-bonding, as the
H-bond number and strength (see SI) were found to be almost insensitive to temperature in PAA-
PAH PECs, as can be seen from the overlap of the temperature curves in Fig 3b. Notably, both
quantities have a strong dependency on RH or water content, see Fig. 3. Because of this, to better
understand the changes in the activation energy, we have assessed water binding at the different
RH values by analyzing the water mobility in terms of its diffusion coefficient. The approach has
been outlined for other PECs in our prior work.**3° Figure 3¢ shows the diffusion coefficient (D)
of water molecules as a function of temperature and hydration. As can be expected, D increases
with both hydration and temperature. The effect of temperature is, however, moderate at low
hydration. On the other hand, at higher hydration, D is significantly sensitive to temperature. This
reflects most of the water at low RH being bound, and a small amount of mobile water contributing

most to the D value.** With increasing relative humidity (Wy,0), the fraction of mobile water
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increases, which manifests as D showing sensitivity to both RH and temperature. An Arrhenius fit
to D yields activation energies for the diffusion that increase with hydration, Table S4. While these
activation energies cannot be directly compared with ones experimentally obtained for the shift

factors (Table 1), it is notable that both display similar increases with hydration.

Dynamic Mechanical Time-Temperature-Water Response

Time-temperature-water superposition (TTWS) was performed using the time-temperature
master curves of (PAH-PAA),, PECs at different RH values (70 — 95 %), Figure 4a. E' decreased
with increasing humidity or water content, and no distinctive trend was observed for E”. The
dissipation factor, tan(d), increased with increasing humidity. Taken together, this behavior can
be attributed to the plasticizing effect of water in polyelectrolyte complexes.® * -6 A similar
observation was made by Huang et al. for alginate-PDADMA complex fiber, wherein E’ decreased

and tan(d) increased beyond 40 % RH."
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Figure 4. Time-temperature-water superposition principle applied to (PAH-PAA),, PECs. (a)

Time-temperature superposition curves at different RH values at reference temperature = 30 °C -

E’ (closed symbols), E’” (open symbols), and tan(d) (half open symbols). (b) Time-temperature-

water master curve produced from data in panel (a) with reference RH = 90 %. (c) Natural log of

relaxation times vs the inverse of the volume fractions of water. The solid line depicts the fit of a

free volume model (Equation 7). (d) DSC heat flow curves for (PAH-PAA),, PECs with varying

water content. The second heating cycle at 5 K-min'! is shown and the data presented correspond

to the ‘‘exotherm down’’ format. The water contents explored correspond roughly to the case of

the relative humidity values as indicated. Curves are vertically shifted for clarity.
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Next, time-temperature master curves were shifted horizontally and vertically with respect
to a reference RH value (90%) leading to a TTWS master curve. TTWS was performed previously
for PAH-PAA PECs prepared at pH 7.0, but the overlay for E”" and tan(d) was poor.!° Figure 4b
shows an improved overlay of E'" and tan(d), which we attributed to the added annealing of the
solid PECs that resulted in removal of residual stresses. Here, the improved TTWS is exemplified
by an excellent overlay of tan(d) and of data in a Cole-Cole plot, Figure S12. The success of
TTWS for this case indicates that the physical structure of the PEC does not change with
temperature or water;% Suarez-Martinez et al. verified this by observing negligible changes in the
number of intrinsic ion pairs with hydration for PAH-PAA PECs."° The horizontal (ay) and
vertical (byy) shift factors are shown in Figure S13 and S14. Suarez-Martinez et al. described ayy
using a log-linear relation with the water content (In(ay) = B(Wy ,0— Wier) + ) for a pH value
of 7.0, where W,.¢ represents a reference weight percentage of water in the hydrated PEC, B
represents the slope, and, ¢ represents the y-intercept.”” As shown in Figure S13, the parameter
B (~-2.0 — 2.4) remained relatively constant with the pH of complexation. The value of W..; was
adjusted to represent equivalent volume fractions of water within a given complex; for a deeper

description, please see the Supporting Information.

From Figure 4b, TTWS enabled the identification of the shortest relaxation time in glassy
PAH-PAA complexes as given by the inverse of the crossover frequency, for which the relaxation
time decreased with increasing relative humidity and water content. Interestingly, a linear
relationship between the relaxation time and the inverse of the volume fraction of water ((I)W) was
observed in Figure 4c¢. (The Supporting Information details the calculation of the volume fraction
of water.) This result is qualitatively similar to the effect of water on the glass transition

temperature of PAH-PAA PECs 3

21



The experimental relationship between relaxation time and volume fraction of water
(Int~ (I)v_vl) can be treated in the context of the fractional free volume present in the hydrated PEC.

Doolittle studied the viscosity of entangled polymer systems and postulated that the viscosity is an

exponential function of fraction free volume:”™
n = A'eB/(¢/vo)  Equation 6.

where 1) is the viscosity, v¢ is the free volume, v, is the total volume, and A" and B" are constants.
Cohen and Turnbull derived the Doolittle equation by suggesting that molecular motion in the
amorphous phase requires free volume (space) and that there is a redistribution of free volume as
the motion occurs.”"- > Free volume theory predicts that plasticizers increase the free volume
among polymer chains and facilitates relaxation.” In the case of PECs, water acts as a plasticizer
and thus provides free volume, which manifests in the acceleration of polyelectrolyte chain
relaxation. We postulate that water (free volume) redistributes among polyelectrolyte chains as
relaxation proceeds. Thus, the dependence of relaxation time on water content in the PECs can be

captured by Equation 7, a reformulation of Doolittle’s Equation 6:

In(7) = 2— + B” Equation 7.

w

where A" and B"' are constants. Upon comparison with Figure 4c¢, we observe excellent agreement
between Equation 7 and the experimental results. Therefore, we conclude that the volume fraction
of water influences the fractional free volume in the PEC, which — in turn — manifests as changes

to the PECs’ dynamic mechanical relaxation.

However, a recent report from Chen, et al. suggests otherwise, in which the authors

concluded that the volume fraction of water (¢, ) did not strongly correlate with fractional free
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volume for a library of PECs of varying polyelectrolyte types.” Interestingly, the authors observed
excellent correlation between glass transition temperature and fractional free volume, the latter
being estimated using TTS. However, their findings were conducted on systems in conditions
different from those here reported. Specifically, Chen et al.’s theological measurements were made
using fully immersed PECs, many different PEC systems were studied, and some of the PEC
systems had evidence of pore-water.” In this present study, our PECs are not fully immersed and
are instead exposed to varying relative humidity values; our study comprises a single PEC system,
allowing for trends applicable to that single system to be revealed; and our PECs do not have

strong evidence of pore-water at the majority of humidity values studied (see below).

Water within a PEC exists in different states, depending on many factors.*: 3* We
performed DSC to explore the nature of water and the possible presence of pores within the PECs.
DSC experiments were performed on hydrated PECs with water contents covering the range
expected for the RH values accessed here (Figure 1b-c), which reveals the presence of non-
freezing bound water, freezing bound water, freezing free water. Figure 4d shows the DSC
thermograms of hydrated PAH-PAA PECs prepared at pH 7.0. At lower hydration (13.5 — 28.8 wt
%), no melting peak was observed, indicating that only non-freezing bound water was present. At
higher hydrations (> 28.8 wt%, which corresponds to humidity values greater than 90 %), a melting
peak was observed close to 273 K, indicating the presence of freezing free water. This suggests
that, at high humidity values (>90%), a small fraction of water exists in a free-state that could be
consistent with pore-water. At lower humidity values, the water may be considered to be entirely
bound to the PEC. Figure S15 shows the different states of water content for PAH-PAA PECs
prepared at pH values of 4.5 and 5.5. Taken altogether, we conclude that the major contribution

towards plasticization of PECs comes from bound water which rearranges and facilitates
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relaxation. Previously, Hodge et al. observed that the major contribution towards plasticization of

poly(vinyl alcohol) films comes from bound water (non-freezable water).”
Dynamic mechanical response of PECs prepared at different pH values

Time-temperature-water superposition (TTWS) was performed for PAH-PAA PECs that
had been assembled at different pH values (4.5, 5.5 and 7.0) using TTS curves at different relative
humidity values. Figure Sa shows the comparison of dynamic mechanical data for PAH-PAA
PECs bearing equivalent volume fractions of water because Figure 3 showed that the relaxation
time in hydrated PECs depends on the volume fraction of water within the PEC. As the assembly
pH decreased, the storage modulus slightly decreased, as shown in Figure 5a. This is because, as
complexation pH decreases, the number of intrinsic ion pairs (Nintrinsic ion pairs) Within the PECs
decreases.® Two assumption were made to calculate the number of intrinsic ion pairs in PAH-PAA
PECs:? 1) The degree of PAH ionization was 100 % from pH 4.5 to 7.0, and 2) every PAH repeat
unit formed an intrinsic ion pair. Interestingly, Figure Sa shows that the crossover frequency shifts
to higher values as the complexation pH decreases. Thus, the relaxation time in PAH-PAA PECs
decreases with decreasing complexation pH, at an equivalent volume fraction of water. Therefore,
the relaxation time of hydrated PAH-PAA PECs depends on the volume fraction of water and the

number of intrinsic ion pairs:

ln(T) . Dintrinsic ion pairs

Nwater

Equation 8
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Figure 5. a) Dynamic mechanical data of PAH-PAA complexes at pH values of 4.5,5.5 and 7.0

at an equivalent volume fraction of water (27 %). The curves have been shifted using TTWSP. b)

The natural log of relaxation time vs the ratio of the number of intrinsic ion pairs to the number of

water molecules for PAH-PAA PECs at pH values of 4.5,5.5 and 7.0. The green dashed line shows

a linear fit of the data. The number of intrinsic ion pairs was calculated assuming that PAH was

fully ionized and that every PAH repeat unit formed an intrinsic ion pair. c¢) Fitting of the stretched

exponential equation (solid black line = KWW model) to experimental time-temperature-water

superposition data (Equation 9). d) Time-temperature-water-pH superposition with pH 4.5 as the
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reference pH, 30°C as the reference temperature, and W, as the reference water percentage (see

SI for a description of W), Table S5.

Significantly, a plot of In(t) vs the number of intrinsic ion pairs/number of water molecules

resulted in the collapse of the relaxation data for all pH values and water contents (humidities)

investigated into a straight line (In(t) = 04 Hntrinsicionpairs _ »¢ 5 R2_ () 97), Figure 5b. We also

Nwater

Nwater

found a linear relationship for In(t) vs , Figure S16. However, given the physical

Nintrinsic ion pairs

connection to the Doolittle equation, we advocate that the plot in Figure 5b is more meaningful.

Alternatively, a plot of In(t) vs q% for all of the assembly pH values resulted in a series of linear

trends, but they did not yield in a similar collapse of the data, Figure S17. This comparison

Nintrinsic ion pairs

suggests that the relaxation time is described more accurately by , for which the

Nwater

relaxation of PAH-PAA PECs is mediated by water molecules at the intrinsic ion pairs.

This finding echoes a prior result from our group regarding the glass transition of similar

PECs. Zhang et al. reported a linear relationship between the 1/T; and In(—water ) for PECs

Nintrinsic ion pairs

prepared for both weak and strong polyelectrolytes.” We replotted that data here and found a linear

relationship for ln(w) vs 1/Tg, Figure S18. Taken together, this result shows that the

Nwater

dynamics of the PAH-PAA PEC is closely related to the PEC’s water content and number of

intrinsic ion pairs.

The sticky Rouse model has been applied to study the terminal relaxation time in
coacervates,'’-21: 777 but the model does not account for relaxation in the glassy regime. Glass-

mode relaxation has been described using the Kohlrausch—Williams—Watts (KWW) model (a
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stretched exponential function) for glass formers.”® Recently, Shabbir ez al. and Chen et al. used
the KWW model to study the glassy dynamics of supramolecular networks and ionomers.”-% The

KWW equation is given by:

E(t) = E(0) exp [—(t/TKWW)B] Equation 9

Where t is time, E(t) is the modulus at time t, E (0) is the modulus as t — 0, Tgww iS the
characteristic time of the glassy relaxation and 3 is the stretch parameter for the exponential
function, which is viewed as a measure of cooperativity among relaxing units. The average

relaxation time, Tayg, i given by the first moment of the KWW function®:

Tavg = TK‘éVW r (%) Equation 10

Table 2. Parameters obtained after capturing the time-temperature-water superposition by

stretched exponential function.

pH Texperimental (sec) Tavg (sec) E(O) (MPa) B

45 2760 126.2 2080 0.12
55 20 % 10° 5.6 X 10° 2060 0.12
7.0 9.0 x 10¢ 1.9 x 106 2800 0.12

Figure Sc shows the fit of the KWW model to the rheological data for the PAH-PAA PECs
obtained after time-temperature-water superposition. An excellent fit is observed for the storage
modulus, E’, but the model is not as successful for the loss modulus, E”’. As shown in Table 2, the
experimentally observed relaxation time and the average relaxation time are within the same order

of magnitude. Interestingly, the parameter (3, which influences the shape of the relaxation curve
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and is an indication of the coupling of segmental dynamics, is independent of pH of complexation.
This allowed for the application of time-temperature-water-pH superposition with pH 4.5 as the
reference pH, Figure 5d. Thus, the change in pH of complexation or the number of intrinsic ion
pairs does not change the nature of the relaxation mechanism. Elsewhere, Tekaat et al. applied
time-pH superposition for PDADMA-PAA coacervates and suggested that complexation pH does
not change the relaxation mechanism.* In a different study by Lu et al., the authors found that the
phase behavior of PAH-PAA complexes is impacted by hydrogen bonding for complexes prepared
under acidic conditions (pH 3.0).”” In this work, the lowest pH explored is 4.5, the complexes were
prepared without salt, and the degree of ionization of PAA at the lowest pH 4.5 is 86 %. Thus, we
postulate that hydrogen bonding will not be dominant in the pH range (4.5 - 7.0) explored in this

work.

The horizontal intrinsic ion pair shift factor (Qinginsic ion pair) T€presents the changes in
relaxation time due to changes in the number of intrinsic ion pairs (which varies with pH). The
vertical intrinsic ion pair shift factor (binginsic ion pair) represents changes in E  (0) and is calculated
from the parameter values mentioned in Table 2. Previously, time-salt superposition has been used
to capture the dependence of changes in relaxation time in coacervates due to change in salt

concentration (which changes the number of intrinsic ion pairs). The relaxation time in coacervates

is dependent on Cgy) or /Cgy¥' We attempted to plot the dependence of relaxation time at

different pH values t0 Nintrinsic ion pair» fintrinsic ion pairs y/Mintrinsic ion pair a4 \/fintrinsic ion pair»
but no particular trend was observed maybe due to an insufficient number of data points, Figure
S19. Looking to the future, we speculate that changes in pH may similarly influence the dynamics
as changes in salt because both are essentially adjusting the number of intrinsic ion pairs or sticker

sites.
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CONCLUSIONS

The application of different superposition principles demonstrated the equivalent effect of
temperature, water, and pH on the dynamic mechanical properties of hydrated PAH-PAA solid
complexes. Temperature, water, and pH strongly influenced the mechanical properties and
relaxation times in hydrated PECs. The temperature-shift factor (at) followed an Arrhenius
relation, and the activation energy increased with increasing water content; supported by molecular
dynamics simulations, this result suggests that the relaxation is sensitive to the number of water
molecules hydrogen bonding at the intrinsic ion pair. The simulations also show that at low
hydration, water mobility remains relatively insensitive to temperature reflecting tight binding of
the water at the PE ion pairs. At higher RH, diffusion of water exhibits stronger temperature
dependency. The water-shift factor (a,,) followed a log-linear relationship with the water content,
and the relaxation time was inversely proportional to the volume fraction of water (In t ~ ¢;}1) in
the PEC. It is important to note that this PEC was examined under relative humidity values for
which the absorbed water existed in the bound state (i.e., no excess pore water); thus, this result
highlights the importance of bound water to the plasticization of hydrated PECs. With varying
complexation pH, the number of intrinsic ion pairs in the PEC was varied and a shift factor to
describe the resulting changes in dynamics was presented (Qjntrinsic ion pair)- 1 h€ relaxation times
of PECs at different water contents and pH values collapsed into a single line, following the

Nintrinsic ion pairs

relationship: In(t) ~ . This result highlights the role of water at the intrinsic ion pair

Nwater

in mediating the relaxation of hydrated PECs. The application of time-temperature-water-pH
superpositioning indicated that the complexation pH (number of intrinsic ion pairs) does not

change the relaxation mechanism. The robustness of time-temperature-water-pH superpositioning
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was indicated by successful description of the rheological data using a stretched exponential KWW
model. To place these findings in the context of our previous work:? °-4° water at the intrinsic ion
pair controls the glass transition temperature and the relaxation in hydrated PECs, and the major

contribution of the plasticization comes from bound water.

Taken together, the relationships presented here have been observed specifically for the
PAH-PAA solid, glass-like PEC under the conditions of low hydration (18.4 — 30.5 wt %). It
remains unclear if these relationships are general to other glassy PEC systems, but we speculate
similar behavior might be observed so long as the water in the PEC remains bound. In the
conditions of being fully hydrated (such as being immersed in liquid water), the PEC may contain
water existing in multiple states (tightly bound, loosely bound, and pore water). In that case, we
speculate that the relationships presented here will no longer hold because the measured water
content will not reflect the actual content of bound water, as some fraction of the water will exist
in states that do not strongly affect the relaxation dynamics. Future work should examine other
PEC systems to examine the generality of the relaxation time with respect to the PEC’s volume

fraction of water as well as the ratio of intrinsic ion pairs to water.
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ABBREVIATIONS

PAA — Poly(acrylic acid)

PAH - Poly(allylamine hydrochloride)

PDADMA - Poly(diallydimethylammonium chloride)

D20 — Deuterium oxide
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KBr — Potassium bromide

PE — Polyelectrolyte

PECs — Polyelectrolyte complexes

DSC - Differential scanning calorimetry

DMA — Dynamic mechanical analysis

NMR - Nuclear magnetic resonance

FTIR — Fourier transform infrared spectroscopy

QCM-D - Quartz crystal microbalance with dissipation monitoring

MD — Molecular dynamics

RH - Relative humidity

TTSP — Time-temperature superposition

TTWSP — Time-temperature-water superposition

KWW — Kohlrausch—Williams—Watts

NOMENCLATURE

We Weight fraction of freezing water

Wpg, Weight % of freezing bound water

Wi Weight % freezing free water

Wys Weight % non-freezing bound water

w; Mass of dried PEC powder used to prepare PEC sample

W, Mass of hydrated sample after equilibration

Wh,0 Weight % of water in hydrated PECs after equilibration

Wit Reference weight % of water in hydrated PECs after equilibration
dw Volume fraction of water

Csait Salt concentration

a Degree of dissociation -COOH in poly(acrylic acid)

B Stretching parameter in the Kohlrausch—Williams—Watts equation
A, B’ Constants in the Doolittle equation

32



A", B” Fitting parameters for equation 7

B, c Fitting parameters for the horizontal shift factor for time-temperature-water
superposition with Wy_q

E’ Storage modulus

E" Loss modulus

Tan(0) Dissipation factor

T Temperature

Tref Reference temperature

T, Glass transition temperature

RH,ef Reference relative humidity

E, Activation energy

R Universal gas constant

R? Coefficient of determination

D Diffusion coefficient of water

n Viscosity

\'Z: Free volume

Vo Total volume

ar Horizontal shift factor for time-temperature superposition

br Vertical shift factor for time-temperature superposition

aw Horizontal shift factor for time-temperature-water superposition
bw Vertical shift factor for time-temperature-water superposition

Qinrinsic ionpair  HOT1ZONtA] shift factor for time-temperature-water-intrinsic ion pair superposition

binuinsic ionpair YV ertical shift factor for time-temperature-water-intrinsic ion pair superposition

T Relaxation time of intrinsic ion pairs in hydrated PECs
TRWW Characteristic time of glassy relaxation
Tavg Average relaxation time

Texperimental EXperimental relaxation time (same as T)
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t Time

E(t) Modulus at time t
E(0) Modulusast — 0
Nyater Number of water molecules

Nintrinsic ion pairs INumber of intrinsic ion pairs
fintrinsic ion pair Fraction of intrinsic ion pairs
SUPPORTING INFORMATION

Strain sweep data; PE chemical structures used for atomistic MD simulations; Angle and H-bond
distribution for PAH-PAA PECs; FTIR spectra of PAH-PAA PECs; 'H-NMR of PAH-PAA
complexes; Horizontal and vertical shift factors used to perform time-temperature superposition
and time-temperature-water superposition; Cole-Cole representation of time-temperature-water
superposition master curves; DSC thermograms for PAH-PAA PECs; Relaxation time in hydrates
PEC:s as a function of volume fraction of water; Fitting of natural log of relaxation time; atomistic
MD simulation protocol; Activation energies for hydrated PAH-PAA PECs; Activation energies
for diffusion of water in hydrated PAH-PAA PECs; Calculation of volume fraction of water,
number of water molecules and, number of intrinsic ion pairs; Fourier transform of Kohlrausch—
Williams—Watts (KWW) equation
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