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Abstract

This thesis presents results for two polymeric systems with liquid-to-solid transitions, i.e.,
oppositely charged polyelectrolytes in water with salt that can form a gel and polydimethylsiloxane
(PDMS)-particle suspensions that exhibit yield stress in 3D printing applications. The phase
behavior of oppositely charged polyelectrolytes in water with salt is studied using proton and
carbon quantitative nuclear magnetic resonance (H NMR, C NMR) spectroscopy,
thermogravimetric analysis (TGA), conductivity, and silver chloride titration. The linear rheology
of the coacervate phase formed by these mixtures is studied with an emphasis on time-salt
superposition and the emergence of a low-frequency plateau in storage modulus. For the PDMS-
based suspensions, rheology is used as an indicator of success in 3D printing applications.

A protocol is developed for quantifying the compositions of both supernatant and
coacervate phases using a combination of H NMR, C NMR, TGA, conductivity, and titration. With
these methods, the phase diagrams of polyacrylic acid /poly (diallyl dimethylammonium chloride)
(i.e., PAA/PDADMAC) in potassium chloride at different pH values are generated experimentally.
We find that with increasing salt concentration, the coacervate phase volume initially increases
and then quickly drops to zero at the critical salt concentration, and we quantify the concentrations
of both polyelectrolytes in both phases for some compositions. At low pH, we also find a novel
phase separation re-entry at high salt concentration, probably related to the solubility of PAA as a
function of pH and salt, implying strong non-electrostatic driving forces for coacervation at low
pH.

The linear viscoelasticity of coacervates is reviewed, with a focus on time-
temperature/salt/pH/hydration superpositions. A variety of polyelectrolyte pairs show successful
time-salt superposition, with master curves similar to those for neutral polymers. However, in
some cases, a solid-like, as opposed to a fluid-like, response is observed at low frequencies,
especially at low salt concentrations. Some coacervates seem to fit the “sticky diffusion” theory
reasonably well, wherein relaxation is controlled by the breakage rate of ion pairs; the dependence

of the “sticker” lifetime on salt concentration has been explored but is not well understood as yet.
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Direct ink writing additive manufacturing with a static mixer and fine-tip nozzle is studied
by printing PDMS mixed either with fumed silica or as a two-part commercial liquid silicon rubber
(LSR) mixed with polyethylene glycol (PEG). We assess their printability by printing a hollow
slump cone, whose print quality is correlated with rheological measurements, including 1) a shear
rate up-ramp followed by a down-ramp in shear rate, 2) creep tests at a series of increasing stresses,
and 3) oscillatory shear with increasing amplitude well into the nonlinear regime. The PDMS-
fumed silica mixtures fail to print even at the highest fumed silica loading used (9 wt.%), while
LSR-PEG with 4 or 6 wt.% PEG prints very well even with low Shore hardness LSR. These large
differences in printability of two classes of PDMS materials correlate poorly with rheological
behavior in many of the above tests. The exceptions are the apparent yield stress during a down-
ramp in shear rate following a previous up-ramp to the maximum shear rate of 1000 s, which is
similar to the highest shear rate in the print nozzle, the stress at the crossover of the apparent G’
and G’ curves in a strain amplitude sweep, and the stress at which irreversible flow becomes
dominant in a stress sweep. These results indicate that the printability of the materials considered
here depends strongly on both their yield stress and their ability to rebuild structure and yield stress
quickly after experiencing the high shear rates characterizing their emergence from a narrow

nozzle tip.
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Chapter 1

Introduction and Background

1.1 Literature Review

1.1.1 Polyelectrolyte (PE) with Its Applications

Polymers, or long-chain molecules, appear in plastics, rubbers, fibers, and even
components of the human body. Neutral polymers have been quite well understood in terms of
their equilibrium structure, dynamics, and nonlinear mechanical behavior. However, for oppositely
charged polyelectrolytes, or charged polymers, there has been some experimental work on
thermodynamic and rheological behaviors [1-3] but understanding is still mostly qualitative.
Considering the increasing attention gained recently by their various applications such as
biomaterials [4-12], photovoltaic cells [13-20], fuel cells [21-23], super-tough transparent
materials [24], nanocomposite assemblies [25], selective patterning [26], enzyme-active coatings
[27], drug delivery [28-29], sensor fabrication [30], microencapsulation [31], underwater
adhesives [32], self-assembled structures in biological fields [33], and others [34], it is time that

the gap in quantitative understanding of PE system is addressed.

1.1.2 Quantitative Theories for PE Phase Behavior Predication

This gap motivated the study of PE phase behavior. For over 60 years, the only theory for
the phase behavior, of oppositely charged polyelectrolytes was the Voorn-Overbeek (V-O) Theory
[35]. The theory predicts that when polyelectrolytes with opposite charges are mixed with a salt
solution whose concentration is below a critical value, the polymers associate with each other and
phase separate into two phases at equilibrium: a coacervate phase, dense in polymer, and a
supernatant phase, containing salt ions but little polymer [36] (see Figure 1-1). The ratio of volume

fractions of the two phases, which helps define the system phase behavior, is easily tunable by



modifying many physicochemical parameters including salt concentration, salt identity, pH value,

the chain length of the polyelectrolytes, charge regulation and ionic bond strength.

Solid (undoped) Solid (doped) Coacervate Solution
“_-PSS “\_-PDADMA water oK' ®Br

Figure 1-1. (Left) Typical polyelectrolyte phase diagram. (Right) Illustration of polyelectrolyte complexes.
Poly (styrene sulfonate) (PSS, a strong polyanion), and poly (diallyldimethylammonium chloride)
(PDADMAC, a strong polycation) are mixed in water, with KBr salt gradually added into the mixture [36].

Although the dominant theory has been the V-O Theory [35], which predicted the
coacervate phase behavior of strong polyelectrolytes. However, factors such as the effects of ion-
pairing, counterion condensation, and charge regulation, were neglected by the V-O theory.
Modifications of the V-O Theory have emerged recently, however, including the promising theory
proposed by Salehi and Larson [37] which accounts for the three above-mentioned effects.
Nevertheless, before this new theory can be of any value, a systematic experimental dataset with
a focus on weak polyelectrolytes is needed to validate the model.

To fulfill this end, a general protocol has been developed in the phase behavior study
(Chapter 2), using a combination of analytical methods, for the quantification of strong and weak
oppositely charged polyelectrolytes under various pH, salinity, and polymer concentrations. To be
more specific, quantitative proton and carbon Nuclear Magnetic Resonance (NMR),
thermogravimetric analysis (TGA), conductometry, and titration techniques were used for
accurately measuring the composition of oppositely charged polyelectrolyte complexation,
specifically for PSS and PDADMAC in KBr solution (PSS/PDADMAC/KBr), and poly(acrylic
acid) (PAA, a weak polyanion) and PDADMAC in KCI solution (PAA/PDADMAC/KCI).



1.1.3 Rheology Studies of PE Complexation

As the understanding of the phase behavior of oppositely charged polyelectrolytes deepens,
further investigation was underway stepping into one of the mysterious fields remaining in
polymer science — the dynamics, and rheology of coacervates.

As mentioned above, despite the wide variety of applications and growing interest in their
thermodynamics and rheology, coacervates still remain relatively poorly understood, due to the
lack of quantitative theories to capture its zero-shear viscosity and relaxation time dependence on
molecular weight, and on concentrations of polymers and salt. The best-known theory for the
rheology of coacervates is the ‘sticky diffusion’ model [38] for associating polymers, but its
applications to coacervate rheology have been limited due to the daunting complexity of
coacervates. An encouraging discovery in the past decade, however, that has shed light on
coacervate rheology is time-salt superposition, which was first found in multiple polyelectrolyte
chemistries by Cohen Stuart et al. [39-40], where the linear rheology curves of coacervates with
different salt concentrations can be shifted horizontally and/or vertically and superposed onto a
master curve. Recent studies have proposed relationships or scaling laws between the salt
concentration and shift factor but with different conclusions [40-41]. After compared the R? values
for fitting the available data reported in the literature to 1) the square root relationship and 2) the
linear relationship, one cannot conclude one relationship is better than the other [42] (Chapter 3).
Hence, a systematic experimental study is needed to dig deeper into the principle of time-salt
superposition using rheology methods, to obtain the relationship between salt concentration and
shift factors for time-salt superposition and to reveal the relaxation mechanism of the coacervate.
Factors, such as salt identity, chain length of the polymers, polymer concentration, pH value,
salinity, and temperature, which influence the coacervation or phase separation process may also
have impacts on the coacervate rheology behavior. It is essential to study of time-salt superposition
in polyelectrolyte complexes, such as PSS/PDADMAC/KBr and PAA/PDADMAC/KCI
coacervates, with an emphasis on the low-frequency plateau observed, on top of the quantitative

understanding of their phase behavior. (Chapter 4)



1.1.4 Other Polymer Rheology and 3D Printing Applications

The continuous study of PE coacervate (PEC) rheology provided more insightful
experiments to the field of PEC rheology and guidance for development of future theory as well
as material applications. The prevalence of three-dimensional (3D) printing techniques, or additive
manufacturing, has been growing rapidly for the past decade. 3D printing uses a variety of
polymeric materials to perform customized printed products. Being a relatively new technology,
however, the relationship between the materials’ printability and their rheological characterization
still remains unclear. With a wide range of material options including silicones, polyurethanes,
celluloses, polyolefins and others, Dow is uniquely positioned to capitalize on the next growth
spurt of 3D printing as it transitions to functional prototyping and manufacturing, targeting
materials include reinforced polydimethylsiloxane (PDMS). To decipher this mysterious field,
collaborating with Dow Chemical Company, investigation into the definition of yield stress both

on rheometer and on 3D printer were underway. (Chapter 5)

1.2 Research Contributions

Noted that Chapter 3 and 4 are joint work with another graduate student Huiling Li, both published

in Journal of Rheology; and chapter 5 is joint work with another Ph.D. student Matthew Hildner.
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Chapter 2
Development of Analytical Measurements for Quantifying the Compositions of Two

Oppositely Charged Polyelectrolytes and their Phase Behaviors

2.1 Introduction

When oppositely charged polyelectrolytes are added to a salt solution with the salt
concentration below a critical value, the polymers often associate with each other and phase
separate into a coacervate phase, dense in polymer, and a supernatant phase, which contains salt
ions but little polymer. A phase diagram illustrating this is shown in Fig. 1-1. With increasing salt
concentration, the polymer concentration in the coacervate phase decreases while that in the
supernatant phase increases. At the critical salt concentration, the polymer concentrations in both
phases are the same and above this salt concentration the mixture becomes single-phase and clear.

Early theories of this phase separation gave only qualitative descriptions, but in recent
years, more quantitative theories have become increasingly available. It is the goal of this chapter
to develop methods to test these theories by providing quantitative data for the compositions of
both coacervate and supernatant phases, for both strong and weak polyelectrolytes, at arbitrary pH,
and for non-stoichiometric ratios of the two polyelectrolytes. This means that the two polymers
cannot be assumed to have the same concentration in each phase, and the salt concentration is not
only different in the two phases, but the two ions are not equally concentrated in either of the
phases. An example of phase diagrams predicted for a pair of weak polyelectrolytes at two different
pH values, is shown in Fig. 2-1. Note that there are five species concentrations in each phase,
namely water, positive and negative salt ions, and the two polyelectrolytes. Note also that at the
reduced pH of 5 in Fig. 2-1(b), the concentrations of the two poly-ions are very different as are the
concentrations of the two small salt ions, in each phase. To date, most analytical work has assumed
equimolar conditions at pH near 7, where the two polymers can be taken to have roughly the same
concentration in each phase, and the two small salt ions also have nearly the same concentration

in each phase. To go beyond this assumption, and to be able to test theories away from neutral pH



or equimolar polymer concentrations, we need to measure the concentrations of all species in both
phases. This necessitates the development of novel measurement methods. Here we show and

discuss our work in this direction.
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Figure 2-1. Binodal diagrams (see Figure 6 in [1]) illustrating the concentrations of two weakly dissociating
polyelectrolytes (PES) in coexisting phases versus their corresponding counterion concentrations for an
aqueous equimolar system at (A) pH= 7 and (B) pH = 5. “C¢” and Ca” are the concentrations of polycation
and polyanion in units of moles of monomer, while “C+” and “C.” are the molar concentrations of salt
cations and anions, respectively. (C) and (D) correspond to the binodal diagrams in (A) and (B),
respectively, where the bulk salt concentration in the stock solutions (assumed to be the same in each) is
plotted against the PE concentrations in coexisting phases. Note that circles and squares in (C) are almost
indistinguishable. The PE concentration in both stock solutions is fixed at 0.11 M. Experimental binodal
data for PAA/IPDMAEMA system at pH = 6.5 are represented by stars in (C). The insets show the
dependence of the fraction of PE units in the dense phase that are charged and therefore available for ion
pairing.



There are five species to measure, namely, the positively charged polymer, negatively
charged polymer, salt cation, salt anion and water, in each phase, and the volume of each phase
after phase separation also needs quantification. We examined the effects of pH, salinity, and chain
length (molecular weight). We first test our method on a strong polyelectrolyte system, polystyrene
sulfonate/ poly(diallydimethylammonium) i.e., PSS/PDADMA, in which both polyelectrolytes
remain fully charged across a wide range of pH. We use modified methods on a weaker system,
PAA/PDADMA, where the polyacrylic acid (PAA) loses charges at reduced pH. In the future, we
can use these methods on mixtures in which both polyelectrolytes are weak.

To date, we have developed methods of measuring phase compositions for the strong
polyelectrolytes PSS/PDADMA, and the weak/strong mixture PAA/PDADMA, and have acquired
preliminary data, which we will compare with the phase diagrams predicted by recently proposed
models, especially that of Salehi and Larson [1], to validate and/or modify the theoretical work.
We expect in the end to gain a much deeper understanding of polyelectrolyte interactions,
thermodynamics, and phase behavior, leading also to the ability to predict transport properties,

such as those in Layer-by-Layer assemblies.

2.2 Method

2.2.1 PSS/IPDADMAC System

For the PSS/PDADMA system, quantifications of each component are achieved via
thermal gravimetric analysis (TGA), conductometry, and proton NMR measurements. PSS and
PDADMA polyelectrolyte complexation mixtures are prepared using the method of Wang et al.
[2]. Then various volumes of KBr solution are added into the mixture to achieve a fixed known
volume, V.- After phase separation (see Fig. 2-2), the phase volumes of supernatant (refer as
“S” in the subscript or superscript) and coacervate (refer as “C” in the subscript or superscript) can
be calculated from the readout of graduated tubes and the known total volume of the mixture (see
equation 2-1).

(DS+¢C= Vs ‘|'L

=1 (2-1)

VTotal VrTotal

Where @, and @, are the respective volume fractions of supernatant and coacervate, and Vs and

V. are their volumes. A graphical summary of our measurement scheme for PSS/PDADMA is
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given in Fig. 2-2. The total polyelectrolyte and total salt molar concentrations added into the
mixture are known and noted as nwtal(PES) and niwotal(KBr). Water, total polyelectrolyte and total
salt concentrations in the coacervate are noted as n®(water), n°(PEs) and n°(KBr), respectively.
Water, total polyelectrolyte and total salt concentrations in the supernatant are noted as nS(water),
nS(PEs) and nS(KBr), respectively. To calculate the above parameters, the weight of the water,

polyelectrolytes and salt need to be measured.

PSS/PDADMA=1:1 Mixtures, n,,,(PEs) Various volume of KBr solutions, n,,,,;(KBr)
\ J
TGA of known mass — nC(KBr) (1) — 13 (KBr) < KBr conductivity calibration
n€ (KBr)=—~ _,/

n® (KBr) from conductivity

+®% — n‘(KBr) ) _ nS (PEs) < n€ (PEs) get from TGA + ®C

ey
TGA of known mass — nC€ (PEs) » H NMR for PSS PDADMA
f ' Fixed volume, V s S .
H NMR for PSS PDADMA __n (_water), O] « Reading the g_ra@uatcd
cylinder/ centrifuge tube or weighing
TGA of known mass + drying — n° (water) —

Figure 2-2. Outline of scheme for determining the concentrations of KBr and polyelectrolytes (PES) in the
coacervate (left wing) and supernatant (right wing) phases are given for PSS/PDADMA/KBTr system.

The weight of water content in the supernatant and coacervate can be obtained by weighing before
and after drying. The weight (percentage) of polyelectrolytes (PSS and PDADMA), and salt (KBr)
in the coacervate phase can be measured by TGA of a known mass of the coacervate, by measuring
the mass loss over time as the temperature ramps up above melting points. If the water, polymer,
and the salt are volatized at different temperatures, the weight percentage of each is determined
and mass fractions of the polymer and salt in the coacervate phase can be calculated. Using the
phase volumes, and the known masses used to create the original sample, the total masses of
polymer and salt in the supernatant phase can be calculated by subtraction. To double check the
salt composition in the supernatant, electrical conductometry is measured for the PSS/PDADMA
system, where the two oppositely charged polymers are completely dissociated. To double check
the polymer composition in the supernatant and to obtain concentrations of individual polymer

species, we use quantitative proton NMR.
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2.2.2 PAA/IPDADMAC System

For the PAA/PDADMA system, similarly, quantifications of each component are achieved
via TGA, KCI titration and carbon NMR measurements. While the use of proton NMR to
determine separately the concentrations of PSS and PDADMA was pioneered by Schlenoff’s
group, our use of carbon NMR for PAA/PDADMA is novel, and is used to overcome nonlinearities
in the calibration of proton NMR for the PAA/PDADMA system, as discussed below. A graphical

summary of our measurement scheme of PAA/PDADMA is given in Fig. 2-3.

PAA/PDADMA=1:1 mixtures, n,(PEs) n,,(KCl), various volume of ¢(KCl) solutions
\ J
TGA of known mass — n€(KCl) (1) ™ S (KCI) « KCl titration calibration

nC (KCl) =

n® (KCI) from KCl titration

+ @S — n®(KCI) (2 nS (PEs) « nC (PEs) get from TGA + @°

-

C NMR for PAA, PDADMA

TGA of known mass — n® (PEs)
— -

C NMR for PAA, PDADMA | Fixed volume, V,, nS (water), @3 + Reading the graduated
— cylinder/ centrifuge tube + Vg,

TGA of known mass + drying — n® (water)

—

Figure 2-3. Outline of scheme for determining the molar concentrations n® and n® of KCI and
polyelectrolytes (PES) in the coacervate (left) and supernatant (right) phases are given for PAA/PDADMA.

The salt species is changed from KBr to KCI when changing form PSS/PDADMA to
PAA/PDADMA to minimize the number of species in the system, since for PSS/PDADMA, the
bromide salt of PDADMA is used, while for PAA/PDADMA, the chloride salt if used. For
PAA/PDADMA, where PAA is only partly dissociated, as discussed below, KCI titration against
AgNOs is conducted instead of conductometry because of the uncertain contribution of hydronium
ion to the conductivity, making conductometry an inaccurate method of determining the salt
concentrations. Quantitative C NMR is used to obtain concentration of both PAA and PDADMA
in both phases, instead of H NMR where only PDADMA can be quantified and not PAA.
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2.3 Results and Discussion

2.3.1 Nuclear Magnetic Resonance Spectroscopy (NMR)
NMR was used to quantify each polymer concentration in both phases using a series of

standard calibration curves with fixed total polymer mass concentrations.
For H NMR, D20 is used as the reference with a chemical shift of 4.790ppm. We find that

H NMR can quantify the total concentration and the ratio of PSS to PDADMA in the
PSS/PDADMA mixture, and the concentration and fraction of PDADMA in the PAA/PDADMA
mixture over a concentration range from 1mg/ml to 40mg/ml. The upper limit of H NMR is
40mg/ml due to the saturation of signal. Shown below in Fig. 2-4, as an example, are the H NMR
spectra and the calibration curves for PDADMA mole fraction in the PAA/PDADMA system with
total polymer concentrations of 2.5mg/ml and 10mg/ml and 0.75M KCI at pH 7. The total

concentrations are both below that at which signal saturation occurs.
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c(PDADMA)/c(Total) in PAA/PDADMA, pH 7, ¢(KCI)=0.75M

e c(Total)=2.5 mg/mi c(Total)=10 mg/ml
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« 0000
5 60000 y = 11331853 - 1515902 + 99084x
L R?=0.9803
@ 50000
< 40000
< 30000 R
[ T AL S SPPOPT: @
T 20000 P o
3 ---------------------- y:21407x2+10745x
& 10000 SRR RO . o " R2 =(0.9947
Z O @ ccooee @ oeecc

0 0.2 0.4 0.6 0.8 1

c(PDADMA)/c(Total)-mass

Figure 2-4. (top) Proton NMR spectra for mixtures of PAA/PDADMA with added salt, where the ratio of
PAA to PDADMA is varied at total polymer concentration of 10 mg/ml. (bottom) Area under the peaks
(3.5-2.99 ppm, in red circle) for 2.5 mg/ml (blue) and 10 mg/ml (orange) total polymer concentration. The
results in the lower figure are obtained by integrating the area under all red circled peaks (3.5-2.99 ppm),
corresponding to PDADMA peaks. The dashed lines are polynomial fits to the data.

While proton NMR is limited to a concentration of 40mg/ml, C NMR can quantify the
concentrations of both PAA and PDADMA simultaneously in PAA/PDADMA mixtures with total
polymer concentration ranging from 30mg/ml to 200mg/ml. Shown below in Fig. 2-5 are the C
NMR spectra for separate solutions of both PAA and PDADMA and in Fig. 2-6 for four mixtures

of these at 200mg/ml total polymer concentration.
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Figure 2-5. Carbon NMR spectra for pure 1 M PAA (top) and for pure 1M PDADMA (bottom) with 1000
scans and delay time (time between each scan) 1s.

In Fig.2-5 (top), the peak above the green point corresponds to the carbonyl carbons in
PAA. In Fig. 2-5 (bottom), the peaks above the blue, orange, grey and yellow points correspond
to the carbons in PDADMA. All C NMR test were averaged over 1000 scans and 1 s delay time
to obtain best signal-to-noise results. These choices provide a suitable compromise between signal
quality and run time. In Fig. 2-6, C NMR spectra are reported for four mixtures of PAA and
PDADMA, at a total polymer concentration of 200 mg/ml, showing that the peaks corresponding
to PAA increase, from top to bottom, as its concentration increases and PDADMA concentration
decreases, while the peaks for PDADMA correspondingly decrease. The integrated areas under
these peaks are plotted in Fig. 2-7. Note the linearity of these calibration peaks, in contrast to the
nonlinearity of the calibration curves for H NMR in Fig. 2-4. The linearity for C NMR results from
the weaker sensitivity of the signal to the carbons, relative to the protons. This produces less
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interference between the different species, and a linear response with respect to the concentration

of each polymer.

PAA-PDADMA-200-1c

PAA-PDADMA-200 mg/ml-1

ol

PAA-PDADMA-200r2C

PAA-PDADMA-200 mg/ml-2 l
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PAA-PDADMA-200 mg/ml-3

PAA-PDADMA-4c

PAA-PDADMA-200 mg/ml-4
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Figure 2-6. C NMR spectra for four mass ratios of PAA/PDADMA at total polymer concentration of 200
mg/ml. The peak on the left corresponds to PAA, while the four on the right are for PDADMA. The four
mass ratios can be calculated from the x axis (concentration) of Fig. 2-7.
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Figure 2-7. Areas under the peaks for the single PAA peak (top) in Fig. 2-6 and the four PDADMA peaks
(bottom) in Fig. 2-6 at each of four PAA/PDADMA concentration ratios.

Note in Fig. 2-8 the dependence of the peak areas on salt concentration. We can minimize
errors due to this relatively weak dependence by either accounting for the dependence of the C
NMR signal on salt concentration when using the calibration curves, or by adjusting salt
concentration to a standard value before performing the NMR experiments, so that they are all
conducted at the same salt concentration. The linearity of the calibration curves, the low sensitivity
to salt concentrations, the ability to measure the concentration of both polymers simultaneously,
and the presence of four peaks for PDADMA, are all strong reasons to use C NMR to measure the
polymer concentrations in PAA/PDADMA. The only downside is the longer NMR runs required,
because of the weakness of the signal. To our knowledge, our work is the first to report the use C

NMR to measure polymer concentrations in polyelectrolyte mixtures.

17



pH=7 1:1 PAA/PDADMA mixture
NMR Integration of spectra area vs. c(KCI)

—o—PAA PDADMA-71.5-69.5

PDADMA 55.5-53.5 PDADMA 53.25-51.75
PDADMA 27-26

§ 1200

5 1000 [ i _ J

S 80 F )

@ 600 f F— 1t : |

O o -
400 t

c

S 200 | 34 . }

:'J) O 1 1 1

E 0 0.5 1 15 2

c(KCI)-molar concentration

Figure 2-8. Dependence of peak areas from C NMR spectra on KCI concentration. For PDADMA, in the
legends at the top, the peaks are identified by the NMR frequency range (in ppm) over which the peaks
were integrated.

2.3.2 Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis (TGA) was used to obtain weight percentages of residual
water, polymer and salt in a given phase. The coacervate samples were initially dried in a vacuum
oven at 40 °C for 1h before carrying out TGA, and weight loss from drying was measured by the
difference in sample weight before and after drying. In the TGA chamber, samples were initially
loaded at room temperature and then the temperature was ramped from room temperature to 1000
°C at a rate of 20°C/min, producing a typical weight loss curve for a reference sample PDADMA
solution shown in Fig. 2-8. The figure shows an initial decrease in weight over a temperature range
too low to be attributed to polymer volatilization and so must be attributed to residual hydration
water that did not evaporate during the prior drying step. Polymer burns out before 600°C and salt
(KCI) begins to melt and sublime at around 800 °C (melting point of KCI: 770°C). The weight
percentages of the polymer and of the KCI can be calculated as indicated in Fig. 2-9. Sometimes,
there is small residue left in the furnace at the end of the heating ramp, due to charring under an
inert atmosphere (nitrogen). This particular TGA analysis shows that the sample contained 40%
PDADMA, 52% salt (KCI) and 8% water, by weight. Without the water, the percentages are 43.5%
PDADMA and 56.5% KCL. The masses of polymer and salt added to the initial mixture are 48mg
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PDADMA (47.52%) and 53mg KCI (52.48%). A second reference TGA scan is shown in Fig. 2-
10, with polymer only and no salt in water. From these curves, we conclude that TGA analysis can
give us the total polymer and salt concentrations in each phase to within around 10%.
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Figure 2-9. TGA weight loss curve at heating rate of 20 °C/min for PDADMA and salt (KCI) in nitrogen.
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Figure 2-10. The same as in Fig. 2-9, except for a PAA/PDADMA coacervate sample with no salt.
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2.3.3 Conductometry

Conductometry was used to quantify the salt ion concentration in the supernatant in the
strong polyelectrolyte system PSS/PDADMA with KBr [2]. First the KBr concentrations in dilute
solution were measured carefully by conductivity at room temperature and a standard curve
developed to convert conductivity to concentration. The method cannot be used when PAA and
KCl are used instead of PSS and KBr, because of the uncontrolled contribution of hydronium ions
to conductivity due to partial dissociation of PAA and, to a lesser extent, due to the contribution
of chloride ions from PDADMA. The calibration curve of conductivity versus added salt, for
various concentrations of added PDADMA, is shown in Fig. 2-11. Note that the addition of
PDADMA (along with accompanying chloride ions) has a small effect on the calibration curve.
With increasing [PDADMA], the error of the calibration curve increases because the chloride ions

dissociated from PDADMA also contribute to the conductivity.

Effect of [PDADMAC] on KCI Conductometric Calibration
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Figure 2-11. Calibration curve of conductivity vs. added salt, for various concentrations of added polymer.

2.3.4 KCI Titration

KCl titration against an aqueous solution of AgNO3 was used to quantify the concentration
of chloride ions in the supernatant of the PAA/PDADMA system. This precipitation reactions:
AgNOs + KCI = AgCl | + KNOs. Preliminary results are shown in Fig. 2-12. Note that we
observed a color change when the precipitation was carried out in air, due to oxidation, which adds

to the mass of the precipitate, which degrades the accuracy of the assay. To minimize this error,
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daylight, heat and oxidizing agents need to be avoided. These influences account for the large error
at the lowest salt concentration in Fig. 2-12. We expect that the accuracy of this method can be

improved with practice and care.

Sample | n(KCl)- mol | ¢(KCl) - M | Error-%
1 0.05 0.1 -15.9
2 0.10 0.2 -2.0
3 0.15 0.3 -2.6
4 0.20 0.4 -5.0
5 0.25 0.5 -4.1

Figure 2-12. (Left) Results of precipitation assay of KCI mixed with AgCl solution, for different standard
molar concentrations ranging from 0.1 M to 0.5M of KCI solutions. The errors in the concentration
determined from the weight of AgClI precipitate are shown. (Right) AgClI color change due to oxidation is
observed.

2.3.5 Phase Re-entry at the Higher Salt Region

Shown below in Table 2-1 are phase volumes of equimolar PAA/PDADMA at various pH
values with various levels of added salt. In the Table, Vc is the volume of the coacervate phase
measured by the height of the coacervate in a sample tube after sample mixing and centrifugation,
and @, is its volume percentage. These results are preliminary steps in our determination of the
phase diagrams of this system as a function of both pH and salt. More detailed diagrams are shown
in Fig. 2-13.

Table 2-1. 0.5M PAA and 0.5M PDADMA coacervate phase volumes V¢ (ml) and volume fractions &,
(%) at various pH and salt concentrations ([KCI] unit: M).

pH1 pH3 pH 5 pH 6 pH 6.5 pH7 pH 9 pH 14
[KCl] | Vc b, Ve b, Ve b, Ve b, Ve | &, | Vc D, Ve D, Ve D,
0 0 0 025 | 125 | 0.2 10 [ 019] 95 | 026 | 13 | 040 | 20 | 050 | 25 | 0.60 | 30
0.2 0 0 013 | 65 | 05 25 (024 12 | 0.60 | 3 | 0.55 | 275 0 0 0 0
0.4 0.18 9 0.13 | 65 | 055|275 025 | 125 0 0 0 0 0 0 0 0
0.5 021|105 | 0.13 | 6.5 0 0 0 0 0 0 0 0 0 0 0 0
1 022 | 11 013 | 65 | 013 | 65 0 0 0.20 | 10 0 0 0 0 0 0
1.5 023 | 11.5] 0.13 | 65 | 0.13 | 6.5 | 0.14 7 018 | 9 0 0 0 0 -
2 024 | 12 013 | 65 | 020] 10 | 0.13 | 6.5 | 020 | 10 0 0 0 0 0 0
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Figure 2-13. Coacervate phase volume fractions as functions of salt concentration (KCI) from 0 to 1.5 M,
for various values of pH, and polymer concentrations [PAA]=[PDADMA] (a) 0.25 mol/L, (b) 0.3 mol/L,
(c) 0.4 mol/L, (d) 0.5 mol/L and (e)0.6 mol/L. (f) Phase re-entry illustration.
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Note in Fig. 2-13, that a non-zero coacervate phase volume fraction is given up to a critical
salt concentration, above which the volume fraction of coacervate drops to zero. The salt
concentration where this occurs is a lower critical salt concentration above which the solution
becomes single phase. We note that in some cases, the maximum phase volume fraction is followed
at higher salt concentrations by a lower phase volume fraction before it drops to zero, as seen for
example in the purple and blue data in Fig. 2-13(a). In other cases, such as the black and red curves
of Fig. 2-13(d), the coacervate phase fraction becomes very high, around 0.8, before seemingly
plunging abruptly to zero. While we have a recorded the presence of a single phase as “zero
coacervate volume fraction,” these cases are more likely situations where the coacervate phase
volume expands to 100%, corresponding to a progression along the phase diagram that passes to
the left of the critical point, on phase diagram plotted as salt concentration against polymer
concentration, as in Fig. 2-13(f). The location of the critical point on such a diagram, and the slope
of the tie lines, are important predictions of theories of coacervation, which can be tested by
experiments such as these.

In addition, Fig. 2-13(b-e) show that in the pH range 3-14, for salt concentrations above
the upper critical salt concentration, two phases again reappear. This implies that in the pH range
3-6, there is both an upper and a lower critical salt concentration, with an intermediate range of
salt concentrations over which the polyelectrolyte mixture is single phase. The upper critical salt
concentration is typical of strong polyelectrolyte systems for which electrostatics provide the
driving force for phase separations, the screening of which, with added salt, leads to a single phase.
The presence of a lower critical salt concentration at low pH implies phase separation in that range
is driven by non-electrostatic effects and that salt actually increases the driving force for phase
separation. PAA on its own phase separate at high salt for a range of pH values [3]. These novel
and unusual results shows clearly that we have much to learn about polyelectrolyte phase behavior,
and that our methods show great promise in revealing new phenomena and new ways to control

coacervation and other phenomena related to it.
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Chapter 3
Review of Coacervate Rheology in Linear Viscoelasticity Region on Time-salt-pH-

temperature Superpositions and other Superpositions

3.1 Abstract

The linear viscoelasticity of coacervates formed by oppositely charged polyelectrolytes in
salt solution is reviewed, with a focus on time-temperature, time-salt, time-pH, and time-hydration
superpositions, and on fundamental relaxation mechanisms. A variety of polyelectrolyte pairs are
covered, showing the frequent, but not universal, success of time-salt superposition. Master curves
in many cases are similar to those for neutral polymers, including Rouse and reptation theories.
However, in some cases, solid-like, as opposed fluid-like, response is observed at low frequencies,
especially at low salt concentrations. Some coacervates seem to fit “sticky diffusion” theory
reasonably well, wherein relaxation is controlled by the breakage rate of ion pairs; the dependence
of the “sticker” lifetime on salt concentration has been explored but is not well understood as yet.
It is also possible that local relaxation is not controlled by breakage of ion pairs, but by cooperative,
“glassy,” relaxation of monomers, salt ions, and water molecules. A compilation and comparison
of different data sets and suggested formulas for rheological time constants are presented, and
some suggestions are given for future directions. The contents of this chapter are the result of

collaborative work with graduate student, Huiling Li.

3.2 Introduction

One of the last remaining fields of polymer science for which the linear rheology remains
mysterious is that of coacervates formed by mixing water-soluble polyelectrolytes (PEs) of
opposite sign in the presence of salts and water. The rheology of polymer-rich phases formed by
such mixtures ranges from hard solid, to soft gel, to liquid, depending on polymer type, molecular

weight, salt concentration, and other properties. While there does not appear to be a sharp boundary
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distinguishing “coacervates” from “precipitates,” the latter are dense, hard, mixtures of oppositely
charged polymers, and are “glassy,” or non-equilibrium, whereas coacervates, also called
“polyelectrolyte complexes” (or PECs), are either soft gel-like solids, or viscous fluids that are at
thermodynamic equilibrium, or at least close to it. In this review, we focus on coacervates, whose
rheology is more readily measured than is the case for precipitates. There are a wide range of uses
of these coacervates, ranging from food and personal care products to drug release compounds,
underwater adhesives, and others, as reviewed recently by Liu et al. [1].

Despite their wide range of applications, and growing interest in their structure and
dynamics, physical properties, and rheology, coacervates remain mysterious. Even basic scaling
laws, such as the dependence of zero-shear viscosity and relaxation time on molecular weight, and
on concentrations of PEs and salts, remain uncertain. The lack of reliable quantitative theories for
coacervates, analogous to the Rouse theory of unentangled neutral polymers, and the reptation
theory for entangled ones, is a glaring gap. The theory that is closest to playing this role for
coacervates is the “sticky diffusion” theory of associating polymers [2], which has been applied to
coacervate rheology, but with uneven success, as we will see in what follows. Reasons for the gaps
in theoretical understanding include: 1) the rarity of experimental studies on comprehensive series
of nearly monodisperse polymers over a wide range of molecular weights; 2) the relative difficulty
in controlling and measuring salt, water, and polymer concentrations in the coacervate phase
because it is typically prepared by phase separation; 3) sensitivity to ion- and monomer-specific
interactions, including PE charge density, monomer sequence, hydrogen bonding, chirality, n—=
stacking, etc.[3], thus impeding “universal” scaling laws that transcend specific chemistry; 4) the
complexity of the physical phenomena governing coacervates, which includes electrostatics, ion-
binding of one PE to another of opposite charge, binding to salt ions, entanglements, and
hydrophobic interactions; 5) asymmetries between the two coacervate PEs in the effect on
rheology of chain length, charge density, concentration, etc.; and 6) the large number of
parameters, including the concentrations and molecular weights of each of the two PEs,
concentrations and types of salt, etc. The above list does not even consider the case of charge
regulation and pH dependencies of rheology for “weak” PEs, whose charge states are sensitive to
pH and chemical environment.

These challenges are slowly being overcome, and many important and provocative

experimental and theoretical results are now emerging, as reviewed recently by Sing and Perry [4].
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This review nicely organizes the available theoretical approaches to the thermodynamics and
structure of coacervates. These include electrostatic “blob” theory, in which the interacting units
of the chains are multi-monomer sub-coils of the chain, as described in work by Rubinstein and
coworkers [5]. This approach is likely only qualitative for dense coacervates. The case of dense
coacervates has been addressed using liquid state theory, which accounts for monomer-scale hard-
core and electrostatic interactions, as exemplified in work by Perry and Sing [6] and by Wang and
coworkers [7]. Both blob theory and liquid state theory are “generic” in the sense that they use
chemically non-specific models in which polymer molecules are treated locally as either random-
walk “blobs” or as spherical “monomers,” lacking chemical specificity other than size and
effective van der Waals and Coulombic charge interactions. Chemical specificity can be provided
in an ad hoc way, through assignment of chemically specific interaction free energies and Flory
chi parameters between monomers and salt ions, which implicitly account for hydrogen bonding,
hydrophobic effects, and other details through data fitting. Such an approach has been taken by
Zhang and Shklovskii [8], Olvera de la Cruz and coworkers [9], Muthukumar and coworkers [10],
and by Salehi and Larson [11], the latter in collaboration with Friedowitz and Qin [12]. Rigorous,
chemically realistic, analyses of coacervate structure require atomistic simulations, as exemplified
in work by Sammelkorpi, Lutkenhaus, and coworkers [13]. Such simulations are typically limited
in the time and length scales they can access, and the detailed data they provide still need to be
interpreted and generalized using more coarse-grained, or ad hoc, theories. Thus, all the above
approaches will be valuable in filling out our understanding of coacervate structure in the years
ahead. For more details on these methods, the reader is referred to the review by Perry and Sing
[4] and the papers referenced above.

This review is directed specifically towards the rheology of coacervates, and is intended
both to summarize major findings and to focus attention on where progress is most needed. We
will focus on the linear rheology of coacervates made from two homo-polyelectrolytes of opposite
charge, especially on data that satisfy “time-salt superposition,” which suggests some degree of
“universality” in coacervate behavior. Readers are also directed to an overview by Liu et al. [1]of
linear rheology, that also covers phase behavior briefly, as well as block polymer coacervates.
There is also some recent work on polyampholyte coacervates, in which each polymer contains
both a positively charged and a negatively charged block, with dynamics rather similar to that of

mixtures of oppositely charged homopolyelectrolytes [14-16]. The review of Sing and Perry [4]
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mentioned above, focuses particularly on theories of equilibrium coacervation, but also touches on
rheology and other topics of current interest. Ultimately, theories should encompass both
equilibrium phase behavior and rheology, since the same thermodynamic driving forces control
them both. A validated theory of phase behavior would also allow estimation of the compositional
changes in the equilibrium coacervate phase when temperature, salt, or other variables are
changed. This would help in interpreting the effect of these variables on the rheology of the
equilibrium coacervate phase, including the “shift factors” discussed below.

Given the daunting complexities of coacervate rheology outlined above, a major boost was
the discovery of the principle of “time-salt superposition,” whereby the linear rheology curves
(i.e., G’ and G” versus frequency) for coacervates with differing salt concentrations can be
superposed onto a “master curve” by shifting along the frequency axis, and to a much lesser degree
along the modulus axis. Time-salt superposition was first revealed clearly in work by Cohen Stuart
and coworkers [17, 18], and has since been found in multiple coacervate chemistries, as we will
see in this review. However, a major caveat should be borne in mind. Frequently, coacervates are
formulated by mixing the PEs with solvent and salt, and allowing the coacervate to phase separate
from a supernatant phase that contains not only water and salt, but may also contain one or both
PEs. As a result of the phase separation, the salt concentration in the coacervate can differ from
that of the original mixture, and there can be differences in water and polymer concentrations as
well, and possibly even a change in the ratio of monomer molarities of the two PEs as the overall
salt concentration is changed. Consequently, “time-salt superposition” involves superposition of
solutions differing at least somewhat in PE concentration as well as in salt concentration. These
additional compositional variations introduce vertical shifting along the modulus axis, which is
sensitive to PE concentration, and make interpretation of the horizontal shift factors doubtful or
complex, since they are affected by PE concentration as well as salt concentration. There may also
be doubt about the validity of the superposition itself, if it is carried out over a wide range of salt
concentrations with only small overlaps of data. That is, large vertical and horizontal shifts may
allow one to stitch together data sets for which failure of superposition would only have become
evident if one had used wider frequency ranges. We will show an example of this later in the
review. The risk of a misleading “forced superposition” can be counteracted most effectively by
using a wide frequency range at each salt concentration. A more efficient method is to use time-

temperature superposition to extend the frequency range. The latter method, while useful carries
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its own risks, including the possibility of entering a two-phase region unwittingly, as might happen
for the PDADMAV/PSS, which exhibits a surprising lower critical solution temperature [19].

In addition to these polyelectrolyte-specific issues, the quality of polymer synthesis and
characterization is just as important in polyelectrolyte rheology as it is for rheology of neutral
polymers. In literature to date, polyelectrolyte samples have usually been obtained from
commercial vendors, with higher polydispersities and less certainty regarding synthetic quality
than is sometimes the case for more conventional polymers. We have assembled the information
on polydispersity available from the publications or supplies, where available, in Table 3-1.
Generally, but not always, polydispersities range from Mw/Mn ~1.1 to 1.4. Even where synthesis
and characterization of polyelectrolytes are done in-house, with fractionation to reduce
polydispersity, scrutiny and replication of experimental results remain important tasks. While this
review does not address these experimental realities, readers should be aware that improved
sample preparation and characterization will be a critical part of improving our understanding of
coacervates and their rheology, and that conclusions drawn from data presented here may need

revision as additional samples are studied.
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Table 3-1. Degree of polymerization, molecular weight, polydispersity index (PDI) and source of relevant polyelectrolytes mentioned in the review

Reference Polyelectrolyte Degree of polymerization Molecular weight (kDa) PDI Source
PVBTMA 100 213 1.13 Authors’ synthesis
[3] PSS 100 2017 i Polymer S_tandards
Service
PDADMAC - 289.1 1.3 . .
[6] PSS - 3544 17 Sigma-Aldrich
PDMAEMA 20, 50, 150, 510
[17] - <1.2 -
PAA 10, 20, 50, 150, 510
PDMAEMA 17,51, 150, 527 2.7, 8.0, 235, 82.7 1.18,1.40, 1.04, 1.09 Polymer Source
[18] PAA 20, 47, 139, 1.5, 3.5, 10, 1.2,1.3, 1.15, Sigma-Aldrich,
500, 1730 36, 124.5 1.1,1.25 Polymer Source
[27] PRE 100, 400 155, 60 - Alamanda Polymers
PLK 100, 400 16, 66 - y
175, 356, 568, 38.5, 78.6, 125, 1.16, 1.13, 1.27,
[28] PMAPTAC 688, 2112 151, 466 1.22,1.75 Authors’ thesi
OMIA 141, 250, 329, 15.2, 27, 355, 1.03, 1.01, 1.06, 1.03, HHIOTS SyRThests
756, 838, 2081 81.6, 90.5, 225 1.03, 1.41
[36] PDADMAC - 300 - Sigma-Aldrich
IBMA - 11,82, 196, 410 1.75,2.6,3.04,2.4 -
1020 ,1570, 2370, 226, 346, 524, 1.05, 1.04, 1.06,
[43] PMAPTAC 3850, 4700 849, 1040 1.06, 105 Authors® svnthesi
VA 1120, 1280, 2620, 121, 136, 283, 1.08, 1.14, 1.15, HHIOTS SyRThests
3600, 4780 389, 516 1.05, 1.04
[50] PAH 158 14.8 1.04 Millipore Sigma
PAA 160 15 1.18 AK Scientific
27.7-28.2,84.9 1.04, 1.05
PTMAEMA 50, 250, 500 ’ ’ ’ ’ .
[51] 129.4 - 135.5 1.09-1.11 Authors’ synthesis
PSPMA 50, 250,500 16.7,56.2, 116.8 1.05,1.1,1.28
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PTMAEA 250, 1000, 2000 40.6, 166.7, 388.4 1.21,1.22,1.24
PAMPS 250, 1000, 2000 69.8, 206.1, 283.5 2.27,1.23,1.1
[52] PDADMAC - 100-200 -
PAA - 100 -
[54] PAH - 120-200 Polyscience
PAA - 100 Sigma-Aldrich
QVP - 60 - . .
[59] PSS - 200 - Sigma-Aldrich
[60] Poly(NAS)' 190 32 1.19 Authors’ synthesis
[62] e L s = : Sigma-Aldrich
[63] PDADMAC - 400 - Ondeo-Nalco
PSS - 200 - AkzoNobel
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To help the reader, we give in Table 3-2 abbreviations for the PEs (with polycations listed
first) reviewed here, along with their pKa values, monomer molecular weights M, (without
including the molecular weight of any accompanying small salt ion) and literature-reported Kuhn
lengths by :

Table 3-2. Relevant Polycations/Polyanions and their selected Physical Parameters

Abbreviation Polycation (or PC) pKa M, (Da) by (nm)
PVP Poly (4-vinylpyridine) 3-4.5 [20] 105 2.6'[21]
2.73,3.661
-di i 1-6.5 ;
i : 3.5, 16 [23]
8.61-10.28 1.46-2.51
: +
PAH Poly (allylamineH™) [24] 57 [25]
PLK Poly (L-lysine) 10.6 [26] 128 0.7V[27]
Poly [3-(methacryloylamino)-
PMAPTA oly [3-(methacryloylamino) Strong 185 3.0°[28]
propyltrimethylammonium]
PVBTMA Poly [(vinylbenzyl) trimethylammonium] Strong 176 -
PDADMA Poly (diallyldimethylammonium) Strong 126 5.0 [29]
Abbreviation Polyanion (or PA) pKa M, (Da) by (nm)
3.0¥[30]
1.22-1.
PSS Poly (styrenesulfonate) 50 183 2.8-12v"
[24]
[31]
PRE Poly (D, L-glutamic acid) 5%[32] 129 0.7V[27]
0.64*[33]
5[158]5 0.86-2.52%
PAA Poly (acrylic acid) 72 [25]
4.79-5.78
[24] 6.3 [23]
11.7¥[34]
0.68-0.79 xiii
IBMA Poly (isobutylene-alt-maleate) 6.4 [35] 170 36]
L 7.03 [24] v
PMA Poly (methacrylic acid) 6.4 [35] 86 0.6V [37]
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'Evaluated in HCI solution by light scattering using the worm-like chain (WLC) theory.

12,73 nm is for un-ionized PDMAEMA in methanol, 3.66 nm is for ionized PDMAEMA<*HCI.

liUsing the WLC relationship and atomistic molecular dynamics, the persistence length varied from 0.73
nm (at 0% ionization) to 1.25 nm (at 100% ionization).

VMeasured at 5 wt% polymer concentration without salt by small-angle X-ray scattering.

YAssumed by Yang et al. [28] because the Kuhn length of a polycation similar to PMAPTA ina PEC in 1
M NaCl was reported to be 3 nm.

ViMeasured in 0.5 M NaCl solution by light scattering.

ViiEstimated in 0.5 M NaCl solution by light scattering.

ViiThe persistence length measured by small angle neutron scattering was from 1.4 (in 3M NaBr solution)
to 6 nm (without salt).

*Estimated from the Figure 3 in Appel & Yang [32].

*Calculated using the freely-joint-chain (FJC) model together with the force-extension curve measured by
atomic force microscopy.

XIThe electrostatic persistence length, calculated according to the WLC relation and full atomistic molecular
dynamics simulations, was from 0.43 nm (at 0% ionization) to 1.26 nm (at 100% ionization).

XiiMeasured by small-angle X-ray scattering, for un-neutralized PAA in water at 25°C.

XiiThe Debye length of IBMA is estimated as 0.68-0.79 nm, which is claimed to be consistent with the Kuhn
length of IBMA.

XVEstimated in mercapto and dodecanol solution without salt from the fits of WLC and FJC models using
atomic force microscopy.

The review is outlined as follows: Section 3.3 discusses some suggested models of
coacervate structure. Section 3.4 describes time-temperature superposition, and Section 3.5
describes time-salt superposition, with multiple examples. Section 3.6 discusses the molecular
weight dependence of zero-shear viscosity and terminal relaxation time, while Section 3.7
describes the rheological consequences of large differences in the lengths of polycation vs.
polyanion. Section 3.8 discusses time-salt-pH superposition and 3.9 illustrates time-hydration
superposition. Section 3.10 shows cases where there is a low-frequency plateau, and Section 3.11
covers available theories for coacervate rheology. Section 3.12 summarizes the main conclusions.

References come in Section 3.13.
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3.3 Structure of Coacervates

It has long been recognized that a key driving force for polyelectrolyte complexation is the
entropy gained by the release of small salt ions from a PE of given charge and replacement of these
small ions by many fewer PE chains of opposite charge. Recent theoretical and experimental work
suggests that complexation of a pair or a few long, oppositely charged polyelectrolytes occurs even
in dilute solutions, due to the small entropy loss caused by binding of a few chains together, relative
to the huge entropy gain of the counterions thereby released [38, 39]. Thus, the dense coacervate
phase is likely in equilibrium with a supernatant phase containing dilute complexes each
containing a few chains. Although coacervation produces close physical association of the PE
molecules of opposing charge, the detailed organization of the PE chains within a coacervate has
long been a matter of debate and speculation. Michaels [40] suggested both a “ladder model” in
which two chains line up, pairing opposite charges like rungs of a ladder, as well as what to him
seemed a more plausible “scrambled” model in which multiple polycations crisscross and associate
with each polyanion, and vice versa. It is well known that a single long polyelectrolyte in solution
takes on an expanded Gaussian conformation due to electrostatic repulsions at low salt, but with
added salt, screening of electrostatic interactions causes the coil to shrink down towards a size
governed by its “bare” (or charge-free) Kuhn length, where the Kuhn length is the length of a
random-walk step size of the chain. Indeed, neutron scattering studies by Schlenoff and coworkers
[41] on solutions of poly(styrenesulfonate) (PSS) show, as expected, that the coil size is expanded
at low ionic strength but shrinks towards the bare (charge-free) size with increasing added salt,
where the bare PSS Kuhn length is around 1.4 nm. In coacervates of PSS with
poly(diallyldimethylammonium) or (PDADMA), the ionic strength due to the polyelectrolyte
alone is high, and the same group [42] find that the coil size is small and insensitive to added salt
concentration, as one might expect. More recent neutron scattering results by Schlenoff and
coworkers  [43] show that in  coacervates of  poly[3-(methacryloylamino)-
propyltrimethylammonium]/poly(methacrylic acid), (i.e., PMAPTA/PMA), the deuterated PMA
chains have Gaussian configurations with Kuhn lengths of 1.5 nm, similar to that of the bare PSS
Kuhn length. This evidence supports the “scrambled”” model of the coacervate, with chains of both
polyelectrolytes taking on Gaussian configurations with Kuhn lengths similar to those of the
corresponding uncharged polymers. However, Spruijt et al. [23] found that in coacervates of
poly(N,N-dimethylamino ethyl methacrylate)/poly(acrylic acid), or PDMAEME/PAA, Kuhn
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lengths obtained from radii of gyration measured by neutron scattering were 3.5 nm and 16 nm,
for the two different chain lengths studied, and 6.3 nm for PAA. These values are larger than one
would expect for bare Kuhn length, but Spruijt et al. commented that these values are “upper
bounds” due to possible bias from the radii of gyration of long chains selectively segregating to
the coacervate. Estimated Kuhn lengths for various polyelectrolytes under different conditions of
salinity, pH, and solvent conditions are given in Table 3-2. Even if the configurations of chains in
the coacervate are random walks with small Kuhn lengths, the nature of the interactions of the
charges on the chains remains in doubt. One limiting possibility is that the charges mix similarly
to that of simple salt charges, with opposite charges correlated to reduce spatial variations in net
charge and electrostatic energy, while allowing considerable positional disorder to maintain high
entropy. This picture is the basis of the Voorn-Overbeek theory of coacervation [44] which ignores
the connectedness of polymeric charges, treating them as simple salt ions when calculating their
electrostatic interactions.

While this simplistic picture is now largely superseded by theories that more realistically
account for chain connectivity, the possibility remains that each polymeric ion sees a “cloud” of
neighboring oppositely charged ions or monomers, as opposed to being neutralized by one and
only one charge on a neighboring oppositely charged monomer or salt ion, forming a so-called
“ion pair” or condensed salt ion. In the latter case, the breakage time of the ion pair is the
fundamental event governing the relaxation dynamics of the coacervate. An intermediate
possibility, suggested by Colby and coworkers [35] is that oppositely charged chains are paired up
for long periods of time as depicted in Fig. 3-1, and that the time constant for reorganization of the
coacervate is determined by the rates of formation and breakage of “quadrupolar” local groupings
of chains, as depicted in Fig. 3-1. This depiction has the advantage that it accommodates significant
differences in spacing of charges on the two chains, with the “wavy” red chain having a wider
spacing of charges than the black chain. However, the depiction suggests an extended or expanded
conformation of the chains, which seems at odds with at least some neutron scattering data [43].
Lytle and Sing [45] have developed a modification of the ion-pairing picture wherein the binding
of one monomer of a PE chain to an oppositely charged chain biases the next monomers on these
two chains to bind also. The enhanced probability of binding of the second monomer was
expressed in terms of a “transfer matrix” whose probabilities could be deduced from coarse-

grained molecular simulations. It is also possible that a more helpful picture might be that of
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association of multiple monomers, salt ions, and waters of hydration, whose cooperative motions
are necessary for motion of a single monomer, similar to the situation for many glasses, as

suggested by some experiments and simulations [13, 43].

Figure 3-1. Schematic of possible polycation (red) and polyanion (black) conformations in coacervate [36].
Used with permission from Hamad et al. Macromolecules 51, 5547-5555 (2018). Copyright (2018),
American Chemical Society.

For better or worse, the detailed structure of the coacervate does not seem to have been of
great concern in the development of models for the rheological properties, which are generally of
the “sticky diffusion” type, whose rheological predictions are governed by rates of local diffusion.
While dependences of these rates on temperature, salt concentration, and other variables can be
extracted from fitting the models to experimental data, these dependencies do not define the
mechanisms of local relaxation, nor do they even require that diffusion be of the “sticky” type,
since any other local mechanism of relaxation, including highly cooperative ones, would give the
same rheological phenomena at longer time scales. It can be questioned how well “sticky
diffusion” concepts really apply to coacervates composed of two types of polymers. The flexibility
of the models to fit rheological data means we can interpret these data without too much regard
for either the detailed microstructure or the local dynamics, but, of course, this also limits our
ability to use rheology to deduce structure or local interactions. This is a familiar conundrum, in
which rheology has exquisite quantitative, but limited qualitative, value. Combined with structural
information, for example from scattering measurements or simulations, however, rheology can in
principle generate substantial insight into both structure and rates of structural change. In the future
the combination of macroscopic rheology and incisive structural probes will hopefully provide a
rich picture of coacervate structure and dynamics, from small scales to large. Of primary concern
here, however, is the rheological data and their interpretation in terms of rheological models. We
therefore proceed directly to a description of the available rheological data, and then to its

modeling. We will return to local structure and dynamics in Section 3.11.
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3.4 Time-Temperature Superposition

The well-known principle of time-temperature(t-T) superposition is illustrated in Fig. 3-2
for a coacervate of Poly [3-(methacryloylamino)-propyltrimethylammonium], PMAPTA, and Poly
(methacrylic acid), PMA, for various degrees of polymerization nav, chosen to be roughly equal
for PC and PA. Fig. 3-2 includes results for three different concentrations of NaCl, the lowest
being near zero. The different colors index the temperatures used, and for each temperature,
“horizontal” and “vertical” shift factors, at and br, respectively, are employed to bring the curves
into superposition on a log-log scale, to form a pair of “master curves” for G’ and G’ for each
coacervate. The vertical shift factor reflects a change in modulus with temperature and only
slightly deviates from unity over the temperature range from -5°C to 65°C. The horizontal shift
factor ar, on the other hand, varies with temperature by over four orders of magnitude for low salt
and 1.5 orders of magnitude for 0.3M NaCl, following an Arrhenius dependence as shown in Fig.

3-3 for one of the five pairs of molecular weights.
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Figure 3-2. Time—temperature superposed storage (G’, solid symbols) and loss (G’’, open symbols) moduli
for coacervates of in-house synthesized PMAPTA and PMA with average degrees of polymerization n,, at
three NaCl concentrations 0.03 M (e, 0) 0.1 M (m, 0) and 0.3 M (A, A). The horizontal shift factor ar is
given in Fig. 3-3 below, with reference temperature = 25 °C. The vertical shift factor bt varies only about
10% from unity, and decreases with increasing temperature as expected. The center lower panel magnifies
the high-frequency portion of the data for n, = 343 [28]. Used with permission from Yang et al.
Macromolecules 52, 1930—1941 (2019). Copyright (2019), American Chemical Society.
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Figure 3-3. Arrhenius plot of temperature dependence of shift factor ar for the nav = 2097B sample from
Fig. 3-2 at the three salt concentrations, with reference temperature = 25 °C [28]. Used with permission
from Yang et al. Macromolecules 52, 1930—1941 (2019). Copyright (2019), American Chemical Society.

The superposition of results at different temperatures indicates that the relaxation processes
in the coacervate are the same at each temperature, apart from a rate factor that acts as a
“metronome” that uniformly speeds up (or slows down) all processes by the same relative amount
as temperature increases (or decreases). The success of the superposition indicates that temperature
controls primarily the local friction, but otherwise changes little or nothing about the solution
structure or the processes by which relaxation occur. Similar t-T superposition is commonly
observed in the relaxation of neutral homopolymers, such as polybutadiene, polystyrene,
polyethylene, etc. [46], although deviations from superposition can often be observed at high
frequencies and high values of G’ and G”’ (typically above 107 Pa in melts). At these high
frequencies, local spatial heterogeneities in modes of relaxation having different temperature
dependencies are not sufficiently averaged together to produce a single “mean field” friction [47].
Similar failures of t-T superposition may occur in coacervates if very high frequencies, beyond
those reached in Fig. 3-2, are accessed. Interestingly, in heterogeneous polymers such as mixtures
of different homopolymers, t-T superposition typically fails [46, 48] presumably because the two
polymeric components, even if miscible, are locally segregated enough for the frictional
contribution of each to express itself even at modest or low frequency. Given the failure of t-T
superposition typical in even miscible blends of uncharged homopolymers [49], it may seem

surprising that t-T superposition would hold in a coacervate containing two chemically very
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different PEs. One may interpret this as evidence that the two PEs are intimately mixed due to their
attractive charge interactions, with both chains “pooling” their frictional response to produce an
effective single friction coefficient that reflects the contributions of both chains, at least over the
range of frequency for which t-T superposition holds.

Note in Fig. 3-3 that the dependence of the shift factor ar on temperature follows an
Arrhenius form, which is exponential in the inverse of temperature. This, very common,
temperature dependence normally reflects relaxation that is controlled by a single activated
process, characterized by an “activation energy” Ea that needs to be overcome to allow a single
“elementary” step in the relaxation to occur. The value of Ea in an Arrhenius fit is therefore a clue
to the key processes that allow relaxation to occur. The Arrhenius form is typical for polymeric
melts at temperatures much higher (=100°C higher) than their glass transition temperature; at
lower temperatures within 50-100°C of their glass transition, the so-called “WLF” form is
observed for most polymeric melts [46]. (The WLF form is thought to arise from increasingly
cooperative relaxation upon cooling and densification, so that there is no single activation energy
governing relaxation). It is instructive that the activation energy for the coacervate of Figs. 3-2 and
3-3 decreases dramatically from around 23 ksT to 21 ksT to 9 keT (corresponding to 58, to 51 to
21 kJ/mol), as the salt concentration increases from 0.03 to 0.10, to 0.30 M. Yang et al. (2019)
[28] have suggested that the “elementary” step governing coacervate relaxation, in the absence of
salt, involves four monomers, as depicted in Fig. 3-4A. In this picture, local movements of a
charged monomer require breaking of its physical “bond” with an oppositely charged monomer
on another chain. In the absence of salt ions, or of unbound charged monomers, two such bonds
must exchange partners in a coordinated fashion [36] to enable “hopping” of a monomer from one
chain to another as illustrated in Fig. 3-4A, with a consequent large activation energy. The addition
of salt enables the hopping of one monomer to occur independently of its former partner monomer,
as illustrated in Fig. 3-4B, with a much lower activation energy. This speculative picture assumes
that unbound monomer charges are rare, and that coordinated motions of monomers and salt ions
more complex than those of Fig. 3-4 are unimportant. However, more complex exchange processes
would give a similar t-T shifting, as long as the mix of underlying basic processes stays the same
at other temperatures. Hence, until the activation energy and its dependence on salt concentration
are explained quantitatively, considerable uncertainty must be ascribed to any putative mechanism

of relaxation.
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Figure 3-4. Proposed elementary mechanism of viscoelastic relaxation involving polyanion monomers
(blue) and polycation monomers (red), without (A) and with (B) enablement by salt ion binding [28]. Used
with permission from Yang et al. Macromolecules 52, 1930—1941 (2019). Copyright (2019), American
Chemical Society.

3.5 Time-salt Superposition

The first clear demonstration of time-salt (t-s) superposition, shown in Fig. 3-5, was the
work of Cohen Stuart and coworkers [18] for PDMAEMA and PAA at near-neutral pH where both
PEs are almost completely charged. This work of Spruijt et al. covered a range of degrees of
polymerization, N= 20, 50, 100, 150 and 510, and salt concentrations, 0.5, 0.75, 1.05, 1.2 M KCI.
They plotted curves of G’scaled = G’ /Gc, and G’ ’scaled = G”” /Ge against ®scaled =®Tc With salt-
dependent horizontal shift factor tc and vertical shift factor Gc. (In Fig. 3-5, the low-frequency
limiting power law slopes of 1 and 2 for G” and G’ are used to extrapolate these G’” and G’ curves
until they cross, and Gc and tc are the modulus and inverse frequency at this crossing point.) Others
have shown t-s superposition for other coacervates including the PMAPTA/PMA coacervates of
Schlenoff and coworkers [28] presented in Fig. 3-2, whose t-s superposition is shown in Fig. 3-6.
Time-salt superposition typically requires larger vertical shift factors than are used in t-T
superposition, in part because the polymer concentration is usually not held constant as salt
concentration is changed. For example, in Fig. 3-6, the polymer volume fraction varies from ¢ =
0.298 to 0.203 to 0.154 with salt concentration increasing from [NaCl] = 0.03 to 0.10 to 0.30M.
Counteracting this decrease in polymer concentration requires shifting the G’ and G’ curves
vertically upwards, by almost a factor of two in some cases [28]. Still, the horizontal shift factors
are much more significant than the vertical ones, ranging over two decades as shown in the last
panel of Fig. 3-6.

While the apparent success of time-salt superposition greatly simplifies our physical

interpretation of salt effects on rheology, one should be cautious in assuming that the
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superpositions are really as good as they seem. Often master curves spanning 6-8 decades of
frequency are constructed from measurements that span only 2-3 decades each, as is evident in the
ranges of each colored symbol in Fig. 3-5. Extensive studies of time-temperature superposition in
conventional polymer melts have revealed significant deviations from t-T superposition that only
become evident when very wide ranges of frequency or time are scanned at each temperature. It is
likely that similar deviations from time-salt superposition will also be revealed once wide
frequency or time ranges are scanned for coacervates, for example, using creep tests. Even existing
data sets, for example in Fig. 3-6 at low frequency, show failures in overlap of data points, which
are telltale signs of imperfect superposition. While the usefulness of superposition for semi-
quantitative or qualitative analysis makes it worth exploiting whenever possible, the limitations of
the method should be kept in mind and efforts should be made to quantify deviations and failures.
An example of a likely severe failure that is uncovered by use of wider frequency ranges at each
salt concentration will be discussed below in connection with Figs. 3-18, 3-19 and 3-20. Similar
caution should be used in the other superpositions discussed below.

In the time-salt master curves of both Spruijt et al. [18] in Fig. 3-5 and of Yang et al. [28]
in Fig. 3-6, the degrees of polymerization (defined as “N” in Fig. 3-5 or “na/” in Fig. 3-6), were
chosen to be nearly the same for the two polyions in the coacervate. An exception is in Fig. 3-5e,
where the two polyions differed in N by a factor of three. Notice that at the lowest degrees of
polymerization, below around 150 in Fig. 3-5a-c, the storage modulus for PDMAEMA/PAA
remains below the loss modulus for dimensionless frequencies wtc extending at least up to 102,
while for N around 500, there is a crossover in which G’ exceeds G’ and flattens its slope shortly
beyond the cross-over frequency. Somewhat similar behavior is observed for PMAPTA/PMA at
the highest average degree of polymerization nav in Fig. 3-6, although the flattening is less distinct
and requires a higher nav to be observed. This behavior is highly reminiscent of the transition in
neutral polymer solutions from unentangled to entangled polymer rheology, with the flattening of
the G’ curve suggesting a transition to an entanglement network at high molecular weight [46].
For neutral polymers, the transition molecular weight at which entanglements appear is related to
the modulus along the plateau. For the data of Spruijt et al., the characteristic modulus Gc is
reported to decrease from around 10 to 10° Pa, as N increases to 500, so that, from Fig. 3-5d, one
infers a “plateau” modulus of around 10° Pa. For the data of Yang et al. [28] the “plateau” is at

around 2 x10* Pa.
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If the plateau discussed above is produced by entanglements, its modulus Go should be

related to the entanglement molecular weight M, roughly by

Go = ¢pRT/M, 3-1)

where p is the polymer bulk density (i.e., without the solvent), and ¢ is the polymer volume
fraction, so that ¢p is the solution polymer density; Me the entanglement molecular weight in the
solution, R the gas constant and T the absolute temperature. (The entanglement molecular weight
in the solvent-free bulk polymer is designated “M, ,.”). With a polymer melt density p near 10°
kg/m?3, and ¢ = 0.2, Eq. 1 in the main text, namely G, = ¢pRT/M,, gives the solution value of
Me near 5 kDa for the data of Spruijt et al., while for Yang et al., it is around 20 kDa. PDMAEMA
has a monomer molecular weight of 157 Da, while for PAA it is 72 Da, so that the average is 115
Da. For PMAPTA itis 185 Da, while for PMA it is 86 Da, for an average of 135 Da. Thus, Me for
PDMAEMA/PAA should correspond to around 45 monomers, while for PMAPTA/PMA, it should
be around 150 monomers. Usually, the transition from unentangled to entangled behavior occurs
at a molecular weight of around two or three times Me [47] and so should occur at values of N (or
nav) around 90-130 and 300-450, respectively, for PDMAEMA/PAA and PMAPTA/PMA. These
are significantly lower than the degrees of polymerization at which the plateau becomes evident
in Figs. 3-5 and 3-6, respectively, which are around 500 and 2000, respectively. Moreover, the
entanglement molecular weight should be related to the concentration ¢ by M, = M, ¢ ™%, with
M, , the entanglement molecular weight in the absence of solvent and a = 1-1.3 [48]. In the data
of Spruijt et al. [18] the polymer volume fraction ¢ in the coacervate was reported to vary between
0.3 and 0.05, while for Yang et al. [28], it varied from 0.3 to 0.15 or so, with the lower values
presumably corresponding to higher salt concentration. Thus, the values of N (in Fig.3-5, which is
called nav in Fig. 3-6) for hypothetical solvent-free coacervates would be around 20 and 75,
respectively, for PDMAEMA/PAA and PMAPTA/PMA melts. The first of these is unusually low,
although perhaps consistent with the possibly high stiffness or Kuhn step size of
PDMAEMA/PAA. If the “plateau” moduli in Figs. 3-5 and 3-6 have significant contributions from
temporary crosslinks due to ion pairs, then the plateau modulus might be significantly higher than
that produced by entanglements alone. Note also that in Fig. 3-5d-e, at frequencies below the

“plateau” there is an intermediate region of power law relaxation with intermediate exponent
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around 0.5, before the terminal region with G’ « w? and G"' « w, indicating behavior more

complex than simple “sticky reptation”.
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Figure 3-5. Time-Salt frequency-shifted linear viscoelastic curves for PDMAEMA/PAA/KCI coacervates
for different polycation/polyanion degrees of polymerization, Nca/Nan, given in the legends. The shift
factors tc and G¢ are taken from the inverse frequency and modulus at which G’sand G’ cross each other,
when extrapolated from the low-frequency viscous limit. Thus, by definition, at otc =1 and G’/G¢ = 1, with
G. decreasing from 10 to 10° Pa as molecular weight increases. The insets give the logarithmic relaxation
time spectra. Colors mark data at different salt concentration [18]. Used with permission from Spruijt et al.
Macromolecules 46, 1633-1641 (2013). Copyright (2013), American Chemical Society.
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Figure 3-6.Time-temperature-salt superposition obtained for coacervates of in-house synthesized PMAPTA
/PMA by further shifting data of Fig. 3-2 by factor as along the frequency axis and bs along the modulus
axis, with G’ (o); G’ (o). The lower right Figure gives as as a function of NaCl concentration for the
different average molecular weights. The contributions to as are taken to be the product of as, ., due to the
sticker lifetime, ar, due to the fraction of stickers, and a,4, due to changes in polymer concentration. The third
of these is estimated as as = @/ drer While estimates for the other two are given by Yang et al. (2019) [28].
The “B” in “2097B” indicates that this sample is composed of PEs with “broad” molecular weight
distributions of 1.75 for PMAPTA and 1.41 for PMA. The other samples have “narrow” molecular weight
distributions of less than or equal to 1.27 for PMAPTA and less than 1.06 for PMA [28]. Used with
permission from Yang et al. Macromolecules 52, 1930-1941 (2019). Copyright (2019), American

Chemical Society.
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Figure 3-7. Time-temperature superposed G’ and G’ for coacervates of in-house synthesized
PMAPTA/PMA with 0.01 M NaCl having average degrees of polymerization n.,y and numbers of Kuhn
steps Navg = Navg/5.9 at reference temperature °C. Each curve except the one for nay = 1070 has been shifted
upwards by the indicated number of log frequency units (2, 4, 6, or 8) [43]. Used with permission from
Akkaoui et al. Macromolecules 53, 4234-4246 (2020). Copyright (2020), American Chemical Society.

Results in Fig. 3-7 for even higher molecular weights of PMAPTA/PMA with navg up to
nearly 5000, at nearly zero salt concentration, show the further development and lengthening of
the plateau region, with nearly constant plateau modulus, Go. The polymers used to acquire these
data were also more nearly monodisperse than for those in Fig. 3-6, with Mw/Mn < 1.06 for
PMAPTA and < 1.15 for PMA in Fig. 3-7. (The corresponding values of Mw/Mn in Fig. 3-6 are
1.27 and 1.06, but with 1.75 and 1.41 for the longest chains.) Notice that the high-frequency
behavior in both plots, above a shifted frequency of around 100 rad/s, is almost independent of
molecular weight. This shows that the fast “elementary” relaxation processes are independent of
chain length. The success of time-temperature shifting implies that all slower processes are the
result of combinations of these elementary processes throughout the coacervate. Not only is the
mechanism of local relaxation of interest, but it is also important to determine how accumulation
of these fast local processes leads to slower relaxations and ultimately to complete relaxation of
the coacervate at long times.

Very recently, Syed and Srivastava [50] have shown that the relevant “salt concentration”
governing the shifting of linear rheology is the total ionic strength of the small ions, including the
counterions to the polymer itself. They showed this in a coacervate of PAH and PAA, each of
molecular weight around 15 kDa, by changing both the overall added salt concentration at fixed
PE concentrations, and by changing the overall PE concentration at fixed added salt concentration.
The “overall concentrations” are those of the prepared solution, which then phase separates into a
coacervate and a supernatant solution. Changing either the overall salt or overall polyelectrolyte
concentration shifts both the composition of the coacervate and the phase volume of the
coacervate, where the latter is essentially the position along a tie line of the two-phase envelope.
For the compositions studied by Syed and Srivastava [50] the PE concentration changed little with
changing overall polymer or salt concentration, and the major difference in all coacervates was
simply the concentration of small salt ions. The total ionic strength of both the coacervate and
supernatant could thus be varied either through changing the added overall salt concentration or
the overall PE concentration. Both methods produced the same master curve when the shift factor
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was made to depend on the overall ionic strength of the small ions, both those of the added salt,
and the counterions of the PE solution. The shift factor due to both changes in overall added salt
concentration, a, and due to changes in overall polymer concentration, a,, resulted in a master
curve with shift factor that depended on overall small-ion ionic strength, I , as
asa, ~ exp(—4.47 I'/%). As alluded to in the introduction, however, it should not be assumed that
in general, the effect of salt on PE concentration can be ignored. In some cases, there may be

changes large enough to affect the rheology.

3.6 Molecular Weight Dependences of Zero-shear Viscosity and Terminal Relaxation Time

A major clue to understand the long-time dynamics is in the scaling of the longest
relaxation time and zero-shear viscosity with chain length. In the PDMAEMA/PAA coacervates
of Spruijt et al. [18], the longest relaxation time t was found to scale with the square of average
molecular weight at salt (KCI) concentration 0.6 M, from the lowest average chain length of 40 up
to the highest of nav = 10° monomers. A similar quadratic scaling of zero-shear viscosity no was
found for salt concentrations in the range 0.5-0.7 M KCI, while a roughly linear scaling of no with
chain length was found at 1.0 M KCI. The quadratic scaling of t with chain length agrees with
Rouse theory for unentangled polymers, but the quadratic scaling for no for 0.5-0.7 M KCI
disagrees with the linear scaling of no expected for unentangled polymers at constant polymer
volume fraction. However, Spruijt et al. [18] noted that the polymer volume fraction increased
“moderately” with increasing chain length (a range of ¢ in their samples from 0.05 to 0.30 was
noted but its molecular weight dependence was not clearly delineated), and perhaps this could
explain the shift from linear to quadratic scaling of no with nav. However, the transition to what
appears to be an entangled polymer regime is evident in the shape of the G’ curve at the longest
chain lengths (see Fig. 3-5d-e), and this does not seem evident in the scaling of zero-shear
viscosity. Perhaps this is because the entangled regime has not been entered into very deeply, and
because changes in the scaling laws of no and t with chain length are obscured by simultaneous
changes in polymer concentration.

For PMAPTA/PMA coacervates, Figs. 3-8 and 3-9 show the dependences of the zero-shear
viscosity on average chain length from two studies of Schlenoff and coworkers [28, 43], the first

covering a range of navg up to 2097, and the second reaching a higher value of 4740. (Note that the
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conversion of the values of navyg to numbers of Kuhn lengths N is different in Figs. 3-8 and 3-9,
with N = navg/11.9 in Fig. 3-8 but N = navg/5.9 in Fig. 3-9. Note also that Schlenoff and coworkers
use “N” to denote the number of Kuhn steps in the chain, while Cohen Stuart et al. [18] use “N”
for the number of monomers, which is “navg” or “nay” in the work of Schlenoff et al. [28, 43]. This
difference between the two publications by the Schlenoff group resulted from the authors’ re-
assessment of the value of the Kuhn length, estimated to be 2 nm in Yang et al. [28] but re-assessed
to be 1.5 nm in Akkaoui et al. [43]. Fig. 3-8 shows a transition from a power-law exponent of
around unity to 3.4 in the dependence of zero-shear viscosity on N; the transition occurs at a value
N = 30, which is navyg = 360 when we convert from N to navg using the ratio 11.9 mentioned above.
In Fig. 3-9 an even steeper power-law of 5.4 is observed for N above 180, which corresponds to
Navg = 1000. The transition from unity to 3.4 is expected based on the transition to the entangled
state, which we noted above should occur at navg = 300-450, for the data in Figs. 3-8 and 3-9. The
onset of the entangled state thus seems to correspond to a transition to the region of 5.4 power law
in Fig. 3-10, and the half-decade wide region with “3.4 power law” marked in Fig. 3-8 then likely
just reflects a broad transition from a region with power law near unity to a region with a power
law of 5.4. The power law exponent of 5.4, however, is anomalous, since rheology dominated by
entanglements should lead instead to a power law of around 3.4 at high molecular weights.
Electrostatic interactions, manifested as ion pairs, or other restrictions on polymer local mobility,
can certainly slow chain dynamics, but no matter how strong these effects, they should not change
the power-law scaling of viscosity with molecular weight, as long as they act locally, so that the
dynamics of the whole chain are slowed to the same degree regardless of chain length. A change
in power law exponent at high molecular weight from 3.4 to 5.4 seems therefore to imply that the
electrostatic interactions lead to a chain-length-dependent slow-down in local dynamics. A
mechanism for this suggested by Akkaoui et al. [43] involves a kinetic coupling of ion-pairing and
entanglement dynamics, but this suggestion at present remains untested. We also note the seeming
discrepancy between the molecular-weight-scaling behavior of PDMAEMA/PAA of Spruijt et al.
[18], and that of PMAPTA/PMA of Schlenoff and coworkers. Since the PEs studied by Spruijt et
al. neither reached degrees of polymerization as high as those studied by Akkaoui et al., nor were
they as monodisperse, further experimental work will be needed to resolve whether these two

systems actually behave differently.
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Figure 3-8. Zero shear viscosity no at 25 °C of PMAPTA/PMA PECs as a function of number of Kuhn steps
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and open symbols are calculated from the product of Rouse relaxation time tr and Rouse modulus Gg for
N <N, and of plateau modulus G, and reptation time t, for N > N¢, where N is estimated as 29 [28]. Used
with permission from Yang et al. Macromolecules 52, 1930—1941 (2019). Copyright (2019), American
Chemical Society.
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Figure 3-9. Zero-shear viscosity no at 25 °C of PMAPTA/PMA coacervates versus number of Kuhn steps,
N = nay/5.9, between 180 and 796, from direct measurements (A), from the product Gotrep Of measured
plateau modulus Go and measured longest relaxation time trep (¢), and calculated from the product of
theoretical expressions for these (0). The dotted line gives the scaling law no ~ N°* [43]. Used with
permission from Akkaoui et al. Macromolecules 53, 4234-4246 (2020). Copyright (2020), American
Chemical Society.
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3.7 Effect of Unequal Degrees of Polymerization

The above results focused on coacervates in which both PEs had similar chain lengths.
Results from Spruijt et al. [18] in Fig. 3-10 show the relaxation behavior of PDMAEMA/PAA
coacervates for which the two lengths are significantly different. Fig. 3-10a shows that increasing
the polycation (PDMAEMA) length at fixed length of the polyanion (PAA) greatly slows the
relaxation, while the reverse case in Fig. 3-10b shows much less effect of the length of PAA with
fixed PDMAEMA length, at least until the PAA becomes very long. This seems to show that the
terminal relaxation is dominated by motion of the PDMAEMA, with the PAA serving primarily
to impede this relaxation, while not itself significantly contributing to the terminal relaxation until
the PAA is very long. This behavior seems hard to explain in terms of a simple ion-pairing model,
where release of an ion pair should have equal effect on the local relaxation of each chain, and
therefore lead to equivalent behavior, whenever either chain is made longer than the other. On the
other hand, for coacervates of PDADMA and poly(isobutylene-alt -maleate sodium) (IBMA-Na)
studied by Hamad et al. [36], Fig. 3-11 shows that the polyanion, IBMA (pKa = 3.2-3.3) [35],
strongly influences the terminal relaxation behavior, differing from the PDMAEMA/PAA system
studied by Spruijt et al. In very recent work, Liu et al. [51] studied coacervates of cationic poly([2-
(methacryloyloxy)ethyl]trimethylammonium) (PTMAEMA) with anionic poly(3-sulfopropyl
methacryloyl) (PSPMA) of mismatched lengths, and, as in the study of Spruijt et al. found a
somewhat greater influence of the length of the cation on the rheology than of the anion, although
not to the degree seen by Spruijt et al. for of PDMAEMA/PAA. The reason for these differing
behaviors needs resolution, and a possible reason for this asymmetry in some systems may lie in
asymmetry in the Kuhn lengths of the polycation vs. the polyanion, as suggested below in the
theory section.

From both Figs. 3-10 and 3-11, we can estimate Go ~ 5 x 10 Pa, suggesting from Equation
(3-1) that M, ~ 10 kDa for both. In Fig. 3-10a the cross over frequency shifts roughly 4-fold for a
3-fold increase in degree of PDMAEMA polymerization from N =51 to 150 and roughly a decade
additional increase for a further 3-fold increase to 527, suggesting a quadratic dependence on N
for PDMAEMA at long chain lengths, which suggests that the chains are unentangled. Consistent
with this, for PDMAEMA, the highest molecular weight, corresponding to N = 527, is around 83
kDa, while for PAA, N =500 corresponds to M = 36 kDa, so the sample 527/500 in Fig. 3-10a is
weakly entangled. For PDADMA/IBMA, the PDADMA molecular weight of 300 kDa is well
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above the entanglement threshold, and the dependence of the inverse cross-over frequency on
molecular weight M of the polyanion IBMA shown in Fig. 3-12 (right) increases from quadratic
to cubic as M increases beyond 100 kDa. This is a factor of 3-5 higher than one might expect from
the above estimate M, =~ 10 kDa, since the cross-over should be at around 2-3 times M,. In
addition, the cubic dependence of relaxation time on chain length above Me differs from the 5.4
power scaling observed for the PMAPTA/PMA discussed above. Thus, the estimated plateau
moduli of the coacervates and the corresponding molecular weights at the transition to
entanglement-dominated rheology are only very roughly consistent with theoretical expectations.
The molecular-weight scaling of relaxation time and viscosity in the unentangled and entangled
states are also roughly as expected, with the exception of PMAPTA/PMA, which shows much
stronger molecular-weight scaling in the entangled state. (Note, that the molecular weight of
PDADMA is 126 Da and of IBMA is 170 Da, giving an average of 148 Da, so that the number of
monomers per entanglement is expected to be N, =~ 340. PDMAEMA has molecular weight 157
and for PAA itis 72, so that N, = 440.)
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Figure 3-10. Linear rheology of PDMAEMAJ/PAA coacervates in which degrees of polymerization (N) of
each PE varies as shown. In (a), N = 500 for PAA, and PDMAEMA has varying N, except for the black
symbols, which has the N values shown and the purple and blue symbols, for which N=527 for PDMAEMA
and PAA has values of 500, 139, 47, and 20, with overlapping curves. In (b), N=150 for PDMAEMA, while
N for PAA varies as shown. All results are at 0.70 M KCI at roughly 1:1 monomer mole ratio of the two
polymers. The curves with the label “527/500™ denote the cases 527/500, 527/139, 527/47, and 527/20,
which overlap [18]. Used with permission from Spruijt et al. Macromolecules 46, 1633-1641 (2013).
Copyright (2013), American Chemical Society.
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Figure 3-12. (left) Dependence on salt concentration of the cross-over time t. rescaled to a common curve
by a molecular-weight-dependent time t* (M) presented on the right Figure. . is defined as the reciprocal
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left is based on an activated process involving electrostatic interactions, as described by Hamad et al (2018)
[36]. Solid curves are based on Equations (3-4) and (3-5) with n = 5, 1/mo = 10 ** s, and d = 1.7 A. Used
with permission from Hamad et al. Macromolecules 51, 5547-5555 (2018). Copyright (2018), American
Chemical Society.
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3.8 Time- Salt-pH Superposition

The work mentioned above was for strong PEs that remain nearly fully charged over a wide
range of pH, or for weak PEs at pH values at which both PEs remain fully charged. However,
Tekaat et al. [52] studied coacervates of PDADMA, a strong PE, and PAA, a weak one, under a
range of pH values that led to partial neutralization, or protonation, of PAA. The molecular weights
were relatively high, 100,000-200,000 Da for PDADMA and 100,000 Da for PAA, and the
coacervate concentration resulting from phase separation seemed not to be reported. Titration
curves allowed the charge level of the PAA to be determined as a function of pH and salt
concentration, and coacervates were made with the concentration of PAA adjusted upwards to
compensate for the reduced charge level, to keep the number of PAA charges equal to the number
of charges on the PDADMA as pH was varied. In the absence of salt, PAA became only half
charged at a pH around 5.5, while much lower pH was required to achieve similar neutralization
with added salt, a phenomenon known as ‘“charge regulation.” Coacervates at 1:1 charge ratio
made from PDADMA and PAA at various pH values and at 0.25 M KCI are shown in Fig. 3-13a.
It is noted in this Figure that the G’ and G’ curves shift to the left dramatically when the pH drops
below 7, showing a counterintuitive slow-down in dynamics for less-charged PAA. Remarkably,
Fig. 3-13b shows that curves at different pH can be superposed, primarily by shifting along the
frequency axis, a phenomenon called “time-pH” superposition, which holds for each salt
concentration from 0 to 0.5 M KCI. In addition, time-salt superposition applies to these data as
well, allowing a double superposition of data at all pH and salt concentrations into a “super-master”
curve, shown in Fig. 3-14. The surprising slow-down in dynamics at reduced PAA charge at low
pH in Fig. 3-13 is believed by Tekaat et al. [52] to be due to increased hydrophobic interactions
between PAA chains made possible by the neutralization of charge. As we will see below, shifting
of rheological curves due to hydrophobicity seems to correlate well with the concentration of water
in the coacervate, but such a correlation cannot be checked for these data, since water
concentrations were not reported by Tekaat et al. [52]. In fact, PAA at reduced pH can phase
separate from water, depending on salt concentration and temperature [53]. This shows that

interactions other than ionic can be important, and even dominate, the dynamics of coacervates.
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Figure 3-13. (a) pH-dependent storage and loss moduli for PDADMA/PAA coacervates at pH values low
enough that the PAA is no longer fully charged at a KCI concentration of 0.25 M. (b) Master curves
resulting from time-pH shifting primarily along the frequency axis but with a small vertical shift [52]. Used
with permission from Tekaat et al. Physical Chemistry Chemical Physics 17, 22552-22556 (2015).
Copyright (2015), Royal Society of Chemistry.
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Chemistry Chemical Physics 17, 22552-22556 (2015). Copyright (2015), Royal Society of Chemistry.

3.9 Time-Hydration Superposition

Lutkenhaus and coworkers [54] recently explored the effect of hydration level on the linear
rheology of poly(allylamine hydrochloride) (PAH) and poly(acrylic acid), PAH/PAA, coacervates,
where both PEs had molecular weights of around 100 kDa, and found not only time-temperature
superposition, but also time-hydration superposition as the hydration level was varied from 13.5
to 35.7 weight%. The superposition is shown in Fig. 3-15, for linear oscillatory extensional flow,
yielding a dynamic Young’s storage modulus E’. The hydration level was controlled through
equilibration of samples at controlled relative humidity (RH) ranging from 50% to 95%, giving
the above range of hydration levels. The temperature shift factor had an Arrhenius temperature
dependence, with higher activation energies for higher levels of hydration. This is somewhat
surprisingly since the sample relaxes faster at higher hydration. For RH between 80 and 95%, Ea
= 379 + 35 kJ/mole, decreasing to 176 + 20 kJ/mole for 70% RH, and down to 78 + 57 kJ/mole

for 50% RH. The logarithm of the shift factor for hydration, in a,,, was found to be linear in the
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weight percentage of water present. Thus, water acts as a strong “plasticizer” for the coacervate.
The same group [55] found for the same PEs that the inverse “glass transition” temperature 1/Tg
determined from scanning calorimetry depends linearly on the log of the number of water
molecules per ion-pair, with data for different salt concentrations all collapsing onto a single curve.
Other, thorough, work by this group, including detailed atomistic simulations for several PC/PA
pairs, including PDADMA/PSS, have shown that water plays a central role in the local structure
and dynamics of coacervates [13, 56-58]. Connecting such findings to the rheological shift factors,
and determining how local structure controls those shift factors, should be a high priority for future

work.
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Figure 3-15. (a) Time—temperature master curves of linear viscoelastic extensional storage modulus E’ for
relative humidity (RH) of 50, 70, 80, 85, 90, and 95% from top to bottom. (b) Time—water “super master”
curve from shifting curves in (a) with respect the reference curve with 80% RH and Tt = 40 °C [54]. Used
with permission from Suarez-Martinez et al. Macromolecules 52, 3066-3074 (2019). Copyright (2019),
American Chemical Society.

A likely similar hydration-controlled relaxation behavior was revealed when PE
hydrophobicity was considered explicitly in studies by Shull and coworkers [59]. They quaternized
poly (4-vinylpyridine) (QVP) polycations with methyl (QVP-C1), ethyl (QVP-C2) and propyl
(QVP-C3) substituents, thus producing polycations with successively higher hydrophobicity but
the same chain length and backbone chemistry. These PEs had molecular weights of 60 kDa and
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coacervates were made of each of these with PSS, with 200-350 kDa. As expected, and shown in
Fig. 3-16a, the more hydrophobic PEs exhibited a higher resistance to swelling with increased salt
concentration. The swelling resulting from adding methyl groups onto the QVP side chains is not
linear since the swelling curve for PSS: QVP-C3 differs more greatly from those for PSS: QVP-
C1 and -C2 than these two differ from each other. Intriguingly, however, a cross-plot of high-
frequency modulus Gs* versus swelling in Fig. 3-16b indicates that the effect of the hydrophobicity
on the rheology is captured nearly completely by its effect on swelling with water since the
modulus versus swelling curves for all three QVP substituents are the same. This seems to be the
same phenomenon discussed in the paragraph above, where hydration level was controlled through
relative humidity, rather than by the hydrophobic groups on the polymer. The high-frequency
modulus (in the MHz range) in these experiments by Sadman et al. [59] was measured in a quartz-
crystal microbalance that simultaneously measured swelling as a function of salt concentration.
The swelling for coacervates with PDADMA, a more hydrophilic polycation, is much greater than
for the QVP polycations (Fig. 3-16a), and the modulus versus swelling curve (Fig. 3-16b) deviates
somewhat from the curves for the QVP monomers, indicating a lack of universality across all
polycations. Sadman et al. [59] also examined the effects of various salts, including KBr, KCI,
NaCl, LiCl and CaClz, on the swelling and the modulus, and again found a collapse of data when
high-frequency modulus was plotted against swelling. The salt-dependent swelling increases in
the order of the salts given above, which tracks their electronegativity and therefore their hydration.
The high-frequency modulus is an indicator of “glassiness” of the coacervates, which in principle
should be indicative of analogous shifts in lower-frequency rheology, but a precise connection has
not been made, since complete rheological curves were not reported. It would be worth finding
whether or not the change in salt identity (e.g., KBr, KCI, NaCl, LiCl and CaCl2) can be
encompassed in a master curve for all of these salt types. Nevertheless, remarkably, this finding
that the effect salt type and concentration work through their effects on water content is very much
in line with an extensive body of work by Lutkenhaus [13], Sammalkorpi, and coworkers

referenced above, that reveals the key role of water in the local relaxation of coacervates.
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Figure 3-16. (a) Swelling, i.e., water concentration as a percentage of polymer concentration, for PSS: QVP
complexes, compared with that for PSS: PDADMA (blue symbols), as a function of KBr concentration
measured by a quartz crystal microbalance (QCM). (b) Third-harmonic high-frequency complex modulus
measured by QCM plotted against swelling [59]. Used with permission from Sadman et al. Macromolecules
50, 9417-9426 (2017). Copyright (2017), American Chemical Society.

Shull and coworkers [59] utilized time-salt superposition with only horizontal shifts to
obtain the master curves for each coacervate given in Fig. 3-17. The shift factors in the inserts to
Fig. 3-17 show that the more hydrophobic PEs need higher salt concentrations to form the
coacervates within the same modulus range, but once the salt concentration has been shifted, the
rheological behaviors remain otherwise nearly independent of hydrophobicity. The curves can also
be shifted onto a master curve when temperature is varied. Hence, these coacervates display “time-
temperature-salt-hydrophobicity — superposition,” implying that temperature, salt, and
hydrophobicity affect the rate of local monomer diffusion, but otherwise do not affect the long-
range coacervate dynamics, which remains that of a simple viscoelastic liquid. The linear rheology

is described by a simple expression for the complex modulus, namely

G_* _ (iwt)P
G5  1+(iwr)B-1

(3-2)

with G* a high-frequency modulus, T the relaxation time and 8 a parameter around 0.42-0.44.
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Figure 3-17. Time—salt superposition with horizontal shifting only at 20 °C for (a) PSS: QVP-C1, (b) PSS:
QVP-C2, and (c) PSS: QVP-C3. In the designation PECy in the legend, x is the molarity of KBr. Curves
are shifted with respect to the highest salt concentration in each case [59]. Used with permission from
Sadman et al. Macromolecules 50, 9417-9426 (2017). Copyright (2017), American Chemical Society.

Hydrophobicity thus can have an effect on coacervate rheology; however, the importance
of the effect seems to be system specific. Laaser and coworkers [60] also carried out systematic
studies using nonionic monomers copolymerized with both polyanions and polycations in a series
of acrylamide copolymers, and saw little effect of the hydrophobicity of the polyion on its
rheological response. They speculated as to the cause of this lack of sensitivity, suggesting that an
entropic effect may offset the effect of hydrophobicity.

Very recent work by the groups of Perry and Sing [51] also systematically explored the
influence of hydrophobicity by comparing the phase behavior and rheology of the coacervates of
two closely related pairs of polyions, namely a more hydrophobic methacryloyl-based polymer
pair and a less hydrophobic acryloyl-based pair, where the backbones of all polymers are identical
except that the former pair has an extra pendant methyl group. The former consisted of
poly([2(methacryloyloxy)ethyl]trimethylammonium) (PTMAEMA) with anionic poly(3-
sulfopropyl methacryloyl) (PSPMA) while the latter acryloyl-based pair consisted of
poly([2(acryloyloxy)ethyl]trimethylammonium) (PTMAEA) with poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAMPS). For the same degree of polymerization, the more hydrophobic
pair showed a higher modulus and slower relaxation than the less hydrophobic pair, even at a
higher salt concentration in the former, but most of this difference could be correlated with the
polymer concentration, and thus the degree of hydration, which therefore again appears to be a

critical parameter controlling the rheology.
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Finally, we note that hydrophobic effects can be very complex. Meng et al. [3] found that
coacervates made of poly(vinylbenzyl)trimethylammonium chloride (PVBTMAC) and PSS
transitioned from a soft solid at zero salt with 90% water content to a stiff gel with lower water
content at 2 M NaBr, while transitioning back to a viscoelastic liquid at still higher NaBr. This
unusual non-monotonic dependence of stiffness on salt concentration was investigated by X-ray
scattering and traced to the formation of hydrophobic domains that opened up upon increase in salt
concentration, eventually evolving into a viscoelastic structure perhaps more similar to that of
more typical coacervates. These system-specific results dampen hopes for a completely universal
theory of coacervate phase behavior and rheology, although theories that encompass important

sets of coacervates seem feasible.

3.10 Low-Frequency Plateau Modulus

Note in Figs. 3-13 and 3-14 the appearance of a low-frequency plateau in the storage
modulus G’. This plateau, with a very low modulus of around 10-? Pa, might suggest a transition
to a solid-like gel, rather than fluid, at the lowest frequencies for this coacervate. However, even
at the lowest frequencies we see that G*” > G’, implying that the response is still predominantly
viscous. If the plateau is maintained to arbitrarily low frequency, eventually G’* would drop below
G’ and the sample would then be characterized as a very soft solid. Note that at zero salt
concentration, there is no sign of a plateau, presumably because the frequency was not made low
enough. It is also possible that such a low-frequency plateau would be found in other coacervates
discussed thus far, if lower frequencies were accessed. Most such data in these Figures do not
reach G’ values as low as 1071, let alone 102 Pa. (However, the data in Fig. 3-11 do show storage
moduli this low with little sign of a plateau.) Data for PDMAEMA/PAA by Spruijt et al. in Fig.
3-5e [18] show an indication of a leveling off of G’ at the lowest frequencies, with G” around 10
Lor so. (Note the normalization of G” on the y axis of this plot.) A low-frequency plateau in G’ of
magnitude between 1 and 10 Pa was also observed in the time-ionic-strength shift factor data of
Syed and Srivastava [50]. A weak low-frequency plateau in G’ appears in data for coacervates of
(poly)-lysine (PLK) and (poly)-glutamic acid (PRE) of Tirrell and coworkers [27] again with G’
> G’. These workers note the possibility that this weak “elastic” terminal response might be a

rheological artifact given the weak stress level. Artifacts capable of producing a spurious low-
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frequency plateau of low magnitude include transducer torque or calibration limits, heterogeneities
or low-concentration “gels,” impurities, or high-molecular weight tails in the samples, and “skin”
formation on the edge of the rheometer sample due to evaporation.

A much more compelling demonstration of a transition to a solid-like rheological response
at low frequencies is found in the studies of Perry and coworkers [61] for a coacervate of
PDADMA with molecular weight of Mw = 289,100 Da, Mw/Mn = 1.3 and PSS with Mw = 354,400
Da, Mw/Mn = 1.7 in KBr salt. The concentration of polymer in the coacervate varies with salt but
is within the range 0.8 to 1.1 M, which corresponds to volume fraction around ¢ = 0.125- 0.17.
Fig. 3-18a shows that within the range 1.0 — 1.6 M KB, time-salt superposition allows production
of a fluid-like master curve similar to that expected for unentangled solutions with near-terminal
response at low frequencies. The lack of a clear terminal G* « ®»? behavior may owe to the high
polydispersity of the samples. The horizontal and vertical shift factors are plotted in Figs. 3-18
against (b) polymer concentration and against (c) overall salt concentration and (d) salt
concentration in the coacervate, which is much lower than the overall salt concentration due to
strong partitioning of salt into the supernatant. When the overall salt concentration drops below 1
M, however, Fig. 3-19 shows that the rheology changes to a low-frequency power-law scaling of
both G’ and G’ with @%3, which is “quasi-solid-like” since the exponent for G’ is closer to zero
(characteristic of a solid) than to 2 (characteristic of a liquid). Note the very large variation of shift
factors with salt concentration, especially in Fig. 3-18, including a shift of more than two decades
in the vertical shift factor, which is unusually high for vertical shifting. The results are suggestive

of a more gradual shift to solid-like rheology below a critical salt concentration.
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Figure 3-18. (a) Time-salt superposed curves for PDADMA/PSS (with from 1.0 M to 1.6 M KBr), where
the given salt concentrations were as prepared in the initial mixture prior to phase separation. (b) horizontal
(open triangles) and vertical (solid hexagons) shift factors, asand bs, as a function of the ‘‘as prepared’’ salt
concentration. The same shift factors are also plotted with respect to the (c) measured polymer
concentration and (d) measured salt concentration, both in the coacervate phase. Note that the monomer
and salt concentrations in the lower Figures should be in units of millimolar, mM, not molar M [60]. Used
with permission from Liu et al. Soft Matter 13, 7332-7340 (2017). Copyright (2017), Royal Society of
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Figure 3-19. (a) Similar to Fig. 3-18, except for lower salt concentrations (from 0.5 M to 0.8 M KBr). (b)
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the ““as prepared’’ salt concentration [61]. Used with permission from Liu et al. Soft Matter 13, 7332-7340
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While the rheological transition to “solid-like” behavior reported above for PDADMA/PSS
in KBr seemed to occur abruptly at a particular salt concentration, this transition was revealed to
be continuous in the later work of Ali and Prabhu [62]. Fig. 3-20 shows the time-temperature-salt
superposed G’ and G”’ curves for PDADMA/PSS coacervates in both NaCl (Fig. 3-20a) and KBr
(Fig. 3-20b). Each curve in these Figures is itself the result of a time-temperature (t-T)
superposition, allowing data to be gathered over some 5-7 decades of frequency at each salt
concentration. Achieving a large range of frequencies at each salt concentration is important in
revealing the low-frequency break-down in time-salt (t-s) superposition. Notice that at high
reduced frequencies, in the range 102 rad/s — 10* rad/s in Fig. 3-20, little deviation can be seen in
t-s superposition, but that the deviation becomes huge at lower frequencies. In Fig. 3-18a, on the
other hand, also for PDADMAV/PSS, the data were taken at a single temperature and data at each
salt concentration extended only over two decades. Thus, the data at different salt concentrations
barely overlap in Fig. 3-18a. Hence, the “superposition” shown in Fig. 3-18a is evidently only
apparent, made possible by shifting both vertically and horizontally and allowing curves to be
stitched together despite lacking true t-s superposition. Notice the discontinuities evident in the tan
d curves, where data for different salt concentrations are forced to meet up. Even more telling is
the very large vertical shift factors in Fig. 3-18b, which are much larger than is typical in most
superpositions. They are also much larger than those shown in the inset of Fig. 3-20b, for a nearly
identical system, differing only in that the molecular weights of PDADMAB (PDADMA with
bromide ion) and KPSS (PSS with potassium ion) are 150 and 200 kDa, respectively, in Fig. 3-20
from the work of Ali and Prabhu [62], while they are 289 and 354 kDa in the work of Liu et al.
[61] in Fig. 3-18. The vertical superpositions in the insets in Fig. 3-20 are more modest than in
Fig. 3-18, because in Fig. 3-20 curves at different salt concentrations are not forced to superpose
except at high frequency. Thus, Fig. 3-20 suggests that t-s superposition should be carried out only
when a wide enough frequency range (at least 4 decades) is covered at each salt concentration,
ideally obtained by carrying out t-T superposition prior to t-s superposition, or where this is
lacking, using a wide range of frequencies at a single temperature. Figs. 3-2 and 3-6 of Schlenoff
et al. show cases in which wide ranges of frequencies at each salt concentration are obtained by t-
T superposition. While some non-overlapping data at low frequencies in Fig. 3-6 indicates some
deviation from t-s superposition, any transition to a plateau in G’ at low frequency is very weak at

best in these data, even for virtually zero salt concentration.
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Thus, the transition from a liquid-like terminal region to a solid-like plateau at low
frequency appears to be a non-universal feature of only some coacervates, and when it occurs,
does so at low salt concentration. Salt, then, can play two roles; it can both shift act to speed up
“sticky diffusion” of the polymer by acting to “plasticize” the ion-pairing, and it can act to break
up an otherwise permanent gel-like structure that is manifested at low frequency. The latter role,
since it emerges at low frequency, presumably acts on longer length scales than do individual ion
pairs and their spacing. The modulus that emerges at low frequency and low salt is as high as 102
Pa, which, though higher than observed in Fig. 3-14, nevertheless, using Equation (3-1), suggests
a polymer network strand size much larger than the molecular weights of the polymers themselves.
However, the data in Fig. 3-20 (left) are for NaCl concentrations of 2.8 M or higher. Shamoun et
al. [63] also carried out rheological experiments with PDADMA/PSS in NaCl, with roughly
similar molecular weights, i.e., 400kDa / 200kDa, as the values used to obtain Fig. 3-20, which
are 150kDa /200kDa. Shamoun et al. [63] accessed a lower salt range, and observed a much higher
low-frequency plateau, one that decreased from 3 x 10 to 1.5 x 10* Pa over the range [NaCl] =
0.1-1.0 M. The results at 1.0 M are shown in Fig. 3-21. These low-frequency moduli are around 2
decades higher than for the Ali-Prabhu data at 2.8 M NaCl in Fig. 3-20. Thus, putting these two
studies together, it appears that the low-frequency plateau is sensitive to salt concentration,
becoming much higher with decreased salt concentration. Note also in Fig. 3-20 the strong
influence of the salt type on the salt concentration at which the transition from liquid-like to solid-
like behavior occurs. It is possibly significant that all of the PE pairs showing a low-frequency
plateau in G’ have been of rather high molecular weight, over 100 kDa up to 400 kDa. Whether
the plateau is molecular-weight sensitive, as well as salt-type and salt-concentration sensitive is an
interesting question. Some possible reasons for the formation of a low-frequency “gel-like”
structure will be suggested in the theory section. For low concentrations of salt, Fig. 3-21 shows
that PDADMAVJ/PSS exhibits an interesting transition at high frequency to a “glassy” modulus of
107 Pa [63]. This “glassy” modulus remains, however, much lower (by more than an order of
magnitude) than the modulus of dense (solvent-free) polymer glasses, and does not show the
relatively sharp enthalpy change with temperature upon cooling into the “polyelectrolyte glass.”
While of considerable interest in its own right, this “glassy” behavior is not the focus of this article,

and readers interested in this behavior are referred to work by Lutkenhaus et al. among others [13].
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3.11 Theory

Starting with Spruijt et al. [17, 18] the rheological behavior of coacervates has generally
been interpreted using the “sticky diffusion” theory of Rubinstein and Semenov [2]. The idea is
that monomers on different chains form temporary attractive bonds whose rate of breakage or
formation (which are equal at equilibrium) sets the time scale to for local diffusive motions.
Longer-range motions are then identical to that of ordinary polymers, except that all time scales of
polymeric relaxation are proportional to this fundamental “stickiness time scale” to. For
unentangled polymers, the dynamics are then those of Rouse polymers, with a set of relaxation

times given by

T *T (f/P)?5 1 < p < fiTr =Tof? (3-3)

where f is the number of stickers on the chain, and p is the “mode number,” which is smaller for
the longer relaxation times. The first mode, with relaxation time t; = t, represents relaxation of
the entire chain, while the higher modes, with p > 1, describe a series of harmonics of the primary
mode. Modes with higher p represent more localized, and therefore faster, relaxations along the
chain. Each relaxation time, including the longest, with p=1, and 7 « f?2, depends quadratically
on the number of stickers f per chain. If the chains become long enough to exceed their
entanglement threshold, the sticky diffusion model predicts that the longest relaxation time should
transition to that of reptation, characterized by the tube disengagement (or reptation) time, which
scales as T4 « f3. These formulas assume that the sticker strength is high enough, and therefore
T, 1S long enough, that sticker breakage time controls the chain relaxation rate, rather than ordinary
frictional contacts between chains. For a coacervate containing PEs of opposite charge, the
“stickers” can be interpreted as charged monomers that bind ion pairs of opposite charge. If all, or
a fixed fraction, of monomers are charged, then the longest relaxation time scales with molecular
weight M as tp < M? and 7, < M3*, which are the same scaling laws as found for neutral
polymers in the unentangled, and entangled, limits, respectively. The corresponding scaling laws
for the zero-shear viscosity are n, x M and n, < M3*, respectively. In addition, the sticky

diffusion theory predicts that the relaxation modes in both limits are the same as for neutral
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polymers, with only their overall magnitude, set by t,, reflecting the influence of electrostatic
interactions.

Thus, if sticky diffusion describes the rheology of coacervates, one expects the linear
rheology, reflected in the shapes of the G” and G’’ curves, to look essentially the same as for
neutral polymers. In addition, there should be a transition, with increasing chain length, from a
shape similar to that of the Rouse theory for unentangled chains, to that of the Doi-Edwards theory
for entangled chains. A transition from Rouse-like G’ and G” curves to shapes consistent with the
onset of entanglements can be seen in Fig. 3-6, as the number of monomers increases from nav =
213 t0 2097, and in Fig. 3-5 as it increases from around 20 to 500. Curves of similar shape can be
found for neutral polymers as molecular weight increases [47]. However, as noted earlier, Fig. 3-
9 shows a viscosity scaling law of n, o< M>* for PMAPTA/PMA PEC, which is not explained by
any simple local version of sticky diffusion theory. Schlenoff and coworkers suggest a mechanism
to explain this scaling based on frequencies of breaking of ion pairing that are correlated to allow
a chain to slide through an entanglement [43]. In addition to the anomalous molecular weight
scaling of the longest relaxation time, the shapes of the G’ and G’ curves are more “smeared out,”
with less distinctive features, and less clear-cut scaling laws in the low-frequency regime, than for
neutral polymers of similar polydispersity. This again suggests that the dynamics and rheology of
at least some PECs are not identical to those of melts apart from a stickiness lifetime taking the
place of a monomeric friction coefficient. There are also anomalies in the emergence of low-
frequency plateaus revealed in Figs. 3-13, 3-14, 3-19, and 3-20, which seem to be as-yet
unexplained aspects of the rheology of coacervates.

For data sets that lack these anomalies, such as those of Figs. 3-5 and 3-6, ordinary polymer
theories (Rouse and reptation) explain at least qualitatively both the frequency dependencies and
molecular weight dependencies of the moduli. This leaves to be explained only the dependences
of the fundamental time constant ¢, on salt concentration, temperature, polymer concentration,
and pH (for weak PEs). Of these, the most interesting and distinctive of PEs, is the dependence on
salt concentration.

A general expression for the ion-pair breakage time t, based on an “activation energy” E,

for bond breakage on salt concentration is

Ty = iexp (Ea(Csalt)) (3-4)

Wy kgT
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where w, is a fundamental ion-pair breakage attempt frequency (which is weakly temperature-
dependent). The time-salt shift factor as is then obtained from the dependence of the time constant
T On salt concentration, which arises from the salt-dependence of E,. Significantly different
expressions for E,(csq;:) have been suggested. The first of these is due to Cohen Stuart and
coworkers [17] who developed a model for local rearrangement of two pairs of oppositely charged
monomers that exchange partners, as illustrated by the four charges in Fig. 3-4 [28]. To pull apart
a pair of elementary opposite charges, each of charge magnitude e, in a dielectric medium with
dielectric constant &,., from a contact separation d out to infinite distance, is simply the
electrostatic energy £5/d. Here £5 = e?/4me, gokgT is the “Bjerrum length” involving the
fundamental unit of charge of an electron, e, the dielectric constant &, (=80 for pure water), and
the dielectric permittivity in a vacuum &,. The Bjerrum length is the length scale at which the
electrostatic energy is comparable to thermal energy kzT. However, when salt is present, the
charge interactions are screened out at large distances. The simplest theory for screening is based

on the linearized Debye-Huckel theory, in which the screening length, based on the salt ions only

is the Debye length k! = \/1/(87t€BNAvcsalt) , Where Ny, is Avogadro’s number. Thus,
electrostatic energy divided by kzT is cut off at the Debye length and the energy to pull the two
charges apart is then (£5/d — €5k). Spruijt et al. [17, 18] suggested that n = 2 pairs of such
charges must be separated in the transition state between the binding states on the right and left in

Fig. 3-4, giving the transition energy as

o= 185 (1/d-K) = nl5(1/d=/BT25 N yCots ) (3-5)

Taking n =2 pairs of charges, and using Equation (3-4), Equation (3-5) can be written as

E, 20
In (Toa)()) = m = —ZK'EB + TB = _Awlcsalt +B (3'6)
The Debye length x~* decreases with salt concentration as 1/,/cs,;¢, giving rise to the
dependence shown in the third equality in Equation (3-6), where A = (32mN,,#3)Y/?, B =
285 /d, and ¢4y, is in units moles/m3. (If the concentration units are moles/liter, a factor of 103

will need to multiply N4, in the expression for A, as appears in some publications.) The same
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argument was made by Colby and coworkers, except they found their results were better fit with a
transition state involving n=5 pairs of ions rather than 2 [36]. The derivation leading to Equation
(3-6) involves the Debye-Huckel far-field limit of electrostatic interactions, which is valid when
charge interactions are weak, but can certainly be doubted when applied to ion-pairs, as discussed
below.

Equation (3-6) can be used to predict the time-salt shift factor ag used to shift the log
frequency axis of a rheology curve (such as G’) relative to the curve at a reference salt

concentration cgqe rep. According to Equation (3-6), such curves shift by a logarithmic amount

Int,, so that the time-salt shift factor, relative the reference salt concentration, is given by

In as = —A (\/Csalt - \/Csalt,ref) (3'7)

where ag = 1 at cgq;r = Csqierep- The predictions of Equation (3-7) are compared in Fig. 3-22a to
data for the shift factors from the rheological data of Spruijt et al. [18] in Fig. 3-5. Note in Fig. 3-
22a that the logarithm of the shift factor seems to fit the square root dependence on salt
concentration from Equation (3-7) reasonably well; but because of the limited range of salt
concentrations a linear fit does almost as well. The curves shift significantly with different
molecular weight, since the characteristic time t. is the inverse of the terminal cross-over
frequency extrapolated from zero frequency. From the rheological relaxation spectrum, Spruijt et
al. estimated the lifetime of an ion pair to be around 200 ms at 0.6 M salt, a value very much larger
than estimated by Akkaoui et al. [43]. The latter give survival time of an ion pair to be around 10
8 s, and the hopping time for a broken pair to find a new pair rather than re-forming the original
pair to be around 10 s. These much shorter ion pair lifetimes of Akkaoui et al. are much more
compatible with the sticky diffusion model, which gives Rouse terminal relaxation times that are
a factor of 2 times the ion-pair hopping time, as discussed in the theory section. The expression
for the modulus near the terminal relaxation, which is given by G = kBTq,')pf/Nb3, allows the

estimate f =~ 100-1000 for the data of Spruijt et al. for degree of polymerization N = 500.
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Table 3-3. Literature on time-salt/pH/hydration superposition of coacervates

Ref Pol i ... | tT fitti Low-[J . o
eer © ycat!on/ Salt | Superposition' -1 Titting ow Salt shift-factor fitting"
-ence Polyanion form plateau?
PDMAEMA/
[18] PAA KCI t-s - No Ina; =B — A/ csaie
[36] PDI';\:\D/IXA/ NaCl t-s - No Ina; =B — Ay/Csart
PDADM NaCl
[62] PSS A Kaé:r, t-T-s WLF Yes Ina;, = B — A\/Coqit
PDADMA/
[63] PSS NaCl t-T-s WLF Yes Inag = B — A(Ceq)®/®
[3] PVI?);’Q/I Al NaBr t-s - No Inag =B — Ay/Csai
[59] PVP/PSS KBr t-s - No Inag = B — Acsqit
[27] PLK/PRE NaCl t-s - Yes Inag = B — Acgqs
[28] PMPAI\‘:;A/ NaCl t-T-s Arrhenius No as = Qg7 0575
PMAPTA .
[43] PMA / NaCl t-T-s Arrhenius | NO | @5 = G57,Q5 a5 Asals,
[54] PAH/PAA | NaCl t-T-water Arrhenius No Ina,, = B — AWy,,"
[50] | PAH/PAA | NaCl tsti;sgt'ﬁ i Yes Ina, = B — A\Cop
PDADM .
[52] PAA A KCI t-pH-s - Yes - (no relevant equation)

it-T-s’ represents time-temperature-salt superposition; ‘t-pH-s’ represents time-pH-salt superposition; ‘t-T-water’
represent time-temperature-water superposition; ‘t-S-ionic strength’ represents time-salt-ionic strength superposition.
iUnits of cggy, in the table are mol/m3 (1 mol/m®= 10% mol/L=10° M).

Waw, water shift factor; Wy, ,, water content in the PEC.
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Figure 3-22. Symbols show (a) horizontal and (b) vertical shift factors used to obtain master plots in Fig.
3-5 for PDMAEMA/PAA coacervates with degree of polymerization indicated by matching colors in (a)
and (b) with fits in (a) given by Equations (3-4) and (3-5). The vertical dashed arrows in (a) indicate the
critical salt concentrations for dissolution of coacervate for each chain length [18]. Used with permission
from Spruijt et al. Macromolecules 46, 1633-1641 (2013). Copyright (2013), American Chemical Society.
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The shift factor formula of Spruijt et al., Equation (3-7), seems successful for shifting their
data for coacervates of PDMAEMA/PAA in NaCl, and has also been successfully used by Ali and
Prabhu [62] with A =6.8 £ 0.6 and 23.8 £ 2.5 for their time-salt shift factors a;, for PDADMA/PSS
coacervates in NaCl and KBr, respectively. The prefactor A obtained from the fit by Ali and Prabhu
is in reasonable agreement with the value calculated from the formula above using the expected
value of ¢, = 42 at the reference salt concentration if we take n = 1 and n=4, respectively for NaCl
and KBr salts. Meng and Tirrell [3] also report that changes in Inag are proportional to —@,
in agreement with the scaling in Equation (3-6). Hamad et al. [36] found the same scaling behavior
for PDADMA/IBMA/NaCI, giving a plot of In a, against —@ very similar to that of Spruijt
et al. shown in Fig. 3-22a. As noted earlier, however, Hamad et al. however, found a best fit to the
theory in Equation (3-6) by modifying the factor of 2 to 5 pairs of ion s broken in the transition
state. This may suggest conformational restrictions that require a few, rather than 2, ion pairs to be
broken to allow re-pairing of the freed charged monomers. Thus, a significant body of work is
consistent with a scaling law lna, « —@ + const, as shown in Table 3-3. We note that Syed
and Srivastava [50] varied the total small-ion ionic strength I, and found that the time-salt master
curve was a universal function of total ionic strength | for PAH/PAA coacervates, with a constant,
A =4.74, in Equation (3-6), with “I”” replacing “[NaCl],” which they interpreted as support for the
sticky diffusion model of Spruijt et al. [18].

However, not all available papers show this behavior. A linear dependence, Ina, o
—Csqi + const has been reported both by Sadman et al. [59] for coacervates of quaternized poly
(4-vinylpyridine) (QVP) polycations/PSS in KBr solutions, and by Marciel et al. [27] for
PLK/PRE in NaCl solution. In both cases, this dependence was simply reported as an empirical
observation; no theory supporting this scaling has yet been offered. A slight variation from this
dependence, namely Ina, o —(c,,,)®° + const was observed by Shamoun et al. [63]. These

different observed formulas for salt shifting are given in Table 3-3.
Even where data is well fit by lnag < —,/cqi: + const, there is reason to doubt the theory

based on the Debye-Hickel approximation, which is a low-salt theory that treats ions as if they are
in adiffuse double layer. Not only is the diffuse double layer assumption highly questionable under
typical (high) salt concentrations, and high charged monomer concentrations of around 1 M, but

the theoretical expression in Equation (3-6) suggests that all monovalent salt ions should give the
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same shift factors, and indeed, even the same G’ and G’ for the same polymers in different salt
solutions. Fig. 3-20, however, shows that this is definitely not true, since the rheology of the same
PDADMA/PSS polymers differs greatly between NaCl and KBr solutions. Schlenoff and
coworkers have found strong salt-type dependences of phase behavior of coacervates [64], and the
same sensitivity should carry over to rheology. Also, if movement of a monomer requires breaking
n ion pairs, then the coefficient of \/c,q;¢ is A = n(8m103N,,£3)/? =5.8n, if &, = 42, or 2.2n, if
&, = 80) where the factor of 10° enters because we use molar units for the salt concentration rather
than moles/m3. Thus, each increase in @ by one unit of square root molar concentration
increases the shift factor by 5.8n, and matching the time-salt shift factor in Fig. 3-22a implies
that n = 2. Similarly, data from supplementary information in Akkaoui et al. [42] show a 5-fold
change in as with a change in NaCl concentration from 0 to 0.2 Molar, again implying that n = 2,
if we use Equation (3-6).

Thus, some support of Equation (3-6) might be drawn from agreement of the fitted value
of the prefactor A with the predicted value when we take n ~ 2. However, as noted above, the
number n of ion pairs broken during each re-arrangement step has been adjusted by Hamad et al.
[36] to make the calculated A agree with the fitted one, and so support for Equation (3-6) from this
direction is shaky. In fact, the expression for t, in Equation (3-6) depends on temperature as well
as salt concentration, through the dependence of £; = e?/4ms, coksT On temperature and a
weaker dependence of the prefactor wo on temperature. If the salt concentration is zero, then the
temperature-dependent shift factor ar is given by the temperature dependence of B = nfg/d =
ne?/4nde, eokgT = 1.4 x 10~*n/de, RT, in mks units, using the known values of e and &, and
switching to molarity rather than molecular units. If the binding distance d is around 1 nm, and &,
around 44, then B = 3.1n k]/mole/RT, with RT in kJ/mole. This corresponds to Arrhenius time-
temperature shifting with an activation energy of 3.1n kJ/mole. However, the activation energy for
time-temperature shifting for PMAPTA/PMA coacervates at near-zero salt concentration reported
by Akkaoui et al. [43] is 45 kJ/mole, which would require an unreasonable 15 pairs of ions to
break for local chain motion to occur. Admittedly, some of the temperature dependence is likely
owing to the temperature dependence of the viscosity of water, which can be approximated at
around room temperature as Arrhenius with activation energy of around 23 kJ/mole. If the rate

constant wo in Equation (3-5) is inversely proportional to the viscosity, this still leaves an
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electrostatic activation energy of 22 kJ/mole, requiring around 7 pairs of ions to be broken to
explain the temperature dependent shift factor. Moreover, since this number n must be the same
value for both the salt-dependent and temperature-dependent shifting, and the value needed for
salt-shifting noted above is close to 2, much lower than the value of 15 (or possibly 7) needed for
temperature shifting, the expression (3-6) appears to make temperature-dependent and salt-
dependent shifting incompatible. In addition, Equation (3-6) depends on a theory of coacervation
controlled by Debye-Hiickel electrostatic fluctuations. The original Overbeek-Voorn theory [44]
for the thermodynamics of coacervation assumed that these electrostatic interactions dominate, but
recent evidence strongly points towards ion-specific binding as at least as important a factor for
typical coacervate concentrations [61, 62]. And if thermodynamics of coacervation is not governed
predominantly by Debye-Hiickel electrostatics, neither should one expect such electrostatics to
govern the rheology.

Perhaps the most telling argument against the scaling lna, « —@ + const is simply
that this dependence of Ina, on the square root of salt concentration does not fit any of the data
sets significantly better than does a simpler linear fit, lnag o« —cg,;; + const , and for some of the
data sets in Table 3-3, the square root rule is significantly worse. This is demonstrated in the Table
3-4, where all data sets discussed in Table 3-3 are fit by both square root and linear scaling rules
using linear regression, and the goodness of fits, measured by the statistical values of R?, are
compared. Like many of the others, the data sets of Spruijt et al., have such a modest range of salt
concentration that both scaling laws fit the data with an R? value of 0.96 to 0.99, with each scaling
law showing a better agreement for a portion of the data sets. For some of the data sets of Marciel
et al. [27] and Hamad et al. [36], the square root scaling is clearly inferior to the linear scaling,
with R? values as low as 0.82 for the former, and values of 0.96 or above for the latter. Thus, data
fitting gives no reason to prefer the square-root scaling law over a linear one for any of the data
sets, and in some cases the square root fit is not favored. It should also be pointed out that recent
coarse-grained molecular simulations that contain electrostatic interactions between polyions and
small ions, but use only soft, generic local interactions spherical polymer beads and ions, do not
produce time-salt superposition et al. [66]. This suggests that local interactions are critical to an
understanding of time-salt shifting, and we should not expect simple arguments based on far-field

Debye-Huckel analysis to be of much use.
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Table 3-4. R? for linear fits of In(as) as a function of salt concentration (c) and as a function of ¢*? from
published data listed in Table 3-3.

Reference polycation/polyanion N cation/Nanion R2forlnas~c R? for In as ~ c*?
[3] PVBTMA/PSS 100 0.9352 0.9518
510 0.9911 0.9862
150 0.9848 0.9802
[17] PDMAEMA/PAA 50 0.9711 0.9858
20 0.9962 0.9926
527/1728 0.9862 0.9734
527/500 0.9818 0.9704
[18] PDMAEMA/PAA 150/139 0.9914 0.9977
51/47 0.9872 0.9894
17/20 0.9923 0.9801
[27] PLK/PRE 400/400 0.9662 0.8248
2097B 0.9996 0.9011
763 0.9944 0.9963
[28] PMAPTA/PMA 662 0.9895 0.9989
343 0.998 0.9817
213 0.9995 0.9755
1856/1898 0.9898 0.9588
1856/907 0.9947 0.9068
[36] PDADMA/IBMA 1856/380 0.9944 0.8883
1856/51 0.9663 0.9288
[43] PMAPTA/PMA 3730 0.9818 0.978
[52] PDADMA/PAA 930/1400 0.9954 0.9724
QVP-C1/PSS 0.9979 0.9970
[59] QVP-C2/PSS 612/1136 0.9946 0.9934
QVP-C3/PSS 0.9777 0.9758
PDADMA/PSS 0.9484 0.9604
[62] PDADMA/PSS 970970 0.9544 0.9562

Some of these considerations have led the Schlenoff group to discard relating the time-salt
shift factor to dilute electrostatics governed by the Debye length. Instead, they start with a
fundamental frequency of hopping, related to the rate vt at which ion pairs break. If this is enabled
by a salt ion displacing a like-charged monomer from a monomer of opposite sign, then vt will be

related to the salt ion diffusivity Dipec in the coacervate via

d2
Dipgc = VT6 (3-8)
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where d here is the hopping distance of the salt ion between sites along the PEs, which Akkaoui
et al. take to be around 1 nm. (This distance is not the same as the distance d used in Equation (3-
5), although both are of order 1 nm or so.) From a measurement of the salt diffusivity in the
coacervate, a value of v was inferred that ranged from 6 x 107 to 1.8 x 108 rad/s with increasing
salt concentration. The activation energy of this diffusivity determined by measuring the
temperature dependence of D; prc, Was around E, = 20 kJ/mol, which was then related to the
probability p of an un-bound charged site on the coacervate via E, = —RTIn(p), givingp = 2 X
10, The time 7p is taken to be the time for a single ion pair to be broken, either in the absence of
small salt ions, or because a small salt ion displaces the oppositely charged monomer; see Fig. 3-
23. Akkaoui et al. [43] report a time of around tp ~ 10 ns based on dielectric spectroscopy, which
is roughly equal to the inverse of the ion hopping rate, i.e., 1/v;. This time is a factor of 1/p larger
than the breakage attempt time, which is in the picosecond range, and p = 2 x 10* is again the
fraction of attempts that lead to breakage of the ion pair, which is taken equal to the probability
that a charge site in the coacervate is not bound by salt ion or an oppositely charged monomer.
The longer, rheological, time scales are then taken to be proportional to tp, and also depend on the
number of charge groups f on the chain and on the volume fraction ¢ of PE in the coacervate, the
distance d between charged monomers, and the number of Kuhn steps Ne in an entanglement
segment. All of these factors can be dependent on salt concentration, and thus Akkaoui et al.
interpret the salt dependence of the shift factor as a product of shift factors from each of these

SOUICES, a5 = A7, As, s, As,ads,N,; SEE Table 3-3. This notional product of dependences does not

yield any simple expression for the shift factor, such as lna;, o« —,/c.;; + const. However, as
noted above, it is likely that the success of this square-root expression is fortuitous. If so, resolution
of the source of the salt shift factor will require careful measurements of local dynamics using

NMR or other sensitive experimental methods, or use of molecular dynamics simulations.
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@ = anion (? = Pol* (;} = Pol

Figure 3-23. Illustration of displacement breakage of ion pairs by migration of a salt ion. Here vo and vhop
are the attempted and actual hop frequency, where viop= vt [43]. Used with permission from Akkaoui et al.
Macromolecules 53, 4234-4246 (2020). Copyright (2020), American Chemical Society.

Table 3-5 gives formulas for rheological relaxation times adapted from the Rubinstein and
Semenov [2] “sticky diffusion” model by the Schlenoff group [28] where the nomenclature was
introduced in the above paragraphs, and [ is the number of non-charged monomers between
charged ones, with [= 0 if all monomers are charged; y is the “doping fraction,” or fraction of
monomer charges that are bound by a small salt ion rather than by an oppositely charged monomer,
and d is the distance between charged monomers. Relaxation times are reduced when ion pairs
between polymers are diluted by bound small salt ions. N is the average number of Kuhn steps of
polycation and polyanion, assuming that they are similar and t, here is the effective or
renormalized breakage time, which is the average time between ion-pair re-pairing events. This is
presumably much longer than the time for ion-pair breaking, since most such broken ion pairs

simply re-pair again rather than create ion-pairing with a different partner monomer.

Table 3-5. Formulas for relaxation times and viscosities adapted by Yang et al. from sticky diffusion theory

Rubinstein & Semenov [2] Modification by Yang et al. [28]
TR ~ Tpf? T ~ TpN?(1 — y)?
Sticky Rouse kyT kyT
o ~ 7 (<25 NI2 o~ (25 ) N(1+ )%
N N
TRNbeZN— TRNTbNZ(l—}’)ZF
Sticky Reptati ° 2
S (kBT)N3 172¢ (kBT) il 1+D7%¢
No ~Tp\ 7537 ) 73 No ~Tp | 53| 5
0 d3 ) N2 0 d3 ) N2
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Yang et al. [28] seperated t,, into two parallel relaxation channels, governed by constants
v, and e, SO that 7, = 7,; 71 + 7, .~ *. Here, T, represents the “intrinsic” relaxation time for
PE ion pairs Pol*Pol-, and was measured to be in the range 1.0-1.4 x 10**s. e , Which was reported
to be of the order 107 s, reflects the “extrinsic” relaxation time for Pol*A™ or Pol-M*, where A" and
M* are a small salt anion and cation, respectively. As the salt doping level increases, Tb,e dOminates

and determines the value of t, thus decreasing the relaxation time for ionic bonds to form or break.

Table 3-6. Formulas for relaxation times and viscosities adapted by Akkaoui et al. from reptation theory

Reptation theory for nonsticky polymers | Modification for sticky polymers by Akkaoui et al. [43]
2 2 3
Te~ToNe 7-—e““l—pfeNe ~Tp(1 - Y)Ne
N f N N
~T (—)3 —r (1 N2 N3 1 — v)2(—)°

Trep Te (Ne) Trep Te (Ne) (Ne) Te( y) (Ne)

kT¢) N kT¢ , N°

rlONGOTrep~ [F] Te (N_e) 1'10"'G0Tre1a~ [?] Tp(l - y) Ne3

Following up with more recent work, the Schlenoff group [43] adapted entangled polymer
theory to the PE “sticky reptation” model, giving time constants in Table 3-6. In this table 7, is the
ion-pair breakage time, f, is the number of ion-pairs per entanglement segment, f is the total
number of ion pairs in the chain, and t, is the “equilibration time,” or relaxation time of an
entanglment segment. Note the power law N° for the chain-length dependence of reptation time
Trep and zero-shear viscosity n,, suggested by Schlenoff and coworkers.

While the relationship between ion-pair “hopping frequency” and the overall rheology of
coacervates as interpreted by sticky diffusion theory remains uncertain, the anomalies mentioned
above call into question whether sticky diffusion really provides a complete picture of coacervate
rheology. The anomalies that are particularly striking in the above discussion include: 1) the
asymmetry in changes in relaxation time produced by changing the molecular weight of polyanion
vs. polycation, shown in Fig. 3-10; 2) the non-reptation power law of 5.4 in the dependence of
viscosity on degree of polymerization N in coacervates with nearly equal values of N for
polycation and polyanion in Fig. 3-9; and 3) the existence in a number of coacervates of a low-
frequency plateau modulus, implying solid-like rather than liquid-like behavior at low frequency,
in Figs. 3-13, 3-14, 3-19, and 3-20.
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The first of these “anomalies,” that of non-symmetry in the effect of changing the
molecular weight of the polycation vs. the polyanion, could be explained by a difference in the
hopping distance of oppositely charged monomers upon release of the ion pair. If, for example,
the polycation monomer can, because of chain stiffness or other factors, move only a fraction of
the distance that the polyanion can move before being bound to another ionic group, then the
movement and relaxation of the polycation will be slower than the polyanion, even when the
former has fewer monomers than the latter, and the chain length of the polycation will have a
greater effect on the relaxation time than that of the polyanion. Since the diffusivity of the
monomer scales as the square of the hopping distance, a significant difference in their hopping
distances could create a profound asymmetry in their effect on relaxation. We note in this respect
that the polycation, PDMAEMA, has a Kuhn length of 2.65 nm in water, while for PAA, it is
reported to be only 0.64 nm [22, 33]. This suggests that the much greater rigidity of the polycation
may cause it to diffuse much less rapidly in response to loss of ion-pairing than does PAA,
consistent with the experimental ion pairing. Whether this explanation is valid will require
measurements of local hopping rates either by experiment or MD simulations. But we note that
the changes in polycation chain length affect the rheology over the entire measured frequency
range in Fig. 3-10a, suggesting that the origin lies in short-range local interactions.

The second and third anomalies are likely not explainable by local motions alone, since
their effects are primarily at the long-time scales, and do not show up in the high-frequency
rheology. The second anomaly, that of the non-canonical 5.4 power law dependence of terminal
relaxation time on molecular weight has been seen only once, and therefore awaits confirmation
in some other system or by another lab. The third anomaly, the low-frequency plateau modulus,
has been seen repeatedly, and is evidently salt-concentration dependent. While the magnitude of
low-frequency plateau is low enough in some cases to suggest that it might be a measurement
artifact, in other cases it is easily large enough (~102 to 10* Pa) to be unambiguously present. While
not yet explained, there may be some inspiration to be drawn from neutral polymers with attractive
interactions that leads them to form gels in some solvents, as occurs for example for isotactic
polystyrene in nitropropane below the theta temperature [67]. A theory for such physical gelation
has been developed by Tanaka and Stockmayer [68]. Application of these theories to coacervates
has not yet been attempted, but may be a fruitful direction, with the caveat that successful

application of such theories must, as a minimum, explain why some coacervates show the low-
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frequency plateau and others do not. Beyond qualitative success, much more detailed modeling
will be required to see if these ideas have merit, and, if so, to make them quantitative and

predictive.

3.12 Summary and Suggestions for Future Work

Several thorough studies of coacervate rheology show the utility of time-salt superposition
in coacervate rheology, along with conventional time-temperature superposition, and, in special
systems, time-pH, and time-hydration superposition. The ability to shift linear rheology curves
onto a master curve upon varying temperature, salt concentration, pH, and/or hydration suggests
that these variables control local chain hopping rates, but otherwise do not much affect larger-scale
physics. Moreover, the similarity of the rheological curves to those for either unentangled solutions
or entangled ones depending on chain length, suggests a rather simple physical picture for
coacervate rheology that deviates little from well-known behavior of neutral polymers at the
coarse-grained level. Yet, there are several anomalies and exceptions to such a simple
interpretation. Many coacervates show signs of a low-frequency gel-like plateau, whose presence
and magnitude can depend on salt concentration. When there is a terminal relaxation time, its
scaling with chain length can deviate significantly from conventional theory, and the separate
dependencies of the terminal time on chain lengths of each of the two PEs, in the single case where
they have been measured, show a strong asymmetry, thereby assigning an unequal role for the
polycation versus the polyanion. And the dependence of the “stickiness” lifetime of a temporary
bond between polycation and polyanion monomer is not well understood, and seems to be highly
system specific.

Thus, the linear rheology, not to speak of the nonlinear rheology, of PECs remains an
intriguing topic for future research. Clear, detailed, and well-confirmed theories are not yet
available, but common features in differing systems that suggest that some broadly applicable
theoretical concepts are ripe for discovery and exploitation. Beyond imaginative theorizing,
definitive results will likely require more careful rheological experiments to establish the range of
validity of the various superposition principles, to establish more clearly which polyelectrolyte
systems have a low-frequency plateau modulus that is outside the range of experimental

uncertainty, and to explore more widely the effects of different monomer and salt types. In
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addition, insightful experiments that probe local dynamics, such as advanced versions of NMR

and neutron scattering, as well as accurate atomistic molecular dynamics simulations, should help

resolve if and when local dynamics can be regarded as a kind of sticky diffusion governed by

breakage of ion pairs, versus cooperative “glassy”” dynamics involving multiple monomers and salt

ions. High-quality PEs synthesized in nearly monodisperse form over a range of molecular lengths,

and studied over a range of temperatures, salt concentrations, and salt types, will also be an

essential part of bringing this important field to maturity over the next decade or two.
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Chapter 4

Low-Frequency Elastic Plateau in Linear Viscoelasticity of Polyelectrolyte Coacervates

4.1 Abstract

A thorough study is made of the dependences on salt concentration and polymer chain
lengths of the low-frequency plateau of coacervates of poly (diallyl dimethyl ammonium chloride),
PDADMAC, and poly (sodium 4-styrenesulfonate), PSS. The reliability and reproducibility of
these measurements are carefully checked by determining the frequency-dependent stress limits
of the rheometer through use of reference fluids, and by repeat experiments with coacervates.
Long-time frequency sweeps show that coacervates with less salt are more repeatable than those
with higher salt. A low-frequency plateau only reliably appears below a critical salt concentration,
and the magnitude of the plateau depends strongly on salt concentration and on chain lengths of
both polycation and polyanion. It is only present for molecular weight of the PDADMAC
polycation higher than 100kDa, but the magnitude of plateau is more strongly influenced by the
chain length of the polyanion, PSS. Possible causes of the low-frequency plateau are discussed.

The contents of this chapter are the results of collaborative work with graduate student Huiling L.

4.2 Introduction

Polyelectrolyte coacervates (PECs), which are polymer-rich phases formed by mixing
oppositely charged polyelectrolyte solutions, are increasingly applied in coatings, water treatment,
personal care products, drug delivery, and other applications [1-4]. Nevertheless, fundamental
understanding of coacervate physical properties, micro-structure, and rheology remains limited
[5]. While the pace of measurements of the rheology of coacervates has rapidly increased in recent
years [6], clear trends are generally found only within a limited set of materials, and typically only
within a given laboratory, with little lab-to-lab cross comparisons of data for the same materials.

In particular, some coacervate measurements show “liquid-like” terminal behavior at low
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frequency [7-8], while others show a “gel-like” behavior [9-14]. At low frequency, the latter are
characterized by a plateau or near plateau in G” while the former shows a steep decrease in G” with
power-law exponent near the expected “terminal” value of 2, or at least greater than 1. The “gel-
like” modulus is often very low (i.e., < 1 Pa), however, leading authors to question whether it lies
outside of various sources of error, e.g., the minimum torque, the precision of the phase angle
measurement, etc. [9]. In other cases, the plateau is much more prominent and salt-concentration
and salt-type dependent [13-14]. In addition, the measurements are typically made on samples
extracted following phase separation, wherein a supernatant liquid is removed after mixing,
centrifugation, and waiting for equilibration of phase separation. The time periods involved in
these steps are often not given, and the order of mixing, when its effect is investigated, is
sometimes found to be important [15]. In addition, the samples contain water, making them prone
to evaporation or other “aging effects,” in addition to possible effects on measurement
reproducibility of the rheometer-loading procedure, such as variations in how the sample is pressed
into the gap, and how it is trimmed. Careful checks of measurement reproducibility are rarely
reported. In addition, most studies are carried out on commercial samples of high or unknown
polydispersity. In these ways and more, it is fair to say that rheological studies on polyelectrolyte
coacervates are often “not up to the standards™ of rheological studies of more conventional
polymers, or of single polyelectrolytes.

While we cannot address all of these issues here, we do propose to study in some detail the
limits of rheometer accuracy, reproducibility, and robustness with respect to sample mixing,
duration of rheological tests, and repeat measurements of the same loaded samples, different
sample loadings, repeated sample preparations, and repeated measurements in different
laboratories. We find that while typical rheometric methods have been sufficient to establish some
generally valid trends already presented in the literature, many samples we report on here show
unusual behavior and limited reproducibility that, if not overcome, limit precise comparisons of
data on different samples and from different labs. This is especially true of samples that produce
low-frequency “gel-like” plateaus. Since these samples are by definition solids, it is perhaps not
surprising that such samples are slow to equilibrate and sensitive to preparation conditions.

The polyelectrolyte samples that we chose for this study are ones that are easily available
commercially and widely used in previous studies, that have been found to produce a low-

frequency plateau under some conditions of salt and molecular weight [14], namely poly (sodium
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4-styrenesulfonate) (PSS) and poly (diallyl dimethyl ammonium chloride) (PDADMAC). We note
that given the number of samples and repeat runs we made here, we have chosen not to focus on
possible issues related to sample polydispersity or purification. Once work establishing “best
practices” and pitfalls of coacervate preparation and measurement are addressed, important issues
of polyelectrolyte molecular weight distribution, and quality of synthesis, purification, and
characterization should be addressed. We simply note here that any problems related to these latter

factors in our work is common to the field at large and to most published papers in the area.

4.3 Materials and Methods

4.3.1 Materials

Poly (sodium 4-styrenesulfonate) solutions (PSS) having molecular weights (MWs) of
70kDa (20wt% in water) and 200kDa (30wt% in water), as well as solutions of poly (diallyl
dimethyl ammonium chloride) (PDADMAC) with MW <100kDa (35wt% in water), MW 200-
350kDa (20wt% in water) and MW 400-500kDa (20wt% in water), were purchased from Sigma-
Aldrich. Another less polydisperse PSS (PDI=1.19) was purchased from Scientific Polymer
Products, Inc. with MW of 2242kDa in powder state. The molecular weight ranges mentioned
above are given by the suppliers. For convenience, we will refer to the PDADMAC materials as
“100kDa,” “200kDa,” and “400kDa,” samples, respectively. The materials were used, as has been
common, without further purification or characterization. These polyelectrolytes with
concentrations of 35 wt%, 30 wt% and 20 wt% in water were diluted to make stock solutions with
monomer molar concentrations of 2M, 1.6M and 1.2M, respectively. PSS with MW 2242kDa was
prepared at 0.4mol/L by dissolving the powder in water. NaCl stock solutions (5M) were prepared
by dissolving crystalline NaCl (Sigma-Aldrich) into water at 25 °C. All water was filtered through
a Milli-Q water purification system (Thermo Scientific, MicroPure UV/UF) producing water with
a resistivity of 18.1 MQ-cm at 25 °C.

4.3.2 Coacervate Preparation

PECs were formed by mixing cationic and anionic stock solutions at a 1:1 stoichiometric ratio of

monomer repeat units with salt solutions, as shown in Scheme 1. Concentrations and volumes were

89



chosen to achieve overall polycation and polyanion monomer concentrations of 0.1M each (0.2M
total monomer concentration) in the final mixture (but before phase separation). To accomplish
this, first, a NaCl stock solution and water were added into an empty centrifuge tube, with volume
ratio chosen to achieve the desired final overall salt concentration. This was followed by addition
of stock solutions of polyanion, PSS, and of polycation, PDADMAC, respectively. The mixtures
were vortexed for 30 seconds after each addition of water, polyanion stock solution, and polycation
stock solution, respectively. Note that the mass of the polymer added can vary from the desired
value by around -1.3% to 0.5% for PDADMAC and -3.5% to 5.7% for PSS because of limitations
in pipetting, including some retention of polymer inside the pipette tips or extra drops clinging to
the outside of tips. The final sample (typically 4.8 ml or 48 ml) was centrifuged for 15 minutes at
8,000g (Thermo Scientific, SORALL Legend X1R) after which the sample was left undisturbed
for at least five days, long enough that the solution ceased to show any further changes in phase
separation or appearance. After this, the supernatant phase was removed, leaving only the
coacervate for rheological characterization and storage. Evaporation of water from the sample was
minimized by sealing the tube with parafilm tape. Shortly after the supernatant removed, a very
thin layer of water would sometimes appear on top of the coacervate phase (usually in the samples
with high salt concentration), which though visible is difficult to be removed by pipette due to its

tiny amount.

Add saltstock . Add water,  ~ Add PSSstock Add PDADMAC stock . Centrifuge _

solution " Vortex " solution, Vortex solution, Vortex

Scheme 1. Preparation process for PDADMAC/PSS/NaCl coacervates

4.3.3 Rheology

All rheology tests were performed on an Anton Paar MCR 702 rheometer using a stress-
controlled motor at 20°C. Since some PDADMAC/PSS coacervates are quite stiff, solid-like, gels,
a fixture with diameter of 25mm (cone angle 2°) was usually used, rather than cones with larger
diameter or cone angle, to avoid high normal stress during setting of the gap, and because of limited
coacervate supply. In addition, samples with PDADMAC MW = 400kDa, and PSS MW= 200kDa
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containing 2.8M and 3M NaCl, were even stiffer and could not be compressed to the desired gap
even with the small-angle 25mm cone; for these, parallel plates with 25mm diameter were used.
To minimize evaporation of water within PEC samples during long-time tests, the rheometer
Peltier hood was employed and water was used to seal the solvent trap around the bottom plate.
The temperature for all measurements was set at 20°C by the Peltier plate and hood setup. Strain
sweeps were performed at 0.01, 10, 100 and 628 rad/s to identify the linear viscoelastic region
(LVE) of the PEC. Long frequency sweeps were conducted at fixed strains (1%, discussed below)

from 628 rad/s to 0.001 rad/s or oppositely, from low to high frequencies.

4.4 Results and discussion

4.4.1 Rheometer Limitations

It is a challenge especially for low-viscosity liquids or soft solids to probe their stress with
high resolution at either extremely low frequencies or at the highest frequencies allowed by the
rheometer during oscillatory measurements. Thus, the low values of the modulus plateau, around
0.1Pa or even lower, sometimes reported in the low-frequency region of the oscillatory shear of
coacervates [9-12], are of questionable accuracy. Theoretically, the lower limit of the modulus,
measured in the cone and plate geometry can be calculated from equation (1) given the minimal
oscillation torque of 0.5 nNm specified for the Anton Paar MCR702 rheometer. When the strain
amplitude is set at 1% (y= 0.01), the Glower limit is computed to be around 0.016Pa for a cone
and plate diameter of 25mm. In the high frequency region, the instrument inertia in the combined
motor transducer (CMT) can lead to a measured frequency response of G'~G'" ~w? for weakly

elastic materials.

2xtorque  1.6X10~% .
Glower limit = T[*R3>:( = Y (Pa) if R =12.5mm 4-1)

Although the torque limit and the system inertia can in principle be obtained from well-known
formulas, other effects, such as surface-tension and other edge effects [16], calibrations, instrument
vibrations, sample-loading effects (especially pertinent for soft solids), are difficult to be precisely

predicted. These unclear sources of error lead to errors in moduli plateau that can be an order of
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magnitude greater than the theoretical torque limit. Thus, here we seek an empirical threshold for
the polyelectrolyte solutions based on the experimental results of several reference fluids,
including two low-viscosity liquids, namely water and a viscosity-standard oil (APS3, Anton
Paar), a viscoelastic single-polyelectrolyte solution PSS (MW=2242kDa, PD1=1.19), and a PDMS
reference viscoelastic fluid (AK 1 Million) (see Fig. 4-1). Because the limited volumes of
coacervate samples restricted the rheometer fixtures to 25-mm diameter, all measurements on
reference fluids presented in the main text were performed on the same small cone and plate at 1%
strain amplitude using the CMT transducer, and therefore rheometer limitations established here
only apply to this situation. Of course, higher accuracy and lower stress thresholds in frequency
sweep tests can be achieved by using larger plates and/or higher strain amplitudes, as seen in Fig.
4-2 for measurements of air with a 50mm plate and in Fig. 4-1 for measurements of standard

mineral oil, APS3, with dynamic strain amplitudes.
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Figure 4-1. Storage (G’) and loss (G”’) moduli as functions of frequency obtained from the oscillatory
measurement of standard oil (APS3, 3mPa-s) using cone and plate with 60mm diameter at 1% strain for the
CMT (combined motor transducer) and with strain amplitude ranging from 50% at high frequency to 5000%
at low frequency for the SMT (separate motor transducer). Both measurements were performed in the
Shetty Lab. Data shows the expected viscous dominated response for the oil over the frequency sweep when
using SMT. Noisy moduli values seen in the CMT mode at low frequencies are because torques are close
to the resolution limit of the rheometer.
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Figure 4-2. Repeat oscillatory measurements of air on (a, ¢) CP25 and (b, d) CP50 at (a, b) 1% and (c, d)
10% amplitude. Increasing the strain amplitude from 1% to 10% can reduce the noise level of the G’ plateau
from around 0.1Pa to 0.01Pa for either a 25mm or a 50mm cone-and-plate.

In Fig. 4-3a, three repeat frequency sweeps of water yield G’ data roughly following a
“plateau” at values up to around 0.2 Pa, over frequencies ranging from 0.01 rad/s to 10 rad/s. These
values are ascribable to the instrumental limitations since only noise is expected for G’
measurements of water. Note that as frequency increases above around 10 rad/s, power-law
increases in G’ and of G’ are found, (albeit with several G’ data points dramatically lower) which
are likely the result of inertia effects on the measurement in the CMT mode because the phase
angles of those data points were reported as exactly 90°, which is the value the instrument reports
when the angle exceeds 90°, as is expected for data dominated by inertial effects. In addition to

the phase angle, the ratio of the sample torque over the electric torque was found to be less than
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2%, mostly less than 1%, at high frequency, which also implies that inertia has a strong effect on
these measurements. The oscillatory shear data of the viscosity-standard oil (3mPa-s at 20°), which
should also have no elastic response, are found in Fig. 4-3b to be similar to that of water, with
approximate plateau values G’ up to around 0.1Pa. We note that measurements of this same fluid,
in larger fixtures at higher amplitudes and a more precise transducer, produce a measurable
viscoelastic response, given in Fig. 4-1, that is below the limits established in Figs. 4-3(a, b). Thus,
the data points in Fig. 4-3(a, b) are unreliable, as also shown by their lack of reproducibility in
repeat runs. Hence, to exclude all noisy and unreliable data, we assign in Fig. 4-3 empirical
thresholds for acceptable rheological measurements on the rheometer with CP25 fixtures. These
limits are shown as a dashed horizontal line with magnitude 0.3Pa in the low w region, and a
diagonal line with power-law slope around 2.5 in the high w region. These baselines are further
confirmed by the single-component PSS polyelectrolyte solution, which is also observed to have
a G’ plateau of 0.01~0.1Pa in Fig. 4-3c, contradicting to the literature observation [17], that shows
no evidence of a G’ plateau for measurements of a similar PSS solution using a large, 60mm
diameter, plate. The remaining data points, which are above the threshold lines in Fig. 4-3c, which
are mostly G”’ points, are comparable to the literature results of single PSS solutions (see Figure

4c in the Ref 17), and therefore deemed reliable.
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Figure 4-3. Storage (G’, filled symbols) and loss (G’’, open symbols) moduli as functions of oscillation
frequency obtained from repeat measurements of (a) water, (b) standard oil (tested in two laboratories, and
(c) polystyrene sulfonate (PSS) solution at an amplitude of 1% strain on identical cone and plate rheometers
(Anton Paar Inc) with 25mm fixtures in the Larson and Shetty Labs. Dashed lines are drawn empirically,
and identically for all fluids, to exclude data points that are judged unreliable for the standard fluids studied.
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The fourth reference fluid, a standard viscoelastic PDMS solution (AK 1 Million, Wacker)
yielded typical power-law slopes of G’ and G’’ in an oscillatory measurement at 1% and 10%
strain on a parallel plate with 25mm diameter, as shown in Fig. 4-4, with G’ reaching 0.03 Pa at
0.01rad/s below which data become noisy. This is below our cut-off of 0.3 Pa, and close to the
theoretical limit of 0.016Pa at 1% strain, indicating that the practical threshold can be sensitive to
the materials used, for example, the phase angle at low frequencies as well as the ambient

vibrations and other factors.
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Figure 4-4. Linear shear moduli of standard viscoelastic solution of PDMS with a kinematic viscosity of
approx. 1000000 mm?/s (known as “AK 1 Million”), and dynamic viscosity of roughly 103 Pas, as function
of frequency tested in Shetty lab (Anton Paar Inc.) on parallel plates with diameter 25mm at 1% and 10%
strain amplitude.
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4.4.2 Sample Limitations
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Figure 4-5. Downward and upward frequency sweeps on coacervates of the same loading. Compositions
are shown in the legends. Salt concentration refers to the overall concentration before phase separation.
Data points below the threshold, 0.3Pa, are omitted for clarity.
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In a frequency sweep, the rheological test time increases inversely with the lowest
frequency attained. Around 4 hours are required for a sweep from 628rad/s to 0.001rad/s at three
points per decade, and 6 hours at five points per decade. Such a measurement duration raises
questions about sample constancy and test reproducibility. In Fig. 4-5, samples went through a
downward frequency sweep and then an upward sweep with no waiting time between the two runs,
taking 12 hours in total. We observe, in this test, that coacervates with less salt, such as the sample
with 3M NaCl, were more reproducible than those with more salt, 4.2M, and are not as much
affected by the frequency-sweep history. Note that salt concentrations mentioned in this paper
refer to the designed salt concentration in the final mixtures before phase separation and the exact
salt concentration in coacervate phase could differ from this [18-19]. We note that the more liquid-
like coacervates, produced by a higher salt concentration seen in Fig. 4-5b, seem to be more prone
to increasing modulus with the time, especially in the high-frequency region. Although we did not
observe any direct evidence of it, we cannot rule out that this increased modulus could be the result
of water evaporation due to the long time required for obtaining data at low frequencies. We did,
however, use a hood to block evaporation and checked for slow changes in modulus by repeating
some of the frequency sweeps on the same loading on other coacervate samples, as shown in Fig.
4-6, and found only small changes for most results between the first frequency sweep and the

second repeated one.
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Figure 4-6. Downward and upward frequency sweeps on coacervates (compositions shown in the legend)
of the same loading. Samples went through a downward sweep first followed by an upward sweep over a
total of 12 hours.
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Fig. 4-7 tests the reproducibility against aging of coacervate samples loaded and tested on different
dates but identical testing conditions. Coacervates derived from mixtures with a total salt
concentration of 3.4M report almost same rheological behaviors even after two-month storage of
the sample, shown in Fig. 4-7(a) and (c), while samples prepared with the highest overall salt
concentration, 4.2M, exhibited a considerable increase in moduli and change in the shape of the
rheological curves. This time sensitivity is probably affected by the hydration level inside the
coacervates. Long-time storage could lead either to slow phase equilibrium or, more likely, to
some evaporation of water, which can be detected by increased moduli. Thus, there is incentive to
finish rheological measurements quickly after sample preparation to minimize changes in
hydration level during experiments. Note that in Fig. 4-5(b) and Fig. 4-7 (d), there are storage
moduli showing a short plateau window around the threshold, 0.3Pa, at frequencies lower than
0.05 rad/s. These plateaus are doubtful and probably experimental artifacts since they are close to
the noise level and thus not taken as low-frequency plateaus. Apart from the above caveats, our
investigation of batch-to-batch and lab-to-lab reproducibility of coacervates, seen in Fig. 4-8,
reveal quite repeatable measurements not only for liquid-like coacervates but also for gel-like ones,

which further demonstrates the reasonable accuracy and reproducibility of our experiments.
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Figure 4-7. Frequency sweep curves of PDADMAC/PSS complexes on different dates with the same PSS
chain length (200kDa) but different molecular weight of PDADMAC: (a, b) 100kDa and (c, d) 400kDa.
The overall salt concentrations of samples are given in the legend. Any data below the dash line (0.3Pa) is
not reliable.
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Figure 4-8. Batch-to-batch linear viscoelastic reproducibility of coacervates measured in two different
laboratories. Samples from Batch 2 and 3 were prepared through the same stock solutions at the same time,
while batch 1 was from earlier stock solutions and prepared six months earlier. Data points below the
threshold for reliability, 0.3Pa, are omitted.
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4.4.3 Region of Linear Viscoelasticity of Coacervates
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Figure 4-9. Strain sweeps from 0.01% to 100% of polyelectrolyte coacervates at frequencies of 0.01, 0.1,
1, 10, and 628 rad/s. Sample compositions are given in the legends.

The linear rheological values of G” and G’ in oscillatory shearing can only be obtained
within the “small-strain” limit, which can be unusually small for polymer gels [20]. The linear
viscoelastic region (LVE) is often confirmed by performing strain sweeps at various frequencies,
e.g., lrad/s or 10rad/s. In most cases, the linear region obtained from one or two frequencies is
assumed to apply across the whole range of frequencies. However, more caution is required for
samples showing gel-like behavior over some frequency range. In Fig. 4-9a, it is seen that at
frequencies lower than 10 rad/s, the linear region reaches up to 20%, but fails at 10% strain at
628rad/s. This is consistent with the typical behavior of viscoelastic materials, which show a
smaller linear region at higher frequencies. Interestingly, Fig. 4-9b exhibits the opposite behavior
in that a smaller range of linear behavior is observed at low frequencies, namely 0.01 and 0.1 rad/s,
for which the moduli drop quickly when the strain is increased beyond 10%. Since the strain
sensitivity not only limits the linear viscoelastic region, but may also indicate the possibility of
strain-induced “damage” or long-lasting changes to coacervate structure, we choose 1% strain as
a “safe” amplitude for all frequency sweep measurements discussed below. Such a small strain
amplitude and plate diameter, however, limits the accuracy of instruments, especially at low

frequencies, and helps set the threshold of 0.3Pa minimum modulus for our reported data.
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4.4.4 Effects of Salt Concentration on Polyelectrolyte Complexes

In polyelectrolyte coacervates, salt is commonly treated as a “plasticizer” since it can
increase hydration level and screen the electrostatic interactions between ion groups. Changing
salt concentrations can shift the G* and G’ curves, while leaving their shape unaffected [7]. Thus,
the principle of “time-salt superposition” has been used in the literature to shift curves at high salt
concentration to lower frequencies and thereby expand the frequency range of the rheological data,
based on the assumption that salt does not change the local relaxation mechanisms, but only adjusts

their speed. Time-salt superposition has been verified in multiple polyelectrolyte systems [8, 21].
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Figure 4-10. Linear viscoelastic curves for PDADMAC/PSS/NaCl coacervates of different molecular
weights and salt concentrations, as given in the legends. In (a) the dashed line represents the empirical
baseline 0.3Pa, below which the data are not reliable.
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However, it has been reported recently that some frequency dependencies cannot be time-salt
superposed, especially in the low-frequency region [14]. To study rheological behavior at longer
timescales in the coacervate system (PDADMAC/PSS/NaCl), we extend oscillatory shear to a
lower frequency than typical, namely down to w = 0.001rad/s, and avoid time-salt
superposition. We thereby find in Fig. 4-10 that differences of the shape of the curves become
larger at low frequencies, developing a flat region of G’ for high molecular weights and lower salt
concentrations in Fig. 4-10b. With salt concentration decreasing from 3.6M to 2.6M, in Fig. 4-10b
the magnitudes of both G’ and G’ increase, and G’ is above G’ at all frequencies at the lowest
salt concentration, 2.6M. The most notable feature in Fig. 4-10b is that coacervates with salt
concentrations of 2.6M, 2.8M, 3.0M, and 3.2M show high storage moduli, ranging from 1000Pa
to 100Pa, with relatively low sensitivity to frequency, across two decades of w from 0.1rad/s to
0.001rad/s. The appearance of a near-plateau at the lowest frequencies indicates that the coacervate
has changed to a gel-like material. At higher salt concentrations, 3.4M and 3.6M, in Fig. 4-10b,
the coacervate exhibits no clear plateau, but instead an intermediate behavior between liquid-like
and solid-like, with G’ ~ G"”~w®> over most of the frequency range, similar to what Ali &
Prabhu reported [14] and similar to other observed gel transitions [22-23]. Here, it is possible that
the curve with a slope of 0.5 represents a critical gel point, below which (at higher salt
concentration) the coacervates are in the pre-gel regime, and above which (i.e., for less salt)
samples are in solid-like gel state. However, the data above and below the transition cannot be
separately superposed into two “master curves,” one for the liquid and the other for the gel, as can
sometimes be done for other gelling systems. We conclude from this that salt not only changes the
local rate of chain motion, allowing for shape-independent shifting of G’ and G’ curves, but can
also produce a gradual structural transition from a liquid-like solution to a solid-like network as
salt concentration decreases.

For the same PE system but for shorter chain length, shown in Fig. 4-10a, we did not
observe a clear G’ plateau at any frequency. However, the 2.2M sample presents fairly flat scaling,
G'~w®? as well as G* > G”’, at low frequencies. It may be possible that a plateau region can be
attained if w could be extended to low enough values, but these are impractical to reach within the

time scales we allow for our experiments.

4.4.5 Effects of Chain Length on Low-frequency Plateau
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Fig. 4-10 indicates that polyelectrolyte chain lengths, as well as salt concentration,
influences the transition to the solid gel state. To examine this in more detail, we prepared samples
with different polycation molecular weights, namely 100kDa, 200kDa and 400kDa, and polyanion
MWs of 70kDa and 200kDa, leading to six different combinations of the molecular weight of
polyanion and polycation. Fig. 4-11(a, d) shows that plateaus are only definite when the chain
length of PDADMAC is higher than 100kDa, namely 200kDa or 400kDa, no matter the chain
length of PSS. But Fig. 4-11(b, c) shows that the plateaus do not disappear when the PSS MW is
lower than 100kDa, namely 70kDa. This seems to indicate that the appearance of a gel-like
structure is more dependent on the chain length of the polycation rather than polyanion for this
system. Interestingly, the magnitude of the G’ at plateau is much more affected by the chain length
of the polyanion, PSS. This is shown in Fig. 4-11(b) and (c), where an increase in PDADMAC
MW from 200kDa to 400kDa at a fixed salt concentration of 2.8M (green triangle symbols) or 3.0
M (orange square symbols) causes less than a doubling of the G’ value, while in Fig. 4-11(b) and
(e), at 2.6M NacCl, a five-fold increase in modulus occurs, from 200Pa to around 1000Pa, upon
increase in PSS MW from 70kDa to 200kDa. This may indicate that the plateau value, once it
exists, is more sensitive to PSS than to PDADMAC MW in this system.

The above observation does not seem to be general, and the opposite influence could be
observed if different combinations of polyelectrolytes are chosen. For example, Spruijt and
coworkers [8] found that the length of their polycation, PDMAEMA, affected the viscoelastic
response more strongly than did their polyanion, while we showed that the length of our polyanion,

PSS, has a significant effect on the value of modulus.
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Figure 4-11. Storage moduli for six polyelectrolyte complexes composed of three chain lengths of
PDADMAC with (a, d) MW=100kDa, (b, €) MW=200kDa, and (c, f) MW=400kDa, and two chain lengths
of PSS with (a-c) MW=70kDa and (d-f) MW=200kDa for various NaCl concentrations, given in the
legends. Loss moduli were not shown for the sake of clarity. Storage moduli below the reliability threshold
of 0.3Pa were omitted.
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Figure 4-12. Comparison of storage moduli at the lowest frequency of 0.001rad/s as function of salt
concentration for six sets of coacervates of different chain lengths, shown in the legend. The cutoff G’ is
0.3Pa as discussed above, and so data below this threshold were indicated by a data point on this line and a
downward-pointing arrow. Each error bar given was calculated from the repeat runs of long-time frequency
sweep of the same loading within 12 hours. Some error bars are covered by the symbols.

Longer polyelectrolyte chain lengths slow the relaxation of the coacervates, while more salt
lubricates and accelerates chain dynamics. These effects on chain mobility have been well
established in previous work [24-25]. The effect of salt concentration can often be quantified by
time-salt superposition [6], which produces primarily a shift of the G” and G’ curves along the
frequency axis. However, we also find that both salt and molecular weight affect the presence and
magnitude of a low-frequency plateau modulus, an effect which does not follow time-salt
superposition. The effects of salt concentration and chain lengths on the storage moduli at low
frequency in our work are summarized in Fig. 4-12. The coacervate composed of 70kDa PSS and
100kDa PDADMAC at 2.2M, represented by the left-most red open triangle in Fig. 4-12, has a
modulus of around 20Pa, that is similar to that of a coacervate of 200kDa PSS and 100kDa
PDADMAC at 2.6M, which is given by the left-most red filled triangle. Both coacervates
composed of 200kDa PDADMAC, but with PSS of 70kDa at 2.8M salt (an open green circle) and
of 200kDa PSS at 3.2M (a filled green circle), have low-frequency plateau moduli of 100Pa. Note
in Fig. 4-12, that the data represented by filled circles/squares can be shifted toward lower salt

region to superpose roughly with the data with open circles/squares, especially for data points with
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G’ above 10 Pa. It would be worth investigating that whether a model could predict these
interesting dependencies of low-frequency modulus plateau on PE chain lengths and salt

concentration and identity.

4.4.6 Literature Values of Low-frequency Plateau Modulus
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Figure 4-13. Comparison of G’ low-frequency plateau for PDADMAC/PSS/NaCl coacervate complexes as

function of salt concentration. Literature data is extracted from Ali & Prabhu [14] and Shamoun et al.
2012[13]. Molecular weights shown in the legend represent the MW of PDADMAC and PSS, respectively.

For coacervates prepared from PDADMAC, PSS and NaCl, Ali and Prabhu [14] previously
reported a low-frequency plateau for G’ at frequencies as low as 0.01rad/s, obtained through time-
temperature superposition. Fig. 4-13 shows that their samples with 150kDa PDADMAC have
slightly lower modulus than ours with 200kDa PDADMAC. The data for three chain lengths of
PDADMAC, ranging from 150kDa to 400kDa, show no large increase in plateau modulus. Note
that, in our experiments, the low-frequency plateau did not appear for samples with 100kDa
PDADMAC over the range of salt concentration considered. It is possible, therefore, that there is
a critical chain length of PDADMAC between 100kDa and 150kDa for forming a gel-like structure
at long timescale. A much larger plateau was found by Schlenoff group [26], for similar samples
to ours, but prepared by adding smaller concentrations of salt (less than 1M) into already-prepared

precipitates, rather than through phase separation, as we have done. Despite this difference in
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preparation procedure, we find that a reasonable extrapolation of their data to higher salts, leads to
moduli consistent with our data set (PDADMAC with 400kDa).

This comparison with literature data reveals that the appearance of a low-frequency plateau
is a common and consistent feature of this strong PE system (PDADMAC/PSS). It may be possible
that many other pairs of strong polyelectrolytes might reveal a gel-like response at low frequencies
if they are studied at high enough molecular weights and low enough salt concentrations. A recent
scaling theory by Rubinstein and coworkers [27] attributes the transition from liquid-like to solid-
like behavior to an increase in binding free energy between oppositely charged monomers from
less than, to greater than, ~1 ksT. When the solid forms, however, its magnitude is estimated to be
of order the density of charged monomers, a value much too high to be consistent with the values
we find at high salt concentration.

Theories, simulations [28], experimental results [29] for gel formation in neutral
associating polymers [30] might provide clues for developing a predictive theory for gel formation
in polyelectrolyte coacervates. The relationship between a low-frequency plateau modulus and the
structure and dynamics of associating polymers, including charged polymers, was explored
recently by Zhang et al. [31]. Key ideas explored in this work include: 1) the relationship between
plateau modulus G, = pRT /M, and the density of strongly associating groups, quantified by the
average molecular weight Ms of a strand between associating groups, with p the mass density of
polymer; 2) the transition of charged polymers from a “polyelectrolyte regime” to an “ionomer
regime” as determined by average ion spacing along the chain and the product of dielectric
constant and temperature with lower values of each favoring the “ionomer regime,” in which
opposite charges not only pair, but form clusters of multiple positive and negative ions; 3) the
existence of a “percolation regime” in which roughly one strong binding site is found on each
chain, and the modulus can be arbitrarily small and sensitive to density of binding sites. The
formula G, = pRT /M, applied to coacervates with typical polymer volume fraction of ~0.3,
implies that polymers with Ms ~200,000 Da would have a modulus of around 5 x 102 Pa. This
implies that many of our coacervates, especially at higher salt concentration, have fewer than one
network-forming bonding site per polymer, obviously far less than the number of charges per
chain. We also find that the presence and magnitude of the plateau modulus depends not only on
salt concentration, but also on chain length, suggesting that the spacing between the strong binding

sites is comparable to, or larger than the chain length, so that shorter chains are less likely to form
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a percolating network of bound chains than are longer chains. Not only is the number of ion pairs
likely to be present in coacervates too large to explain the low-frequency modulus, but their
lifetimes are likely too short, based on estimates of ion pair lifetimes by Schlenoff and coworkers
[26], among others [6, 8]. In addition, ion-pairing lifetime and its dependence on salt concentration
is the basis for explaining time-salt superposition, and the height of the plateau modulus depends
on salt concentration and therefore does not obey time-salt superposition.

For these reasons, the low-frequency modulus is likely controlled not by simple ion pairs,
but by longer-live aggregates of multiple monomers of both positive and negative charge. Such
aggregates are present in ionomers [31], and become more likely when the dielectric constant
decreases, as is likely to happen locally within a coacervate with lower amounts of salt and less
water of hydration. The transition to the “ionomeric regime” is predicted by Zhang et al. to occur
at charge spacings and dielectric constants typical of coacervates, especially if one allows for a
broad transition region from the “polyelectrolyte” to the “ionomer” regime as envisaged by Colby
and coworkers (see Fig. 3 of Zhang et al) [31]. A picture that might explain that plateau modulus
is therefore one in which, in addition to abundant ion pairs, there are aggregates of charged
monomers, held together part by a locally high polymer concentration that lowers the local
dielectric constant, supporting a locally “ionomeric” environment within the coacervate. The
aggregates are likely to be of various sizes and lifetimes, and thus one expects a gradual approach
to a plateau as frequency decreases, as aggregates of a range of sizes and lifetimes contribute to
the modulus. This is consistent with the gradual broadening of the relaxation spectrum of a
coacervate, as salt concentration decreases, eventually leading to a low-frequency plateau, as
indicated in Fig. 4-11. Clear fluid-like terminal regimes are largely absent from our data, which
instead show intermediate power laws between “liquid-like” and “solid-like” order, tending
gradually towards more “solid-like” behavior as the salt concentration decreases. Thus, we picture
coacervates that either have a low-frequency G’ plateau or have intermediate power law
dependences of G” and G’ on frequency as heterogeneous phases with patches of “ionomer-like”
material, with low dielectric constant and multiple aggregated charged monomers, with long
lifetimes, creating a percolating or near-percolating network structure. We note that this
explanation of the low-frequency low modulus of coacervates is consistent with earlier suggestions
of a percolated network of chains or domains by Bohidar et al. [12] for coacervates formed by

mixtures of charged proteins and polyelectrolytes.
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4.5 Conclusion

The rheological behaviors of polyelectrolyte complexes in the low frequency region were
revealed more thoroughly and decisively than in previous work, through frequency sweeps down
to low frequencies at small strain amplitude, for all six combinations of three commercially
available poly (diallyl dimethyl ammonium chloride) (PDADMAC) samples with two poly
(sodium 4-styrenesulfonate) (PSS) samples. To obtain reliable data, we determined the limits on
experimental accuracy and reproducibility due to rheometer sensitivity, and sample stability
against evaporation, aging, and rheometer loading, through repeat tests using two different
rheometers, and through measurements on reference standards, yielding clear bounds on
acceptable data. We found that coacervates at the highest salt concentrations (close to 4 M) have
poor reproducibility, leading to exclusion of these samples from our reported data sets. The
formation of a low-frequency plateau and its magnitude are found to be highly sensitive to salt
concentration, consistent with previous work. Novel to our work is the finding that it is also
sensitive to polyelectrolyte molecular weight, with more rapid increase in its magnitude with
increasing length of the polyanion, PSS than of the polycation, PDADMAC. Trend lines of the
dependences on salt concentration and chain length are assemble from our data and relevant
literature. Why both salt and chain length can, under some circumstances, not only shift the rate
of chain motion, but also quench long-range motion into a gel-like response, is a mystery that
needs resolution, and a theory to reliably predict it. We suggest that a transition towards a network

of “ionomer-like” aggregates might provide a fruitful starting point.
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Chapter 5

Relating 3D Printability of Silicone-based Materials to Rheological Measurements

5.1 Abstract

Direct ink writing (DIW)?! additive manufacturing with a custom-built static mixer and
fine-tip nozzle is used to print polydimethylsiloxanes (PDMS) either mixed with fumed silica or
as a two-part commercial liquid silicone rubber (LSR) mixed with polyethylene glycol (PEG). We
assess their printability by printing a hollow slump cone, whose print quality is correlated with
rheological measurements, including 1) a shear rate up-ramp followed by a down-ramp in shear
rate, 2) creep tests at a series of increasing stresses, and 3) oscillatory shear with increasing
amplitude well into the nonlinear regime. The PDMS-fumed silica mixtures fail to print even at
the highest fumed silica loading used (9 wt%), while LSR-PEG with 4 or 6 wt% PEG prints very
well even with low Shore hardness LSR. These large differences in printability of two classes of
PDMS materials correlate poorly with the rheological behavior in the up-ramp of shear rate, the
creep test, and the large-amplitude oscillatory shearing test. The rheological test that most clearly
distinguishes the differences in printability is the apparent yield stress (the current most common
rheological index of printability) during a down-ramp in shear rate following a previous up-ramp
to the maximum shear rate of 1000 s, which is similar to the highest shear rate in the print nozzle.
The printability of the materials considered here, and quite likely other such materials, depends
strongly on their ability to rebuild structure and yield stress quickly after experiencing the high
shear rates characterizing its emergence from a narrow nozzle tip. The contents of this chapter are

the result of collaborative research with Ph.D. student Matthew Hildner.

! Abbreviations:

DIW: direct ink writing 3D: three dimensional PDMS: polydimethylsiloxanes

LSR: liquid silicone rubber PEG: polyethylene glycol PDP: progressive displacement pump
SSM: spiral static mixer TN: tapered nozzle
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5.2 Introduction

Interest in three-dimensional (3D) printing, or additive manufacturing, has grown rapidly
over the past decade. In direct-ink-write (DIW) printing, one of several 3D printing processes, a
flowable material is extruded through a fine nozzle attached to a print head, which is moved under
the control of a gantry to generate 3D printed shapes layer-by-layer [1]. DIW is applicable to a
wide range of materials, including silicones, epoxies, urethanes, bio-inks, ceramic pastes, and other
suspensions [2-9]. The material choice reflects the desired properties of the final component but
must also be “3D printable” or able to be laid down, line by line, at high speed into a pre-
programmed, self-adhering, three-dimensional shape that is retained under gravity and other
mechanical forces.

The relationship between printability and rheology of the material has been widely
recognized. As noted by Corker et al. [4]: “It is generally recognized that a printable formulation
must be a shear thinning, yield-stress soft material exhibiting solid-like behavior. The storage
modulus (Go) values must be high to retain the shape, to support its own weight and the layers on
top and to span across supports. The ‘yield’ stress must also be high enough to retain printing
resolution as the filament is deposited, but within certain limits to facilitate an easy flow initiation
during the printing process.” However, Corker et al. also noted that the precise relationship
between printability and rheology remains poorly defined, owing to “the diversity of the
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rheological methodologies,” and the “wide range of ‘soft materials’” printed.

The material’s “yield stress” is the most obvious rheological index that quantifies the
ability of the printed object to hold shape against gravity, surface tension, and other forces, at least
long enough for drying or chemical reaction to “cure” the material into a permanent final shape.
However, the “yield stress” has been measured in a wide variety of ways, and it remains unclear
which ones are most relevant to printability. Broadly speaking, “static” yield stresses are measured
by starting from a state of rest and increasing strain rate or stress to the point of continuous flow.
“Dynamic” yield stress, on the other hand, is measured by inducing flow and then reducing stress
to a point close to the point of flow cessation. Precise definitions of “static” and “dynamic” yield
stresses have been given in the rheological literature [10-12]; but the tests required to realize these
ideals, and give well-defined results for arbitrary materials, are not necessarily the most helpful

for the needs of practical 3D printing applications. In fact, as discussed below, a printable material
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must meet multiple rheological criteria, and the most relevant ones depend on the printing process
and the part to be printed.

In what follows, in Section 5.3, we will first review some of the most pertinent literature
that seeks to connect rheological characterization to “printability” using various printing materials,
and model printed structures. Then, in Section 5.4, we describe the materials used in our study.
This is followed in Section 5.5 by a discussion of the printer and the test geometry. The results
follow in Sections 5.6 and 5.7, first the “yield stress” as measured in various rheological flow
histories, and then the printing results for the materials chosen for our study and estimates or
bounds on the “yield stress” manifested in the printing process itself. We complete Section 5.8
with a discussion of the most relevant rheological predictors of “printability” of our PDMS

materials and summarize in Section 5.9. References come in Section 5.10.

5.3 Review of Literature Connecting Rheology to Printability

Researchers in 3D printing have generally improvised definitions of “static” and
“dynamic” yield stresses that seemed more pertinent to their needs. The most frequent tests are
steady shearing and, even more commonly, nonlinear oscillatory shearing with varying strain or

stress amplitude [8, 12]. As an example of the former test, Courtial et al. [14] performed start-up

of shearing of a Silibione® LSR 4350 from Elkem Silicones with added polyethylene glycol (PEG)
and took the stress at the transient overshoot as the “static” yield stress and the lower, long-time,
steady stress as the “dynamic” yield stress. They found values ranging from 1000 to 1700 Pa for
the former and 1000 to 1300 Pa for the latter, depending on material composition. They found that
all of these materials led to “printable” simple hexagonal towers that slumped less than around
10%; but shapes with significant overhangs showed considerably greater sag, up to 40% or so,
which they projected would only become negligible upon increase of their “static” yield up to a
value of around 3000 Pa.

More commonly, oscillatory shear has been used to measure yield stresses, usually in a
stress sweep [4]. The storage and loss moduli G* and G’ are typically measured starting at a low
stress, where the material is in the linear viscoelastic regime; and with increasing stress amplitude,
they leave the linear regime, and the apparent G’ and G’” both decrease with amplitude. The stress

at which this decrease in G’ reaches around 10% was called a “yield stress” a,, by Corker et al.
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[4]. At low amplitude the material is solid-like, with G* > G’’; but G’ decreases with stress
amplitude faster than G”’, and crosses over it at a stress Corker et al. labelled the “flow stress” oy.
(An example of this behavior will be shown in our results below in Table 5-3.) Working with
graphene oxide suspensions in water, Corker et al. [4] found that “printable” materials had flow
stresses of o > 500 Pa, a “flow transition index” of g,/ar > 20, and a high value of the low-
frequency storage modulus. They also assessed the rate of recovery of modulus G’ after reduction
of strain amplitude from high to low, which is an important measure of the material’s ability to
hold shape after high deformation rates imposed during printing. However, Corker et al. [4]
showed no precise metrics of printed part quality with which the material rheology could be
correlated. Feilden et al. [3] and Kokkinis et al. [15] used the same cross-over of G’ and G’ as an
index for printability but both called it a “yield stress” rather than the “flow stress.” Feilden et al.
[3] found for their alumina-platelet-containing ceramic paste that a value of this “yield” or “flow”
stress o > 500 Pa could be printed into relatively small mechanical parts, such as gears. Kokkinis
et al. [15] printed polyurethane acrylate (PUA) oligomers containing alumina platelets with fumed
silica as rheology modifier into structures with an overhang having radius of curvature R. This
printed overhang failed to hold shape under the action of surface tension y when o < y/R; and
therefore o, needed to exceed around 30-100 Pa to prevent this printing failure. (Note that we here
using the same symbol for surface tension as for strain.)

M’Barki et al. [16] defined a “static” yield stress as the plateau stress reached during

increase of shear rate in a strain-rate sweep. After attainment of a rate of y = 100 s, the shear rate
was immediately ramped down, and the “dynamic” yield stress 031,) Y™ was taken as the stress when

the shear rate had dropped to y = 1 s"*. M’Barki et al. found that the dynamic yield stress could be
used to correlate the “printability” of stacks of lines, h = 5 mm tall, of an aged Boehmite alumina
Dyn

Ty

paste, if both gravity and surface tension were combined into a “printability index” = = =
with p the material density and g the gravitational constant.

Similar to Feilden et al. [3] and Kokkinis et al. [15], Romberg et al. [17] used oscillatory
flow to obtain a printability index; but first imposed a stress-amplitude ramp, with frequency 1 Hz,
up to a maximum amplitude of 1200 Pa, and followed this by a step decrease in amplitude to 50
Pa, and tracked the recovery of G’ with time thereafter. The recovered G’ at 0.1 minute and 15

minutes after decrease of stress amplitude, which had values around 5,000 to 15,000 Pa, were
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taken as indices of printability. When combined with a theory of buckling, these indices provided
bounds on the predicted critical height (up to 60 mm) for gravitational buckling and collapse of a
printed tower of various widths from 1-17 mm of EPON 826 epoxy resin filled with 10% clay or
silica. Amorim et al. discussed the relevance of a variety of rheological tests for extrusion-based
printing of biomaterials, including ones containing biological cells [8].

The above brief review covers a few of the most recent important papers that attempt to
connect rheological measurements with 3D printing performance. The review demonstrates
progress, but also shows that a large gap remains between current knowledge and a hoped-for
“science of printability.” If such a science were to be created, rheological measurements of a given
material could be used to predict quantitatively the printability of high-quality parts from that
material, given a set of printing specifications, such as size and shape of the part, printing-head
and nozzle design, and rate of printing. The work still needed to attain this goal is manifest by the
range of rheological tests currently used to estimate “printability” and the lack of consensus
regarding which ones are most appropriate and why. Studies to date involved a choice of 1)
material, 2) printer, 3) printed part, and 4) rheological test; each of which involved multiple choices
including geometries, rates, and operating conditions. Few studies share even one of these choices
in common with any other study. Although some general criteria for printability have been
ascertained, such as the need for a relevant “yield stress” to be high enough to withstand
gravitational and surface tension forces, successful correlations to date can only be applied with
confidence to a particular material printed by a particular device into a particular geometry. While
it seems that some kind of “yield stress” is the most relevant quantity to measure, it remains
unresolved whether this should be measured under steady or oscillatory flow, and whether it should
be measured during a ramp up of shear, or after a prior high shearing rate. If the latter, it is unclear
how high the prior shear rate or stress should be, and how soon afterward the yield stress should
be measured.

Overcoming these limitations of knowledge is a huge task that will take contributions from
many groups extended over a significant period of time. The main goal of the work reported here
will be to study a significant range of printing materials using a wide range of rheological tests,
and to compare the resulting rheological measurements with quantified printing outcomes, using
a single printing configuration and primarily one standardized printing geometry. We study around

a dozen silicone-polymer-based materials, with silicone of different molecular weights, containing
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fumed silica or polyethylene oxides at multiple loading levels, intended to impart a suitable yield
stress for attaining printability. This class of materials is an important one commercially, and the
findings may well be relevant to other classes of yield-stress materials, especially additive-
containing viscous liquids. We 3D print these materials all using the same printer at similar printing
rates into a standardized geometry, the slump cone, of the similar height, either 20 or 30 mm. We
then compare the printability derived from these standard measurements with a wide range of
rheological tests, similar to those in the literature and improved in our lab, in an effort to find the
most suitable rheological “printability index” for our materials. We consider measures of both “up-
ramp yield stress” and “down-ramp yield stress,” where the former is measured during upward
ramps of rate or stress, and the latter during or after a down-ramp or jump in rate or stress. We

consider both shear rate and stress ramps, in both unidirectional and oscillatory flow.

5.4 Materials

5.4.1 PDMS with Fumed Silica

Model liquid silicone rubber (LSR) materials tested are polydimethylsiloxane (PDMS)
mixed with fumed silica filler. The CAB-O-SIL® L-90 silica was acquired from Cabot
Corporation (lot: 464550). SILASTIC™ SFD-5 (13.5 Pa-s, Approx. Mn = 40,700 g/mol, lot:
8542992), and DOWSIL™ 3-5016 (50 Pa-s, Approx. Mn = 59, 200 g/mol, lot: HO50JBR017).
PDMS samples were acquired from Dow Performance Silicones. SILASTIC™ SFD-5 and
DOWSIL™ 3-5016 are both 100% polydimethylsiloxane hydroxyl-terminated. These PDMS-
silica model systems were mixed using a FlackTek speed mixer (model DAC600.2 VAC-LR). The
polymers were added to a dental cup with the silica filler. The blend was mixed for 1 minute at
2000 rpm. The sides of the cup were scraped with a spatula and mixed again for 1 minute at 2000
rpm. The blend was de-aired on the dental mixer using the following cycle: 30 s at 800 rpm normal
pressure to 3450 Pa (0.5 psi), 1 minute at 1300 rpm at 3450 Pa (0.5 psi), and 30 s at 800 rpm 3450
(0.5 psi) to normal pressure.

Six samples, each with a total mass of 250 mg, were synthesized with the two different
PDMS viscosities (13.5 Pa - s and 50 Pa - s) and three different filler weight percentages (5 wt%,
7 wt% and 9 wt%). These six samples are listed in Table 5-1, with numbers corresponding to resin

viscosity and filler mass percentage. For example, “S-50-5" refers to the sample with 50 Pa-s
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viscosity PDMS and 5 wt% fumed silica filler. Later, two “blank” PDMS samples without any
fillers were prepared for comparison with the filled samples, and were given designations starting

with “B”. Table 5-1 shows the compositions in terms of weight percentages.

Table 5-1.Composition of PDMS/Fumed Silica Model Materials (Unit: wt%)

Designation | B-13.5-0| S-135-5 | 5-13.5-7 | 5-13.5-9 | B-50-0 | 5-50-5 | 5-50-7 | 5-50-9

poMs | 50 100 | 95 03 01

(Pas) | 135 | 100 95 03 01

Fumed silica* 0 5 7 9 0 5 7 9
Total 100 100 100 100 100 | 1200 | 100 | 100

*The moisture in the filler is 0.58%

5.4.2 LSR Silicone with PEG

The LSR/PEG 3D printing formulation is based on the method of Courtial et al. [14] for
the creation of a 3D printable LSR silicone. The basic procedure is to mix LSR silicone (Silibione®
LSR, Elkiem Lyon, France) with polyethylene glycol (PEG) with a molecular weight of 400 g/mol
(PEG 400, Sigma Aldrich, St. Louis, MO USA). The LSR silicone is available in various
durometers and for this procedure materials with Shore hardness 50A (LSR 4350) and 5A (LSR
4305) durometer LSR were used. The LSR silicone consists of a “Part A” and “Part B” that are
designed to be mixed together in equal parts. We used 2°Si NMR and TGA measurements on the
four commercial LSR materials studied here to estimate the total filler content of each (see Figures
5-1, 5-2 and 5-2 and Table 5-2).

5.4.2.1 LSR Content Assessment - Experiments

NMR. Samples of LSR were dissolved in 99.9% deuterated chloroform (CDCI3) at a
concentration of 30 wt.%. 0.03M of chromium acetylacetonate was added as a paramagnetic
relaxation agent. A 10 mm diameter Teflon sample tube was used with a 16 mm probe in an Agilent

500 MHz DD2 system at a frequency of 99.29 MHz. A pulse width of 18 ys and a relaxation delay

time of 13 s were chosen. The number of acquisitions for each spectrum was 64.

121



TGA. The samples were analyzed by Thermogravimetric analysis (TGA) using a TA
Instruments Discovery Series TGA. Approximately 10-15 mg of sample was heated in a Pt pan.
The furnace purge was set with nitrogen at 60 ml/min. and the balance purge with nitrogen at 40
ml/min. Samples were stabilized at 35.0 °C before temperature ramping was started. Then the
temperature was ramped at 10.0 °C/min to 950.0 °C. Weight of the sample was continuously

monitored to calculated weight retention.

5.4.2.2 LSR Content Assessment - Results and Discussion

As shown in Figure 5-1, in all LSR compositions MQ resin is present. This is indicated by
the presence of M unit (MesSiO-) on a resin, represented by the broad peak at 11 ppm on a 2°Si
NMR spectrum, along with the presence of the broad peak from -100 to -120 ppm for the Q unit.
In the silicone industry convention, the most common structural units in silicones are referred to
as M, D, T, and Q, as depicted in Figure 5-2.

M is a structural unit of (CH3)3SiO12. When it is chemically bonded to a particular
environment, the chemical shift of the 2°Si nucleus is different. The chemical shift, or the position
of the peak distributed along the horizontal axis, provides a signal of what it is attached to. In
addition, when it is attached to a resin, the peak is broad, because the resin is a much less defined
structure, than a linear polymer. Imaging polymerizing partially hydrolyzed tetraethyl
orthosilicate, a mixture of different degrees of condensation and polymerization would be formed.
To the contrary, when it is attached to the ends of a linear polydimethylsiloxane chain, the nearest
chemically bonded neighbors of M are all the same, and when probed with NMR it produces a
sharp peak on the spectrum. With those two pieces of information, which peak belongs to which
is known. 5B has both M units on resin and on polymer, as it shows a broad peak centered at 11
ppm and a sharp peak at 7 ppm. Only the sharp peak was labeled on the 5B NMR result, to avoid
the graph getting too crowded. For 50 B only broad peak is observed, but no sharp peak at 7 ppm,
indicating likely there is resin in it, but no M terminated PDMS polymers. M terminated PDMS
polymers usually function as a plasticizer.

“MQ” resin stands for a type of resin mainly consisting of the structural units of M and Q.
The predominant silicone content in the liquid silicone rubber compositions is D units, for the
polydimethylsiloxane polymer. Other components are present, including M terminal units likely

on a linear polymer which shows a sharp peak at 7 ppm, MV (Me2ViSiO-) terminal units with a
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peak at -3 ppm for the vinyl functionality on the polymer and potentially also on the MQ resin,
and D" (-HMeSiO- ) units with a peak at -35 ppm for the SiH crosslinking agent. The extremely
broad Q peak is consistent with the presence of silica also, in addition to MQ resins. These indicate

that the liquid silicone rubbers are vinyl end functional linear PDMS blended with side SiH

functional siloxanes, and reinforced with a combination of MQ resin and silica. In the lower

hardness version, it is possible that a M terminated, non-functional PDMS is added as a plasticizer.

This is consistent with the hardness of both.
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Figure 5-1. °Si NMR spectra of liquid silicone rubbers, part A and part B of the 5 Shore A version (5A,
and 5B), and corresponding parts for the 50 Shore A version (50 A, and 50 B).
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Figure 5-2. Most basic structural units in silicones.

123



The simultaneous presence of MQ resin and silica makes assessment of filler content more
difficult and uncertain, as each interferes with the method better suited for the other. For example,
thermal decomposition method or density estimation works reasonably for silica filled PDMS, but
does not work well for MQ resin filled PDMS. On the other hand, solution NMR provides useful
insight into the ratio of the amounts of Q and D units in a MQ resin filled system, but is much less
meaningful for silica filled system. Nevertheless, the amount of mass retained after a thermal
treatment still qualitatively corresponds to the filler content in the composition. Figure 5-3 shows
the thermogravimetric analysis curves of the four parts of the two liquid silicone rubbers. Table 5-
2 also tabulates the final weight retentions of the samples after being heated to 950 °C in N2. With
the large discrepancies of final weight retentions between the A parts of the Shore A 5 LSR and
the Shore A 50 LSR, and between the B parts of the two, it is reasonable to conclude that the 50

Shore A LSR contains a much higher level of fillers.
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Figure 5-3. TGA weight retention curves of liquid silicone rubber compositions in Na.

The “filler” is identified as the total of added silica and the “MQ” resin in the LSR, where
the latter is a rigid silicone-containing component. It is not possible to determine separately the
amount of MQ resin or silica, in this commercial product, without going through a much lengthier
analysis. Nevertheless, the amount of mass retained after a thermal treatment still qualitatively

corresponds to the total filler content in the composition (see Table 5-2). Since the final LSR
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mixture contains parts A and B in 1:1 ratio, the net filler levels of the LSR mixtures can be
estimated from the averages over the two parts. Using the measurements in Table 5-2, for the Shore
A 5 LSR the total MQ resin plus silica is therefore 20-30 wt% of the total, while for Shore A 50 it
is 40-50 wt%.

Table 5-2. Final weight retention of samples heated to 950 °C in Na.

Sample Final Weight Retention, %
LSR 5 Part A 28.87+4.14
LSR 5 Part B 18.51+£0.12
LSR 50 Part A 66.57 £ 0.54
LSR 50 Part B 27.15+0.09

Note that the 50 Shore A LSR is much more highly filled than is the 5 Shore A one, with
some combination of MQ resin and added silica as fillers. As remarked above, the exact amount
of fillers, and the ratio between MQ resin and silica, cannot be easily determined because the MQ
resin does not decompose cleanly as PDMS does in a TGA temperature ramping experiment, while

on a 2°Si NMR spectrum the major peak of silica overlaps with that of the MQ resin.

5.4.2.3 LSR/PEG Materials

To prepare the mixed formulations of LSR/PEG, at room temperature the separate LSR
silicone components are mixed with a mass fraction (2 wt%, 4 wt% or 6 wt%) of PEG both 1) by
hand using a metal stirring rod and 2) by machine using a dental alginate mixer (Alginator, Kerr
Corporation, Orange, CA, USA). Results in both printing and rheology are similar for the two
mixing methods as shown in Figures 5-4 and 5-5. The combinations of LSR and PEG mass
fractions can be seen in Table 5-3. The four samples are denoted as: LSR-50-PEG-2, LSR-5-PEG-
2, LSR-5-PEG-4 and LSR-5-PEG-6, with the first number referring to the Shore A hardness and
the second number referring to the weight percentage of the PEG.

Table 5-3. Composition of LSR/PEG Materials

Designation LSR silicone Shore A Hardness PEG (wt%)
LSR-5-PEG-2 LSR 4305 5 2
LSR-5-PEG-4 LSR 4305 5 4
LSR-5-PEG-6 LSR 4305 5 6

LSR-50-PEG-2 LSR 4350 50 2
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After hand mixing or mixing in a dental alginate mixer, as noted in Table 5-3, each silicone
component is transferred to a 30 mL syringe barrel (Quantx 30 mL natural syringe barrel, Fisnar,
German Town, WI USA) and degassed for 5 min in a centrifuge (EBA 20C, Hettich Zentrifugen,
Beverly, MA USA) at 4500 rpm (average centrifugal radius is approx. 70mm). As mentioned, the
rheological and printing results generated by different mixing techniques are similar.

(a) (b)

10mm
|

Figure 5-4. 30mm tall slump cones printed with (a) hand-mixed, or (b) machine-mixed LSR-50-PEG-2
materials. Both printing results show no yield.
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Figure 5-5. (a) Shear rate ramps and (b) strain sweeps results of hand-mixed (H+S) and machine-mixed
(M+S) LSR-50-PEG-2 and LSR-5-PEG-2 materials, showing little difference in terms of yield stresses.
(All LSR-5-PEG-4 and LSR-5-PEG-6 materials mentioned in the paper were machine-mixed)

126



5.5 Experimental Methods and Tools

5.5.1 Rheological Measurements

Instrument. An Anton Paar MCR 702 TwinDrive rheometer (Graz, Austria) is used for the
rheological measurements in this study. It can rotate both surfaces simultaneously, and in the
counter-rotation mode a maximum speed difference of 6000 rpm (100 rps) can be achieved that
broadens the shear-rate range for high shear applications. Since this mode was not needed in this
study, the shear rate was set by controlling the rotation speed of the upper surface and the torque
was also measured on this surface. The torque limit is 230 mN-m, which for the R = 25 mm cone-
plate geometry used here gives a stress limit of 8000 Pa, which was high enough for our studies.
The cone angle, a, was 2° and gap, a, was 0.105 mm. All studies were at room temperature (20°C).

Deformation histories. The PDMS/fumed silica and LSR/PEG materials were
characterized by the following three tests:

(1) Shear rate ramps. We first imposed a series of steady shear rates, with the values of the
imposed shear rates ramped exponentially from 0.0001 to 1000 s with 5 different shear rates
imposed per decade over this range, and then ramped back down with the same shear rate spacing.
The time duration over which each shear rate in the ramp was imposed was decreased
logarithmically from 500 s at 0.0001 s to 1 s at 1000 s%, and this was reversed when the shear
rate was ramped down. The ramp up and the highest shear rate were chosen to mimic the shear
rate up-ramp in a nozzle flow of a 3D printer with the maximum shear rate experienced by the
material in 3D printing being around y = 1100 st at the tip of the nozzle, shown in Figure 5-7(b).
We measured stress as a function of shear rate, giving the viscosity during both upward and
downward sweeps. (Data obtained under 0.001 s have not been included in the analysis due to
instrument limitation.)

(2) Creep/recovery. Shear strain was measured after imposition of a constant stress,
following by removal of the stress and measurement of the recovered strain. This was repeated for
a series of increasing imposed stress values. The stress beyond which strain increased rapidly, and
following which recovery of strain was small, allowed an estimate of the yield stress, as discussed
in detail later.

(3) Strain-amplitude sweeps. For PDMS/fumed silica model materials and LSR/PEG

materials, we also carried out strain sweeps. In these tests, oscillatory shearing was imposed at a

127



fixed frequency of 0.5 Hz (following the procedures of Corker et al. [4]), starting at small strain
amplitude in the linear regime, and ramping the amplitude exponentially up with 5 amplitudes per
decade until a strain of 1000% was reached, with default duration time at each amplitude set by
the rheometer (which advances automatically to the next strain when the moduli attain nearly
constant values). Plotting the storage modulus G’, which is the component of the modulus that is
in phase with the strain, and G’’, which is 90° out of phase, against stress amplitude, allows one

to define a “flow stress” as discussed later.

5.5.2 Direct Ink Writing Machine

The DIW machine, in Figure 5-6, uses a dual progressive displacement pump (PDP)
(Vipro-Head 3/3, Viscotec, Toeging am Inn, Germany) shown in Figure 5-6(a), that can dispense
two high-viscosity fluids precisely with rotors forcing fluid through small cavities in a stator. This
fluid dispensing method has no pulsing, and the amount of fluid dispensed is directly controlled
by the motor rotation [18]. The X and Y positions of the extrusion nozzle on the PDP are controlled
on a CoreXY gantry [19-20] by two stepper motors and belts as shown in Figure 5-6(b). The Z
position of the extrusion nozzle is controlled by a movable print bed driven by a pair of lead screws
attached to stepper motors. The control board is a RAMBo 1.4 (Ultimachine, South Pittsburg, TN,
USA). Open-source firmware (Marlin Firmware v1.1.9) controls the DIW system by taking points

in the form of G-code and translating them into velocities for the motors.
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Figure 5-6. Silicone 3D DIW printer: (a) The PDP and (b) gantry

As material flows through the static mixer and tapered dispensing nozzle of the DIW
system, it undergoes shear, and the magnitude and duration affect its rheological properties. In the

DIW system used in this study, the sources of shear are 1) the static mixer and 2) the tapered
nozzle. In both the shear rate, y , which varies with vertical position in the case of the nozzle, is

determined by

Yssm = Kg,SSMQ/ (DssmAssm) (5-1)

where K, is the geometry-dependent shear constant, @ is the volumetric flow rate, D is the

diameter, and A is the cross-sectional area, in each case of the spiral static mixer (SSM) or tapered

nozzle (TN), where A and D depend on position along the axis of the nozzle. For the SSM, K s
= 28 due to its internal elements that induce mixing, and the TN has K ,,,.= 8, the same as an

empty pipe [21]. Both the SSM and TN are shown in detail in Figure 5-7(a).
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Figure 5-7. (a) Detailed view of the spiral static mixer (SSM) and tapered nozzle (TN) used in the DIW
system. (b) Shear rate history in SSM (horizontal line) and in tapered nozzle, (curve for t > 111 s) computed
as described in the text.

The area A4, 7.06 mm?, of the SSM s constant so that y¢g,,, is constant. By dividing the
volume of the SSM, Vs, , by Q , the dwell time, t,;,,.;;, that the fluid experiences in the SSM is

V.
Lawen = SSM/ Q (5-2)

The area A,,,,,1.(x) of the nozzle at each position x along its axis is related to its diameter
Drozzie(X) BY Apozzie = mD2, .10 (). Since the nozzle is tapered linearly, its diameter decreases
linearly from its entry, where it has diameter Dggy, to its tip, where it has diameter D,;,,. We then

x(Dtip—Dssm)

Lnozzie

can write Dy, 10 (X) = + Dggpr, Where Ly, .41 1S the nozzle length. It follows that
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the product A,pzz1e (X)Dpozzie (x) = D3, (x). Using these results and the formula
Vnozzie(X) = 4Kg,nozzleQ/Anozzle (%) Do zz1e(x), we find that

4Kg,nozzleQ (5_3)

3
(x (Dtip—Dssm)
Lnozzle

Vnozzie(X) =
+DSSM> T

The time it takes to ramp to the maximum shear rate at the tip of the tapered nozzle can be estimated
using the same dwell time equation as is used for the SSM. By combining Eqgs (5-1) and (5-3), the
shear history of the fluid in the DIW can be generated.

For the printing of DIW slump cones described in this study, Q = 1.8 mm?/s. The SSM has

a diameter D of 3 mm, fluid volume Vg, of 200 mm3, and K= 28, as noted above. As a result,
the dwell time of fluid in the mixer is tgye = Vosy/Q = 111 s, and y = 2.3 s from Eq. (1). The
TN has Dypzz1e = 0.25 mm, Vyy,,1. = 26 mm?, and K, = 8. The area A at the tip of the tapered
nozzle is 0.2 mm?, so that t,,,.; = 14.4 s and y = 1100 s™. The resulting shear history is shown in

more detail in Figure 5-7(b).

5.5.3 Printing of Slump Cone

Definition of geometry. A slump cone test is commonly used to quantify the consistency of
concrete, in both lab and field settings [22]. The size and shape of the slump cone allow quick
determination of how concrete will hold its shape based on the deformation of the cone. We have
created a modified miniaturized slump cone (DIW slump cone), demonstrated in Figure 5-8, based
on the ASTM C143 standard, to differentiate the performance of different DIW materials. The
DIW slump cone has the same wall angle 6 = 10° relative to vertical as the ASTM C143 slump
cone, but with reduced 20 mm base and 2.1 mm thick walls (made of seven 0.3mm thick lines).
An approximate limiting height of 20 mm is achieved by LSR-5-PEG-4 and LSR-5-PEG-6 (and
30 mm for LSR-50-PEG-2 since this material can withstand higher print heights), while the 2.1
mm thick wall simulates a DIW printing scenario where material strength is important. Most of
the PDMS/fumed silica materials slumped so quickly during printing that heights of 20 mm could
not be obtained (with the exception of S-50-9 discussed later).
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Figure 5-8. Geometry of miniaturized slump cone for DIW printed materials

The ability of slump cone to hold its printed shape provides a metric of the strength of the
materials used in DIW, as shown based on an example in Figure 5-9, printed with extra-large layer
lines to help visualize this behavior. Note that the DIW material, from the top of the slump cone
downwards, transitions from distinct layers, to layers with noticeable compression, to yielded
material, where the latter is identified by the distinctive bulge where the wall angle deviates from

the original 6 = 10°, as seen in Figure 5-9(a) and illustrated schematically in Figure 5-9(b).

l Gravity
Distinct {g)
Layers
C d hundeformed Maximum
ompresse
rore Stres.s of
Unyielded
Yielded Material
Material

hdeformed l

Figure 5-9. (a) DIW slump cone showing yielding during printing. (b) Yielding illustration of DIW material
due to gravity.
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Yield-stress assessment from slump cone. Printability failure is assessed through material
yielding under gravity, identified by the distinctive bulge of the slump cone, discussed above. By

measuring the height of the undeformed DIW material, hypngerormea @bOVe the bulge, the

experimental yield stress, o, experienced by the yielded DIW material can be found using:

Gy ~ gphundeformed (5'4)

where g = 9.8 m/s? is the gravitational constant and p = 1.07 g/cm? is the approximate density of
the materials used here. In principle, the right side of Eq. 4 should be divided by cos 0, where 0 is
the cone wall tilt angle, but since 6 = 10°, cos 0 = 1, this factor can be neglected here. A larger
hyundeformea indicates a higher yield strength and thus better performance in DIW applications,
where it is expected to hold its 3D shape even though the material is in an uncured state. If a
material flows after printing and resembles a puddle, it is considered to have zero yield strength
so that ;, =~ 0. If, on the other hand, the slump cone shows no sign of deformation, then the g,
would need to be greater than stress experienced by the material at the base of the slump tower.
Thus, a,, would exceed the value given by Eq. (4), with hy,4eformea = 20 mm, which is the
approximate maximum height of the slump cone printed with the LSR-5-PEG-4 and LSR-5-PEG-
6 materials (30 mm for LSR-50-PEG-2). Thus, if there is no deformation at the base of the cone,
then o,, of the material would need to exceed 210 Pa (315 Pa for LSR-50-PEG-2).

Slump Cone Test Parameters. The DIW slump cones are printed at a print speed of 25
mm/s, a print height of 0.2 mm, and a line width of 0.3 mm. Measurement of the undeformed
height is performed immediately after completion of printing using the measurement jig shown in
Figure 5-10. The measurement of the dimensions of the slump cone is done by aligning the cone
in a set position centered underneath a reference scale (305 ME, General Tools and Instruments,
Secaucus NJ USA) using a sighting feature on the jig followed by the taking of a picture. Each
measurement is then processed using an image processing program (ImageJ) to determine final

dimensions using the attached scales in the measurement jig.
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Figure 5-10. Jig for measuring dimensions of slump cones, all measurements are calibrated using the
included scales and have a resolution of 0.025 mm.

DIW slump cones. As listed in Table 5-4, a total of 10 DIW slump cones each are printed
for LSR-5-PEG-4 and LSR-5-PEG-6 materials because these materials’ DIW slump cones could
provide a good measurement of the yield strength of the material. One example slump cone was
printed each for the LSR-5-PEG-2, LSR-50-PEG-2, S-50-7, S-13.5-7, and S-13.5-9 blends. In the
case of the LSR-5-PEG-2, S-50-7, S-13.5-7, and S-13.5-9 materials, printing a tall DIW slump
cone was impossible due to immediate failure. In the case of the S-50-9, factors beyond yield
strength generated inconsistent results so only a few slump cones were printed. The LSR-50-PEG-
2 material had a yield strength significantly greater than what the DIW slump cone used for this
study could detect, so only one sample (reaching a stable printing height of 30 mm) is enough to

demonstrate its yield strength.

Table 5-4. Materials and their DIW Slump Cones Test Quantity

Materials S-13.5-7 S-13.5-9 S-50-7 S-50-9
DIW Slump Cones # I* 1* 1* 3

Materials LSR-5-PEG-2 LSR-5-PEG-4 LSR-5-PEG-6 LSR-50-PEG-2
DIW Slump Cones# 3* 10 10 3

*DIW slump cones quickly formed puddles due to materials’ low yield stresses
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5.6 Results and Discussion: Rheology

5.6.1 Shear Rate Ramps

Upward ramps in shear rate with PDMS-fumed silica. During an “upward shear-rate
ramp,” the shear rate was ramped from 0.001 s™* up to 1000 s, as mentioned above. An increasing
percentage of fumed silica filler, from 0 to 9 wt%, produces a monotonically increasing viscosity
in both 13.5 and 50 Pa-s PDMS, as can be seen in Figure 5-11.
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Figure 5-11. Upward shear-rate ramps at various fumed silica filler levels (0, 5, 7, 9 wt%) for samples with
PDMS resin viscosities of (a) 13.5 Pa-s and (b) 50 Pa-s. Replicate measurements were performed at least
three times and error bars are smaller than markers in this and following graphs.

In Figure 5-12, many of the data in Figure 5-11 are replotted but with each sub-plot having
the same filler level (0, 5, 7, and 9 wt%) but varying PDMS matrix. The results show that the
viscosity is dominated by the filler level and is insensitive to the PDMS resin viscosity, except for
0 wt% or “blank” samples (designated by “B”, and shown in Figure 5-12(a)), which show the
expected viscosities of 13.5 and 50 Pa-s. Interesting abrupt changes in power-law slope are
observed in some cases (such as in Figure 5-11(b)), the causes of which are not at present known,
but are found to be reproducible. As discussed below, the possibility of slippage or other geometry-
dependent effects was checked by using other fixtures, and no significant changes in behavior were
found.
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Figure 5-12. Upward shear-rate ramps of different PDMS samples with (a) 0 wt%; (b) 5 wt%; (c) 7 wt%,
and (d) 9 wt% fumed silica filler.

Hysteresis in shear rate ramps with PDMS-fumed silica. While the results in Figures 5-11
and 5-12 were obtained in ramps of increasing shear rate, Figure 5-13 shows hysteresis in viscosity
when, after reaching a shear rate of 1000 s, the shear rate is ramped down from 1000 to 0.001s™.

The “blank” samples with no fumed silica show almost no hysteresis (See Figure 5-14).
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different fumed silica filler levels, showing hysteresis. In this and subsequent Figures, shear rate ramp-up
curves are plotted with solid symbols while ramp-down curves are plotted with hollow symbols. The arrows

indicate the directions of shear-rate change.
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Figure 5-14. Shear rate results of the “blank” PDMS samples with no fumed silica in range of (a) 0.001 —

1000 st and (b) 0.001 — 1000 s, showing almost no hysteresis.

“Aging” effects with PDMS-fumed silica. Shown in Figure 5-15 are the “1st Runs” plotted

with colored symbols, while “2nd Runs” were carried out on the same samples measured again six

months later, plotted in black. Little change is seen except for 50 Pa - s samples, with the most

pronounced change seen at a low shear rate, but with increased viscosity at the later time for S-50-

9, but decreased viscosity for S-50-7, as shown in Figures 5-15(c) and (d). These changes due to

aging do not affect our estimates of “yield stress” defined later.
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Figure 5-15. Upward and downward shear-rate ramps showing aging effects and hysteresis for samples
with (a) 13.5 Pa - s and 5 wt% filler; (b) 13.5 Pa - s and 9 wt% filler; (c) 50 Pa - s and 5 wt% filler and (d)

50 Pa - s and 9 wt% filler. “1st Run” refers to measurements made soon after preparation and “2nd Run"
made six months later with the same material.

Hysteresis in shear rate ramps with LSR-PEG. Results of ramp-up and ramp-down
shearing on LSR/PEG materials are shown in Figure 5-16. LSR-50-PEG-2 has a higher viscosity
over the entire shear rate ramps than the other three LSR-5-PEG samples, and a larger hysteresis.
Despite differences in PEG weight percentages, LSR-5-PEG-2, LSR-5-PEG-4 and LSR-5-PEG-6
show little difference in the shear-rate-dependent viscosity.
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Figure 5-16. Upward and downward shear-rate ramps of LSR/PEG materials with different Shore hardness
and PEG wt%; Solid symbols are for upward ramps and open symbols for downward ones.

Replotting of shear rate ramps against stress. To better estimate a “yield stress,” we replot
in Figure 5-17 the shear-viscosity hysteresis ramps from Figures 5-13 and 5-16 against shear stress
rather than shear rate. Note that in the increasing shear-rate ramp, both the LSR and PDMS
materials show high viscosities that are nearly independent of shear stress at the lowest shear
stresses of around 100-1000 Pa. (The local maximum at low shear rates is likely produced because
at the very low shear rates, around 0.001 s* the strain imposed is not high enough for the viscosity
to reach steady state.) Thus, we approximate an “up-ramp yield stress” o}, as the value of this low-
shear-rate stress at the maximum viscosity during increasing shear rate, which is in the range 40-
400 Pa for the materials in Figure 5-17. The “down-ramp” yield stress o3, can be estimated as the
lowest stress obtained during the ramp-down of shear rate when viscosity is re-building. Figure 5-
17(a) shows a steep increase in viscosity during the latter part of the decreasing shear rate, giving
reasonably well defined “down-ramp yield stresses” in the range of 30-100 Pa for LSR/PEG
materials. But PDMS materials show no distinct vertical upturn in viscosity during the decreasing
shear rate; see Figure 5-17(b). Thus, from this test, we estimate o;, ~ 0 for these materials in this
test. Since even the stiffest of these PDMS-silica materials (S-50-9 and S-50-7) show negligible
yield stress (o), =~ 0) in this test, we take all of them to similarly have a down-ramp yield stress

oy in this test.
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Figure 5-17. Shear rate ramps for (a) all four LSR/PEG and (b) two PDMS-fumed silica materials. Solid
symbols represent the ramping up of shear rate and open symbols the ramping down of shear rate.

To test the effect of test geometry and possible influence of wall slip or inhomogeneous
deformation, we also use different geometries to perform the shear-rate ramps. For instance, LSR-
5-PEG-6 materials were tested by both sand-blasted 50mm parallel plates (gap = 0.213mm) as
well as the sand-blasted 25mm cone and plate (gap = 0.105mm) used in all other measurements
reported here. The results in Figure 5-18 show similar down-ramp yield stresses, indicating little
effect of slippage or edge fracture. Note, however, that at the highest shear rate, there is deviation
evident in the return down-ramp, which can be correlated with material temporarily emerging from
the sample edge at the highest shear rate in some cases. Such behavior at the highest shear rate can

also be seen in the decrease of shear stress during up- and down-ramps in Figure 5-17 at the highest
shear rates.
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Figure 5-18. Shear rate ramps for LSR-5-PEG-6 using (a) 50mm sand-blasted parallel plate and (b) 25mm
sand-blasted cone plate geometry. Solid symbols represent the ramping up of shear rate and open symbols
the ramping down of shear rate.

5.6.2 Creep

In creep tests, we hold the stress at a constant value (100-1000 Pa for PDMS/fumed silica
samples and 20-1000 Pa for LSR/PEG samples) for 300s, and then unload the stress for 300s and
monitor the shear strain recovery. The same sample is subjected to a series of such creep stresses
and recoveries, in sequence from lowest to highest. The results of these tests for PDMS/fumed
silica are summarized in Figure 5-19, and results for LSR/PEG samples are shown in Figures 5-20
and 5-21.

From these tests, a “yield stress” value (o) is obtained for each material as the maximum
stress that can be applied without inducing either a pronounced upturn in the plot of log strain
versus log time, or a loss of recoverable strain after removal of stress. To make this definition more

precise, we set criteria for yield stress estimation are as follows:

1. Power-law slope of the creep curve before unloading stress > 1, and

2. Strain recovery at the end of the creep test < 5%

Since these two criteria give somewhat different values of the yield stress, we give a range
of yield stresses in Figures below, with the lower bound set by satisfaction of the first criterion,
and the upper bound set by the satisfaction of both criteria. Taking LSR-50-PEG-2 in Figure 5-
21(a) as an example, criterion 1 is only met when the stress reaches 800 Pa, as shown by the dashed
line, while the strain recoveries after creep tests at 600, 700 and 800 Pa are 8.8%, 4.2% and 1.8%.
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Hence, criterion 2 if met for stresses above 600 Pa. Thus, the estimated yield stress for LSR-50-
PEG-2 can be said to lie in the range 600 < g, < 700 Pa.

Note in Figure 5-19 that samples with the lowest filler level (5 wt%, 0 wt%) do not show
a yield stress, as we have defined it, and for these samples we can set g, ~ 0 Pa. In general,
increasing PDMS viscosity (i.e., increasing PDMS molecular weight), or increasing the filler level,

leads to a higher yield stress.
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Figure 5-19. Yield stress estimations from creep tests for six model PDMS-fumed silica samples. Inserts
show creep tests for S-13.5-7 and S-13.5-9. In this and subsequent figures, the dashed line indicates a slope
of 1.
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Figure 5-20. Creep tests between 20 and 1000 Pa for (a) LSR-5-PEG-2, (b) LSR-5-PEG-4 and (c) LSR-5-
PEG-6 materials. Creep tests between 100 and 140 Pa for (d) LSR-5-PEG-2, (e) LSR-5-PEG-4 and (f) LSR-
5-PEG-6 materials. The rectangular box encompasses the final portions of creep/recovery curves that are
in the boundary region between yielding and not yielding, as defined in the main text.
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Similarily the yield stress estimates are 600-700 Pa for LSR-50-PEG-2, and 100-200 Pa
for the LSR-5-PEG series of materials (See Figure 5-20(a-c)). To better resolve the yield stresses
for the LSR-5-PEG materials, additional creep tests in the range 100-140 Pa were conducted (see
Figure 5-20(e-f)). From Figure 5-21(b), yield stresses thereby obtained are 100-120 Pa for LSR-
5-PEG-2, 110-130 Pa for LSR-5-PEG-4 and 120-140 Pa for LSR-5-PEG-6. The small differences
between these three ranges are not large enough to distinguish the yield stresses of these samples.
Any differences in printability of these samples must therefore be explained using other

rheological tests.
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Figure 5-21. Creep tests for (a) LSR-50-PEG-2, and (b) yield stress estimations for LSR/PEG materials.
The rectangular box encompasses the final portions of creep/recovery curves that are in the boundary region
between yielding and not yielding, as defined in the text.

Creep tests are typically used to measure the “static yield stress,” but our samples show
continuous slow creep under any stress that we have applied, and so we have used the power-law
slope of the creep and the recoverable strain after creep as an indication of a “static” yield stress.
Strain sweeps in oscillatory shearing (amplitude sweep tests) or shear-rate sweeps in unidirectional
shearing can be used to obtain measures of a “dynamic” yield stress or a so-called “flow stress” in
oscillatory shearing as discussed in the summary of literature. Pre-shear at a high shear rate
followed by a creep test at a stress lower than yield stress can be used to see if the pre-shear will

affect the “static” yield stress.
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5.6.3 Strain Amplitude Sweeps

Strain amplitude sweeps were conducted at 0.5 Hz ranging from 0.01% to 1000% strain.
Figure 5-22 shows the results plotted against stress amplitude for PDMS and LSR/PEG materials.
The yield stress or “flow stress” is defined in this test as the shear stress amplitude at which G’
and G”’ cross over. Table 5-5 below lists the crossover flow stresses and moduli for eight of the

printing materials. The “moduli” given in Table 5-5 are the values at the crossover.
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Figure 5-22. Results for strain amplitude sweeps at 0.5 Hz plotted against stress amplitude for (a) PDMS
and (b) LSR/PEG materials. Solid symbols represent G’ and open symbols G”’.

Table 5-5. Flow stress estimates from amplitude sweep tests in Figure 5-22 (Unit: Pa)

PDMS-silica Modulus Flow Stress LSR-PEG Modulus Flow Stress
S-13.5-7 1425445 450+15 LSR-5-PEG-2 3900+50 99+1
S-13.5-9 1950+100 850145 LSR-5-PEG-4 430040 103+1

145




S-50-7 3275+15 20045 LSR-5-PEG-6 5760+50 106+1

S-50-9 5400450 2000£20 LSR-50-PEG-2 18500£150 53045

5.7 Results and Discussion: 3D Printing

The DIW slump cone was printed using the S-50-9, S-50-7, S-13.5-9, and S-13.5-7 PDMS-
silica formulations. The first three of these, as shown in Figure 5-23, showed no ability to build a
3D object and immediately flowed into a puddle following printing. This indicates that the material
has an approximate yield strength of ~ 0 Pa for all three of these materials. For this reason, there
was no need to print the materials with even lower levels of silica filler (S-50-5 and S-13.5-5), as

these have even lower viscosity and yield stress, as our rheological studies have shown.

(b)

10mm

Figure 5-23. DIW slump cones for (a) S-50-7, (b) S-13.5-7 and (c) S-13.5-9

The S-50-9 PDMS-silica formulation was in some cases able to be printed into a
recognizable slump cone, as shown in Figure 5-24, indicating the material has yield strength after
being printed. However, due to a combination of batch-to-batch inconsistency, entrapped air, and
difficulties loading the material into the DIW system, we were not able to generate consistent
results with this material, with complete failure (i.e., an irregular print in Figure 5-24(a) and
puddling in Figure 5-24(b)) in some cases. The printed slump cones always showed substantial
irregularities even in the best cases, as shown in Figure 5-24(a). Since the best printing produced
slump cones without recognizable buckling or flow, we might take the yield stress for this material
to be at least as high as the maximum value, corresponding to the maximum print height of 30 mm
for the PMDS-silica and LSR-50-PEG-2 materials (where 20 mm maximum height was used for
the LSR-5-PEG materials), and use Eq. (4) to estimate that o, > 315 Pa. Note, however, that this
“yield stress” does not imply a successful printed part, given the highly defective structure

obtained, even in the best case. Thus, we acknowledge that the printability “yield stress” for this
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material could legitimately be considered to be virtually zero, or as high as 315 Pa, or higher, and
we must regard this case as one that gives us an ambiguous printability “yield stress.” Note that
the much higher viscosity obtained for S-50-9 than for S-50-7 during the down-ramp in shear rate
in Fig. 5-17(c) is consistent with the former material’s better printability seen in Fig. 5-17(a)
compared to the complete failure of printing of the S-50-7 observed in Fig. 5-16(a).
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(b)

Figure 5-24. (a) DIW slump cone, (b) puddling print (where a wider nozzle is used) for S-50-9 material.
This range of behavior changes from a more “successful” printing to a completely failed printing. (¢) Shear
rate ramps for S-50-9 and S-50-7 materials.

Example slump cones for the LSR-5-PEG-4 and LSR-5-PEG-6 materials can be seen in
Figure 5-25. The slump cone for LSR-5-PEG-4, shown in Figure 5-25(c), shows significant
bulging around the base of the cone and is noticeably different from that in Figure 5-25(b) for
LSR-5-PEG-6, which shows a much more robust structure with only slight bulging at the base and

approximates much more closely the schematical slump cone shown in Figure 5-8.

10mm
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Figure 5-25. DIW slump cones for (a) LSR-50-PEG-2, (b) LSR-5-PEG-6, (c) LSR-5-PEG-4 and (d) LSR-
5-PEG-2 materials; (e) Shear rate ramps for four LSR/PEG materials

Using the method described in section 5.5 and Eq. (4), and applied to 10 replicates for
LSR-5-PEG-4 and LSR-5-PEG-6 materials, the average yield stresses o,, extracted from the slump
cone tests for LSR-5-PEG-4 and LSR-5-PEG-6 are 135.8+ 5.0 Pa and 153.7+ 4.9 Pa, respectively,
where the errors are standard deviations. In Figures 5-25(d) and (a), slump-cone results for LSR-
5-PEG-2 and LSR-50-PEG-2 can be compared, showing the strong influence of the Shore hardness
on printability. The LSR-5-PEG-2 fails immediately, forming a puddle during printing, indicating
that it had a printing yield stress of ~ 0 Pa, while the LSR-50-PEG-2 could print a slump cone up

to a height of 30 mm, indicating a printing yield stress o,, greater than 315 Pa. The excellent
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printing of LSR-50-PEG-2 is consistent with the high viscosity obtained for this material in ramp-
down of shearing, as shown in Fig. 5-18(e) by the red open symbols. However, the differences in
printability among the LSR-5 materials seen in Figs. 5-18(b)-(d) are not reflected in the ramp-up
or ramp-down test results in Fig. 5-18(e), and so other rheological tests seem to be necessary to

differentiate the printability of these materials.

5.8 Comparison of Yield Stresses from 3D Printing and Rheology

We now seek to link our rheological measurements to the “printability” of each material.
Using the “yield stress” measured in printing and in the various rheological tests as our metrics,
we assemble all values obtained, as described above, into Table 5-6. We note that the “yield
stresses” extracted from most of the tests fail to correlate with the very poor printability of the
PDMS-silica materials relative to the more printable LSR-PEG materials at high PEG loading. In
fact, the downward shear ramp, following the upward ramp, is the only one of the tests that
correctly predicts printing failure in all PDMS-silica materials, with the possible exception of S-
50-9. Recall that S-50-9 printed unreliably, with the best case producing the defect-ridden,
slumping, or puddling structures shown in Figure 5-14. The downward ramp for this material
likewise produced an ambiguous result, somewhere between a horizontal, or viscous response and
a vertical, or yield-stress response, as shown in Figure 5-18(b). Note that the upward shear-rate
ramp is particularly poor at predicting printability. The PDMS-silica materials show roughly
similar stresses and viscosities as the LSR-PEG materials during increasing shear-rate tests, but
these materials are drastically different in the downward shear-rate ramps. It appears that the
downward ramps, after reaching a high shear rate of 1000 s, are particularly relevant to
printability. This is perhaps not surprising, since during printing the material must pass through a
nozzle with a high shear rate of around 1000 s. The inability of the PDMS-silica materials to
rebuild yield stress after this high shear rate appears therefore to be responsible for the failure of
this material to print. The importance of the material’s rheological recovery after fast shearing was
observed in previous work, including that of M’Barki [16] and Romberg et al. [17], as discussed

in the Introduction.
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Table 5-6. Estimation of Yield stresses from Rheology and Printing (Unit: Pa)

From Rheology
Materials Shear ramp Amplitude Sweep in From Printing
Upward o} Downward o3 Creep | oscillatory shearing
(“flow stress™)
B-13.5-0 ~0 ~0 ~0 ~0 ~0
S-13.5-5 ~0 ~0 ~0 ~0 ~0
S-13.5-7 150 ~0 200 45015 ~0
S-13.5-9 180 ~0 450 85045 ~0
B-50-0 ~0 ~0 ~0 ~0 ~0
S-50-5 5 ~0 ~0 ~0 ~0
S-50-7 85 ~0 300 2005 ~0
S-50-9 190 ~0 500 2000£20 0-315
LSR-5-PEG-2 45 30 110 99+1 ~0
LSR-5-PEG-4 50 30 120 103+1 136 £ 5
LSR-5-PEG-6 80 30 130 106£1 154 +5
LSR-50-PEG-2 355 100 650 53045 >315

Both creep and the oscillatory amplitude sweeps showed an appreciable “yield stress” for

the PDMS materials containing 7 wt% or 9 wt% fumed silica, and thus neither of these tests

provides a reliable indicator of the lack of printability of these materials. Again, this might well be

because both the creep test and the oscillatory shear test measure an “upward” yield stress during

increasingly strong shearing. Thus, neither of these tests reflects the ability of the material to regain

strength following a high-rate shearing. To see whether a creep test could provide a different, and

possibly better, measure of printability if performed on a material that has been previously sheared
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at a high rate, we show in Figure 5-26 the results of a creep test at 50 Pa after a pre-shear of either
10, 100, or 1000 s, with waiting times after the pre-shear of 0, 5, or 20 min. Note that after a low
pre-shear rate of 10 s1, the subsequently imposed shear stress of 50 Pa is not high enough to induce
yielding, as measured by the creep strain and recovery afterward, while a pre-shear rate of 100 or
1000 s clearly lowers the subsequent “yield stress™ to a value below 50 Pa. This is consistent with
the very low value of o, inferred from the down-ramp in shear rate in Figure 5-18(b) for this
material. Since the S-50-9 material in Figure 5-26 is the most robust of all the PDMS-silica
materials, the others are expected to be even more sensitive to reduction or loss of yield stress
following a fast prior flow. Thus, a key property enabling printability is the robustness of the
material to the high shear rate in the nozzle, as measured by its ability to quickly re-grow a

significant yield stress following a high rate of shear.
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Figure 5-26. Creep tests at 50 Pa for S-50-9 following pre-shear at rates of 10/s (circles), 100/s (squares) or
1000/s (triangles) for 10s, and a wait time of for 0 (blue), 5 (orange) or 20 min (red). The black curve is the
reference creep test at 50 Pa without any preconditioning/pre-shearing.

A downward shear ramp or pre-shear prior to measurement of a yield stress therefore
appears to be the “most successful” method in identifying the materials that will or will not print.
However, the “yield stress” values obtained from the downward shear-rate ramp do not accord
particularly well with the yield stress values estimated from printing. Only two of our printed
materials, namely LSR-5-PEG-4 and LSR-5-PEG-6, allowed for determination of a definite “yield

stress” values that were not either near zero or a lower bound, and these estimated values were
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better predicted by the creep and amplitude sweep tests than by the downward shear-rate ramp.
Thus, we might infer that a combination of the downward shear ramp and either creep or an
amplitude-sweep test might provide the best indication of the “printability” of the materials studied
here.

5.9 Summary

We have measured the Direct Ink Write (DIW) 3D “printability” of two series of non-
curing filled polydimethylsiloxane (PDMS) materials, the first consisting of resins with zero-shear
viscosities of 13.5 and 50 Pa - s, and fumed silica concentrations from 5 to 9 wt%, and the second
consisting of two-part “liquid silicone rubber” (LSR) of Shore hardness of 5A and 50A with
polyethylene glycol (PEG) added at concentrations of 2 to 6 wt%. We printed these materials into
hollow “slump cones with 20 mm diameter base, 2 mm thickness and 10° angle, of heights up to
20-30 mm. We assessed the printability by determining whether the printed material could avoid
slumping or flowing sufficiently to be printed to the desired height, and, if so, whether or not the
cones buckled under gravity. By measuring the height of printed material above any buckling
position, and using this height and material density, we estimated the “yield stress” at the buckling
position. The printing “yield stress” was then compared to four different rheological measures of
yield stress. These are obtained (see Table 5-6) as follows: 1) The shear rate was ramped up to a
value (~1000 st) typical at the nozzle tip of the 3D printer. The roughly constant stress obtained
in the low-shear-rate portion of this ramp was taken as the up-ramp yield stress 3. 2) After the
up-ramp in shear rate to 1000 s, the shear rate is ramped down to a very small value (103 s%),
and a “down-ramp yield stress” is determined as the stress o, where shear rate reached a near zero
value during decreasing shear rate. 3) A series of constant shear stresses were imposed in order of
increasing stress and the minimum stress value needed for the material to flow at an appreciable
rate and lose the ability to recover significant strain after stress removal is identified as a yield
stress. 4) Large amplitude oscillatory shearing is carried out and the stress amplitude at which G’
and G’ cross defines a yield stress or “flow stress.” We found that the PDMS-fumed silica
suspensions were poorly, or not at all, printable, and that this lack of printability was only forecast
by method 2) where a yield stress is estimated at low shear after the material had been previously

sheared at a high rate, characteristic of flow through the nozzle during 3D printing. The LSR
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materials are printable at high PEG loading, consistent with the retention of a reasonably high yield
stress in these materials after a previous high shear rate, while the PDMS-silica materials are not
printable, consistent with their failure to show a significant yield stress after a previous high shear
rate. Thus, DIW printable materials need to not only have a reasonably high yield stress but must
be able to rebuild this yield stress quickly following the high shear rate in the nozzle of the printing
head. One rheological test capable of assessing this behavior is a shear rate up-ramp followed by
a down-ramp, with the yield stress determined at the end of the down-ramp. While this test can
discriminate reliably between printable and non-printable materials, quantifying more precisely
the degree of printability from rheology and relating it more exactly to the quality of the 3D
printing for a given geometry, will clearly require more work, and may require combining the
results of multiple rheological tests. The work performed here provides a step towards the goal of
developing a rheological testing regimen that reliably predicts the printability of multiple material

types in multiple geometries.
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Chapter 6

Conclusion and Future Work

6.1 Polyelectrolyte Phase Behavior

We have developed quantitative methods of measuring phase compositions for the strong
polyelectrolytes PSS/PDADMA, and the weak/strong mixture PAA/PDADMA, and have acquired
preliminary data, which provide approaches to compare with the phase diagrams predicted by
recently proposed models to validate and/or modify the theoretical work. We expect eventually to
gain a much deeper understanding of polyelectrolyte interactions, thermodynamics, and phase
behavior, leading also to the ability to predict transport properties, such as those in Layer-by-Layer
assemblies.

The presence of a lower critical salt concentration at low pH implies phase separation in
that range is driven by non-electrostatic effects and that salt actually increases the driving force
for phase separation. These novel and unusual results shows clearly that we have much to learn
about polyelectrolyte phase behavior, and that our methods show great promise in revealing new

phenomena and new ways to control coacervation and other phenomena related to it.

6.2 Rheological Characterization of Polyelectrolyte Coacervates

The linear rheology of PECs remains an intriguing topic for future research. Clear, detailed,
and well-confirmed theories are not yet available, but common features in differing systems that
suggest that some broadly applicable theoretical concepts are ripe for discovery and exploitation.
Beyond imaginative theorizing, definitive results will likely require more careful rheological
experiments to establish the range of validity of the various superposition principles, to establish
more clearly which polyelectrolyte systems have a low-frequency plateau modulus that is outside
the range of experimental uncertainty, and to explore more widely the effects of different monomer

and salt types. In addition, insightful experiments that probe local dynamics, such as advanced
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versions of NMR and neutron scattering, as well as accurate atomistic molecular dynamics
simulations, should help resolve if and when local dynamics can be regarded as a kind of sticky
diffusion governed by breakage of ion pairs, versus cooperative “glassy” dynamics involving
multiple monomers and salt ions. High-quality PEs synthesized in nearly monodisperse form over
a range of molecular lengths, and studied over a range of temperatures, salt concentrations, and
salt types, will also be an essential part of bringing this important field to maturity over the next
decade or two.

The formation of a low-frequency plateau and its magnitude are found to be highly
sensitive to salt concentration, consistent with previous work. Novel to our work is the finding that
it is also sensitive to polyelectrolyte molecular weight, with more rapid increase in its magnitude
with increasing length of the polyanion, PSS than of the polycation, PDADMAC. Trend lines of
the dependences on salt concentration and chain length are assemble from our data and relevant
literature. Why both salt and chain length can, under some circumstances, not only shift the rate
of chain motion, but also quench long-range motion into a gel-like response, is a mystery that
needs resolution, and a theory to reliably predict it. We suggest that a transition towards a network

of “ionomer-like” aggregates might provide a fruitful starting point.

6.3 Relationship between Rheology and Printability is Associated with Yield Stress

We found that the PDMS-fumed silica suspensions were poorly, or not at all, printable, and
that this lack of printability was only forecast by shear rate ramp up-and-down method where a
yield stress is estimated at low shear after the material had been previously sheared at a high rate,
characteristic of flow through the nozzle during 3D printing. The LSR materials are printable at
high PEG loading, consistent with the retention of a reasonably high yield stress in these materials
after a previous high shear rate, while the PDMS-silica materials are not printable, consistent with
their failure to show a significant yield stress after a previous high shear rate. Thus, DIW printable
materials need to not only have a reasonably high yield stress but must be able to rebuild this yield
stress quickly following the high shear rate in the nozzle of the printing head. One rheological test
capable of assessing this behavior is a shear rate up-ramp followed by a down-ramp, with the yield
stress determined at the end of the down-ramp. While this test can discriminate reliably between

printable and non-printable materials, quantifying more precisely the degree of printability from
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rheology and relating it more exactly to the quality of the 3D printing for a given geometry, will
clearly require more work, and may require combining the results of multiple rheological tests.
The work performed here provides a step towards the goal of developing a rheological testing
regimen that reliably predicts the printability of multiple material types in multiple geometries.
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