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Abstract

Non-covalent and ion-specific interactions in the context of charged polymers are ubiquitous in
nature and in synthetic applications. For example, mussels utilize metal-coordinate bonds to form
tough underwater adhesion to a wide range of substrates. The sandcastle worm uses coacerva-
tion of oppositely charged polymers to build robust structures for self-defense. In new antimicro-
bial macromolecule design, the balance of cationic charge and hydrophobicity can allow broad
spectrum specificity to bacteria while preserving non-toxicity to mammalian cells. These biolog-
ical inspirations motivate a deeper understanding of non-covalent interactions between charged
polymers, or polyelectrolytes, such that these interactions may be carefully engineered for syn-
thetic applications such as surfactants, electro-deposited coatings, and fouling-resistant surfaces.
This thesis will explore a number of non-covalent interactions in model systems of polyelectrolyte
complexes (PECs), which are materials composed of oppositely charged polyelectrolytes. PECs
were deemed as intractable materials from a processing standpoint since they cannot be melt pro-
cessed like traditional thermoplastics, and are not soluble in any organic solvents. To overcome
these significant limitations, the layer-by-layer assembly technique was developed where alter-
nating monolayers of polycations and polyanions were deposited sequentially on a substrate. A
further advancement came with the discovery that PECs can be dissolved into associating polymer
solutions using concentrated salt solutions, which permits traditional polymer casting techniques
to be used. The associative behavior of PECs are affected by hydrophobicity, ion-pairing affinity,
molecular weight, topology, and hydrogen bonding interactions among other factors, making these
materials an excellent test case to assess the role of individual non-covalent interactions. Further-
more, since PECs respond to the solution ionic strength, they are also a great platform to test the
interaction of different salts with charged macromolecules.

This thesis will focus on strategies to control the deposition of PECs into thin-films, quantify-

ing their mechanical behavior, and elucidating the role of salt identity in modulating their response.



Chapter 2 will introduce a one-step electrochemical approach for depositing PEC films which over-
comes the low-throughput nature of the commonly used layer-by-layer technique. Chapter 3 will
focus on the role of hydrophobic effects in dictating the mechanical behavior of PECs, and Chap-
ter 4 will focus on the response of very strongly associating complexes that are nearly insoluble
in any context. Together, Chapter 3 and 4 will build a comprehensive picture of hydrophobic and
ion-specific interactions in PEC materials, and will emphasize the importance of the complex’s
water fraction for governing the rheological properties.

To achieve these goals, the quartz crystal microbalance (QCM) will be developed and utilized
as an advanced rheometer to simultaneously measure the areal mass and viscoelastic properties
of PECs. This approach will provide deep physical insights into the behavior of these materials
because the QCM is ideally suited to quantifying the response of materials where a change in
mass is associated with a change in the mechanical properties. In the case of PECs, rheological
properties are primarily governed by the water content of the materials, which can be measured
accurately on the QCM in response to added salt which swells the complex. Since this technique
operates at a single high frequency, it also allows exquisite resolution of time-dependent changes
in properties. However, using the QCM is often a challenge for casual users since it requires
an understanding of thickness limits for sample preparation, and requires one to use the correct
viscoelastic analysis. This work will provide the reader with a guideline for best practices to
use the QCM as a rheometer, outline the thickness limitations for accurate viscoelastic analysis,
and provide a MATLAB data analysis GUI (found here) that can directly analyze data from the
popularly used QCM-D instrument. Therefore, another aim of this work is to provide any users of
the QCM with intuition and framework behind how to design, perform, execute experiments, and
finally analyze the obtained results.

Lastly, this work will investigate the adsorption of highly charged polyelectrolytes to oil/water

interfaces. The behavior of charged molecules at interfaces is of significant technological impor-


https://github.com/sadmankazi/QCM-D-Analysis-GUI

tance due to its relevance in surfactant science. While the behavior of amphiphiles at interfaces
has been well-studied, that of highly charged macromolecules has not. Yet quantifying the be-
havior of highly charged molecules near hydrophobic interfaces is of paramount importance for
many chemical and biological contexts, for example, to inform the design of new antibiotics for
drug-resistant bacteria. The significant role of 1on solvation in mediating the adsorption of charged

macromolecules will be quantified and discussed.
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“Life is a storm, my young friend. You will bask in the sunlight one moment, be shattered on the
rocks the next. What makes you a man is what you do when that storm comes. You must look into
that storm and shout as you did in Rome. Do your worst, for [ will do mine! Then the fates will

know you as we know you.”- Edmond Dantes, The Count of Monte Cristo
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the bromide and thiocyanate salts of guanidinium (Gndm) are effective in swelling
PSS:PAH, resulting in lower shear moduli and an increased phase angles, unlike

the response for KBr in Figure 4.2. The mechanical properties are primarily a
function of the water content.[1]Viscoelastic properties reported at 15 MHz. . . . 107
Time—temperature superposition of PSS:PAH coacervate formed at a overall GndmBr
concentration of 3.25 M. Here, the polymer concentration is ~16 wt. % in the
coacervate phase. A typical polymer solution response is observed even at this

high salt concentration. The lowest temperature of —=7 °C could be measured be-

fore the onset of freezing effects.[1] . . . . . . ... ... ... ... .. ..., 108
(a) Reaction scheme for systematic guanylation of poly(allylamine), (b) phenomeno-
logical phase behavior of PSS:PAH-Gu complexes as a function of guanylation
percent at pH ~ 6, and (c) schematic representation of a possible explanation for

the observed phase behavior. Guanidinium is able to break the relatively strong
ion-complex of styrene sulfonate with allylamine, but not allylguanidine. . . . . . 111
Rheological response of a complex of poly(styrenesulfonate) with 15% guanylated
poly(allylamine). The typical power-law polymer solution response of coacervates

as depicted for PSS:PAH in Figure 4.4 is lost when guanidinium is added directly

onto the polyelectrolyte itself. Instead, the rheological response of a colloidal gel

is observed, where the storage modulus is nearly independent of frequency at low
frequencies. The colloidal gel rheological response supports the hypothesis that
insoluble aggregates are forming, which likely also imparts the cloudiness. . . . . 112

(a) Schematic for calculating the interfacial tension. Drop deformation is indica-
tive of changes in the surface tension. The surface tension is calculated by fit-
ting the drop profile and determining the shape parameter By and radius of cur-
vature Ry, which are related to the tension, 7y, via Eq. 5.1. (b) Reaction scheme
for quaternizing the poly(2-vinylpyridine) block of PS-b-P2VP with bromoethane.
Here, poly(styrene) (PS) block remains hydrophobic, the unquaternized P2VP
units are polar hydrophobic, and the quaternized units are ionizable and therefore
hydrophilic. . . . . . . . . . . e 119
Interfacial tension of the diblock copolymer PS-b-P2VP at chloroform-water inter-
face and at different charge fractions, f, (degree of quaternization), for the P2VP
block. The pristine water/chloroform tension is measured for 900 s to ensure ab-
sence of contaminants, before polymer injection into the chloroform phase result-
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Error bars are reported as the standard deviation of three measurements. Solu-
tion pH was mildly acidic due to carbonic acid buildup under ambient conditions,
therefore the P2VP units were assumed to be partially charged (pK, P2VP = 5).
These data were collected in collaboration with Ha-Kyung Kwon. . . . . . . . .. 119
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(a) Schematic representation of ion mediated adsorption of polyelectrolytes to hy-
drophobic interfaces. The chemical structures of the polymers used in the study
are also shown. (b) Adsorption of QVP-C2 in the presence of NaCl and NaSCN to
a chloroform interface. (c) Drop in chloroform interfacial tension (Ay) as a func-
tion of the ions present in solution. Solvation of the anion controls the degree of
association to the polyelectrolyte and the ultimate adsorption, which is seen as a
drop in the interfacial tension. (d) Concentration effects on the adsorption process.
(e) Universality of the adsorption is shown by the tendency of polyelectrolytes to

adsorb to hexadecane interface in the presence of perchlorate. . . . . ... .. ..

Adsorption of poly(allylamine) versus guanylated poly(allylamine). Guanidinium
containing polyelectrolytes are interfacially active in the presence of weakly sol-
vated anions, while their primary amine counterparts do not display any interfacial
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Models and simulation setup. A) Chemical structure of quaternized poly-4-vinylpiridine

(QVP-C2); monomer coarse-grain model represented by five beads, and P4VP
coarse-grain model. The beads color code is as follows: The polymer backbone
groups are colored in pink (SCY); the hydrophobic ring groups are colored in cyan
(STY); the quaternized group is colored in dark-blue (Qg); the counterion is in
yellow. B) The simulation cell is built by placing an aqueous phase between two
liquid chloroform slabs. The total number of chloroform molecules is 12800. The
aqueous phase is made of N,=40000 water beads and Ny pairs of salt ions, N,
polymer counterions, and 2 polymer molecules. A water bead represents 4 water
molecules. We varied the type of salt ions. The interaction between the particles is
taken into account by means of the Martini force field parameters. MD simulations

were performed by Felipe Jiménez-Angeles. . . . . . . ... ... ... .. ...

Molecular Dynamics (MD) simulations of QVP-C2 adsorbing to a chloroform/water
interface. The coarse-grained model was used as previously described.[7] (a) and
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Chapter 1

Quantitative Rheometry of Thin Soft

Materials Using the Quartz Crystal
Microbalance (QCM)

Abstract: The quartz crystal microbalance (QCM) is a powerful fixed-frequency rheometer that
allows one to correlate mass transfer from an adhered film with changes in its shear modulus and
viscoelastic phase angle. In the thin-film limit, the resonance frequency of the QCM is related to
the coupled mass on the quartz sensor through the Sauerbrey expression that relates the mass to
the change in resonance frequency. However, when the thickness of the film is sufficiently large,
the relationship becomes more complicated and both the frequency and damping of the crystal
resonance must be considered. In this regime, a rheological model of the material must be used to
accurately extract the adhered film’s thickness, shear modulus, and viscoelastic phase angle from
the data. In the present work we examine the suitability of two viscoelastic models, the “Voigt”
model (Physica Scripta 1999, 59, 391-396) and a more realistic power-law model (Langmuir

2015, 31, 4008), to extract the rheological properties of a thermo-responsive hydrogel film. By
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changing temperature and initial dry film thickness of the gel, the operation of QCM was traversed
from the Sauerbrey limit, where viscous losses do not impact the frequency, through the regime
where the QCM response is sensitive to viscoelastic properties. The density-shear modulus and the
viscoelastic phase angle from the two models are in good agreement when the shear wavelength
ratio, d /Ay, is in the range of 0.05-0.20, where d is the film thickness and 4, is the wavelength
of the mechanical shear wave at the n harmonic. A framework is provided for estimating the
physical properties of soft materials in the megahertz regime by using the physical behavior of
polyelectrolyte complexes. This provides the user with an approximate range of allowable film
thicknesses for accurate viscoelastic analysis with either model, thus enabling better use of the

QCM-D in soft materials research. This work appears in Anal. Chem. 2018, 90, 6, 4079-4088.
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1.1 Introduction

For nearly 70 years the piezoelectric oscillation of a quartz resonator has been used as an ultra
sensitive mass sensor, utilizing the Sauerbrey relationship between the resonant frequency and the
mass per unit area deposited on the crystal.[9] This relationship has enabled the quartz crystal

microbalance (QCM) to be a mainstay of vacuum science.[10, 11] In the 1980’s Kanazawa and co-
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workers demonstrated that QCM operation in liquids was possible,[12] opening opportunities for
QCM to contribute to many electrochemical[13, 14, 15] and biological[16, 17, 18] investigations.
However, the frequency change due to coupled mass at the crystal surface only provides a partial
description of the adhered layer, especially if it is viscoelastic in nature. Viscous losses associated
with the material lead to energy dissipation of the crystal, providing additional information regard-
ing the adhered film. The dissipation is obtained from the half width at half maximum (I') of the
conductance peak at the resonance condition, which is proportional to the energy transfer from the
resonator to the medium with which it is in contact.[ 19, 20] Therefore, measuring I" offers access to
rheological information of the system.[21, 22, 23, 24] The QCM’s high sensitivity has already en-
abled a breadth of informative work on characterizing soft materials[14, 25, 26, 27, 28, 29, 30], yet
many QCM investigations would benefit further if its capabilities as a high-frequency rheometer
were made clearer.

Commercialization of instrumentation developed by Kasemo and co-workers has enabled the
proliferation of rheological characterization of thin soft materials based on the measurement of
the resonant frequency and dissipation of the QCM at multiple harmonics.[31] Values of the dis-
sipation obtained with the QCM-D (Quartz Crystal Microbalance with Dissipation) instrument are
generally reported in terms of a dissipation factor, D, which is directly proportional to I" at each
harmonic, n, via Eq. 1.1. [22] In the present work we use D and I interchangeably as they are the

same parameter.

D, =2Ts/ fa (1.1)

The viscoelastic nature of many biological[32, 33] and polymeric[24, 34, 35, 36] materials at
surfaces has been determined with the QCM-D, but these results are tied to the model used to
describe the viscoelastic properties of the film.[16, 37] A viscoelastic model is needed because

the QCM response for a thin film at a given resonant harmonic depends on three quantities (the
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film’s mass per area, and the real and imaginary parts of the complex modulus at the resonant
frequency), but only two quantities are measured at each harmonic (the resonant frequency and
dissipation). As a result, information needs to be obtained at multiple harmonics, with some as-
sumption made regarding the frequency dependence of the viscoelastic properties of the film. A
commonly employed model is the Voigt model, where the storage modulus is assumed to be fre-
quency independent, whereas the loss modulus is assumed to scale linearly with the frequency.[37]
Data are typically reported at a reference harmonic, n,. ¢, which is generally either 1 (correspond-
ing to a frequency of 5 MHz for the commonly used quartz crystals with a fundamental resonance
frequency of 5 MHz) or 3 (a frequency of 15 MHz for a 5 MHz crystal). In the original Voigt

model, the properties at different resonant harmonics are therefore related as follows:

G:’l == Gl = |G:r€f|COS(¢nmf)

Nyef

L A * .
O e 11 g O 500

Here |G}| is the magnitude of the complex modulus and ¢ is the viscoelastic phase angle,
which is defined to be 0° for perfectly elastic materials and 90° for Newtonian fluids. As pointed
out by Reviakine et al., these assumptions are not rheologically consistent, and only observed in
real materials in some specific and highly unusual situations.[23] A more robust assumption about
the frequency response of materials in the megahertz regime is a power-law assumption. Noting
this, a correction to the original Voigt assumption was made, and was termed as the Extended Voigt

Model. Here the mechanical response is assumed to be:

G = |Gy, In% cos(dn,,,),0 < <2
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Gl = |G:;ref|nbcos(¢nmf), —2<b<0

While the Extended Voigt Model is an improvement on the original assumptions of the Voigt
model, it is still not an accurate description of the frequency response of soft materials, because o
and b appear to be independent fit parameters, which can violate the Kramers-Kronig relation for

linear viscoelasticity (Eq. 1.2).[38]

G(w) 2 [~G'(x)/x
02 o)y 0*—x2

dx (1.2)

For the Kramers-Kronig relation to be obeyed the following must be true: o = b+ 1 for
0 < a < 1. Therefore, the more realistic and generally useful model is a power-law model where
the storage and loss moduli are both assumed to be power-law functions of the frequency, with
the phase angle related directly to the value of the power-law exponent. This power-law model
is simpler to apply, and introduces very little error into the physical properties extracted from an
appropriately designed QCM experiment.[39] It has been applied to investigations of polyelec-
trolyte complexation[13, 24, 40], curing of thermosets[36], and kinetics of click-reactions.[41]

Mathematically, the power-law model assumes:

Gyl =Gy, |n?/*°

This approach minimizes fit parameters while also being a more realistic assumption. In the
present work, we illustrate the use of this approach to swelling measurements of thin layers of
a crosslinked gel, comparing results obtained with the Voigt (V) and the power-law (R) models.
In the process of this comparison, we delineate regimes of QCM operation where the Sauerbrey
relationship applies and where deviation from Sauerbrey is significant enough to allow viscoelastic

characterization of thin films.
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1.2 Experimental Methods

Materials and sample preparation: A random copolymer of N-isopropylacrylamide (NIPAAm) and
2-(N-ethylperfluorooctane sulfonamido)ethyl acrylate (FOSA) with 5 mol % FOSA as reported
previously[42, 43] was used as the hydrogel with hydrophobic associations of FOSA producing
nano-aggregates that provided physical crosslinks when hydrated.[43] These hydrogels exhibit
volume phase transition of an LCST-type with a midpoint of 17 °C in the bulk[43] and 20 °C in
thin films.[44] Changing the temperature from 35 °C to 5 °C increased the swelling % (Eq. 1.10)
of the films from 50 and 350 %. This large change in the water content of the hydrogel significantly
impacted its rheological properties. The dried copolymer was dissolved in dioxane at 1.0 and 1.75
wt% for spin coating on the silica-coated quartz sensors (QSX-335, Q-Sense). These sensors had
a diameter of 14 mm, thickness of 0.37 mm, and fundamental resonant frequency of 5 MHz. The
sensors were cleaned by sonication in toluene, isopropanol, and DI water. Immediately prior to
film casting, the sensors were further cleaned by ultraviolet-ozone (UVO CLEANER®, Model 42,
Jelight Company Inc.) for 90 s. The copolymer-dioxane solutions were spun coat at 2500 rpm
for 30 s onto the quartz sensors. After 1 h at ambient conditions, the films on the sensors were
annealed for 18 h at 150 °C and 27 torr vacuum.

The hydrogel films on the quartz sensor were characterized using QCM-D (Q-Sense E1) and
SE (J.A. Woollam, M-2000UI) at the same time using the ellipsometry module (Q-Sense, Biolin
Scientific). The thickness of the dry copolymer was determined using Af relative to the uncoated
sensor in air with an assumed density of 1000 kg/m>. Simultaneous measurement with SE pro-
vided an optical route to also determine the copolymer film thickness using an optical stack for
the sensors consisting of gold (optically opaque), titanium, TiO;, and silica from bottom to top.
The ellipsometric angles of the sensors were fit using the protocol described previously for these
QCM-D sensors.[45] These thicknesses were then fixed to fit for the thickness of the copolymer

or hydrogel that was coated on the sensor with the optical properties of the copolymer and hydro-
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gel, which were both well described by the Cauchy model. The thickness determined from the
Sauerbrey expression based on the frequency shift from the blank crystal agreed within 3% of the
thickness obtained from ellipsometry for the dry copolymer film.

For the swelling measurements, the coated sensor was first exposed to liquid water at 25 °C
and allowed to equilibrate. The temperature was subsequently raised to 35 °C and allowed to
equilibrate for 1 h. Then the temperature was decreased in 1-2 °C increments each hour until 5
°C was reached, with a total of 24 temperature steps. The frequency and dissipation of the bare
sensor in water at each temperature was used as the reference for calculating Af,, and AD,,. This
reference state allowed for the viscosity and density changes in the water with temperature as well
as the effect of temperature itself to be removed from the data.

The QCM-D data were fit using two different protocols that relate the viscoelastic properties
of the film to the oscillator response. The Voigt Extended Viscoelastic model was used in con-
junction with the standard Q-Tools software (Q-Sense), which is based on the model refined by
Voinova and co-workers.[37] The frequency and dissipation changes were recursively fit to this
model to minimize the mean square error between the prediction and measured values. The same
input parameters/assumptions were used with a different viscoelastic model that is based on a self-
consistent description of the complex modulus as developed by Shull and co-workers.[24, 39] The
power-law model developed by Shull and co-workers can be utilized to directly solve the data ob-
tained by the QCM-D instrument using the MATLAB code found here. The fits from both models
can be used to determine the shear modulus, phase angle and thickness of the hydrogel. Additional
details about these two models are further explained in the subsequent Theory section.

Polyelectrolyte complexes were synthesized as reported previously.[1] Briefly, 10 wt% of
poly(4-vinylpyridine) was quaternized with iodomethane at 10 % excess in DMSO. This cationic
polymer was precipitated with equimolar poly(styrenesulfonate) in excess deionized water. The

precipitates were washed with deionized water until the solution conductivity reached ~ 50 uS/cm,
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followed by overnight drying at 60 °C. 1.5 g of the dried complex was dissolved in 15 ml of 1.7 M
KBr to form the coacervate phase. The coacervate was directly spin coated onto the QCM crystal

before swelling measurements in KBr solutions up to 1.0 M at 0.1 M increments.

1.3 Theory & Modeling of QCM Operation

For sufficiently rigid and/or thin adhered layers, the frequency will be directly related to mass
through the Sauerbrey expression (Eq. 1.3), such that details of the viscoelasticity of the material
are not relevant to describe QCM operation.[46] The point for quantitative failure of the Sauerbrey
expression can be described in terms of the ratio d/A,, which is the film thickness (d) normalized
by the shear wavelength of the mechanical oscillation (4,) in the medium at the n'* overtone or
harmonic, occurring roughly for d/A, ~ 0.05.[39] For sufficiently thick viscoelastic films, d/A,
can approach 0.25, leading to an increase in frequency with increasing mass[46], counter to the
directionality of the Sauerbrey expression. This film resonance effect also leads to a very large
increase in I' (equivalently D), making the parameter difficult to measure accurately. Film reso-
nance is most pronounced at d /A, = 0.25, but its effects become significant from d /A, = 0.20.[39]
Therefore the regime where viscoelastic details can be measured accurately should be in the range
of d /A, = 0.05 — 0.20. Film resonance effects are less pronounced for more dissipative (less elas-
tic, ¢ > 45°) films, such that viscoelastic properties can be measured for d/A, = 0.25 or even

larger.

) 2 ) 2
ML g = 22T Ay, (1.3)

Afsn =
Zq Z

where fi is the fundamental resonance frequency of quartz (5 MHz in our case), n is the order of

the measured harmonic (n=1, 3 or 5), Z, is the acoustic impedance of quartz (8.84 x 10% kgm—2s~!

for AT-cut quartz), d is the film thickness, and p is its density.
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In order to understand the challenges with analyzing the behavior of a viscoelastic film on
the QCM, it is first necessary to understand the effect of viscoelasticity on the QCM response.
As mentioned earlier, the presence of viscoelastic character in the film results in an increased I
however, measuring a change in I" does not necessarily mean that the viscoelastic properties have
changed. This is simply due to the fact that changes in areal density (i.e., thickness) also changes
I, and therefore, a rheological model must be used which takes into account both frequency and
dissipation shifts to paint an accurate picture. The sensitivity of the QCM to viscoelasticity arises
from deviations to the Sauerbrey expression, the magnitude of which depends on the quantities
d /A, and ¢. The shear wavelength of a mechanical oscillation in a medium further depends on the

following expression:

- L[l

| 1/2 1
<ils) 0

9/2)

where p is the density, |G| is the magnitude of the complex shear modulus, ¢ is the viscoelastic
phase angle of the medium and 7 is the order of the overtone. Since viscoelastic information can
only be calculated in a limited range of d/A,, typically 0.05-0.20, Eq. 1.4 presents a challenge
since |G| and ¢ are material parameters of interest to begin with. This issue is addressed later in

this chapter.
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Figure 1.1: Propagation of the shear wave generated from AC driven quartz-sensor surface into
a sample consisting of a hydrogel film immersed in water. For sufficiently thick films, (a) the
wave decays through the hydrogel (or any viscous medium) without encountering an interface for
reflection, which probes the “bulk™ properties. For thinner films, the hydrogel-water interface is
encountered by the shear wave, which can result in (b) partial wave reflection from the interface
to slightly decrease the crystal frequency ( 0.05 < d/A, < 0.25) or (c) coupling of the reflected
wave with the propagating wave that effectively increases the crystal frequency (film resonance,
d /A, =~ 0.25). Note that this figure is not drawn to scale, and the shear wave is exaggerated.

The description of the shear wave propagation can be expressed in three limiting cases as picto-
rially illustrated in Figure 1.1. If the hydrogel/medium is sufficiently thick, the shear wave decays
completely within the adhered layer of the material (Figure 1.1a). This case can be considered
equivalent to bulk measurement of the medium (the hydrogel in this case) where the response does
not depend upon the fluid in contact with the hydrogel.[22, 24] In this limit the QCM response is

described simply by the following two equations:

. _fl *\1/2
Afo= 7, (p|Gyl)/“sin(9/2) (1.5)
AT, = i(p|G*|)1/2cos(¢/2) (1.6)
nZ, .

Note that the change in the QCM-D dissipation factor is related to A" as AD,, = 2AL,/ f,.

Therefore, bulk materials are described by two equations with two unknowns, and this scenario
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works very well for viscous liquids (¢ > 60°) in which the quartz crystal can simply be exposed to
or immersed in. Note also that in this case the wave is eventually completely damped in the bulk
medium and thus no thickness information exists.

A more common case is when the shear wave propagates through the adhered layer and then
fully decays in the bulk solvent; thus, both the film and the aqueous phase contribute to the crystal
response. A shear wave encountering the hydrogel-water interface splits into a transmitted wave
and a reflected wave (Figure 1.1b). The reflected wave generally slightly decreases the oscillation
frequency at the sensor.[47] However, it is possible for the reflected shear wave to couple with the
outbound shear wave to effectively increase the oscillation frequency at the sensor surface from the
addition of these two transverse waves (Figure 1.1c). The condition under which the shear wave is
coupled to the reflected wave is known as film resonance and is a result of approaching the quarter
wave condition ( d/A, = 0.25).

For a film of thickness d and density p deposited on the crystal, deviation from Sauerbrey
can be quantified in terms of two quantities: Af,/Af;, and AL, /Af;,. Here, Af;, is the expected
Sauerbrey shift, Afy, = (2nf2pd)/Z,, and Af, and AT ,are the experimentally measured shifts at
the ' harmonic with respect to the bare crystal. If the film is sufficiently thin, i.e., in the Sauerbrey
limit, then A, =~ 0 and AL, /Af;, =~ 0. Similarly, no deviation from Sauerbrey is expected here,
s0 Afy,/Afsn =~ —1. If the film swells, d increases and viscoelastic properties begin to take effect,
resulting in AL, /Afy, > 0 and Af,,/Afsn < —1. This behavior is described fully by the QCM master
equation (Eq. 1.9). Figure 1.2 plots the deviation from Sauerbrey for materials with differing
viscoelastic character (¢ = 15°,307,45°), and identifies the different regimes of QCM operation.

We now define two quantities, r* and D}, which will be prove to be insightful for understanding
the QCM response. We will refer to the properties of the film and the liquid with the subscripts
f and [, respectively. An asterisk denotes a complex quantity and the subscript n denotes the

harmonic order, as usual.
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N
e e (1.7)
prnf

D, =2 (1~ itan(9,/2)) (1.8)

Here, r* is the ratio of the film properties relative to the properties of the overlaying liquid
medium, and D}, is a complex quantity whose value depends on d/A, and ¢. With these two

quantities, the entire QCM response can be described by the following equation:

Afat+iAl, D) | 1 () (1.9)
Afsn D, 1+ir*tan(D;, ) '

Written in this form it is more appreciable that there is no net response for the case where
the film and liquid medium have identical properties (r* = 1), and that the QCM response for a
film in air is recovered for r* = 0 (see DeNolf et al.).[39] The method of solving Eq. 1.9, and
all related nuances have been reported elsewhere for films in air[39] and for films in a liquid
environment.[24] The MATLAB code to solve Eq. 1.9 (or equivalent expressions of it) using
the power-law assumption for experimentally determined frequency and dissipation shifts can be

found here.
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Figure 1.2: Impact of d/A, on the deviation from the Sauerbrey limit for primarily elastic films
(¢ = 15°) to viscoelastic films (¢ = 45°). Four regimes of operation are delineated: (1) Sauerbrey,
(2) viscoelastic, (3) near film resonance, and (4) bulk-like (Eq. 1.5 and 1.6 apply). These plots are
obtained from Eq. 1.9 with r* =0, that is, a film in air.

1.4 Results & Discussion

Measuring the swelling ratio of stimulus responsive soft materials is usually a simple yet insightful
experiment. The swelling behavior can be modulated using pH[48], temperature[44], light[49] or
electrochemical[50] stimuli, and these approaches have been exploited to construct soft materials
for a variety of coating and biomedical applications.[51] Typically, a change in the swelling ratio
results from the ingress or egress of water from the material, corresponding with a change in the
mechanical properties due to the increase or decrease in crosslink density. Measuring these changes
for thin soft materials is challenging since the traditional tensile tests or dynamic mechanical anal-
ysis cannot be performed. A further complication is that often the in-situ behavior of responsive
coatings or gels are of interest, which is where the utility of QCM becomes invaluable since it is
capable of monitoring subtle viscoelastic changes with a fine time resolution. Furthermore, few
other mechanical testing methods can adequately characterize materials ranging in properties from

Newtonian liquids to glassy solids. Given these advantages, the QCM is an attractive material char-
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acterization platform. Since films utilized in QCM experiments can have a range of thicknesses,
especially if the material is responsive, it is most convenient to define a swelling % for comparison
across samples and materials. We define the swelling % of a film with thickness d and density p
using Eq. 1.10:

dp —(dp)

. dry
Swelling % = x100 (1.10)
(dp)dry

Here, (dp)qyy is the areal mass of the film after removal of all water.

In the present work, a thermo-responsive hydrogel based on a random amphiphilic copolymer
enables change in the swelling % with temperature. Such a large change in the swelling % is
expected to span orders of magnitude in modulus, which coupled with the change in thickness,
traverses d /A, from the Sauerbrey limit to the viscoelastically sensitive regime. Our aim is to
quantify the value of d/A, beyond which the Sauerbrey relationship starts to deviate, and from

which point on viscoelastic information can be obtained.

1.4.1 Characterization of PNIPAAm-FOSA Hydrogels

One challenge with experimentally exploring predictions associated with the shear wavelength
is the wide parameter space in d/A, that requires widely varying thickness and/or rheological
properties, which is difficult to obtain without a multitude of samples. Here a thermo-responsive
hydrogel based on a random amphiphilic copolymer enables large changes in the swelling and
mechanical behavior with temperature. As the film swells, it traverses from the Sauerbrey limit
to the viscoelastically sensitive regime, and ultimately into film resonance conditions as d/A,
approaches 0.25. To systematically elucidate this d/A, landscape, we begin with two films of
initial areal densities of 52 and 100 mg/m?. For simplicity we assume that the film density is
1g/cm?, and thus simply refer to the two films as 52 and 100 nm. Probing the properties of these

two films, which are a factor of two in thickness apart, across a large temperature range allows us
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to systematically observe the QCM response. We are interested in learning how well the swelling
behavior of these gels compare to the behavior of PECs, and comparing results from the Voigt
model (V) and the power-law model (R). We now make a note about the nomenclature to be used
in the remainder of this chapter. Since obtaining mechanical properties from QCM experiments
require data from two harmonics, we refer to the V model solutions as n/n+ 2, with n being
the harmonic order. For example, we primarily focus on the 3" /5" harmonic combinations in
this section. The R model uses the frequency shifts of two harmonics and the dissipation shift
of another harmonic to solve for material properties. This is denoted as, for example, a 3:5,5

calculation which uses Af3, Afs and Al's.
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Figure 1.3: Af,, and AD,, in water for the 100 nm initial dry film. The x-axis is reversed to highlight
that the hydrogel was cooled incrementally starting from 35 °C. The solid black lines are fits
using the Voigt model and the gray dashed lines are predictions using the power-law model. The
Sauerbrey limit applies to the left of the gray dashed lines, where the dissipation is too small. Note
that for both the models examined there is no significant difference in the goodness of the fit for
Af, and AD,,.

Figure 1.3 plots the frequency and dissipation shifts for the 100 nm dry film. At high temper-
atures, the dissipation is small and the frequency shifts obey the Sauerbrey relationship. At lower
temperatures, the film swells and d /A, increases until film resonance effects cause an uptick in the

frequency shift with increasing mass. It is important to note that the effect of temperature on the



37

resonance of the crystal can introduce some error in Af, for very thin films, so it is important to
use a reference (blank) crystal to subtract these effects from the measured signal as described in
the Experimental Section. Figure 1.4 plots the mechanical behavior of the two films as a function
of temperature using both the V and R models. At cooler temperatures, there is a good agreement
between the two models for the modulus and phase angle for both films. However, as the temper-
ature increases and the film becomes stiffer as a consequence of deswelling, the QCM response
approaches the Sauerbrey limit where no viscoelastic information can be obtained. The temper-
ature above which the Sauerbrey limit applies in this case is above 22° C for the 100 nm film
and 19° C for the 52 nm film. Interestingly, Figure 1.4 shows that the Voigt model attempts to fit
the frequency and dissipation shifts even in the Sauerbrey regime, and provides quite reasonable
answers for the 52 nm film— by chance. While it is tempting to believe the Voigt solutions in the
Sauerbrey regime for the 52 nm film, by considering the 100 nm film response one should quickly
dismiss it. This thicker film remains in the viscoelastically sensitive regime over a larger range
of temperature, where again we find good agreement between the two models, but its response
becomes non-physical at high temperatures where an increasing modulus and a decreasing phase
angle is expected. This simple comparison between films of two thicknesses highlights the danger
of attempting to model QCM data in the Sauerbrey limit where only the frequency shift can be

used to calculate the areal mass. Both models are in good agreement for the swelling behavior.
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Figure 1.4: Comparison of the Voigt (V ) and power-law (R) models for (a) swelling, (b) modulus
and (c) phase angle of the 52 nm dry film. (d) Swelling, (e) modulus and (f) phase angle of the
100 nm dry film. The Sauerbrey limit applies to the left of the gray dashed lines. For the 100
nm film, the viscoelastic properties from the Voigt model are non-physical at higher temperatures,
highlighting the danger of fitting the shifts in the Sauerbrey limit. Note that the moduli calculated
correspond to 15 MHz (n=3).

We have described that d /A, must be in the 0.05-0.20 range for optimal viscoelastic data. This
illustrated in Figure 1.5 where d /A, remains below 0.05 for a significant portion of the temperature
range, and as expected, it remains in the Sauerbrey regime for a slightly larger temperature window
for the thinner film. The results of this section highlight the need to be in the correct thickness
regime for a film such that 0.05 < d/4, < 0.2. Since the Voigt model aways provides excellent
fits to the measured frequency and dissipation shifts, it is up to the experimentalist to determine
whether the solved modulus and phase angle make physical sense in light of d /A, and in the context
of the material being investigated. This assessment is a challenge without a robust framework to

provide guidance on when to trust the modulus determined from the Voigt model.



39

€)) (b)

0.2 0.2
O n=3 O n=3
O n=5 $ n=5
0.15 =7 0.15 =’
A5t A5t 4
6¢°
o
,<‘: o1l Sauerbrey Limit ,<‘: o1l Sauerbrey Limit 0() ol
5 5 |e—> ¢° ot
O 0
00 -
0.05} 0.05} OO:F
of Y oofgé"
30 20 10
Temp. (°C) Temp. (°C)

Figure 1.5: Changes in d/A,, for hydrogels of (a) 52 nm and (b) 100 nm initial dry thickness. The
rough temperature range over which the Sauerbrey limit applies is highlighted.

1.4.2 PECs as Model Systems

Polyelectrolyte complexes (PECs) consist of oppositely charged macromolecules that associate
due to the large entropy gain from counter ion release. In the dry state these complexes form
glassy solids, but when immersed in salt solutions, the ion pairs formed between the polycation
and polyanion can be broken causing water ingress into the complex.[1] Thus, the swelling ratio
of the complex can be controlled by choosing the solution ionic strength. At even higher salt con-
centrations, the solid complexes form a viscous coacervate phase. Addition of more salt leads to
dissolution of the coacervate phase into a single phase solution with properties very close to that
of water. This salt responsive behavior of PECs falls on a continuum of mechanical properties
from glassy solids to Newtonian liquids, where the physical properties are primarily dependent on
the amount of water in the material- a phenomenon that is reminiscent of many soft materials.[1]
However, in most cases the entire range of mechanical properties are not accessible on the same
materials system. For example, gels with well defined hydrophobic domains similar to the copoly-
mer being investigated in this work, or covalently crosslinked systems, typically have an upper

limit to the swelling ratio. Our recent work quantified the entire mechanical spectrum associated
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with polyelectrolyte complexation using the QCM, such that the whole range of physical prop-
erties were comparable on a single mechanical testing platform.[1] This allowed data from from
the liquid-like coacervates to be directly comparable to those from glassy complexes without any
caveats. Since PECs span the entire mechanical spectrum, they are an excellent model system to

elucidate how the physical properties of soft matter are related.

¢ = —9.5 x In(p|G%|) +200 (1.11)

Figure 1.6a illustrates the mechanical spectrum associated with PECs, providing an empirical
relationship (Eq. 1.11) between the shear modulus and the viscoelastic phase angle. Importantly,
Eq. 1.11 illustrates that a simple log-linear expression describes soft materials that is swollen by
water at this high frequency. This expression is also followed by polyethylene oxide solutions[52],
protein-oxometalate complexes[24], and polyelectrolyte complexes,[1, 13] demonstrating the ap-
proximate generality of this relationship for a broad variety of soft matter at the megahertz fre-
quency.

Eq. 1.11 displays how the physical behavior of soft materials are coupled in terms of the
modulus and the phase angle. The question now becomes how to identify where on the mechanical
spectrum a given material lies. Since the swelling behavior of a coating or a film is quite simple
to measure accurately using ellipsometry or the QCM via the Sauerbrey relationship, we speculate
it could serve as a basis of comparison. Again, we turn to the behavior of a model PEC. Figure
1.6b plots the shear modulus versus swelling of poly(styrene sulfonate) complexed with methyl
quaternized poly(4-vinylpyridine), which varies log-linearly with swelling. We assume that the fit

to the data would follow an expression of the form:

p|G§| :p0|G§|0€_S><SW€lling% (1.12)
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where p,|G3|, is the density-shear modulus of the dry glassy material at the third crystal har-
monic (15 MHz), and S is a sensitivity factor. p,|G3|, is typically ~ 2 x 10° Pa-g/cm>for glassy
polymers. The value of S determines how sensitive the modulus is to changes in swelling, and is
~ (.03 for polyelectrolyte complexes swollen by water. Note that between Eq. 1.11 and 1.12, S is
the single parameter whose value quantifies changes in physical properties over the entire swelling
range. If the swelling % of a soft material is now known, Eq. 1.11 and 1.12 provide an estimation
of the material’s properties at n = 3 (15 MHz). We speculate that Eq. 1.11 is quite general and de-
scribes a wide variety of soft materials— an assumption we seek to investigate in the context of the
physically crosslinked gel in this chapter. While we expect that Eq 1.12 is more material specific,
we nevertheless suspect that it is a smart approximation for films swollen in water from an initially

glass-like state. Note that in Eq. 1.11 and 1.12 we have used mechanical properties at n = 3 (15

MHz).
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Figure 1.6: (a) Influence of salt concentration on the mechanical spectrum of polyelectrolyte com-
plexation. The QCM was used to elucidate the continuous transition from solid complex to coacer-
vate to a single phase solution.[1] Note that in this MHz regime, water has a p|G*| of 10° Pa-g/cm?
and ¢ of 90°. Glassy films have p|G*| ~ 10° and ¢ < 10°. (b) The effect of swelling on the density
shear-modulus of poly(styrene sulfonate) and methyl quaternized poly(4-vinylpyridine) polyelec-
trolyte complex. Dashed lines are Eq. 1.11 and 1.12. More details about polyelectrolyte complex’s
physical behavior are explored in Chapter 3.

We now proceed to comparing the behavior of the physically crosslinked gels of the present
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work to the behavior of PECs. Figure 1.7a plots the properties of PNIPAAm-FOSA gels on the
spectrum of mechanical properties which may be assumed by soft materials at the megahertz fre-
quency. We find that Eq. 1.11 excellently describes the relationship between ¢ and p|G3|. Just as
salt allowed movement along Eq. 1.11 for PECs, temperature allows the same movement for the
PNIPAAmM-FOSA gels. A high temperature results in a high modulus and a low ¢, while a low
temperature results in a low modulus and a high ¢. Next, Figure 1.7b plots the swelling-modulus
behavior of the 52 nm and 100 nm films. At lower swelling ratios (< 200 %) the PNIPAAm-FOSA
films begin to be described by Eq. 1.12. Figure 1.7 leads us to several important conclusions about
the high frequency responsive behavior of soft materials. The relationship between ¢ and modulus
is not arbitrary, i.e., a material cannot have a high modulus and a very large ¢ simultaneously. In
this respect, Figure 1.7a is quite general. However, the relationship between the swelling ratio and
the modulus is more material specific. In this particular case, we find that the swelling ratio and the
modulus starts to deviate from Eq. 1.12 as the temperature is decreased. Yet, since polymer glasses
have a modulus of around = 2 x 10° Pa at 15 MHz, it is reasonable to expect that such a material
would approximately follow Eq. 1.12, at least initially. Indeed we find that at lower swelling ratios
PNIPAAmM-FOSA gels approach the behavior of PECs, while at large swelling ratios there is signif-
icant deviation, where |G*| must necessarily plateau at a value at least as large as the value for pure
solvent (= 10° Pa for water at 15 MHz). Nevertheless, PECs provide a guide for approximating
materials properties at a specific swelling % up to 175 % nearly quantitatively. More importantly,
by generalizing soft materials properties using Figure 1.7a we have now enabled one to calculate
the parameter d/A, using Eq. 1.4 for a film of thickness d if the approximate swelling % (Eq.
1.10) is known. Therefore, a more guided and quantitative approach may now be taken to aim for
0.05 < d/A, < 0.20. While the QCM measures mechanical properties in the MHz regime, these

mechanical data are consistent with those measured at lower frequencies.[53]
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Figure 1.7: (a) Movement of the 100 nm film properties on the mechanical spectrum (Eq. 1.11) as
a function of temperature, and (b) the swelling-modulus behavior of the 100 nm and 52 nm film in
comparison to Eq. 1.12. Gray data points were reproduced from Figure 1.7 and ref. 1.

1.4.3 Optimal Film Thickness for QCM-D Rheology

The QCM is a highly versatile and inexpensive fixed frequency rheometer which can be used to
probe thin soft materials in-situ. In this context, the QCM has tremendous potential to elucidate the
responsive behavior of advanced coatings and soft materials. While the simplicity of experiments
and the quality of data are advantageous, the correct analysis of those data requires a good under-
standing of QCM response in terms of d/A,. Recall that A, requires knowledge of the material
properties to which the crystal is in contact (Eq. 1.4). This is challenging for casual QCM users
since it in not immediately intuitive what the appropriate thickness must be for a material with a
particular modulus and phase angle. A typical consequence of this in literature is that users often
attempt to fit data for films that are too thin, and where the QCM is not sensitive to viscoelasticity.
However, there are quantitative thickness limits to QCM operation which must be met in order to
obtain meaningful data. Recall that modeling QCM data requires the frequency and dissipation
shifts from two harmonics, and let us then consider the case of n = 3,5. The optimal thickness
window in this scenario would be where both the harmonics deviate from the Sauerbrey limit, yet

the I" of the higher harmonic remains low enough such that it is still measurable. The maximum I"
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that is accurately measurable is about 10 kHz. Thus, to obtain data that is sensitive to viscoelas-
ticity and can be solved by either the V model or the R model, d /A3 must be at least around 0.05
and I's must be less than 10 kHz. Figure 1.8 lists the range of thickness which satisfy both of
these requirements for the n = 3,5 and n = 5,7 harmonic combinations at all relevant mechanical
properties. Note that no thickness range is provided for ¢ > 70° since it is recommended that
the bulk limit (1.5 and 1.6) be used here, if possible. For the reader interested in exploring QCM
experiments in more detail we point to a breadth of work[1, 13, 17, 24, 29, 36, 40, 41, 53, 54], and

the excellent book by Johannsmann.[55]
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Figure 1.8: Recommended thickness ranges for accurate QCM rheology for films with a particular
modulus and/or phase angle in air or water using (a) 3’¢ /5" and (b) 5 /7'" harmonic combina-
tions. The insets show zoom-ins of the thickness for ¢ between 20° and 65°. Thickness upper
bounds are calculated by limiting the dissipation of the higher harmonic in each case to 10 kHz.
Thickness lower bounds are calculated by setting the minimum deviation from Sauerbrey limit
of the lower harmonic in each case to be 2% (d/A, ~ 0.05). The density is assumed to be 1
g/cm? here, therefore these thickness ranges are approximate.

1.4.4 Recommendations for Accurate Viscoelastic Analysis using the QCM

Based on the results of this work, some general recommendations are made for taking a more

guided approach to QCM-D rheology:
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* If the swelling % of a film in water is known relative to its dry thickness, then Eq. 1.11 and
Eq. 1.12 can be used to approximate the mechanical properties, which can subsequently be
used to identify the optimal thickness range using Figure 1.8. While Eq. 1.11 appears to be
quite general in describing the fixed frequency response of soft materials, we find that Eq.
1.12 is more material specific (as it is expected to be). However, Eq. 1.12 still provides a
good approximation for mechanical properties at lower swelling ratios for initially glass-like

films.

* Figure 1.8 is agnostic of materials chemistry and/or mechanism of responsiveness (pH, ionic
strength, temperature, etc.). It only requires the user to have an approximate knowledge of
the modulus and/or phase angle of their material in the megahertz regime. For reference, at
this frequency water has p|G3| = 10° Pa-g/cm? and ¢ = 90°, gels (or hydrated soft materials)
typically have p|Gj3| ~ 103 — 10° Pa-g/cm? and ¢ = 20 — 70°, and glassy materials have
p|G%| ~ 10° Pa-g/em® and ¢ < 1 —5°.

* For glassy films (e.g. polystyrene, ¢ ~ 1°), 4-6 um thick films provide enough dissipation
change to be modeled accurately. For soft viscoelastic films (e.g. gels, ¢ ~45°), 0.6-1.2 um
films are a good start. For viscous liquids (e.g. polymer solutions) Egs. 1.5 and 1.6 can be
solved simultaneously at a single harmonic, n, to obtain p|G}| and ¢ by exposing the crystal

to the semi-infinite liquid-like medium.

* For best results, harmonics n = 3,5,7 are recommended for modeling. Higher order har-
monics should be used with caution since coupling of anharmonic resonances with the main
resonance peak may lead to erroneous observation of Af and AI'. Modeling with n =1 is

discouraged due to insufficient energy trapping.[55]
* Films should be as smooth and homogeneous as possible.

* For viscous liquids, the bulk limit should be used.
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1.5 Conclusion

In the present work a thermo-responsive hydrogel undergoing large swelling changes was used to
probe the three distinct regimes of QCM operation. At high temperatures the film was stiff and
deswollen and the Sauerbrey limit applied. As the film was cooled, it swelled significantly and the
film thickness, modulus and phase angle could be calculated using the Voigt (V) and the power-law
(R) model. At even higher swelling ratios, the film neared resonance conditions where an uptick
in the frequency could be observed with increasing mass, contrary to the Sauerbrey relationship.
Both models accurately predicted this behavior and were able to calculate the film properties with
good agreement. However, the Voigt model was found to provide modulus and phase angles even
in the Sauerbrey limit where no viscoelastic information exists in the QCM response. While in
the case of the 52 nm dry film the Voigt model appeared to provide reasonable values even in the
Sauerbrey limit, it failed to replicate those values for the 100 nm film. Therefore, it is imperative
for QCM users to avoid fitting frequency and dissipation shifts in the Sauerbrey limit. To that end,
we demonstrated that a minimum value of ~0.05 is needed for the film thickness normalized by the
shear wavelength (d/4,) for the QCM to be sensitive to viscoelastic properties. However, often
some prior knowledge about the material being investigated is required to accurately calculate
d /Ay, since the shear wavelength depends upon the film’s modulus and phase angle. We provided
a quantitative relationship between the modulus and the phase angle (Eq. 1.11) and the swelling
% and modulus (Eq. 1.12) which could be used to approximate material properties at a specific
swelling ratio, ultimately allowing one to approximate d/A,. These relationships were enabled
by quantifying the mechanical behavior of polyelectrolyte complexes, whose properties span the
entire mechanical spectrum from low viscosity fluids to glassy solids. While dependence between
swelling and modulus can be material specific, the behavior of polyelectrolyte complexes serves
as a good approximation nonetheless, especially at lower swelling ratios. Finally, we provided

thickness ranges as a function of the mechanical properties of materials being investigated where



47

the QCM response would be sensitive to viscoelasticity. This should provide QCM users an initial

guess as to what thickness regime to aim for to obtain meaningful viscoelastic data.
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Chapter 2

pH Controlled Electrodeposition of

Polyelectrolyte Complex Films

Abstract: Polyelectrolyte complex (PEC) films made from oppositely charged polymer chains
have applications as drug delivery vehicles, separation membranes, and biocompatible coatings.
Conventional layer-by-layer (LbL) techniques for polyelectrolyte coatings are low-throughput and
multistep processes that are quite slow for building films on the order of micrometers. In this
work, PEC films are electrochemically deposited using a rapid one-pot method yielding thick (1
um) films within short experimental time scales (5 min). This rapid electrodeposition is achieved
by exploiting the reduction of hydrogen peroxide at mild electrode potentials that avoid water
electrolysis, yet trigger the pH responsive self-assembly of a PEC film of poly(acrylic acid) and
poly(allylamine). In-situ rheology using an electrochemical quartz crystal microbalance (EQCM)
quantified the shear modulus-density product of the deposited layer to be on the order of 107 Pa-
g/cm? at a frequency of 15 MHz, with a viscoelastic phase angle at this frequency of approximately
50°. This electrodeposition scheme furthers the development of PEC coatings for more high-
throughput applications where a fast and efficient single step approach would be desirable for

obtaining coatings. This work appears in Langmuir 2017, 33, 8, 1834-1844.
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2.1 Introduction

Polyelectrolyte complexation is an interesting self-assembly phenomenon because it yields
stimulus responsive soft matter spanning a broad range of physical properties. This versatility
stems from the ionic interactions that allow oppositely charged polyelectrolytes to form either
solid-like precipitates (complexes) or fluid-like dense phases (coacervates).[1, 3, 6] The dynamic
nature of electrostatic bonds characteristic of polyelectrolytes promises advancements in a range
of technological applications such as drug delivery[56, 57], coatings[58], membranes[4, 59] and
adhesives.[60, 61] To date, the layer-by-layer (LbL) deposition process employing the sequen-
tial assembly of oppositely charged macromolecules onto a substrate has been the most common
method for controllably making tunable polyelectrolyte complex (PEC) coatings. This facile ap-
proach, coupled with the rich chemistry of polyelectrolytes, has led to many advances in devel-
oping surface treatments and stimulus-responsive materials.[59, 62, 63] Additionally, the physical
behavior of polyelectrolyte coacervates and multilayers has now become well documented.[1, 6,
64, 65, 66, 67, 68]

Polyelectrolyte multilayering yields smooth and conformal coatings with nanometer scale con-

trol using a simple aqueous processing method. However, a significant shortcoming of this method
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is its inherently low-throughput nature due to the multiple alternating steps involved.[2, 69] Sev-
eral improvements upon the LbL technique, such as spin, spray, potential and exponential growth-
assisted assembly, have significantly improved the rate of PEC film growth, but these approaches
do not fundamentally overcome limitations associated with the sequential assembly process.[70,
71, 72, 73] Many commercial applications where polyelectrolytes are of relevance, such as elec-
trodeposited paints[74], require an efficient one step process. For PEC coatings to be applica-
ble in such high-throughput contexts it is necessary to consider alternative single step deposition
schemes. Kelly er al. recently spin-coated a polyelectrolyte coacervate and achieved uniform
films on the order of microns.[2] This approach preserves the simplicity of the LbL process, but
it is restricted to planar surfaces. Krogman et al. have reported a fast and novel spray assembly
of conformal PECs on fibers. This approach, however, typically requires a direct line of sight
to the substrate [75]. Garnier and Dochter et al. reported the electrochemical codeposition of
polyelectrolytes by masking the true charge on one of the chains and subsequently deprotecting
it via a pH stimulus generated by an applied potential.[76, 77] While this approach permits high-
throughput conformal coatings of large arbitrary shapes- as exemplified by pH controlled paint
electrodepositions- it involves a synthesis step to chemically modify either the cationic or anionic
polyelectrolyte.

Electrochemical approaches to codeposition of polyelectrolytes are particularly appealing be-
cause the substrate potential can be adjusted to realize a desired deposition rate, film thickness and
mechanical response of the deposited film. Indeed, polyelectrolyte adsorption and LbL assembly
under electrochemical potential biases have been shown to improve the rate of deposition[78, 79,
80], but this approach often suffers from the high electrode potentials used where water electrolysis
can be an issue, while only marginally overcoming the limitations of LbL. assembly.[81] Nilsson et
al. recently studied the anodic electrodeposition of a cationic polyelectrolyte using QCM-D (quartz

crystal microbalance with dissipation monitoring), but they noted that the evolution of O, bubbles
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from water electrolysis during the deposition process only allows one to calculate estimates for
film mass and viscosity from the QCM response.[82] In its simplest application, the QCM is a very
sensitive mass balance for sufficiently rigid films, as quantified by the Sauerbrey equation.[22] If a
viscoelastic film is applied at the quartz crystal surface, there is a deviation of QCM response from
the Sauerbrey limit that depends on the thickness and viscoelastic character of the film. By quan-
tifying this deviation it is possible to use the QCM as a fixed-frequency rheometer, obtaining the
high frequency (typically 5 or 15 MHz) mechanical properties of the film deposited at the crystal
surface.[24] Although the QCM has been used extensively in polyelectrolyte research, it is almost
exclusively employed to gain qualitative insights in terms of frequency and dissipation shifts. The
viscoelastic information contained in those shifts is rarely quantified, usually due to difficulties in
modeling with the widely used Q-sense instrument.

In this study, we develop a rapid one-pot electrochemical deposition scheme that uses a pH
stimulus to trigger the self-assembly of a PEC film of poly(acrylic) acid and poly(allylamine) HCI1
at moderate cathodic potentials, circumventing the electrolysis of water and thereby the evolution
of Hj gas. The pH stimulus is generated by exploiting the reduction of H,O; at the working elec-
trode of a custom electrochemical quartz crystal microbalance (EQCM), achieving =~ 1 um films
within short time scales (= 5 min). We demonstrate that H,O, is an ideal molecule for generating
a pH gradient that can induce the self-assembly of a PEC film at the electrode surface, and perform
in-situ theology of the film using the EQCM, monitoring the evolution of its viscoelastic phase
angle (¢) and density- shear modulus product (p|G*|). Our results suggest that the mechanical
properties of the deposited PEC film are dependent on the bulk solution pH, working electrode
potential and the initial salt, HyO, and polymer concentrations. Finally, we present Finite Element
Modeling (FEM) results to guide intuition behind the deposition mechanism during the initial stage

of film growth.
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2.2 Experimental Methods

2.2.1 Materials

Poly(acrylic) acid (PAA, molar mass 250,000 g mol™!) and poly(allylamine) HCI (PAH, molar
mass 60,000 g mol™') were purchased from Polysciences Inc. (Warrington, PA). Sodium chloride,
sodium sulfate, hydrogen peroxide (35 wt%) and hydrochloric acid (37 wt%) were purchased from

Sigma-Aldrich. Deionized water (conductivity ~ 5 pS/cm) was used for making all solutions.

2.2.2 Electrochemical Quartz Crystal Microbalance

A custom three-electrode electrochemical quartz crystal microbalance (Advanced Wave Sensors,
Valencia, Spain) was used to deposit polyelectrolyte complex films. The EQCM holder was con-
nected to both an N2PK impedance analyzer (Thornhill, ON, Canada) and a potentiostat (BioLogic
SP-150, Grenoble, France). Electrodepostion was conducted using a silver chloride reference elec-
trode (Ag/AgCl) and a platinum counter electrode. All potentials reported in this paper are refer-
enced to the Ag/AgCl electrode. AT-cut, 1 inch, 5 MHz quartz crystals with an 1.27 cm? working
Au electrode (Stanford Research Systems, Sunnyvale, CA) were used as manufactured.

We have previously detailed the mathematical approach for obtaining viscoelastic informa-
tion from QCM experiments, an analysis that can be extended to data obtained from the Q-sense
instrument.[24, 39] The values of interest obtained from the QCM portion of the experiment are
the the resonant frequency, f,, and the bandwidth, I',,. Here f,, is the frequency corresponding to
the maximum conductance measured across the electrodes on either side of the quartz crystal at
the n'" harmonic. We measure the resonances at the first harmonic (7 = 1, f, =5 MHz) and at the
third harmonic (n = 3, f,, = 15 MHz). The bandwidth is the half-width of the conductance peak,
measured at half its height. The bandwidth is a measure of the energy dissipation in the system,

and we often refer to I',, simply as the “dissipation”. When a film is deposited onto the electrode
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surface of the QCM, the frequency and dissipation values shift relative to the bare crystal, allowing

one to define a complex frequency shift, Af,[22]:

Af¥ = Af,+iAT, 2.1)

If the film at the electrode surface is submerged in a liquid, as in our experiments, then Af,’ includes
shifts from both the film and liquid loads at the quartz surface. If frequency and dissipation shifts
from the liquid load are subtracted from Af,, and the film is sufficiently thin and rigid, then AL,
becomes negligible and the frequency shift becomes proportional to the areal mass of the film
(AM,) through the well-known Sauerbrey relation (eq. 1.3)[22]. In our experiments, we reference
Af, and AL, to the resonance frequency of the crystal submerged in solution.

When QCM measurements are combined with electrochemical tests, the QCM electrode in
contact with the aqueous medium serves as the working electrode in a three-electrode electrochem-
ical cell. Current or potential can be controlled and measured by a potentiostat, while the QCM
simultaneously measures changes in mass (eq 1.3) at the electrode surface due to the electrochem-
ical process. If a viscoelastic film is applied at the quartz surface (i.e., AI' > 0) then the QCM
response deviates from the Sauerbrey limit of eq. 1.3, and the magnitude of the deviation allows
calculating the viscoelastic parameters of the layer. Mathematically this deviation is represented

by the following QCM master equation[24]:

% . *—2 *2
Afi _ Afa 8Ly Dy R (2.2)
Afsn Af:vn COt(DZf)/D:;f_l_R:;E '
where R}, and Dy, are defined as follows:
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2nd
= (1= itan(94/2) 2.4
with:
! 'GZ'T/Z !
Ay =— 2.5
fn{ p cos(¢,/2) )

In the above equations, 4, is the wavelength of the shear wave within the film, G} is the
complex modulus of the film, ¢, is its phase angle, and the subscripts f and ¢ refer to the film
and liquid, respectively. Eq 2.2 provides the divergence from the Sauerbrey limit for a viscoelastic
material, allowing one to calculate its areal mass (pd), density-modulus product (pG}) and phase
angle (¢,). For the experiments reported here, Af, and Al',, were recorded at the first and third
harmonics (n = 1, 3), yielding four experimental parameters (Af; 3 and Al'1 3). Since Af;; /Afn
is a function of pd, d/A, and ¢, three parameters are needed to numerically solve for the three
variables. In the work described here, we use the frequency shift of the first and third harmonics
and the dissipation shift of the third harmonic (a 1,3:3 calculation in our nomenclature). For a film
in air, R}, = 0, which reduces eq 2.2 to our previously reported one-layer in air model [39]. One

final relation is needed to convert d/A3 to p|Gj]:

pIGS| = 9(pd)* frcos($/2) (%) 2.6)

Equations 2.1-2.6 provide all the necessary relations needed to estimate the viscoelastic parameters
of the deposited film. Note that we are only sensitive to the mass of the thin film when its thickness
is not too large, with a cutoff thickness determined by the decay length, J,, of the shear wave in

the film, with 8, given by the following expression:

An
Op = Ecot((]),,/Z) (2.7)
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2.2.3 Electrodeposition

Deposition was carried out in solutions containing 0.250% PAH and 0.192% (w/v) PAA (26.7
mM repeat units each). The pH was adjusted to the desired experimental value using HCI and
then sodium chloride and hydrogen peroxide were added. For each experiment, the resonance
frequencies of the bare crystal in air at the first and third harmonics were recorded. Next, the
resonance frequencies of the crystal immersed in the prepared polymer solution were recorded
with reference to the bare crystal in air. The open circuit potential of the electrochemical cell was
monitored for 30 seconds before electrodeposition was carried out at -0.5V vs. Ag/AgCl while the
QCM measured shifts in frequency ( Af,) and dissipation ( AI';,) at the 1st and 3rd harmonics were

recorded in solution. All experiments were conducted at room temperature.

2.2.4 Dynamic Light Scattering

Dynamic light scattering was performed using a Malvern Zetasizer Nano S (Worcestershire, UK)
system at 25°C using a 173° backscatter angle. The refractive index (1.330) and viscosity (8.87 x
10~* Paxs) of water at 25°C were used as the dispersant properties; the refractive index and at-
tenuation coefficient of the polymer were estimated at 1.45 and 0.001, respectively. We report the

average + one standard deviation of four measurements at each condition.

2.2.5 Finite Element Modeling

Finite element modeling was performed using COMSOL Multiphysics 5.2 with a Corrosion Mod-
ule using our previously reported approach to calculate the proton and peroxide depletion rates at
the electrode surface during the initial period of film growth.[83] A time-dependent, tertiary cur-
rent distribution with a reduced 1-D interval was used. The left boundary of the 1-D interval was

defined to be the working electrode, and the right boundary was defined to be the bulk solution.
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The dependent variables were the electrolyte potential and the concentration of all chemical species
in space and time. Table 2.1 presents all the diffusion coefficients and initial concentrations used
as model inputs. Current and potential were defined at the working electrode as measured from
EQCM tests.

Four boundary conditions were specified in this model:

1) A “no flux” condition was set at each electrode boundary.

2) The potential and current at the electrode boundary was defined as a function of time as
measured from the experimental data.

3) The electrolyte potential at the bulk electrolyte boundary was set equal to the experimentally
measured open circuit potential.

4) The initial concentrations of HY, OH~, PAHT, PAA, H,0,, and Cl~ were set as their bulk

concentrations at the bulk electrolyte boundary.

Species | Diffusion Coefficient (m? /s) [84] | Initial Concentration (mM)
HT 9.331 x107° 11.2
OH™ 5273 x 1077 891 x10°10
H,0, 1.71 x 107° 120
Nat 1.334 x 107° -
Cl- 2.03x107° 30 + 26.7
PAHT 8 x 10~ 12 (DLS) 26.7 (0.250% (W/v))
PAA 6 x 10~ 12 (DLS) 26.7 (0.192% (W/v))

Table 2.1: Diffusion coefficients and initial concentrations of all dependent variables in numerical
modeling. Na™ concentration was used to maintain electroneutrality internally in the simulation.
Diffusion coefficient for H,O, was used as determined by Kern [8], while PAH" and PAA were
measured experimentally by dynamic light scattering.

Flux of individual species were related to the experimentally measured current to calculate
species concentrations at the electrode. The flux of a component i (N;) is related to its contribution
to the current, j;, by Faraday’s Law written in the following form [85]:

Viji
niF

N; = (2.8)
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where V; is the stoichiometric coefficient of the component, #; is the number of electrons involved
in the reaction, and F' is Faraday’s constant. Component fluxes are driven by three processes -

diffusion, electromigration, and convection - according to the Nernst-Planck equation [85]:

Ni = —D;<J ¢; — Zitm iF ¢; 7 ¢+ ciu (2.9)

where c; is the component concentration, D; is the diffusion coefficient, z; is the charge, u,, ; is its
ionic mobility, ¢; is the electrolyte potential, and u is the convection velocity vector. The three
terms on the right hand side of eq 2.9 correspond, from left to right, to diffusion, electromigration,
and convection. Ionic mobility is related to the diffusion coefficient through the Nernst-Einstein
relation [85]:

U = — (2.10)

where R is the molar gas constant and 7 is temperature.
The total transport rate of component i through the electrolyte, R; ., is given by the mass
balance eq [85]:
aC,’

E + V]Vz = Ri,tot (2.11)

Equation 2.11 can be solved numerically for the concentrations of the i components as a function of
time using experimental parameters such as the electrode potential, measured current, and species

concentrations.

2.2.6 Atomic Force Microscopy

The morphological features of electrodeposited PEC films were examined using tapping mode
on a Dimension FastScan AFM with ScanAsyst (Bruker Co., Billerica, MA). AFM images were

obtained in air at rate of 0.50 Hz with scan sizes of 25 x 25 um. Films for AFM imaging were
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obtained after approximately 6 minutes of deposition by removing the electrode from solution

while maintaining the potential to limit film dissolution. Films were then dried in air.

2.3 Results & Discussion

Electrodeposition of polyelectrolytes has been studied in great detail in the context of a weak
polyelectrolyte becoming insoluble at an electrode surface by losing its charge due to a pH gra-
dient. For example, the cathodic neutralization of the aminopolysaccharide chitosan causes it to
precipitate out of solution in response to an applied potential.[86] Electrodepostion schemes can
also be easily extended to polyelectrolyte-inorganic particle composites to obtain a variety of func-
tional coatings.[87, 88] An analogous approach to PEC film deposition is desirable as it allows
spatiotemporal control over the film growth process in a potentially high-throughput and versatile
way. However, in addition to the issue of establishing a pH gradient at moderate potentials (to
avoid water electrolysis), it is necessary to exclusively initiate the electrostatic complexation of
the polyelectrolytes at the electrode surface such that a coating can be obtained. This is challeng-
ing under low salt conditions (<1.0 M salt) because polyanions and polycations immediately form
precipitates upon mixing. Our approach utilizes the cathodic reduction of H,O; at a moderate
potential (-0.5 V) in an acidic solution (pH ~ 2) to alkalize the vicinity of the electrode and prompt
the electrostatic self-assembly a PEC film composed of the weak polyelectrolytes PAA (pK; ~5.5)
and PAH (pK, ~8.5). The acidic conditions fully protonate PAA, thereby precluding premature
complexation of PAA and PAH in the bulk. The reduction of H,O; at the cathode initiates the
local electrostatic complexation of the polyelectrolytes by slowly deprotonating PAA (PAH re-
mains in its cationic form). Water reduction does not proceed at this potential, thus facilitating
the formation of a homogeneous film. Furthermore, we probed the in-situ mechanical response
of the PEC film by performing its electrodeposition using an EQCM as schematically outlined in

Figure 1.1. We present the results of our investigations in the following sections, beginning with
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the electrochemical behavior of H,O».

2.3.1 Electrochemical Behavior of H,O,

Figure 2.1 shows the cyclic voltammograms for water and hydrogen peroxide obtained in a pH
2 solution with an Au working electrode. Without peroxide, the current remains close to zero,
indicating that no water reduction is occurring at these potentials. When 10 mM of peroxide is
added to the solution, a significant increase in the reduction current is observed, with the current
commencing around -0.1 V and peaking around -0.45 V. Comparing the voltammograms of water
and peroxide, it is evident that the large reduction current is solely due to peroxide reduction.
Gerlache et al. and Stewart et al. have previously reported similar reduction behavior of peroxide,
and have offered some mechanistic insights for the chemical steps involved.[89, 90] Gerlache et
al. studied the effect of pH and peroxide concentration on the voltammogram, while Stewart
et al. concluded that the peroxide reduction in an acidic environment involves the dissociative
adsorption of peroxide molecules on to a metal surface via the formation of metal-OH species.
These metal-OH species are subsequently reduced at cathodic potentials, forming OH" that can

neutralize H* ions in solution via the following overall mechanism:

H,O0, +2H" +2e~ — 2H,0 (2.12)

Exploiting the reduction of H,O; to generate a pH gradient has the following advantages:

1. H>O; reduces at moderate potentials

2. No Hj gas is generated since water electrolysis is avoided

3. The reaction product is simply water- the original solvent

Circumventing the electrolysis of water to generate a pH gradient is essential for achieving
uniform films. Furthermore, it enables our mathematical approach- which assumes uniform contact

at the film-electrode interface- for extracting viscoelastic parameters from a film deposited on a
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QCM. The in-situ rheology of the deposited PEC film is discussed in the next section.
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Figure 2.1: Cyclic voltammograms of water and 10 mM H,O; obtained in a pH 2 solution with 1 M

Na, SOy acting as the supporting electrolyte. The scan rate was 20 mV/s vs. a Ag/AgCl reference
electrode.

2.3.2 Rheology of the Electrodeposited PEC Film

Under acidic conditions, PAH and PAA form weak complexes, but if the pH is raised to the vicin-
ity of 5.5 (pK, of PAA), an insoluble polyelectrolyte complex precipitates from solution.[91] This
phenomenon presents the opportunity to controllably induce the self-assembly of a PEC film at an
electrode by providing an appropriate local pH stimulus. At a cursory glance, the electroreduction
of water could induce a pH gradient, but this approach has several drawbacks, most notably the
very low potentials (<-1.0V) necessary to reduce water, and the formation of H, gas which would
interfere with the film deposition process. In the previous section it was demonstrated that hydro-
gen peroxide reduces at intermediate potentials and that the reduction reaction consumes protons
locally at working electrode surface, raising the pH. Figure 2.2 presents the evolution of mechani-
cal properties of PEC film deposited from a pH of 1.95 and 26.7 mM PAH and PAA by setting the

electrode potential to -0.5 V.
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Figure 2.2: Electrodeposition of a PEC film from a solution of pH 1.95, 120 mM H,0O,, 30 mM
NaCl, and 26.7 mM PAH and PAA, respectively. (a) and (b) show the increase in the areal mass
and density-shear modulus product and (c) shows the decrease in the viscoelastic phase angle. The
working electrode potential was set to -0.5 V vs. Ag/AgCl. Mechanical properties were calculated
using the 1:3,3 calculation and the viscosity in (b) was calculated by noting that |n3| = |G3|/2xf,
where f is the experimental frequency (15 MHz). Error bars presented are the standard errors of
three trials. The filled time point in red was used to calculate the error contour plots in Figure 2.5.

At a pH of 1.95 the mixture was clear, indicating that the polyacid and the polybase were very
weakly complexed. We observed the turbidity of the solution increase when the pH exceeded 2.
According to Figure 2.2, rapid film deposition began about 30 s after the potential at the working
electrode was set, followed by a linear increase in the areal mass, an increase in the density-
modulus product, and a decrease in the phase angle. Assuming that the density of the deposited
PEC layer in Figure 2.2 is about 1 g/cm?® (a reasonable approximation for a highly hydrated film),
an areal mass of 1200 mg/m? corresponds to a 1.2 um thick film- a significant improvement over
conventional layer-by-layer techniques considering the short time scale of this experiment.[70,
79, 92, 93] Polyelectrolyte multilayers typically grow via a slow initial “linear” regime followed
by a faster “exponential” regime, and in certain cases can yield micron thick films within ~15
bilayers.[70, 79, 93] Each bilayer addition can take ~ 20 min when adsorption times and washing
steps are considered. In our case, the multiple-step LbL process is simplified to a single continuous
process with a faster and linear control over the thickness. The polyelectrolyte complex film was

found to have a density- shear modulus product on the order of 107 Pa-g/cm? at 15 MHz (n=3) and
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a viscoelastic phase angle at 15 MHz of about 50°(¢ = 0 for purely elastic materials and 90 for
newtonian liquids). It is interesting that the film becomes more elastic as it increases in thickness,
a phenomenon we attribute to the increasing polymer volume fraction in the film as it evolves.

These values compliment the low-frequency mechanical test results previously reported for
polyelectrolyte multilayers. Han ef al. performed AFM nanoindentation of the PAA/PAH system,
reporting modulus values as a function pH and ionic strength on the order of megapascals.[94]
Jaber et al. performed dynamic mechanical tests on the PDADMA/PSS system, with moduli on the
order of few megapascals and phase angles between 10-40°.[95, 96] The larger moduli and lower
viscosities obtained in our experiments are consistent with the much higher frequency of the QCM
measurement in comparison to traditional dynamic mechanical tests.[6, 95, 96, 97] Our modulus
values also agree reasonably well with previously reported values for PAA/PAH multilayers using
QCM-D.[92, 98] The magnitude of the complex viscosity at 15 MHz, which we refer to as 13,
provides a more straightforward comparison to the properties of the polyelectrolyte complex film
in comparison to water. Water has a frequency-independent viscosity of ~1 mPa-s (10_3 Pa— s)
at room temperature. The magnitude of the complex viscosity of the films corresponding to Figure
2.2b are ~ 200 times this value, assuming a film density of 1 g/cm?>.

Our ability to quantify mechanical properties of an adsorbed film with the QCM requires that
measurable deviations from the Sauerbrey equation are observed. If a film is too thin it will fall
under the Sauerbrey regime (Figure 2.5), where no information about viscoelastic properties can
be obtained. The QCM is only sensitive to the mass loading here. For films of intermediate
thicknesses, the mass loading, modulus and phase angle can be calculated by quantifying the devi-
ation from the Sauerbrey regime.[39] This is the regime we operate in for the experiments in this
chapter, and it is ~ 600 - 2000 nm. While viscoelastic information can be obtained from thinner
films[22, 92, 99], the inherent error in the properties extracted in this regime are much larger than in

the thickness regime that we choose to analyze. Indeed, it is possible to deposit films much greater
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than 1 um using our electrochemical approach. However, for very thick films the crystal resonance
is damped so strongly that it is no longer possible to obtain useful information with the QCM. It is
still important to recognize that in almost all cases the Sauerbrey equation is still accurate to within
10 or 20 percent, provided that one is only interested in the film mass. This is illustrated in Figure
2.3a, where we plot the ratio of pd obtained from the complete viscoelastic analysis to the value
of pd obtained from the Sauerbrey equation (eq 1.3). For sufficiently thick films the Sauerbrey
equation will become quite inaccurate, since the frequency shift becomes independent of d when
d is much larger than the decay length, 8. For our experiments the film thickness is always less
than &, as shown in Figure 2.3b. These values of 6 were obtained from the values of ¢, and p |G|
obtained from our full viscoelastic solution. Our experiments are therefore being conducted in a
thickness range where d is large enough so that values of the viscoelastic properties of the film
can be obtained from the deviations to the Sauerbrey equation, but small enough so that measured

frequency and dissipation shifts are sensitive to the total film mass.
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Figure 2.3: (a) Deviation from the Sauerbrey limit of the viscoelastic film and (b) the decay length
(eq 2.7) of the shear wave as a function of time for the deposition outlined in Figure 2.2. The quan-
tity pd/(pd)sy is the ratio of the areal mass obtained from solving eq 2.2 to that calculated from
the experimentally measured frequency shift using eq 1.3. Error bars presented are the standard
errors of three experiments. Note that 1 g/m? = 1 um for p = 1 g/cm?>.

The voltammetry performed in Figure 2.1 provided an initial guess for setting the working elec-
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trode potential, but we speculated that changing the potential would greatly affect the rate of mass
deposition. To investigate this further, potential step tests were performed in which the potential at
the working electrode was cycled between the open circuit potential (= 0.6 V) and the deposition
potential (= -0.5 V). Figure 2.4a shows that there is a small delay (= 30 s) between the time when
the potential is switched on and the time of mass increase. The mass continues to increase linearly
while the potential is maintained, and spikes immediately as the potential is switched back to the
open circuit potential. The spike in mass corresponded with a spike in the dissipation shift, sug-
gesting that the film swelled before dissolving away at this low solution pH. This pH dependent
swelling behavior of PAA/PAH has been documented previously for multilayers, and the electrode-
posited films in this work appear to behave similarly.[100] Next, the potential was stepped from
-0.35 V t0 -0.55 V in increments of -0.05 V, as shown in Figure 2.4b. We recorded negligible mass
increase at -0.35 V, but the deposited mass scaled with the potential decrease thereafter. At the final
potential of -0.55 V, we observed a mass increase followed by a quick decrease before swelling
and dissolution (Figure 2.4d). A film could not be maintained at this potential without lowering the
salt concentration, suggesting that there is a complex interplay between salt, potential and pH that
determines film mechanical properties and stability. This coupling of process variables has been
previously observed, although has not been fully explained. [80, 81] Determining the exact nature
of this potential/salt based dissolution is beyond the scope of the current work, but we suspect that
at lower potentials the pH in the vicinity of the electrode could become too basic such that PAH is

significantly deprotonated and therefore a stable film cannot be formed.
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Figure 2.4: Potential step tests conducted in a solution of pH 1.95, 120 mM H,0;, 30 mM NaCl,
26.7 mM PAH and PAA each. Two minute potential steps were applied from the open circuit
potential (OCV = 0.6 V) to (a) -0.5 V, and (b) sequentially decreased from -0.35 V to -0.55 V at
-0.05 V increments. (a) and (b) depict film deposition when the potential is switched on, followed
by swelling and dissolution (see inset) when it is switched off. (c) Showing only the deposition
while the potential is on from (a), and (d) showing the effect of the electrode potential on the
deposition from (b). The mass reported here is the Sauerbrey mass (eq 1.3) calculated at the first
harmonic, which is accurate to within 10% (Figure 2.3a).

2.3.3 Error Analysis

To solve eq 2.2 numerically, we first note that it is a function of pd, d/A, and ¢. Next, we

define a harmonic ratio (r;,) and a dissipation ratio (r;), which for the 1:3,3 calculation assumes



66

the following form:
Afs  real(Af3/Afi3)

r, = = (2.13)
"T3Af T real(Aff/Afa)
A" i Af5 /A
Af; real(Af3 /Af3)
Next, we redefine pd with a modified form of the Sauerbrey eq:
Af3Z, Af5 (@n,d /A
pd = f32qreal[ f3 (9, 3)} (2.15)

where Af; is given by eq 2.2. Finally, we assume |G| has a power law dependence on the
frequency, with same the phase angle at both n; and n3. We previously demonstrated that the error
due to this “constant phase angle approximation” is quite small.[24, 39] The power law frequency

dependence and the constant phase angle approximation yield the following relationships:

G3|/|G;| =39/ (2.16)
|D3|/|Dj| = 31~ 9/180) 2.17)

Here, Dj, is given by eq 2.4. When eq 2.17 is combined with eq 2.2, eqs 2.13-2.15 provide a
system of equations that can be solved numerically to find self-consistent solutions for ¢, d /A, and
pd. Eq 2.6 is then used to obtain p|G}| from d/A,,.

Figure 2.5a,b plots the contour maps of eq 2.2 showing how Af; deviates from the Sauerbrey
limit as a function of ¢ and d/A, at 15 MHz and time t = 3.5 min. The time point is highlighted
in red in Figure 2.2, and the corresponding calculated solution is marked with a “+” in Figure
2.5. Figure 2.5b,c plots the change in r;, and r; also as function of ¢ and d/A,. In the data
presented in Figure 2.2, we typically observed a variation of about 3% between repetitions. The

black solid lines overlayed on these plots show all potential solutions of r;, that are within 3% of
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the calculated solution and the dashed lines outline all potential solutions within 3% of r;. The
region of intersection marks the unique solution to the system of equations. Furthermore, in the
deposition experiment reported in Figure 2.2, the QCM is insensitive to the viscoelastic properties
of the film until about 30 s. This is due to the fact that for very thin films, the Sauerbrey limit
holds even for viscoelastic layers.[46] Figure 2.5a, graphically represents this phenomenon; very
thin films (d<<A,) are in the Sauerbrey regime, where (Af3/Af3 ~ 1). Practically, we find that

d /A3 must be larger than ~ 0.05 for accurate property values to be obtained.
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Figure 2.5: (a) Af3/Afs3 and (b) A3 /Afs3 as a function of ¢ and d/A3 as calculated from eq 2.2
for the indicated point at = 3.5 min in Figure 2.2. (c) Variations in ry and (d) r4, also as a function
of ¢ and d/A3. The solid black lines in (c) and (d) outline all possible combinations of ¢ and d/A3
that give a harmonic ratio within 3% of 1.01; the dashed lines outline all possible combinations
that give a dissipation ratio within 3% of 0.29. The center of the intersection between these two
regions is marked a “+” on all four plots and represents the solution to eqs 2.13-2.15 at# = 3.5 min
of the film deposition.

2.3.4 Numerical Modeling and Acid-Base Titrations

Numerical modeling was performed to quantify the pH and hydrogen peroxide concentration at the
electrode surface during the initial stages of film growth. Modeling was not performed beyond the

initial period due to difficulties in quantifying diffusion through a polymer film that is growing as
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a function of time. The aim of this portion of the study was to gain an intuition behind the rate of
proton and hydrogen peroxide depletion at the electrode-electrolyte interface. The current density
at the working electrode boundary was specified to be the current measured from the experiment
presented in Figure 2.2. Figure 2.6 plots the surface pH and peroxide concentration as a function
of time after a step change in the electrode potential from open circuit to -0.5 V. During film
deposition, a significant shift in the quartz resonant frequency was not observed until = 30 s after
the potential was switched on. This delay in response is arguably due to the time required to
raise the pH sufficiently to precipitate out a polyelectrolyte complex. Our model suggests that the
pH increases about one unit within the first few seconds, corresponding with a drop in the local

peroxide concentration, as shown in Figure 2.6.
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Figure 2.6: Numerical modeling results displaying the pH evolution and hydrogen peroxide de-
pletion at the electrode-electrolyte interface, i.e., at a distance x=0 from the electrode. Solution
conditions used as model inputs are reported in Table 2.1.

A change in pH would result in a change in the degree of ionization (&) of PAA and PAH,
thus causing a time dependent complexation at the electrode-electrolyte interface. The extent of
complexation depends on the relative degrees of ionization of each polymer chain. To calculate
o as a function of pH, acid-base titrations were conducted to determine the fraction of protonated

monomer units (f,) for each polymer. *Solvent’ solutions were prepared with 30 mM NaCl, while
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the "PAH’ and "PAA’ solutions contained 0.250% and 0.192% (w/v) (26.7 mM), respectively. No
solutions contained hydrogen peroxide. After raising the pH of the solutions to 12 using NaOH,
HCI was added in increments while a pH meter simultaneously measured the solution pH. The

fraction of protonated amine/acid groups, f,, at each incremental addition of HCI was determined

by:
10~PHs — 10=PHp

Jr=

2.18
[Monomer|; o (2.18)

where pH), and pH; are the pH values of the solutions with and without any polymer, respec-
tively. [Monomer];,; is the total molar concentration of protonizable amine/acid functional groups,
determined from the dissolved polymer concentration. For PAH, « is simply equal to f,, while
for PAA it is equal to (1-f}). Figure 2.7a and b plots the titration curves for the solution, PAH and
PAA, and Figure 2.7c displays o as a function of pH. We observed a pK, of about 5.5 for PAA
and 8.8 for PAH under the low salt conditions used in this work, similar to previously reported

literature values.[101, 102]
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Figure 2.7: Titration curves for 26.7 mM (a) PAA and (b) PAH dissolved in 30 mM NaCl. The
blank “solvent” consisted of just 30 mM NaCl in deionized water. (c) The degree of ionization as
a function of pH for PAA and PAH as calculated from eq 2.18.

At pH 2, PAH was found to be about 96% charged at this concentration while PAA was com-

pletely uncharged. According to the modeling results, the electrode surface pH is about 3 after 5 s,
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which corresponds to PAA and PAH being roughly charged at 2% and 92%, respectively, accord-
ing to the titration of the individual polymers. The situation is markedly different when both PAA
and PAH are present together at this pH. The presence of fully charged PAH effectively increases
the solubility of PAA by shifting the equilibrium towards ion pairing. PAA is thereby deprotonated
at a lower pH than what one would expect from the degree of ionization behavior of PAA indi-
vidually. We used dynamic light scattering to monitor the hydrodynamic radii of PAA, PAH and
their complexes as a function of pH as listed in Table 2.2, and observed that significant aggregates
formed at pHs as low as 2.1. We report the Z-average radius and the peak of the volume percent vs.
size distribution (Ry). As expected, both of these metrics of the complex size appeared to increase
with pH.

Table 2.2: Hydrodynamic radii of PAH, PAA, and the PAA/PAH complex at different pH. The

concentration of each polymer was 26.7 mM, and the NaCl concentration was 30 mM. The error
reported is one standard deviation of four measurements.

System | pH | Ry(nm) | Z-avg. Radius (nm)
PAH 20| 54+04 4045
PAA 2.0 | 28+5.6 110+£30
PAA/PAH | 1.9 | 15£3.0 112415
PAA/PAH | 2.0 | 28+4.0 152+12
PAA/PAH | 2.1 | 59+9.0 192418
PAA/PAH | 2.2 | 85424 151421
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-180.0 nm

Figure 2.8: AFM image of a dried electrodeposited PEC film prepared with the same conditions
outlined in Figure 2.2. The scan area was 25 by 25 um with a root-mean-square roughness of 50
nm. The dry average thickness of the film from five measurements was determined to be 750 + 50
nm using profilometry.

2.3.5 Film Morphology

The pH is known to strongly affect the morphology of PAA/PAH multilayers even when exposed
to acidic conditions for short period of times [100]. What could be the structure of rapidly elec-
trodeposited PAA/PAH films using a time-dependent pH gradient? Under the low salt conditions
utilized in this work it is possible that the complex size indicated by Ry in Table 2.2 are nano-
precipitates rather than coacervate-like phases, which would suggest a mechanism of precipitation
in solution followed by nucleation at the electrode. Cho et al. reported that LbL films exhib-
ited morphological changes under potential biases (4.0 V vs. Ag/AgCl) resulting from the local
pH change and water oxidation.[73] These films showed changing porosity and roughness based
on the duration of the applied potential, with the root-mean-square (RMS) roughness becoming
as high as 90 nm. Since we electrodeposit PEC films under mild reducing potentials, we do not
expect gas bubble induced porosity or roughness in our films. However, if the mechanism of de-
position is precipitation in solution followed by adsorption to the surface, it could be a source of

porosity and roughness. Figure 2.8 shows an AFM image of a dried electrodeposited PEC film
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taken out of solution immediately after deposition. This film possessed a RMS roughness of 49
nm and an assortment of pore-like structures. While a more detailed investigation of film morphol-
ogy based on the processing parameters is currently underway in our lab, we can offer a qualitative
explanation: since the deposition rate of our films are quite fast, highly non-equilibrium structures
are formed that are essentially frozen. Carefully controlling the rate of deposition may result in

smoother films. Annealing in subsequent salt solutions could also swell and smooth these films.

2.4 Conclusion

In this work, a facile electrochemical deposition technique was developed for rapidly depositing
a polyelectrolyte complex (PEC) film at the electrode of an electrochemical quartz crystal mi-
crobalance (EQCM) by exploiting the reduction of hydrogen peroxide to trigger the pH responsive
self-assembly of PAH and PAA. This approach yielded thick PEC films (1um) within short exper-
imental time scales (5 min). It was demonstrated that hydrogen peroxide is an ideal molecule for
inducing the pH gradient due to its simple chemistry, moderate reduction potential, and absence of
a gaseous product. The EQCM was used to quantify the in-situ viscoelastic properties of a PEC
film by observing the deviation in the complex frequency shift from the Sauerbrey prediction. Us-
ing this approach, the areal mass (pd), the density-modulus product (p|G}|) and the viscoelastic
phase angle (¢) was determined as a function of time during electrodeposition. Our calculation
indicates that the film that forms at the working electrode has a phase angle of about 50° and a
density-modulus product of around 107 Pa-g/cm?® at 15 MHz and after five minutes of deposition.
Finally, we presented finite element modeling results to guide the intuition behind the time evolu-
tion of the pH gradient at the electrode surface, showing that the pH rises by one unit within the

first 5 s of deposition, with a complimentary drop in the hydrogen peroxide concentration.
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Chapter 3

Influence of Hydrophobicity on

Polyelectrolyte Complexation

Abstract: Polyelectrolyte complexes are a fascinating class of soft materials that can span the full
spectrum of mechanical properties from low viscosity fluids to glassy solids. This spectrum can
be accessed by modulating the extent of electrostatic association in these complexes. However, to
realize the full potential of polyelectrolyte complexes as functional materials their molecular level
details need to be clearly correlated with their mechanical response. The present work demon-
strates that by making simple amendments to the chain architecture it is possible to affect the salt
responsiveness of polyelectrolyte complexes in a systematic manner. This is achieved by quaterniz-
ing poly(4-vinylpyridine) (QVP) with methyl, ethyl and propyl substituents— thereby increasing the
hydrophobicity with increasing side chain length— and complexing them with a common anionic
polyelectrolyte, poly(styrene sulfonate). The mechanical behavior of these complexes is compared
to the more hydrophilic system of poly(styrene sulfonate) and poly(diallyldimethylammonium) by
quantifying the swelling behavior in response to salt stimuli. More hydrophobic complexes are
found to be more salt resistant, yet the mechanical properties of the complex remain contingent

on the water content and overall swelling ratio of the complex itself, following near universal
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swelling-modulus master curves that are quantified in this work. The rheological behavior of QVP
complex coacervates are found to be approximately the same, only requiring higher salt concen-
trations to overcome strong hydrophobic interactions, demonstrating that hydrophobicity can be
used as an important parameter for tuning the stability of polyelectrolyte complexes in general,
while still preserving the ability to be processed “saloplastically”. This work partially appears in

Macromolecules 2017, 50, 23, 9417-9426.
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3.1 Introduction

The associative behavior of oppositely charged polyelectrolytes is a phenomenon relevant
to many biological processes as well as many synthetic applications. In complex biomacro-
molecules, the details of the charge distribution, hydrophobic moieties and steric effects dictate
the shape, conformation and ultimately the function of those molecules.[103, 104] In synthetic ap-

plications, the polyelectrolyte complexes can be engineered to form micelles[105], gels[106, 107],
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and coatings.[58] In all of these contexts, the dynamic ionic bonds formed between oppositely
charged ions help dictate the responsiveness and properties of the final material. These dynamic
bonds impart a continuum of properties to polyelectrolyte complexes (PECs), which can be ac-
cessed by controlling the extent of electrostatic association in the system.[6] While the effects
of pH and salt on the responsiveness of PECs are becoming better understood, the effects of hy-
drophobicity and chain architecture remain more open questions.[108]

In the present work, we utilize a series of quaternized poly(4-vinylpyridines) (QVPs) to build
a spectrum of hydrophobic polyelectrolytes and study their mechanical properties in terms of their
salt responsiveness. The addition of methylene groups to the side chain of QVP tunes its hy-
drophobicity, and is therefore expected to affect the salt responsiveness of the materials.[109, 110]
However, it is unclear how differential changes in hydrophobicity, which is often nebulously de-
fined, would affect the differential mechanical response of PECs, both in the low salt regime where
doped solid-like complexes form, and in the high salt regime where coacervate phases form. Fur-
ther complications arise from the fact that the method of determining mechanical responses for
the solid complexes and coacervates are often quite different. For example, when complexes are
formed in the thin film format such as in layer-by-layer assemblies, nano/micro-indentation and
dynamic mechanical analysis may be the choice of mechanical analysis.[94, 95] When complex
coacervates are concerned, the mechanical analysis of choice is almost always traditional cone-
plate rheology.[3, 97, 111] Each of these techniques has its own advantages and disadvantages,
and the data obtained from these separate techniques must be compared with caution, even when

the same material system is being investigated.
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Figure 3.1: Structures and designations of the polyelectrolytes in this work.

In a series in insightful works, Schlenoff and coworkers have demonstrated that salt induced
breakage of ion-pairs in PECs can be used for “saloplastic” processing, and that coacervation
spans a continuous bridge between doped solids and single phase solutions.[6] It is desirable to
quantify this spectrum of mechanical properties of PECs on a single characterization platform so
that changes in viscoelasticity between the coacervate and solid complex of the same material
may be directly comparable. We have recently developed the analysis required to obtain accurate
viscoelastic information using the quartz crystal microbalance (QCM), and have demonstrated
its versatility as a high frequency rheometer in several contexts such as electrodeposition[13],
corrosion[24] and curing of thermosets.[36, 41] The great utility of the QCM lies in its ability
to quantify the fixed frequency (15 MHz in the present work) mechanical response of both thin
films deposited on the quartz crystal surface, as well as of any viscous medium in which the
crystal is immersed. This versatility makes the QCM a unique platform capable of quantifying
the mechanical spectrum associated with the continuous transitions of PECs. Additionally, QCM
experiments with a complete viscoelastic analysis of the frequency and dissipation shifts allow
the most accurate measure of swelling behavior of homogeneous thin films. However, the QCM
provides only the single high frequency response of the material, and so the low frequency (0.1-300
rads s!) tests of more traditional cone-plate rheology are needed to build a picture of the dynamic
mechanical behavior.[97, 111]

In this work we aim to develop a unifying mechanical picture of PECs spanning the entire



78

spectrum of their mechanical response, from solid-like complexes to low viscosity coacervates,
and encompassing polyelectrolyte hydrophobicity and salt hydration effects. We first quantify
the swelling and mechanical behavior of PSS:PDADMA, which is the most hydrophilic pair in
Figure 3.1. The mechanical response is characterized in terms of the effectiveness of salt iden-
tity in swelling thin films of PSS:PDADMA, resulting in well-defined swelling-modulus master
curves that appear to be universal for the specific set of cationic and anionic polyelectrolyte of
interest. Next we complex QVP with varying alkyl side chain lengths with PSS and measure their
swelling, modulus and viscoelastic phase angle in response to added KBr, and draw a comparison
to PSS:PDADMA. We explore the dynamic response of PSS:QVP coacervates using cone-plate

rheology, and quantify their power-law frequency response and relaxation spectra.
3.2 Results & Discussion

When two oppositely charged polyelectrolytes are mixed, the driving force for complexation is
almost purely entropy driven due to counter ion release.[112] These complexes remain stable until
addition of externally added salt breaks ion pairs, increasing the screening between polyelectrolyte
chains. Spruijt et al. drew the analogy between salt and temperature, arguing that addition of
salt increases the mobility of chains inside a complex.[113] This concept was further used to in-
troduce “saloplastic” processing of PECs[6, 66, 114], analogous to thermoplastic processing of
glassy homopolymers. While thermal transformations in PECs can be distinct[115], the saloplas-
tic transition from solid complex to coacervate to single phase solution is a spectrum where a
continuous change in physical properties is observed as the salt concentration is increased.[6] The
question then naturally arises about what the associated change in physical properties is of the
polyelectrolyte complex continuum. As indicated earlier, the QCM is uniquely suited for quanti-
fying mechanical properties of viscous solutions and viscoelastic solids, as schematically shown

in Figure 3.2.
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Figure 3.2: (a) The Thin Film Limit of the QCM allows measurement of the areal mass (pd),
density-shear modulus product (p|G3|) and the phase angle (¢) of a deposited film from the ex-
perimentally measured frequency (Af) and dissipation shifts (A'). (b) The Bulk Limit provides
the p|Gj5| and ¢ of the viscous medium in which the crystal is immersed (Eqgs. 1.5 and 1.6). The
subscript 3 refers to the third crystal harmonic corresponding to a frequency of 15 MHz.

For thin rigid films, the well known Sauerbrey equation provides a very accurate measurement
of the areal mass, dp, where d is the film thickness and p is its density.[24] For thin viscoelastic
films applied at the crystal surface, a measurable deviation from the Sauerbrey equation occurs
which can be used to quantify the film’s p|G*| and ¢ in addition to its dp. While the full math-
ematical description of the Thin Film Limit is not as simple as that of the Bulk Limit, we have
detailed this approach in Chapter 1. If the film is immersed in water, the physical properties of
the layer can be observed as a function of external stimuli such as ionic strength, pH, temperature
and etc. Therefore, the Thin Film Limit proves to be exceptionally valuable for studying the salt
responsive mechanics of PEC films as their swelling behavior can be directly quantified along with

the modulus and phase angle. We define the percent swelling in terms of dp using eq 3.1:

Weightwater dp - (dp)

x100 = 4y 100 (3.1)

Swelling % = -
Welghtpolymer (dp>dry

Here, (dp)gyy is the areal mass of the PEC film after equilibration over drierite in an enclosed
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environment, which extracts almost all water molecules from the film.

3.2.1 Mechanical Behavior of PSS:PDADMA Complexes

Figure 3.3 presents the mechanical spectrum associated with exposing stoichiometric PECs of
PSS:PDADMA to KBr. Under low salt (<1.0 M) conditions, the properties of the complex are
dominated by salt doping, which also increases the water content within the complex. Here, both
salt and water can be thought of as plasticizers to an initially glassy material. As salt concentra-
tion increases, the PEC becomes more viscoelastic, until a clear coacervate phase forms with ¢
between 50° and 85°. This complex to coacervate transition was recently reported as a gelation
phenomenon.[3] Addition of more salt results in dissolution of the coacervate into a single phase

solution with properties very close to that of water itself.
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Figure 3.3: The mechanical spectrum of PSS:PDADMA complex as a function of salt concentra-
tion. The QCM was used to elucidate the continuous transition from complex to coacervate to a
single phase solution at 15 MHz. Note that in this MHz regime, water has a p|G*| of 10° Pa-g/cm?
and ¢ of 90°. Purely glassy films have p|G*| ~ 10° and ¢ < 10°.

KBr is known to be one of the most effective salts in breaking up ion pairs in PECs. Salt

identity has a significant effect on its PEC doping capacity, with strongly hydrated salts interacting
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more weakly with PECs. For applications of PECs as membranes, it is of interest to know how
the physical properties of the complex changes with respect to salt identity. In other words, what
is the stability of PECs against different salt solutions? To investigate this question we exposed
PSS:PDADMA films to salt solutions with varying ionic strengths and salt identity as shown in
Figure 3.4. The limit of 1 M ionic strength is appropriate here since all data points can be consid-
ered to fall in the solid-like regime. Significant loss of mechanical function occurs for PEC films
exposed to KBr concentrations above 0.5 M, while LiCl and CaCl, only have a marginal effect on
the mechanical stability of PSS:PDADMA in this salt range. These trends follow the electroneg-
ativity of the salts, which is closely related to their hydration.[116] At higher concentrations, all

salts weaken PECs.
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Figure 3.4: (a) Swelling behavior (b) density-shear modulus and (c) viscoelastic phase angle as
a function of ionic strength and salt identity for spin-coated PSS:PDADMA films. Swelling % is
calculated in reference to the dry PEC film. ~ 1um PEC films were spun-cast from an equilibrated
coacervate of PSS:QVP-C2 directly on to the quartz crystal for measurements.[2] For reference,
polymer glasses have a shear modulus of = 2 x 10° Pa and a ¢ ~ 1° at this frequency (15 MHz),
and G* = G’ +iG" and ¢ = arctan(G”/G’) as usual.

Figure 3.4 initially suggests that salt identity plays a critical role in determining the mechanics
of PECs. However, plotting p|G3| and ¢ against the swelling % of the complex (Figure 3.5)
leads to an insightful conclusion: it is the overall swelling of the the complex that determines its
mechanical behavior and not the identity of the salt used to swell it. Changing the salt identity only

allows movement along the same master curve, both for the modulus and the phase angle. Higher
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concentrations of strongly hydrated salts are needed to swell the complex to the same degree that
can be achieved via a weakly hydrated salt at lower concentrations. The fact that PECs follow well
defined master curves suggests that ultimately it is the amount of water inside the complex that
determines the overall mechanical behavior, and that the properties of the complex can be further
tuned by controlling the hydrophobicity of the polyelectrolytes used to make the complex.
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Figure 3.5: (a) Swelling-modulus and (b) swelling-phase angle master curves for PSS:PDADMA
films in salt solutions of up to 1.0 M.

3.2.2 Mechanical Behavior of PSS:QVP-C1, C2 & C3 Complexes

QVPs are interesting strong cationic polyelectrolytes due to their versatility, chief among which is
the ability to easily vary the quaternizing substituent. Poly(4-vinylpyridine) is known to exhibit a
strong hydrophobic to hydrophilic transition based on pH, which can be exploited to achieve novel
swelling behavior.[117] Partial quaternization can be used to precisely control the pH independent
charge density, while preserving some of the hydrophobic and pH responsive pyridine units as ad-
ditional tuning parameters.[118] Yet given such immense versatility and control over structure and
function, QVPs have been understudied as components in polyelectrolyte complexes, and even in
layer-by-layer assemblies. In some ways, QVPs may be considered a more natural cationic poly-

electrolyte for complexing with PSS than PDADMA, given the similarity of their structure. Addi-
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tionally, the mismatch of the repeat unit size that exists for PSS:PDADMA is avoided for PSS:QVP
complexes. However, PSS:PDADMA remains one of the most easily processable combination of
polyelectrolytes, and serves as a good model system for many fundamental investigations.[6, 112]
In our work, PSS:PDADMA serves as the hydrophilic pair to which more hydrophobic combina-
tions can be compared. Figure 3.6 compares the swelling behavior of increasingly hydrophobic

complexes with response to the common salt of KBr.
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Figure 3.6: (a) The swelling behavior of QVP complexes in comparison to PSS:PDADMA as a
function of KBr ionic strength. (b) Swelling-modulus master curves for both PSS:PDADMA and
PSS:QVP complexes. Error in the measurements are on the order of the size of the symbols used.

Upon immersion in water, all complexes swell about 50% compared to their dry state, corre-
sponding to approximately 8 water molecules per ion pair in the complex. While it is well known
that 8 water molecules associate to PSS:PDADMA upon immersion in water[6, 109], the fact that
PSS:QVPs also exhibit the same behavior hints that in the absence of salt the swelling behavior
is determined by the hydration of the ions within the complex. Since the identity of the charged
groups do not change in these complexes, it is reasonable to expect this behavior. The effect of
hydrophobicity within the salt range explored becomes more pronounced at higher ionic strengths,
where there is a significant difference between PSS:PDADMA and PSS:QVP-C3. C1 and C2 re-

main closely matched, only appearing to deviate at the highest salt concentration. This behavior
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suggests that the effect of adding methylene groups on the QVP side chain on the mechanical
behavior is not linear; the differential change in mechanical properties increase with increasing hy-
drophobicity. Further insights can be gleaned from constructing swelling modulus master curves. It
is clear from Figure 3.6b that changing the side chain length does not change the modulus-swelling
behavior, and only affects how much of the master curve is accessible for a given concentration
of salt. Furthermore, the effect of hydrophobicity may be directly compared to the response of
PECs to salt identity. Just like changing salt identity only affects the extent of movement along
the same master curve, changing the hydrophobicity of the complex has the same effect. It is the
overall swelling ratio that ultimately determines properties, which posits the idea that by tuning
the swelling behavior (using hydrophobicity or otherwise) it is possible to engineer the stability of
these complexes over a wide range.

Figure 3.6b also shows that the master curves for PSS:PDADMA and PSS:QVP, while similar,
are not the same. PSS:PDADMA appears to have a more negative slope than PSS:QVP, a difference
that is significant but not large. We suspect that this subtle difference arises from the mismatch in
repeat unit sizes between PSS and PDADMA, but could also be from other detailed effects such as
the complex’s exact glass transition temperature, chain flexibility, or complex non-stoichiometry.

Thus far in our discussion the QCM has proved to be a uniquely suitable instrument for study-
ing the detailed mechanics of PECs. However, due to its fixed frequency it cannot probe the
dynamic behavior of PECs, for which traditional cone-plate rheology is appropriate. Since more
hydrophobic complexes are more difficult to dope, the salt concentrations over which coacervates
form move toward higher salt conditions. Figure 3.7 illustrates this phenomenon using frequency
sweeps on coacervates of PSS:QVP-C1, C2 and C3, each with three salt concentrations such that
time-salt superposition[113] may be used to elucidate the mechanical response over a larger fre-
quency domain. It is qualitatively evident that the same rheological behavior is observed, only at

higher salt concentrations following the trend in hydrophobicity of the PECs. The non-linear ef-
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fect of hydrophobicity is evident once again in the salt concentration dependent shift factors which

move to higher ionic strengths.
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Figure 3.7: Time-Salt Superposition of frequency sweeps at 20 °C of (a) PSS:QVP-C1, (b)
PSS:QVP-C2 and (c) PSS:QVP-C3. The designation of PEC, corresponds to formulations pro-
vided in Table 3.2, where x is the molar KBr concentration. Curves are shifted with respect to the
highest salt concentration in each case. Solid gray lines correspond to fits of Eq. 3.7 for calculat-
ing B and 7, . Note that no vertical shifting was done since the polymer concentration in these
complexes do not vary significantly.[3]

Figure 3.7 demonstrates that PSS:QVP complexes behave like liquids at high salt concentra-
tions and low frequencies, and appear to approach a power-law behavior at low salts and high fre-
quencies. Similar behavior has been previously reported for a variety of polyelectrolyte systems. |3,
97, 111] Since coacervates of strong polyelectrolytes formed at low salt concentrations take sev-
eral months to equilibrate, it is very difficult to obtain higher frequency response using time-salt
superposition as done in Figure 3.7. However, by taking a low salt concentration coacervate and
performing a time-temperature superposition it is possible to probe the higher frequency response.
Figure 3.8 verifies that the coacervates do assume a power-law behavior at higher frequencies. We
fit the temperature shift factors to the Vogel-Fulcher-Tammann form (Eq. 3.2), and find the values
of B =290 °C and T. = —65 °C. We now quantify the power-law behavior of complex coacervates

in the following section.

(3.2)

log(ar) =

Tref—Too T — T
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Figure 3.8: Time-Temperature Superposition of PSS:QVP-C1 formed at a KBr concentration of
1.49 M. The lowest temperature of -7 °C could be measured before the onset of freezing effects.
Gray lines correspond to fits of Eq. 3.7 for calculating 8 and 7,.s. Shift factors were fitted to the
Vogel-Fulcher-Tammann form (Eq. 3.2) of the WLF relation, giving B = 290 °C and T. = —65
°C.

3.2.3 Power-law Rheology & Relaxation Spectrum

A single Maxwell element has a spring of modulus, E, in series with a viscous element (viscosity,
n) as shown in Figure 3.9a. The complex dynamic modulus for a Maxwell element is given by the
following expression:

Eiot

E*(0) = (3.3)

 l+ioT

where 7 = 1 /E is the relaxation timescale of the model. As demonstrated in Figure 3.8, the
PECs of PSS:QVP approach a distinct power-law behavior. Such behavior is poorly described
by Maxwell elements, or generalized Maxwell models, which often require a large number of me-
chanical elements to capture the material behavior. Spring-pots (Figure 3.9b), which are power-law
elements with a constant phase angle, offer a more natural description of power-law like rheologi-

cal behavior.[119, 120] Additionally, the Rouse theory for dilute polymer solutions can be reduced
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to a form where the total stress is contingent on the fractional half-derivative of the polymer contri-
bution in terms of strain history.[121] Thus, the Rouse theory itself provides a basis for considering
spring-pot elements to describe viscoelasticity. The spring-pot corresponds to an element with the

following frequency- dependent complex modulus:

E"=E(io/w,)* (3.4)

" EE « n(a=1)
j E?, «

. E*, B

ey
|
| |/
5

@) (b) (© (d)

Figure 3.9: (a) A Maxwell element, (b) a spring-pot element, (c) two spring-pot elements in series
(fractional Maxwell model[? ]) with power-law exponents of o and 3, and (d) a purely viscous
dashpot in series with a spring-pot (fractional Maxwell liquid).

The properties of a spring-pot are quantified by two independent parameters. One of these is the
power law exponent, &. This quantity is the order of the fractional derivative in the corresponding
constitutive equation and can be thought of as a bridge between a completely viscous dashpot
(o =1) and an elastic spring (¢« = 0).[119] The second property of the spring-pot is a parameter (a
quasi-property[119]) giving the magnitude of the modulus. There are a couple of ways to specify
this quantity. Perhaps the most straightforward way is to consider the product E°@, %, but this
quantity has units of a stress multiplied by a fractional power of time. Instead, we specify E*,
which corresponds to |E*| at a reference frequency, @,. If two spring-pots are in series with one
another, as shown in Figure 3.9¢, a fractional Maxwell model is formed, as referred to by Jaishankar

and McKinley.[119] The Maxwell model of Figure 3.9a is a specific version of the more general
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fractional Maxwell model, with o =1 and 8 = 0.

We use a simplified form of the fractional Maxwell model to describe our polyelectrolyte com-
plexes. In this model, which we refer to as a fractional Maxwell liquid (Figure 3.9d) one of the
spring-pots gives a purely viscous response, i.e., & = 1. Summing the compliances of each unit we
have:

1 1 1

— = 3.5
E* ES(iw/wo)ﬁ+iwn (3-5)

®, may be defined as any frequency of interest, but we define it analogously to that of the
Maxwell model, i.e. the frequency where the magnitudes of the two terms on the right hand side

of Eq. 3.5 are equal to one another:

1
@ =" =1 (3.6)

The last two equations can be used to derive an expression for the normalized modulus:

E* iot)P
Er__ lior)” 3.7
ES 1+ (iwt)P-1
This same math holds for shear moduli as well: :
G* io7)P
G _ _ (io7) (3.8)

G 1+ (iwt)P-!
We take the real and imaginary parts to obtain G’ and G”, respectively. Note that a well-defined

zero shear viscosity, 1, is obtained, provided that 8 < 1:

/!

N, = lim — = Gt (3.9)

W— ()

For a given value of 3, the material behavior is determined by G* and a single additional
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parameter, T. Eq. 3.7 can now be used to fit the frequency master curves obtained by time-salt or
time-temperature superposition to calculate 8 and 7. Results are shown in Table 3.1. We refer to
the reference time scale associated with @, of the master curves as 7, such that T = ag; T,.r and
T = arTrey. While our results imply that T = agy;ar Tre s, further work is necessary to determine
if the salt and temperature effects are truly separable in this way. In general, vertical shifting
may need to be applied as well, since the overall polymer concentration depends on the added
salt. In our case this can be accounted for by adjusting G°. This shifting is not necessary in
our case, however, because the salt is being adjusted over relatively narrow concentration range,
where changes in the overall concentration are relatively small.[6] This behavior is consistent with
the recent results of Liu ef al., who found that the vertical shift factors were independent of salt

concentration in a similar composition range for a related coacervate system.[3]

Sample B [ G (Pa) | T () | [KBII (M) [ T (°C) | asar | ar
1.39 20 23
PSS:QVP-CI1 (Fig. 3.7a) | 0.42 | 5070 | 0.0015 1.49 20 5
1.58 20 1
1.58 20 20
PSS:QVP-C2 (Fig. 3.7b) | 0.44 | 4150 | 0.0010 1.68 20 5
1.77 20 1
1.98 20 9
PSS:QVP-C3 (Fig. 3.7¢) | 0.42 | 4250 | 0.0011 2.07 20 4
2.16 20 1
-7 60
. 0 17
PSS:QVP-C1 (Fig. 3.8) | 042 | 3410 | 0.0071 1.49 10 i3
25 1

Table 3.1: Values of 8 and 7, for the rheological response of PSS:QVP complex coacervates.

The shift factors listed in Table 3.1 depend on the details of the coacervate, with higher salt
concentrations required to give a given value of 7 for a more hydrophobic cationic polymer in the
polyelectrolyte complex. The concentration dependence of these relaxation times appears to have

some universal features, which can be seen from the plots of ag,;; (which is proportional to 7) in
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the insets of Figure 3.7. From these plots we see that the logarithm of ag,; is linear in the salt

concentration, suggesting that the shift factors can be written in the following form:

log g asair = Bsair (1 — [KBr] /Cref) (3.10)

Here C,.y is a reference KBr concentration where ag,; is defined to be equal to one. The salt
dependence of the relaxation times is determined by the constant Bg,;,. The salt shift factors from
Table 3.1 are plotted in Figure 3.10, along with the prediction of Eq. 3.10 with Bg,; = 12. The
values of ag,;; and Cy.r have been adjusted slightly from the shift factors and concentrations listed
in Table 3.1 in order to give T = 0.001s when ag,;; = 1, using Eq. 3.10 with Bg,;; = 12 to apply

the necessary shifts.

102 :
+ C1C =158 M
O C2C =TT
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10° : : ©
0.85 0.9 0.95 1

[I(Br]/Cref

Figure 3.10: Normalized plots of the salt shift factors obtained from the data in Table 3.1, shifted
to a reference salt concentration where 7 =0.001 s. The dashed line is Eq. 3.10 with Bg,;,=12.

Use of the the fractional Maxwell liquid model has several advantages. Perhaps most im-
portantly, the entire rheological response of the polyelectrolyte complexes is described by three
parameters; G°, B and 7. Since the value of f is very similar (=~ 0.42) for each of the systems
that we have studied, rheological differences are characterized by G* and 7. Finally, an elegant

analytical expression exists for the relaxation spectrum (H(A)) for the fractional Maxwell model.
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Obtaining H(A) usually requires iterative fitting, as exemplified in the seminal work by Spruijt ez
al. where the storage, loss and relaxation modulus were fitted.[97] However, Palade ef al. derived
the explicit expression for H(A) for the fractional Maxwell liquid[122], which in the present case
may be written as follows:

HA) 1 (A/7) " sin(zp)

G w0V (/1) 0-B) 4 2cos(n(1 - B)) G0

Eq. 3.11 implies the following two scaling relationships for o« = 1:

lim H(A) o< AP
A—0

lim H(A) o< 2.~ (>B)

A—ro0

Figure 3.11 plots the relaxation spectra for PECs showing that the relaxation behaviors of
PSS:QVP- Cl1, C2 and C3 remain identical by following well defined scaling relationships, albeit
occurring at higher salt concentrations with increasing hydrophobicity. The shape of the relaxation
spectrum resulting from the power-law rheological response offers a pathway to engineer materials
with damping properties over a broad range of timescales, with salt and/or hydrophobic effects

being key tuning parameters.
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Figure 3.11: The relaxation spectrum of PSS:QVP-C1, C2 and C3 obtained by plotting eq 3.11
using the power-law exponent () calculated from frequency sweep data presented in Figure 3.7.

3.2.4 PEC Phase Behavior

In Figure 3.4 the salt responsiveness of PSS:PDADMA was quantified, and in Figure 3.6 we com-
pared the swelling behavior of PSS:PDADMA to complexes involving QVP-C1 to C3. Complexes
using the QVP polyelectrolytes were found to be mildly more hydrophobic, which resulted in a
diminishing responsiveness to KBr concentrations. This suggested that hydrophobicity is a simple
tuning parameter to control stability. We now quantify the swelling behavior of PSS:QVP-C2,
which is mildly more hydrophobic than PSS:PDADMA, to different salts and the results are plot-
ted in Figure 3.12. PSS:QVP-C2 complex remains stable in all common salt solutions, with little
swelling at up to 1.0 M ionic strength. Correspondingly, the p|G5| remains nearly constant in this
salt concentration regime, and ¢ remains low, indicating the materials are primarily elastic. KBr
was the only ion combination to effectively swell the complex and diminish p|G}| due to both
potassium and bromine being poorly solvated ions.[1, 2, 66] This selective salt responsiveness is

extremely beneficial as it allows the PEC to be processed like a traditional polymer with concen-
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trated KBr solutions, while preserving resistance to common ions. In other words, making the
complex very mildly hydrophobic modulated out the interaction of most ions, while preserving the

ability to process the complex “saloplastically.”
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Figure 3.12: (a) Swelling %, (b) density-shear modulus product, and (c) viscoelastic phase angle at
15 MHz of PSS:QVP-C2 in response to increasing ionic strengths of different salt identities. KBr
is the only salt that can effectively swell and dissolve this complex by breaking ion-pairs between
PSS and QVP-C2, while other salt ions do not significantly affect the mechanical integrity of
the complex, and therefore also do not effectively dissolve the complex. This essentially allows
PSS:QVP-C2 membranes to be processed from KBr solutions, while maintaining stability in a
variety of commonly encountered salts at ambient to high concentrations.[4] A ~ 43% increase
in thickness relative to the dry film is observed for the complex immersed pure water which is
attributed to charge hydration.[1, 5]

The swelling behavior that was quantified thus far builds a quantitative picture of ion-specific
and hydrophobic effects in PECs. However, these effects are ultimately a reflection of the under-
lying phase behavior of these materials. Figure 3.13 plots the ternary phase map of PSS:QVP-C2
with added KBr. A solid complex of composition S (30 % water, 70 % polymer) is the stable
composition in the absence of salt. Here, the intrinsic 30 wt% water content (= 43% swelling) is a
result of solvating the charges present within the complex. Clear, one phase solutions are obtained
for overall salt concentrations above ~ 20 wt. %. At salt concentrations below 20 wt. % the system
separates into a phase with almost no polymer and polymer-rich coacervate phase with a polymer

concentration that decreases with increasing salt concentration. The addition of 15.1 wt % KBr
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results in a clear liquid-like coacervate with a polymer concentration of 32 wt %, hence we refer to
this coacervate solution as Cs3p. The addition of more salt further increases the water content of the
coacervate, with a 17 wt % KBr giving a coacervate phase with a polymer concentration of 20 wt
% (Cy) and a 18.3 wt % KBr giving a coacervate phase with a polymer concentration of 12 wt %
(C12). Solutions drawn from these coacervate phases can be cast into thin-films using established

blade or bar casting methods onto any desirable substrates.
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Figure 3.13: Phase behavior of PSS:QVP-C2 complex. In the absence of salt, the two polyelec-
trolytes neutralize each other into a solid complex, S. Increasing the salt concentration results in
a liquid-liquid phase separation between a polymer rich coacervate phase and a polymer dilute
phase.[1, 3, 6] The coacervate is a viscous polymer solution that can be cast into films of control-
lable thicknesses.

We now summarize the observation that hydrophobic effects increase the stability of com-
plexes by comparing the phase behavior of PSS:QVP-C2 and C3, plotted in Figure 3.14a as a
binary map which is a bit easier to visualize than the ternary one. We find that the reason for the
increase in stability with increasing hydrophobicity is because the critical salt concentration needed
to dissolve the complex increases with enhanced hydrophobic interactions, which also expands the
two-phase region. Interestingly, we find that the tie lines for the phase map are slightly negative, a

phenomenon that was discussed in more detail by Lu et al.[67]
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Figure 3.14: (a) Phase behavior of PSS:QVP-C2 in comparison with PSS:QVP-C3. Increased
hydrophobicity expands the two phase region. (b) Phase behavior of PSS:QVP-C2 in response to
NaBr and KBr. Both salts exhibit similar phase behavior, but it should be noted that NaBr has a
smaller molar mass, therefore, overall a higher molar ratio of salt to PEC is needed. Note that in
all cases the tie lines are slightly negative.

3.3 Conclusion

In the present work we described the most detailed study to date of hydrophobicity on polyelec-
trolyte complexation by adding single methylene groups to the side chain of quaternized poly(4-
vinylpyridine), and complexing it with a common anionic polymer. This simple modification to the
chain architecture led to measurable changes in the mechanical behavior, which were accurately
quantified in terms of swelling, density-shear modulus product at 15 MHz and the viscoelastic
phase angle at this same frequency. We used these hydrophobic effects to quantify properties of
these complexes across the whole spectrum of their mechanical behavior, from solid-like complex
to coacervate to single phase solutions. Our results show that hydrophobicity plays a crucial role in
determining the stability of polyelectrolyte complexes against concentrated salt solutions, allowing
a simple yet powerful tuning parameter over their mechanical response. Additionally, the effect of
differential changes in hydrophobicity of the parent chain was shown to have a non-linear influence

on mechanical properties; increasing hydrophobicity of the complexes resulted in increasing resis-
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tance to swelling in salt solutions. We also demonstrated that hydrophobic effects only tune the
salt responsiveness of the PSS:QVP system without altering its rheological behavior, that is, the
power-law exponent (f3) and the shape of the relaxation spectrum (Figure 3.11) remain the same.
The effect of salt and temperature can therefore be quantified by the effect these variables have on a
single characteristic time, 7. This time was defined in terms of a fractional Maxwell liquid model,
which replaces the large number of relaxation modes required using Maxwell elements with mini-
mal fit parameters, and provides an elegant analytical expression for the relaxation spectrum. The
rheological behavior coupled with swelling master curves (Figure 3.5 and 3.6) and the mechanical

spectrum (Figure 3.3) painted a unifying mechanical picture of polyelectrolyte complexes.

3.4 Experimental Methods

Materials: Poly(styrene sulfonate) sodium salt (PSS, MW 200K g mol!), poly(diallyldimethyl)
chloride (PDADMA, MW 200-350K g mol™!) and poly(4-vinylpyridine) (P4VP, MW 60K g mol™')
were purchased from Sigma Aldrich. lodomethane, 1-bromoethane, 1-bromopropane, NaCl, KClI,
LiCl, CaClyand KBr were also purchased from Sigma-Aldrich. Deionized water (conductivity ~
5 uS/cm) was used for making all solutions except when forming coacervates where 18.2 MQ*cm
MilliQ water was used.

Quaternization of poly(4-vinylpyridine): In our nomenclature we refer to methyl, ethyl and
propyl substituted P4VP as QVP-C1, QVP-C2 and QVP-C3 respectively. QVPs were synthesized
by dissolving 8 wt% P4VP in dimethyl sulfoxide before adding a molar excess of the methyl
iodide, ethyl bromide or propyl bromide. QVP-C1 was synthesized by adding 20% molar excess
of methyl iodide while keeping the solution well stirred for 4 hours at room temperature. QVP-C2
(QVP-C3) was synthesized by adding 70% (100%) molar excess of ethyl (propyl) bromide while
keeping the solution well stirred for 24 hours at 40 °C. Once the reaction was complete, QVP-C1

was precipitated in ethanol and QVP-C2 and C3 in tetrahydrofuran followed by vacuum filtration.
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The precipitate was then dissolved in 1.0 M NaCl and dialyzed against 0.2 M NaCl for 3 days,
and another 3 days against deionized water, with the external solution replaced every 24 hours.
Subsequent lyophilization yielded dry polymer chloride salts. The success of the ion exchange
was verified by precipitating the counter ions using AgNO3, and by noting that AgCl is white and
Agl is yellow. The degree of quaternization was verified to be 100% by H'-NMR using a Bruker
Avance III 500 MHz system, Ag500.

Stoichiometric PECs: PECs were made from PSS:PDADMA in a similar “backwards” man-
ner previously reported by Wang and Schlenoff.[6] Briefly, individual PSS or PDADMA solutions
were prepared at a concentration of 0.25 M and then added simultaneously to a well stirred beaker
of deionized water. The PEC precipitated out as a white solid which was isolated by vacuum fil-
tration. These PECs were then re-immersed and stirred in a large beaker of deionized water. The
precipitates were allowed to settle periodically, and the supernatant decanted, and subsequently
then re-immersed in fresh deionized water. This process was repeated until the conductivity of
the supernatant fell to ~ 50 uS/cm. The precipitates were then vacuum filtered once more and the
dried at 120 °C for 12 hours.

PSS-QVP PECs were made analogously. Once the quaternization reaction was completed (in
DMSO), the moles of QVP repeat units were calculated, and the equivalent amount of PSS was
dissolved in equivalent volume of water separately. The two solutions were then simultaneously
added to a third beaker of water under stirring. The PECs again precipitated out as a white solid
that was subjected to the same washing procedure as PSS:PDADMA. Since pyridines have poor
thermal stability, these precipitates were dried at 70°C and in the presence of drierite for 12 hours.

Coacervates: Coacervates were formed from the dry PECs by dissolving them in solutions
of KBr. In all cases, 1.50 g of dry PEC was dissolved in 10 g of MilliQ water (18.2 M2 cm)
and X grams of KBr (Table 1). Once the PECs dissolved, an additional 5 g of water was added

while keeping the solution well stirred. Once the coacervate phase began to form, the solution was
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annealed at 60°C for 30 min. The solutions were then allowed to equilibrate between 1 week to 3

months, depending on the sample. Coacervates formed at lower salts required longer equilibration

times.
Sample | PEC (g) | H,O (g) | KBr(g) | KBr (wt%) | KBr (M)
PEC; 39 1.5 15 2.5 13.15 1.30
PEC| 39 1.5 15 2.67 13.92 1.39
PEC; 49 1.5 15 2.85 14.72 1.49
PEC; 53 1.5 15 3.03 15.51 1.58
PEC; 63 1.5 15 3.21 16.28 1.68
PEC; 77 1.5 15 3.39 17.04 1.77
PEC; g6 1.5 15 3.57 17.78 1.85
PEC; 93 1.5 15 3.95 19.31 1.98
PEC; o7 1.5 15 4.13 19.94 2.07
PEC; 16 1.5 15 4.31 20.63 2.16
PEC; »5 1.5 15 4.47 21.32 2.25

Table 3.2: Sample designations and coacervate compositions.

Rheology: Rheology was performed using an Anton-Paar MCR 302 rheometer with the cone-
plate geometry. 50 mm diameter plates with a cone angle of 2°were used to perform frequency
sweeps between 0.1-300 rads s'!. A 1% strain amplitude was used which was verified to be well
within the linear viscoelastic regime using amplitude sweeps. Once the coacervates were loaded,
they were allowed to relax for at least 10 min at room temperature. Solvent evaporation was
mitigated by placing a small trough of water around the bottom plate of the rheometer and isolating
the sample inside a custom chamber. Frequency sweep master curves were fitted to the fractional

Maxwell liquid model using MATLAB’s Isqnonlin function, with the solver tolerance set to 1019,

Quartz Crystal Microbalance: A custom quartz crystal microbalance (QCM, AWSensors,
Valencia, Spain) was used in conjunction with a N2PK impedance analyzer (Thornhill, Canada)
for swelling and viscoelastic measurements of spin coated polyelectrolyte complex films. 1.5 um

polyelectrolyte complex films were directly spin-coated onto 17 quartz crystals with Au electrodes
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(Inficon, East Syracuse, NY) from the polymer rich coacervate phase. Accurate QCM experiments
require highly homogeneous and smooth films. Such high quality films could be obtained by spin-
coating coacervates between 3000-9000 RPM for 20 s, and then immediately immersing them into
low ionic strength KBr solutions to extract residual salt in the film. PSS:PDADMA films were
spin coated from PEC, sg, and annealed in 0.5 M KBr for 12 hours. PSS:QVP-C1 (C2, C3) films
were obtained from PEC; g3 (PEC; 96, PEC; 25) and annealed in 0.75 M KBr (1.0, 1.25 M KBr)
for 12 hours. After salt solution annealing the films were rinsed with excess deionized water and
dried in air. The QCM experiments were performed as described in our previous work[13, 24], but
a brief description is provided. The QCM provides changes in the resonance frequency (Af,) and
dissipation (AI',) of the piezoelectric quartz crystal at the odd »n'* harmonic of the fundamental
frequency (5 MHz for the crystals used in this work). We monitor Af, and AI';, at n = 1, 3,
5 by fitting a lorentzian peak to the conductance and suseptance in the frequency domain (note
that this is in contrast to the widely used Q-sense instrument that operates in the time domain,
with AD,, = 2AT,,/ f, where D is the dissipation factor). The time domain experiment is poorly
suited for studying thicker (= 1.5 um) films that are necessary for calculating accurate viscoelastic

properties.
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Chapter 4

Guanidinium Can Both Break and Form

Strongly Associating Ion-Complexes

Abstract: Guanidinium is one of nature’s strongest denaturants and is also a motif that appears
in several interfacial contexts such as the RGD sequence involved in cell adhesion, cell penetrat-
ing peptides, and anti-microbial molecules. It is important to quantify the origin of guanidinium’s
ion-specific interactions, so that its unique behavior may be exploited in synthetic applications.
The present work demonstrates that guanidinium ions can both break and form strongly asso-
ciating ion-complexes in a context-dependent way. These insights into guanidinium’s behavior
are elucidated using polyelectrolyte complexes (PECs), where inter-polymer ion-pairs between
oppositely charged polymers play an important role in determining material stability. Different
polycation-polyanion combinations can span a large range of association affinities, where more
strongly associating complexes can remain insoluble in concentrated salt solutions and/or in ex-
treme pH conditions. This high stability is desirable in several application contexts for PECs, but
also renders them challenging to process— and therefore, to study— since they cannot be dissolved
into polymer solutions. Here we demonstrate that guanidinium salts are very effective in dissolv-

ing the poly(styrenesulfonate)/poly(allylamine) (PSS:PAH) complex, which has one of the high-
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est measured polycation-polyanion association affinities. We also demonstrate the importance of
charge identity by functionalizing guanidinium directly into poly(allylamine) resulting in a com-
plex that remains stable under highly denaturing conditions. The model system of PSS:PAH is
used to glean insights into guanidinium’s denaturing activity, as well as to broadly comment on the
nature of ion-specific interactions in charged macromolecules. This work appears in ACS Macro

Lett. 2019, 8, 2, 117-122.

@ @) Strong inter-polymer  —— PAH
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4.1 Introduction

Polyelectrolyte complexes (PECs) were difficult to process into functional materials before de-
velopment of the layer-by-layer (LbL) assembly technique. This approach led to an explosion of
work using these materials to obtain coatings for a variety of applications.[69, 123] A similarly
important advancement in the field was made when salt-mediated processing (‘“‘saloplastics’) was
introduced to process bulk PECs.[6, 114] Here, salt is an analog for temperature where a solid-like
complex can be “melted” in appropriate salt concentrations into an associating polymer solution,
commonly known as the coacervate phase. The liquid-like coacervate phase is more tractable from
a processing standpoint, where the salt concentration can be tailored to modulate the viscosity, and
ultimately be cast into more useful formats such as films[1], rods[114] or fibers.[124] Since the

number of potential polyelectrolyte combinations is large, a collective understanding of how the
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constituting polymer identities— and the associated details such as charge identity, topology, and
hydrophobicity— dictate the observed macroscopic material response is only incipient. Given the
vast number of applications to which polyelectrolyte complexes, or polyelectrolytes in general,
are relevant it is important to clearly correlate these molecular level details to measurable material
parameters.

While different salts used to swell PECs result in a material response in a fairly predictable
manner according to ionic solvation[1], different polycation/polyanion combinations exhibit more
complex trends. Specifically, different constituting polyelectrolyte pairs have very different as-
sociation affinities.[125] Weakly associating complexes have a low salt resistance, defined as the
critical salt concentration needed to completely dissolve the material by charge screening.[67] On
the other end of the spectrum, strongly associating complexes have a very high salt resistance
and are frequently insoluble. Such strongly associating complexes are often found in nature, in
protein-protein interactions for example.[126] The measured salt resistance of a specific complex
is a non-trivial function of the ion-pairing strength[125], chain topology[108], hydrophobicity[1]
and molecular weight.[67] Importantly, the salt resistance of a complex is also dependent on the
specific salt being considered— a complex will have a low salt resistance against a salt which is
effective for breaking that particular complex.[127] The most well-studied complex with high salt
resistance is the pairing of poly(allylamine) with poly(styrenesulfonate) (PSS:PAH), which has
been popular for LbL assemblies precisely due to its high association affinity that makes pro-
cessibility simpler, but also precludes salt mediated dissolution into a coacervate phase.[125, 128]
Indeed, PSS:PAH cannot be dissolved in potassium bromide solutions, which is one of the most ef-
fective salts in breaking ion-pairs.[1, 6, 127] Yet it remains desirable to be able to process PSS:PAH
saloplastically since once it is formed into functional materials, the final product would be highly

stable under many conceivable application environments.
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4.2 Results and Discussion

As mentioned earlier, hydrophobic effects, ion-pairing associations, molecular weights, and
chain topology can all ascribe stability to PECs against salt solutions and/or pH changes. Since
molecular weight effects are more pronounced at low degrees of polymerization, and because the
most common chain topology is linear, we focus here in the limit of linear high molecular weight
chains but note that these factors are important and have been considered elsewhere.[67, 108]
This leaves us to consider the roles of hydrophobicity and ion-pairing association in charged com-
plexes, which are also two important factors determining protein stability. In our recent work,
we demonstrated that more hydrophobic complexes are more salt resistant, showing greater and
greater stability in salt solutions as the complex is made progressively more hydrophobic.[1] Let
us now consider the polycations PAH and poly(N-ethyl-4-vinylpyridinium) (QVP-C2), where the
latter is expected to be relatively more hydrophobic. The relative hydrophobicity/hydrophilicity of
these two polyelectrolytes can be quantified by their propensity to segregate at water/chloroform
interfaces as measured from a drop in the interfacial tension. Figure 4.1 shows that QVP-C2 readily
partitions to a water/chloroform interface due to its hydrophobic character, while poly(allylamine)
has no observed interfacial affinity due to its relatively hydrophilic nature. If hydrophobicity is a
dominating non-covalent interaction in complexes of these two polycations with the same polyan-
ion, then one would expect the more hydrophilic complex involving poly(allylamine) to be more

weakly associating with a lower salt resistance.[1] Yet, we find this not to be the case.
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Figure 4.1: Effect of poly(allylamine) HCl (PAH) and poly(N-ethyl-4-vinylpyridinium) (QVP-
C2) adsorption on the interfacial tension () at a water/chloroform interface. More hydrophobic
molecules adsorb to a greater extent, thus lowering the tension from the pristine water/chloroform
value of ~ 32.8 mN/m. The polymers were added to the aqueous phase at a repeat unit concentra-
tion of 5 mM. 5 mM NaClO4 was also present in the aqueous phase. A more detailed use of these
tension experiments to elucidate ion-specific behavior is provided in Chapter 6.

Figure 4.2 plots the salt responsiveness of PSS complexed with PAH and QVP-C2, showing
that the more hydrophobic complex of PSS:QVP-C2 swells ~40 % in water while PSS:PAH only
swells ~30 %. These data were obtained with the quartz crystal microbalance, which is able to
measure the linear viscoelastic behavior of PEC films (= 1.5 um) at a frequency of 15 MHz.[1, 5]
This technique is advantageous because it allows mechanical characterization while simultane-
ously recording the swelling ratio of pore-free thin-films with a high degree of precision. The
swelling ratio is directly related to the water content of the PEC films. Here, the modulus of
PSS:PAH initially is nearly glass-like at ~ 9 x 108 Pa (for reference, polystyrene at room tem-
perature is &~ 2 x 10° Pa). Even more surprisingly, PSS:PAH appears insensitive to swelling with
increasing ionic strength of KBr after an initial response at low salt concentrations. During this
response, the complex was observed to swell to 40-50% from the initial swollen state of about 30%

in pure water. While this initial swelling response at low ionic strengths is somewhat peculiar, con-
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flicting reports exist in literature where similar behavior has been observed in some polyelectrolyte
multilayers involving poly(allylamine)[129, 130], but not in others.[131, 132] In our experiments,
we observe that this initial swelling at 0.1 M occurs over several hours, consistent with at least one
study explicitly reporting it.[ 129] Therefore, the slow timescales associated with this phenomenon
could be a reason for the experimental discrepancies, as the measurement timescale becomes crit-
ical, and more detailed investigations are required to elucidate the underlying mechanisms.[133]
However, the majority of studies acknowledge PSS:PAH’s relatively high modulus/lower water
content[132, 134] and insensitivity to salt[131, 132, 135, 136], consistent with our own obser-
vations in the present work. The relatively high modulus and low water content of the PSS:PAH
complex— even though it is quantifiably more hydrophilic— may be attributed to the tighter/stronger
ion-pairs that form between the two monomers. This observation is complimentary to other reports
which have found PSS:PAH to be highly stable in a variety of salt solutions.[125] Understanding
this stability is desirable since materials and soft assemblies formed using this unique ion-pair
would also be highly stable. Figure 4.2 also shows that at increasing ionic strengths, PSS:QVP-C2

keeps swelling, and the modulus keeps decreasing, as expected.
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Figure 4.2: (a) Swelling behavior, (b) density-shear modulus product, and (c) viscoelastic phase
angle (¢) as a function of ionic strength for spin-coated PSS:PAH films. Swelling % is calculated
in reference to the dry film. PSS:PAH shows little sensitivity to increasing concentration of KBr,
which is one of the most effective salts for dissolving polyelectrolyte complexes. PSS:QVP-C2
exhibits increased swelling and diminished mechanical properties with increasing salt concentra-
tion. Viscoelastic properties were measured at 15 MHz using the quartz crystal microbalance as
described previously.[1, 5] For reference, polymer glasses have a shear modulus of ~ 2 x 10° Pa
and a ¢ ~ 1 at this frequency, and |G*| = |G’ +iG"| and ¢ = arctan(G"”/G’) as usual. pH of all
solutions were ambient at ~ 5.5 — 7.

Thus far intuition has misled expectations in terms of PEC stability, and it appears that pro-
cessing PSS:PAH remains difficult. Numerous publications have focused on the interaction of
Hofmeister series of salts to study interaction with PECs, usually focused on the anions.[137]
Poorly solvated salt species are generally found to interact more strongly with complexes, and
well-solvated species such as lithium typically interact weakly.[1] KBr is one of the best salts for
dissolving PECs since the bromide ion can efficiently break ion-pairs but does not precipitate poly-
cations at high concentrations. More poorly solvated anions such as perchlorate and thiocyanate
tend to precipitate out some polycations.[138] However, we speculate that it may be possible to
use a more poorly solvated cation than potassium to process PECs. This speculation was inspired
by observing the well-known role of guanidinium ions in protein denaturation.[139, 140] Guani-
dinium thiocyanate is one of the strongest known denaturants, and also happens to be a very weakly
solvated salt.[139] Many essential molecular details that contribute to protein stability are also rel-

evant to PECs and therefore it can be expected that salts which are strong denaturants would also
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be strong dopants for PECs. Figure 4.3 shows that when subjected to increasing concentration of
guanidinium bromide (GndmBr) or guanidinium thiocyanate (GndmSCN), PSS:PAH complexes
swell significantly, with a corresponding decrease in the modulus, unlike the response observed
for KBr. Importantly, the mechanical properties of these complexes are ultimately determined by
the amount of water inside the complex as we have reported previously.[1] The rheological re-
sponse of a highly swollen coacervate phase (=~ 16 wt. % PEC), obtained at an overall GndmBr
concentration of 3.25 M is shown in Figure 4.4, where we have used time-temperature superposi-
tion to access a broad range of timescales. Here, the typical response of a coacervate is observed,
with a liquid-like behavior at high temperatures and low frequencies, and a power-law behavior of

~ (.5 at low temperatures and high frequencies.
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Figure 4.3: (a) Swelling behavior, (b) density-shear modulus product, and (c) viscoelastic phase
angle in response to guanidinium salts for spin-coated PSS:PAH films. Both the bromide and thio-
cyanate salts of guanidinium (Gndm) are effective in swelling PSS:PAH, resulting in lower shear
moduli and an increased phase angles, unlike the response for KBr in Figure 4.2. The mechanical

properties are primarily a function of the water content.[1]Viscoelastic properties reported at 15
MHz.
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Figure 4.4: Time—temperature superposition of PSS:PAH coacervate formed at a overall GndmBr
concentration of 3.25 M. Here, the polymer concentration is ~16 wt. % in the coacervate phase.
A typical polymer solution response is observed even at this high salt concentration. The lowest
temperature of =7 °C could be measured before the onset of freezing effects.[1]

Polyanions and polycations associate due to the large entropy gain from counter-ion release.
While entropy is the dominant driving force for association, a polyelectrolyte complex’s respon-
siveness and strength are primarily determined by ion and polymer specific interactions. This
importance of polymer specific interactions was highlighted in this work by noting that PSS:PAH
is stronger and more stable than PSS:QVP-C2, even though the later is quantitatively more hy-
drophobic. Ion specific interactions allow guanidinium ions to break PSS:PAH complexes when
all other common salts fail to do so. Since guanidinium is an organic cation ubiquitous in biology
as part of the amino acid arginine, the following question can be posed: how would the complex
respond if guanidinium charges were introduced directly into the PAH backbone? Alternatively,
what is the role of charge identity in amine versus guanidine in determining the physical proper-
ties of the complex? This simple difference can have significant implications in the development
of effective antimicrobial agents with low toxicity and low drug resistance.[136, 141, 142] For

a polypeptide this would correspond to quantifying the difference in association of lysine versus
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arginine with a common polyanion. In the present case it is straightforward to convert PAH into a
statistical copolymer with amine and guanidine using the scheme in Figure 4.5a. Due to the molec-
ular simplicity of poly(allylamine) and poly(allylguanidine) this approach is attractive for studying
the differences between primary amines (lysine-like) and guanidinium (arginine-like) charges.

The interaction of poly(styrenesulfonate) as the model polyanion with poly(allylamine-co-
allylguanidine) (PSS:PAH-Gu) can now be studied as a function of the salt concentration by
observing whether the resulting complexes remain solid-like or can be dissolved into polymer
solutions. Figure 4.5b provides a phase map of the formed complexes as a function of the guani-
dinium fraction on the polycation. The complex is classified as solid-like if it appears insoluble,
a coacervate if a liquid-liquid phase separation occurs, and a polymer solution if it is dissolved
completely. We discover that the phase behavior of PSS:PAH-Gu is extremely sensitive to the
guanidinium fraction on the backbone. At just 10% guanidnium, the complex forms a cloudy
gel instead of a coacervate, indicating the presence of insoluble aggregates. The rheological re-
sponse of this ’cloudy gel’ is atypical of complex coacervate’s polymer solution response such
as in Figure 4.4, but is characteristic of colloidal gels (Figure 4.6).[143] At higher guanidinium
fraction the complex only forms solid-like complexes, suggesting that guanidinium has a higher
affinity for poly(styrenesulfonate) than poly(allylamine), consistent with a recent study reporting
guanidinium containing polyelectrolyte multilayers to be more rigid.[144] However, it is possible
these complexes may be far from their thermodynamic equilibria, and more detailed investiga-
tions are needed. Such unique behavior of guanidinium has been observed and utilized in other
self-assembling macromolecular systems,[105, 145, 146] and the present work here provides fun-
damental insights into those observations.

In the current work, we have demonstrated that ion-specific interactions play a key role in
determining the stability and responsiveness of charged complexes. These interactions can be ex-

ploited to both disassemble complexes, or to increase their stability, depending on the context. In



110

this particular case, guanidinium was a powerful agent for disassembling the otherwise strongly
associating PSS:PAH complex. This ability to break strong ion-pairs likely compliments other pro-
posed mechanisms for guanidinium’s denaturing activity.[139, 140, 147, 148, 149] While guani-
dinium is a strong denaturant as a free salt, it is a strong binding agent when incorporated into the
polymer itself, rendering complexes with anionic moieties highly stable, suggesting a mechanism
for its interfacial adhesion promoting properties.[150] Therefore, the context in which ion-specific
interactions are considered is extremely important for rationalizing observations. Lastly, given
guanidinium’s biological relevance, its behavior in synthetic macromolecular systems could be
better explored because of its technological significance.[142] The present work introduces PAH-

Gu polyelectrolytes as a simple and accessible model platform for future investigations.
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Figure 4.5: (a) Reaction scheme for systematic guanylation of poly(allylamine), (b) phenomeno-
logical phase behavior of PSS:PAH-Gu complexes as a function of guanylation percent at pH ~ 6,
and (c) schematic representation of a possible explanation for the observed phase behavior. Guani-
dinium is able to break the relatively strong ion-complex of styrene sulfonate with allylamine, but
not allylguanidine.
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Figure 4.6: Rheological response of a complex of poly(styrenesulfonate) with 15% guanylated
poly(allylamine). The typical power-law polymer solution response of coacervates as depicted for
PSS:PAH in Figure 4.4 is lost when guanidinium is added directly onto the polyelectrolyte itself.
Instead, the rheological response of a colloidal gel is observed, where the storage modulus is nearly
independent of frequency at low frequencies. The colloidal gel rheological response supports the
hypothesis that insoluble aggregates are forming, which likely also imparts the cloudiness.

4.3 Experimental Methods

Materials: Poly(styrene sulfonate) sodium salt (PSS, MW 200K g mol™') was purchased from
Sigma-Aldrich, poly(4-vinylpyridine) (P4VP, MW 50K g mol'!) from Scientific Polymers, and
poly(allylamine) HCI (PAH, 120-200K g mol!) from Alfa Aesar. 1-bromoethane, potassium
bromide, guanidinium bromide, and guanidinium thiocyanate were also purchased from Sigma-
Aldrich. 1H-Pyrazole-1-carboxamidine hydrochloride was purchased from Chem-Impex Interna-
tional. Deionized water (conductivity ~5 uS/cm ) was used for making all solutions except when
forming coacervates where 18.2 M (2 *cm MilliQ water was used. The pH of water used was ob-
served to be between 5.5-7, as expected from dissolved carbon dioxide, and which is much lower
than the pKa of poly(allylamine) at 8.5. Therefore, poly(allylamine) was assumed to be fully
ionized.

Quaternization of poly(4-vinylpyridine): In our nomenclature we refer to ethyl substituted
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P4VP as QVP-C2. QVP-C2 was synthesized by dissolving 10 wt% P4VP in dimethyl sulfoxide
before adding a 30% molar excess of bromoethane. The solution was well stirred for 24 hours at
40°C. This solution was used directly to synthesize the complex with poly(styrenesulfonate) and
is discussed below.

Guanylation of poly(allylamine): 5-10 wt% PAH was dissolved in water and the pH was ad-
justed to ~10 using sodium hydroxide. Stoichiometric amounts of 1H-Pyrazole-1-carboxamidine
hydrochloride was added to the solution and stirred for 4 days at room temperature. Polymer was
isolated using dialysis and lyophilization.

Stoichiometric PECs: Once the quaternization reaction was completed (in DMSO), a 1:1
repeat unit molar equivalent of PSS was dissolved in equivalent volume of water separately. This
was done by noting the mass was initial P4AVP that was quaternized followed by conversion to
moles. The two solutions were then simultaneously added to a third beaker of water under stirring.
The PECs precipitated out as a white solid that washed with deionized water until the solution
conductivity fell to about 50 uS/cm. The precipitates were collected via vacuum filtration and
then dried. Since pyridines can have poor thermal stability, the PECs were dried at 60°C and
in the presence of drierite for 12 hours to obtain the dry PEC. PSS:PAH complexes were made
analogously after the guanylation reaction was completed.

Coacervates: Coacervates were formed from the dry PECs by dissolving them in appropriate
salt solutions. In all cases, 1 g of dry PEC was dissolved in 10 ml of the salt solution using MilliQ
water (18.2 MQ cm). The salt concentrations where coacervation was observed was ~1.5-1.9 M
KBr for QVP-C2 and ~3-3.75 M Guanidinium bromide/thiocyanate for PSS:PAH. The solutions
were then well-stirred at room temperature overnight. Once the coacervate phase began to form the
solution was annealed at 60°C for 30 min. The solutions were then allowed to equilibrate between
1 week to 1 month, depending on the sample. Coacervates formed at low salt concentrations

required longer equilibration times.
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Quartz Crystal Rheometry: A custom quartz crystal microbalance (QCM, AWSensors, Va-
lencia, Spain) was used in conjunction with a N2PK impedance analyzer (Thornhill, Canada)
for swelling and viscoelastic measurements of spin-coated polyelectrolyte complex films. 1.5
um polyelectrolyte complex films were directly spin-coated onto 1 inch quartz crystals with Au
electrodes (Inficon, East Syracuse, NY) from the polymer-rich coacervate phase. Accurate QCM
experiments require highly homogeneous and smooth films. Such high quality films could be ob-
tained by spin-coating coacervates and then annealing them in intermediate ionic strength solutions
to smooth the resulting film. Once the coacervate was spin-coated, PSS:QVP-C2 was annealed in
1.0 M KBr solution for 24 hours. PSS:PAH was annealed in 1.25 M GndmSCN for 24 hours. The
final film was rinsed with excess deionized water to remove residual salt. The film was then dried
over hot drierite to remove all water, and the dry areal mass, (dp) dry> Was recorded using the QCM.
Here, d is the film thickness and p is the density. The swelling ratio after immersion salt solutions

was then computed using Eq. 1.

Weightwater+salt %100 = dp - (dp)dry
Weightpolymer (dp)dry

Swelling% = x 100 4.1

The QCM provides changes in the resonance frequency (Af,) and dissipation (AI’,;) of the
piezoelectric quartz crystal at the odd nth harmonic of the fundamental frequency (5 MHz for the
crystals used in this work). We monitor Af,, and A, at n = 3, and 5 by fitting a Lorentzian peak
to the conductance and susceptance in the frequency domain. While we prefer to use Al it is
equivalent to the widely used QCM-D instrument that operates in the time domain, with AD,, =
2AT,/f, where D is the dissipation factor and f;, is the oscillation frequency. The QCM data was
analyzed using the open source QCMD-Analyze code to extract accurate viscoelastic properties.*
More detailed sample preparation procedures and QCM rheometry were reported previously. !>

Interfacial Tension Measurements: The interfacial tension (y) of the polyelectrolytes used in

this work was measured using the pendant drop method. A Kruss DSA100 drop shape analyzer
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was used. A 12 yL drop of HPLC grade chloroform was formed in an embedding phase of 18.2
MQ-cm water. The water/chloroform tension was measured for 10 min to verify that y was ~32
mN/m (the pristine tension), before polyelectrolyte solutions were injected such that the polymer
concentration was 5 mM on a repeat unit basis.

PSS:PAH-Gu Phase behavior: Stock solutions of guanidinium bromide at 2, 2.5, 3, 3.5 and 4
mol/L was prepared. PAH was guanylated at different fractions and using the procedure outlined
above and then dialyzed and lyophilized. PSS was lyophilized from the as received solution from
the manufacturer. PSS and PAH-Gu were added to a 3 ml vial in a 1:1 ratio, for a total polymer mass
~0.1 g. 1 ml of the stock solutions was added to the vial and the complex allowed to equilibrate
for 2 months at room temperature. Visual sample characterization was performed for the solid-like
complex, clear liquid-liquid phase separated coacervate, and single phase solutions. In cases where
a cloudy gel was observed, larger samples where made and their rheological response recorded.
Rheology: Rheology was performed using an Anton-Paar MCR 302 rheometer with the cone—plate
geometry. 50 mm diameter plates with a cone angle of 2° were used to perform frequency sweeps
between 0.1 and 300 rads s~!. A 1% strain amplitude was used which was verified to be well
within the linear viscoelastic regime using amplitude sweeps. Once the coacervates were loaded,
they were allowed to relax for at least 10 min at room temperature. Solvent evaporation was mit-
igated by placing a small trough of water around the bottom plate of the rheometer and isolating

the sample inside a custom chamber.



116

Chapter 5

Polyelectrolytes at Oil/Water Interfaces

As of the submission of this thesis, this chapter consists of preliminary and unpublished work.
Abstract: Quantifying the behavior of highly charged molecules near hydrophobic interfaces
is of paramount importance for many chemical and biological contexts, for example, to inform the
design of new polymeric antibiotics to combat drug-resistant bacteria. While the behavior of am-
phiphilic molecules at interfaces has been well-studied due to their use as surfactants, the affinity
of highly charged macromolecules for interfaces is unknown. In the present work, we utilize a set
of model cationic polymers in the presence of different electrolytes to elucidate their adsorption
behavior to oil/water interfaces. The presence of weakly solvated anions (I', SCN™, C10, ) enables
the adsorption of highly cationic polymers, even under dilute conditions. The results suggest that
ionic solvation of both the polyelectrolyte and the counterions plays a synergistic role in mediating
adsorption to hydrophobic interfaces. These results also provide physical insight into how cationic
molecules physically disrupt the bacterial cell membrane, providing an effective antimicrobial ap-

proach, and may inform the design of new future antibiotics.
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5.1 Introduction

Elucidating the self-assembly mechanisms of highly charged molecules at hydrophobic inter-
faces is critical for understanding the transport of charge-containing molecules through biologi-
cal membranes, and in the design of new polymeric antibiotics to combat drug resistant bacte-
ria. Cationic macromolecules may preferentially interact with hydrophobic interfaces— such as
the bacterial cell membrane— to physically disrupt its integrity, providing a powerful antimicro-
bial approach.[142, 151] Transport of biomolecular cargo can also be facilitated by highly charged
macromolecules[152], however, the dominating non-covalent interactions that enable these phe-
nomena are not yet well understood. Traditionally, small or large molecules with well-defined
hydrocarbon segments are utilized to control adsorption, and consequently many commercial prod-
ucts such as paints, detergents and personal care paraphernalia rely on controlling molecular am-
phiphilicity to control stability or function. Due to these large commercial applications, hydropho-
bicity driven self-assembly of molecules to hard or soft interfaces has been well-studied.[153,
154, 155, 156] However, quantifying the behavior of highly charged macromolecules lacking any
distinguishable hydrophobic segments at interfaces is of fundamental chemical and biological im-
portance, and it requires consideration of the dielectric mismatch across the interface, ionic corre-
lations, solvation effects, and polymer and counterion entropy.[7]

Interfacial tension, as measured by Drop Shape Apparatus, is a very useful method for deter-
mining the interfacial behavior of block ionomers. Interfacial tension can be measured by extract-
ing the drop profile in time increments and fitting it to the Laplace equation (Eq. 5.1) as described
in Figure 5.1. It is to be noted that the Laplace equation describes a balance between the surface
tension Y, which tries to keep the spherical shape of the drop, and the density difference, which
tries to pull the drop in an upward direction. A deformation of the drop, as shown in Figure 5.1,
is indicative of changes in the interfacial tension, and is tracked by extracting the drop profile and

fitting Ry, the radius of curvature at the apex, and By, the shape parameter, to calculate the inter-
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facial tension y.[157] In Eq. 5.1, Ap is the difference in densities of the two liquids, and g is the

acceleration due to gravity.

 ApgR?
%

B, 5.1

5.2 Results and Discussion

We first consider a model experiment to build intuition behind the interfacial assembly of am-
phiphilic molecules. Figure 5.1b shows the synthesis of a block copolymer whose degree of am-
phiphilicity can be modulated by varying the charge fraction (f,) on the P2VP block. Larger f,
result in a greater discrepancy in the solvophilic characters. Therefore, with increasing f, the inter-
facial affinity is expected to increase, and interfacial tension measurements show that an increase
in charge fraction is correlated with a significant drop in the interfacial tension at the chloroform-
water interface (see Figure 5.2). This is due to increased adsorption of the block copolymers at
the water-chloroform interface with increasing charge. The difference is largely insignificant from
0% to 4% charge, but is non-monotonic and larger in magnitude with subsequent increases in

copolymer’s charge fraction.



119

(€)]

Polymer
Q — Q
—_—
(b)
m\b‘ n m‘.b‘ nl - n2
Ny /\Br Ny ‘ AN ﬁ/\
e Br-

) DMF.40°C,120h ‘ P F

Figure 5.1: (a) Schematic for calculating the interfacial tension. Drop deformation is indicative
of changes in the surface tension. The surface tension is calculated by fitting the drop profile and
determining the shape parameter By and radius of curvature Ry, which are related to the tension, 7,
via Eq. 5.1. (b) Reaction scheme for quaternizing the poly(2-vinylpyridine) block of PS-b-P2VP
with bromoethane. Here, poly(styrene) (PS) block remains hydrophobic, the unquaternized P2VP
units are polar hydrophobic, and the quaternized units are ionizable and therefore hydrophilic.
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Figure 5.2: Interfacial tension of the diblock copolymer PS-b-P2VP at chloroform-water interface
and at different charge fractions, f, (degree of quaternization), for the P2VP block. The pristine
water/chloroform tension is measured for 900 s to ensure absence of contaminants, before polymer
injection into the chloroform phase resulting in adsorption. A substantial drop in interfacial tension
is seen for all samples. Error bars are reported as the standard deviation of three measurements.
Solution pH was mildly acidic due to carbonic acid buildup under ambient conditions, therefore
the P2VP units were assumed to be partially charged (pK, P2VP ~ 5). These data were collected
in collaboration with Ha-Kyung Kwon.
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Let us now consider the interfacial behavior of a set of highly cationic polyelectrolytes that
lack any significant hydrophobic segments in their molecular architecture. In the absence of well-
defined hydrophobic moieties and the presence of ionizable charges, it is unclear whether the
molecules would be interfacially active or not. The molecules shown in Figure 5.3a are polymer
salts that gains considerable entropy by dissociating the ion-pars. Confining these molecules to any
interface would result in significant loss of counterion configurational and polymer conformational
entropy. The absence of anchoring hydrophobic segments here fails provide the usual driving force
for adsorption. To gain physical insight about the behavior of highly charged polyelectrolytes, we
measured the interfacial tension of a water/chloroform interface in the presence of poly(N-ethyl-
4-vinylpyridinium) (QVP-C2). As shown in Figure 5.3b, we find that QVP-C2 has no discernible
interfacial activity in the presence of sodium chloride, but that in the presence of sodium thio-
cyanate it is readily sequestered to the interface. The drop in tension with increasing thiocyanate
concentration corresponds to an increasing equilibrium concentration of the adsorbates. This sim-
ple result implies that the nature of the (counter)ions present in solution can dictate the adsorption

fate of highly charged macromolecules.
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Figure 5.3: (a) Schematic representation of ion mediated adsorption of polyelectrolytes to hy-
drophobic interfaces. The chemical structures of the polymers used in the study are also shown.
(b) Adsorption of QVP-C2 in the presence of NaCl and NaSCN to a chloroform interface. (c)
Drop in chloroform interfacial tension (Ay) as a function of the ions present in solution. Solvation
of the anion controls the degree of association to the polyelectrolyte and the ultimate adsorption,
which is seen as a drop in the interfacial tension. (d) Concentration effects on the adsorption pro-
cess. (e) Universality of the adsorption is shown by the tendency of polyelectrolytes to adsorb to
hexadecane interface in the presence of perchlorate.

The difference between the chloride and thiocyanate anions lies in their relative solvation states
in water. Chlorine is considered to be a well solvated anion, while thiocyanate is the more poorly
solvated specie. lonic solvation can be quantified in terms of the solvation free energy, AGsovarions
where a more negative value represents a more well solvated ion.[158] To probe ionic solvation
effects on the adsorption of QVP-C2, we utilized a series of anions as the supporting electrolyte,
and measured the drop in interfacial tension relative to the pristine interface (Ay) as a function of
the AGs,pvarion Of the anion. Figure 5.3¢ shows that relatively well solvated anions such as CI°, Br

and NOj fail to sequester QVP-C2 to the interface. A transition in the adsoprtion behavior occurs
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when the anion solvation reaches ~-290 kJ/mol, where anions with AG,;,arion below this number
(I', SCN7, ClO, , BF,) all confine the polyelectrolyte to the interface. This suggests that depending
on the solvation of the anions present in solution, the cationic polyelectrolyte may or may not be
interfacially stable. While the trend in Figure 5.3¢c may entice one to invoke the Hofmeister series,
it must be noted that this series is phenomenological (and reversed for cations), and that arguments
directly employing solvation free energies are more robust. Table 1 reports that individually neither
the electrolytes nor the polyelectrolytes have any interfacial activity in this concentration regime,
confirming that both must be present simultaneously for adsorption to proceed synergistically.

It is now evident that the nature of the counter-ions or co-ions present in solution along with the
polyelectrolyte mediates the adsorption behavior. Further thermodynamic insight can be gleaned
by considering QVP-C2 adsorption at different concentrations. The relevant concentration bench-
mark for polyelectrolytes is the overlap concentration, ¢*.[159] ¢* depends on the ionic strength of

the solution, and can be approximated by Eq 5.2.

. 3M,
' =—=
47'L'NAR§

(5.2)

Literature values of R, for quaternized poly(viylpyridines) [159] can be used to estimate c*,
which we calculate to be 0.6-3.5 mM for QVP-C2 in salt-free conditions. Therefore, we now study
the adsorption of QVP-C2 in the dilute (¢, < ¢*) and semi-dilute (c,, > ¢*) regimes as shown in Fig-
ure 5.3d. When the polymer and electrolyte are both dilute, entropy of mixing appears to prevent
adsorption of QVP-C2 even when the electrolyte anion is the poorly solvated thiocyanate. How-
ever, when thiocyanate is present in significant excess of QVP-C2, the polyelectrolyte is consigned
to the interface even under this dilute condition. In the semi-dilute regime, the polymer also adsorbs
as long as the concentration of the of supporting electrolyte exceeds the polyelectrolyte concentra-

tion (Figure 5.3d). These results indicate that the concentration and the identity of the supporting

electrolyte is the key determinant of polyelectrolyte adsorption. To explore the generality of solva-
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tion mediated adsorption, we performed the same experiment with the water/hexadecane interface

(Figure 5.3e), and find that the same phenomenon is observed as in water/chloroform.

Water/Chloroform Interface
Solution Y (mN/m)
Water/Chloroform | 32.30 +0.05
5 mM QVP-C2 32.25 £0.20

6 mM NaCl 32.13 £0.10
6 mM NaBr 32.12 +£0.10
6 mM NaNO3y 32.10 +£0.07
6 mM Nal 32.42 £0.12

6 mM NaSCN 31.90 £0.10

6 mM NaClOy 32.30 £0.07
6 mM NaBF4 32.16 £0.10

5 mM PAH 32.30 +0.13

5 mm PAH-Guys | 32.20 £0.11

Table 5.1: Individual polyelectrolyte solutions or salt solutions do not display any significant in-
terfacial activity in this concentration regime. The tension remains close to the pristine value of
~ 32.8 mN/m.

Understanding the behavior of charges near hydrophobic interfaces is significant for the design
of cell-membrane disrupting antimicrobial macromolecules. In biology, the two prevalent cationic
groups come from lysine and arginine. The most important difference between these two amino
acids is their cationic charge identity, where lysine is a primary amine and arginine contains a
guanidinium group. Despite this simple difference, it is arginine that is a recurrent motif in sev-
eral interfacial contexts over lysine, such as in the RGD sequence involved in cell adhesion, cell-
penetrating peptides, and antimicrobial molecules. Recently, we demonstrated that guanidinium
possesses the ability to form strongly associating ion-complexes, which is possibly a contributing
factor for its adhesion promoting properties, and here we seek to investigate it’s behavior near
hydrophobic interfaces. We hypothesize that guanidinium may potentially be a more interfacially
active charge than amines, explaining it’s enhanced presence in biological interfacial contexts. We

use poly(allylamine) (PAH) and guanylated poly(allylamine) (PAH-Gu) as model approximations
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for lysine-like and arginine-like macromolecules. Both PAH and PAH-Gu are highly cationic, and
their simple architecture that is devoid of any secondary functionality (such as hydrogen bonding
amide groups or hydrophobic domains) enables an unambiguous comparison of guanidines relative
to amines in macromolecular constructs.

To study the interfacial activity of PAH and PAH-Gu, the interfacial tension of a semi-dilute
solution of these polyelectrolytes with chloroform was measured, as listed in Table 5.1. The addi-
tion of guanidinium functionality to polly(allylamine) appears to endow no interfacial propensity
under salt-free conditions. However, in the presence of poorly solvated electrolytes, PAH-Gu poly-
electrolytes exhibit interfacial activity, while PAH remains agnostic, as shown in Figure 5.4. This
suggests that the guanidinium groups inherently possess the capacity to interact with hydrophobic
surfaces, but that this interaction must be facilitated by the accompanying counterions. Without
counterion assistance, it appears that entropic losses from interfacial assembly remain too great.
The combined polyelectrolyte and ion solvation effects can overcome this thermodynamic barrier

and drive interfacial assembly.
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Figure 5.4: Adsorption of poly(allylamine) versus guanylated poly(allylamine). Guanidinium con-
taining polyelectrolytes are interfacially active in the presence of weakly solvated anions, while
their primary amine counterparts do not display any interfacial activity.
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We now turn to MD simulations of our QVP-C2 polyelectrolyte to shed light on the interfacial
segregation. A coarse-graining scheme as reported previously and again detailed in Figure 5.5
was used to model a 100 unit polyelectrolyte.[7] This length is assumed to be large enough such
that the polymer is in the high molecular weight limit. The initial configuration of the polymer
at t=0 was set near the interface in the presence of NaCl (Figure 5.6a) and Nal (Figure 5.6c). At
t>0, the polymer is repelled from the interface for NaCl, while it strongly adsorbs for the Nal.
Here, Figure 5.6d shows that iodine preferentially partitions to the interface with the help of the
polymer. Figure 5.8 plots the iodine density as a function of distance from the interface for varying
bulk iodine concentrations. A sharp peak in the density profile near the interface is observed in all

cases, suggesting accumulation of the polymer and iodine in the interfacial region.

A "B %oe’
¥ $e¥

pavp Coarse grain Coarse-grain P4VP
Monomer 4VP

Figure 5.5: Models and simulation setup. A) Chemical structure of quaternized poly-4-
vinylpiridine (QVP-C2); monomer coarse-grain model represented by five beads, and P4VP
coarse-grain model. The beads color code is as follows: The polymer backbone groups are colored
in pink (SCY); the hydrophobic ring groups are colored in cyan (STY); the quaternized group is
colored in dark-blue (Qy); the counterion is in yellow. B) The simulation cell is built by placing an
aqueous phase between two liquid chloroform slabs. The total number of chloroform molecules
is 12800. The aqueous phase is made of N,=40000 water beads and Ny pairs of salt ions, N,
polymer counterions, and 2 polymer molecules. A water bead represents 4 water molecules. We
varied the type of salt ions. The interaction between the particles is taken into account by means of
the Martini force field parameters. MD simulations were performed by Felipe J iménez—Angeles.
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The electrolyte composition is given in Table 1. The first two simulations are designed to study
the adsorption of a single molecule on each interface; the box dimensions in the systems 1 and
2 are 10.5 nm x 10.5 nm x 56.5 nm in x, y, and z directions, respectively. In systems 3 to 6, 24
polymer molecules are distributed between the two interfaces; the box dimensions in the systems
3to 6 are 20 nm x 20 nm x 71 nm in x, y, and z directions, respectively. Our simulation protocol
consists of a 10 ns run to thermalize the system at P,= 1 atm and T= 298 K; in this step we use
the Berendsen thermostat (7= 0.1 ps) and barostat (tp= 0.5 ps). The equilibration—production
run is performed at P,= 1 atm and T= 298 K for at least 160 ns. The integration of the Newton’s
equation of motion is performed using a time steps of 10 fs. The simulations are performed using

3-dimensional periodic boundary conditions are using the open source code GROMACS.

System | Electrolyte | N Nw Ng N¢ Chain length | Nqvp.c2
1 NaCl 12800 | 40000 | 200 100 100 2
2 Nal 12800 | 40000 | 100 100 100 2
3 NaCl 48000 | 176000 | 360 1440 60 24
4 Nal 48000 | 176000 | 360 | 1200 CI'+240 I 60 24
5 Nal 48000 | 176000 | 360 | 600 ClI'+840T 60 24
6 Nal 48000 | 176000 | 720 | 600 CI'+840T 60 24

Table 5.2: System compositions used in MD simulations. The aqueous phase is made of Ny,=40000
water beads and Ny pairs of salt ions, N polymer counterions.
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(a) NaCl, t=0 (b) NaCl, t= 80 ns

Figure 5.6: Molecular Dynamics (MD) simulations of QVP-C2 adsorbing to a chloroform/water
interface. The coarse-grained model was used as previously described.[7] (a) and (b) describe the
adsorption in the presence of NaCl, while (c) and (d) describes the adsorption in the presence of
Nal for a 100 unit polymer. Note that in this case the polymer is 100% charged. The simulation
conditions correspond to the systems 1 and 2 in Table 5.2. In both systems the simulations are
started from very similar conditions by placing the polymer close to the liquid-liquid interface.
This condition is selected to save computational time. The main difference between the two sim-
ulation is the composition of the electrolyte. In the NaCl system we observe that the polymers
detach from the interface and move away from it into the aqueous solution. On the contrary, in the
Nal system, the polymer is adsorbed and stays completely flat on the interface. MD simulations
were performed by Felipe Jiménez-Angeles.

Systems 3 to 6 in Table 5.2 are designed to study the collective adsorption of the polymer at

the interface. We observe a significant difference in the polymer adsorption by changing the type
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of electrolyte. Figure 5.7a shows the polymer desorbing from the interface when the electrolyte
is NaCl and it moves into the aqueous phase. The calculated interfacial tension in system 3 is
about 28.5 mN/m. When the electrolyte is Nal the polymer is completely adsorbed at the interface
(Figure 5.7b). We observe that the polymer stays completely flat on the interface. The interfacial

tension from the simulations of systems 4 to 6 is 26.6, 24.6, 24 mN/m.

A NacCl Nal
t=150ns t=150ns

Figure 5.7: The collective adsorption of QVP-C2 in the presence and absence of Nal. The system
compositions are 3 and 4 from table 5.2.
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Figure 5.8: Density of iodine (solid lines) as a function of distance from the interface for the
polymer model in Figure 5.6. The effect of increasing the bulk iodine concentration from 0.015 M
to 0.065 M corresponding to systems 4-6 is shown. In all cases, a concentration peak is observed
near the interface. The dashed lines correspond to the integral of the density peak, giving the
adsorption in ions per area.

Figure 5.8 shows the I" density profile from the simulation of systems 4 to 6 and the cumulative
adsorption of I'. The cumulative adsorption is calculated by integrating the density profile of I".
The I bulk concentration is 0.015, 0.025, and 0.065 mol/L for systems 4, 5, and 6, respectively. A
clear peak of adsorption of the I" ion is observed at the interface. The height of the peak increases
significantly by increasing the bulk concentration from 0.015 to 0.025 mol/L but it does not in-
creases proportionally from 0.025 to 0.065 mol/L. This indicates that the interface is reaching a
saturation point. The I adsorption including only the ions in the adsorption peak is about 0.35, 1.2
and 1.4 ions/nm? in the systems 4, 5, and 6, respectively.

Finally, we investigated the behavior of the ions at the interface without the polymer to gain
insight into the adsorption mechanisms. The density profiles of pure NaCl and Nal are shown in
Figure 5.9. In Figure 5.9a, the density profiles show that both, Na* and CI" ions, are desorbed from

the interface. The ions are uniformly distributed away from both interface. Figure 5.9b shows that
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the I" ions are mildly adsorbed at the interface (see the adsorption peak) and in consequence the
Na* ions form a diffuse distribution into the aqueous phase as a function of the separation distance
to the interface. We hypothesize that the polymer adsorption is driven by the electrostatic attraction
created by the ions adsorbed at the interface. In addition, the hydrophobic interaction between the

polymer backbone and the chloroform contribute to stabilize the polymer adsorbed at the interface.
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Figure 5.9: Interfacial behavior of pure salt solutions.
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Chapter 6

Future Work, Outlook, and Summary

The work presented in this thesis has added to understanding the physical behavior of poly-
electrolyte complexes and polyelectrolytes in general. The implications for future work from the
context of this thesis is split into two sections. The first section discusses the more immediate
work which can be performed to further extend the physical understanding of charged complexes.
The second section identifies critical areas of study needed to significantly advance the field of

complexes and polyelectrolytes from both an application and fundamental science standpoint.
6.1 Future Work

This thesis studied in detail the salt responsiveness, hydrophobicity, and ion-pairing affinity be-
tween oppositely charged polyelectrolytes. A simple yet fairly robust way to think about polyelec-
trolyte complexes is in terms of a Salt Resistance (Eq. 6.1), defined as the critical salt concentration
needed to fully disassociate the complex by charge screening. The Salt Resistance of a complex
comprising a particular polycation and a polyanion can be thought of as a function where differ-
ent non-covalent interactions and physical parameters such as hydrophobicity, molecular weight,
chain topology/architecture, ion-pairing strength, hydrogen-bonding, and salt identity can all con-

tribute to the observed stability. Weakly associating complexes have a low salt resistance, while
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on the other end of the spectrum, strongly associating complexes have a very high salt resistance
and are frequently insoluble. Here, the salt used to dissolve the complex is very important, as we
and others have demonstrated.[1, 40, 66, 127] Recently, the roles of hydrophobicity, salt identity,
molecular weight, and even ion-pairing strength, has been studied in terms of the rheology, re-
sponsiveness, and phase behavior of PECs. The emerging picture from these studies, along with
the results from Chapter 3 and 4, suggest that the water content of the complexes determines the
rheological properties of the system.[1, 3, 40, 67, 68, 160, 161] However, investigations related
to the chain topology/architecture[ 108] and hydrogen-bonding contributions[162] are much more
rare. Of all the non-covalent interactions which affect the properties of PECs, hydrogen bonding
contributions are the most poorly understood. Therefore, a significant effort must be dedicated to

quantifying the role of this interaction in the context of PECs.

Salt Resistance = f(Hydrophobicity, StericE f fects, Molecular Weight, Molecular Architecture,

lon — pairing Af finity, Hydrogen Bonding, Salt Identity) (6.1)

This thesis has shown that the Salt Resistance function is non-trivial, and that individual non-
covalent interactions are not coupled linearly. For example, in Chapter 3 we found that system-
atically increasing the hydrophobicity increased the salt resistance. This is perhaps intuitive, as a
more hydrophobic complex is expected to swell less in response to salt. While we did not discuss
steric hindrance effects directly in Chapter 3, we showed that increasing steric hindrance by adding
longer carbon side chains (which should lower the salt resistance since individual ions may pre-
sumably penetrate the complex with better efficiency) did not appear to have an important effect,
and that hydrophobic interactions were dominant. More investigations are needed on the role of
steric hindrance in charged complexes. We also showed in Chapter 3 that marginally changing the

hydrophobicity nearly modulated out the capability of better solvated salts to swell the complex,
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meaning that hydrophobic effects manifest themselves with greater potency against better solvated
ions. However, in Chapter 4 we showed that the more hydrophobic complex (PSS:QVP-C2) was
actually /ess salt resistant compared to a complex which was more hydrophilic, but appears to have
had a higher ion-pairing affinity (PSS:PAH).[40] These simple comparisons are deeply insightful,
as it shows the importance of developing well thought out model systems where the effect of indi-
vidual non-covalent interactions may be assessed unambiguously to effectively deconvolute the salt
resistance function, because the individual interactions may be non-linearly coupled. To this end,
it is hoped that the model systems of QVP molecules introduced in Chapter 3 and the guanylated
poly(allylamine) introduced in Chapter 4 will find more prominent roles in future investigations.

Another important aspect of complexes that needs greater attention from the research com-
munity is their thermomechanical properties. Few investigations have tackled this problem ade-
quately, and there is much room for more rigorous studies. Here, the QCM is uniquely suited to
shed light on the temperature responsiveness, since it directly correlates the swelling behavior with
mechanical properties.

The QCM 1n itself is a powerful instrument for characterizing the properties of thin soft mate-
rials, and it has been largely underutilized in soft materials research. While the availability of the
QCM-D instrument would suggest that it should be a more mainstream analytical tool for polymer
science, but the analysis usually provided with commercially available instruments has much need
for improvement. Equally important is to educate potential users on its capabilities and limitations.
To this end Chapter 1 demonstrated how the QCM can be used as an analytical tool, and impor-
tantly provided the thickness limitations for accurate viscoelastic modeling of polymer materials
(Figure 1.8). This work has also made available a powerful MATLAB data analysis program that
can directly analyze data from the popular QCM-D instrument (link here). It is hoped this thesis
will act as a lighthouse for users of this instrument. Yet, much work needs to be done to further

advertise and advocate the versatility and uniqueness of QCM rheology.


https://github.com/sadmankazi/QCM-D-Analysis-GUI
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Finally, the preliminary results presented in Chapter 5 can easily be extended to study phase
behavior of polyelectrolyte solutions as a function of the background electrolyte, since weakly sol-
vated salts can precipitate some polycations. Mapping out this phase behavior where homogeneous
solutions exist and where precipitates form using the three model polyelectrolytes introduced in
Figure 5.3 will yield a physical picture of the competitive association behavior of counterions with
the polymer. The concentration dependence of these behavior can be correlated with the observed
oil/water interfacial tension drop. Taken together, this approach can inform a better understanding

of the thermodynamics of polyelectrolyte solutions.

6.2 Outlook

The idea of salt induced dissolution of a PEC into a polymer solution, termed saloplasticity, is a
powerful processing concept which needs to be investigated more deeply.[6, 66, 114] Our own re-
cent work used this concept to control the porosity of water and solvent purification membranes.[4]
The saloplastic concept is still in its infancy, and there is an immense opportunity for using this
approach to solve both new and old problems. The stability of PECs in both organic and most
aqueous environments, and their high temperature tolerance can easily be foreseen to be industri-
ally useful. While it is difficult to speculate where PECs may find commercial use, we attempted
to use saloplastic processing to create versatile membranes, and can offer another glimpse of a
potential application. Methods of passive cooling of buildings and roofings by heat reflection are
foreseen to be an important strategy for reducing heating costs. A recent advancement showed
the use of hierarchically porous coatings which may be used to reflect a large spectrum of light,
thereby reducing energy absorption.[163] There is a desire to make these coatings from aqueous
solutions, due to fire and environmental safety concerns. We recently showed how hierarchically
porous coatings/membranes may be synthesized from a coacervating solution.[4] Therefore, one

use of these porous PEC coatings could be in the area of passive cooling, for which the optical
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properties of porous complexes need to be studied.

A significant effort for PECs has always focused on biomedical applications (coatings, drug
delivery, etc) from the days of polyelectrolyte multilayering. An emerging research thrust is now
in the area of complexing proteins and biomolecules with synthetic polyelectrolytes to control their
stability, delivery, or release.[ 164, 165] Analogously, polypeptides are being considered as biocom-
patible or biodegradable macromolecules instead of synthetic polyelectrolytes.[108, 110] Both of
these efforts require rigorous investigations of phase behavior and salt responsiveness. Another
important biologically relevant research area, especially for delivery applications, is in design-
ing new block copolyelectrolyte approaches to self assembly.[166] These structures may assemble
by association of two complexing polyelectrolyte blocks, which preserves a hydrophilic character
where cargo may be loaded. Understanding the self-assembly pathways[167] and connecting the
physical behavior of homopolyelectrolytes to the response of their block copolymer counterparts
remains an important challenge. To this end, in Chapter 4 we made a comparison between the
poly(allylamines) and poly(allylguanidines).[40] These molecules are Lysine-like and Arginine-
like, respectively, which allow an unambiguous comparison of the effect of these two biologically
relevant cationic charges in complexation. It is paramount to understand the differences of primary
amines and guanidines in macromolecular contexts since this would enhance the knowledge of
how cationic polymers interact with cell-membranes. Another important outstanding challenge is
that currently there is very little work reported on complexes of polyphosphates. Since the charge
on DNA helix is a phosphate, fundamental investigations are needed to show how polyphosphates
associate with cationic polymers.

The bulk of this thesis has revolved around quantifying the physical behavior of complexes
of oppositely charged polymers. Yet the responsiveness of these materials are a reflection of the
individual ion-polyelectrolyte interactions. It is a much more difficult matter to quantitatively

study the dynamics of polyelectrolyte solutions, but the in Chapter 5 we introduced interfacial ten-
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sion measurements as an elegant method to study the competitive association between individual
ions and polyelectrolytes. The dynamics of polyelectrolyte solutions are of significant chemical
and biological importance, and in Chapter 5 we demonstrated how ion-specific interactions can
mediate the adsorption of highly charged molecules to hydrophobic interfaces. Quantifying the
behavior of highly cationic molecules with hydrophobic surfaces is of paramount importance in
the development of new polymeric antibiotics, and here we again utilized the partially guanylated
poly(allylamines) to show the difference in adsorption between primary amines and guanidines.
Currently, there is a need to develop a more predictive theory of polyelectrolyte solutions, but in a
series of insightful work Douglas et al. have shown how the polyelectrolyte-solvent or solvent-ion
interactions may govern the thermodynamic properties of polyelectrolyte solutions.[168, 169, 170]
These simulations ultimately may be adopted to elucidate how ion-mediated adsorption of poly-
electrolytes to interfaces occur. This combined effort of the experimental interfacial data presented
in this work along with Molecular Dynamics simulations may ultimately lead to a greater physical
understanding of polyelectrolyte solutions. Furthermore, sophisticated experimental techniques
such as X-ray reflectivity of Liquid-Liquid interfaces and X-ray Fluorescence Near Total Internal
Reflection (XFNTR) may be utilized to directly probe the specific ion concentrations at oil/water
interfaces.[171, 172, 173] These combined efforts can inform a new theory of polyelectrolyte so-

lutions, heralding a significant advance in the field of polymer science.

6.3 Summary

This thesis attempted to paint a holistic mechanical picture of polyelectrolyte complexes (PECs)
from solid-like materials to liquid-like coacervates. While the main thrust of the present work fo-
cused on PECs, an underlying theme here was the use of the quartz crystal microbalance (QCM)
as an advanced fixed frequency rheometer. Chapter 1 provided the theoretical background and

experimental suggestions needed to accurately extract viscoelastic properties of polymer thin films
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using the QCM. The QCM proved to be a very useful tool for studying PECs because it enabled
simultaneous measurement of the swelling ratio and the mechanical properties of the complex,
resulting in the swelling-modulus and swelling-phase angle master curves shown in Figure 3.5.
These master curves suggest that it is the water content of the complex which dictates properties.
Another important aspect of PEC mechanical behavior is that they span the entire range of prop-
erties from glassy materials to polymer solutions. This mechanical spectrum was quantified using
the QCM in Figure 3.3, which shows the continuous transition from rubbery solids to coacervate
to single phase solution as a function of the KBr salt concentration. We identified the transition
to the coacervate phase occurs around 1.0 M KBr and to a single phase solution around 1.8 M
KBr for the model system of PSS:PDADMA. The swelling-modulus and the swelling-phase angle
master curves along with the mechanical spectrum adds to the emergent picture for the mechanical
behavior of PECs.

While PECs composed of strong polyelectrolytes proved to be excellent model systems to
study non-covalent and ion-specific interactions in Chapters 3 and 4, it is desirable to understand
the individual ion-polyelectrolyte interactions. It was demonstrated in Chapter 5 that interfacial
tension measurement of polyelectrolyte solutions is a brilliant approach to study their dynamics.
Preliminary results from Chapter 5 showed that the solvation of both the polymer and the ac-
companying counter or co-ions can play a synergistic role in enhancing hydrophobic effects. In
the limit of highly charged molecules, hydrophobic effects manifest themselves in terms of sol-
vation, which was elegantly demonstrated in Figure 5.3c. Figure 5.3c is deeply insightful as it
shows that highly charged polyelectrolytes can self-assemble to hydrophobic interfaces against
strong entropic penalties. Furthermore, the difference in adsorption between poly(allylamine) and
poly(allylguanidine) in Figure 5.4 showed that guanidine is a more interfacially active charge than
primary amines. This is the difference between Lysine and Arginine among amino acids, and it is

Arginine which is a more recurrent theme in interfacial contexts such as in the RGD sequence of
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cell-adhesion, cell-penetrating peptides, and antimicrobial macromolecules. However, the adsorp-
tion of poly(allylguanidine) had to be mediated by the counter or co-ions present in solution— again
highlighting the synergistic role of ion-polyelectrolyte interactions in determining their behavior.
Returning to the QCM, it is hoped this body of work will act as a guide for new users of the
instrument interested in viscoelastic analysis. The QCM’s potential has largely not been realized
by the polymer science community, and therefore there exists a significant opportunity to exploit
its utility in soft matter research. One limitation the instrument has faced is that the viscoelastic
analysis which can be performed using the popular QCM-D instrument is not adequately intuitive.
Furthermore, there exists quantitative thickness limits which must be obeyed for accurate mechan-
ical characterization. To these ends, the present work made two important contributions to the field
of QCM rheometery. First, the thickness limits which need to be met for a polymer material with
a certain complex shear modulus (p|G}|) and or phase angle (¢) for accurate viscoelastic analysis
was shown in Figure 1.8. For the best response, harmonic 3, 5 and 7 are recommended, and at
these harmonics films ~1-7 microns can be analyzed. Stiffer or glassier films require thicknesses
on order of 5 microns, while softer films require thicknesses of about 1 microns. Second, the
power-law frequency assumption was introduced as a much more realistic and robust approach for
modeling viscoelastic data. A data analysis program (found here) was provided to directly analyze

data from the popular QCM-D instrument.


https://github.com/sadmankazi/QCM-D-Analysis-GUI
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