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Abstract

Although polyelectrolyte-base materials have demonstrated uses in a wide range of applications,
controlling properties of polyelectrolyte-based materials is challenging because of their sensitivity
to material and processing parameters. This dissertation focused on fundamental science of
polyelectrolyte-based materials. Although polyelectrolyte-based materials like PEMs and PECs
have a wide range of potential applications, the relationship between structure and properties of
those materials is still not fully understood. In this work, factors that can affect the structure and
properties of PEMs and PECs were studied. Based on those results, potential approaches to tailor
structure and properties of polyelectrolyte-based materials can be developed.

The role of the chemistry and molecular weight of first layer of a PEM was studied. By
changing first layer materials, PEMs showed different internal structure, mass accumulation, and
surface morphology. Quartz crystal microbalance with dissipation monitoring (QCM-D) was used
to monitor the PEM assembly process. First layer choice affects the total mass accumulation of the
PEM as well as the stoichiometry and thickness of the PEM. PEM topography is also affected by
first layer choice. Combined with the stoichiometry results, these findings indicate that the
structure of a PEM is fundamentally different depending on first layer chemistry and molecular
weight. Selection of appropriate first layer material is therefore an important consideration in the
design of a PEM and changing first layer material may be a facile way to tailor the structure and
properties of PEMs.

Another category of polyelectrolyte-based materials, PECs, which are formed through
electrostatic interactions between oppositely charged polyelectrolytes, have garnered sustained
interest for their range of potential applications. Since water plays an important role in the structure

and properties of polyelectrolyte-based materials, humidity controlled dynamic mechanical



analysis (DMA) was used to characterize the thermomechanical properties of dried
polyelectrolytes and PECs with different thermal and humidity histories. After exposure to higher
humidities (humidity tempering), both room temperature storage modulus and flexural modulus of
the resulting PEC increased. Water from the humid air plasticized the PEC, increasing mobility
and facilitating chain reorganization during humidity tempering, which resulted in a structure with
more intrinsic electrostatic bonds (cross-links) and higher moduli. Storage conditions and relative
humidity were demonstrated to influence thermal transitions and mechanical properties of PEC,
which highlighted the potential of polyelectrolyte-based materials for new applications where

tailoring of mechanical properties is desired.
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Chapter 1: Research Summary



1.1 Specific Aims

Polyelectrolyte-based materials, such as PEMs and PECs, has experienced sustained interests
for decades. PEMs and PECs have been applied as biomedical coatings, tissue scaffold and drug
delivery materials.*® The structure and properties of polyelectrolyte-based materials can be
drastically influenced by many factors, such as assembly conditions and post-assembly treatment,
which makes the processing of those materials challenging.®?

The overall goal of this dissertation was to develop fundamental science-based approaches to
precisely tailor the structure and properties of polyelectrolyte-based materials. To achieve this goal,
three specific aims were pursued: Aim I, Tuning PEMs structure and surface property by first layer
material selection. The structure of a PEM is fundamentally different depending on the first layer
chemistry and molecular weight. By exploring the influence of first layer material on PEM
structure and properties, approaches to manipulate PEM properties without changing surface
chemistry can be developed. Aim 11, Study the effect of storage condition and thermal treatment
on PECs. Storage conditions change water content in PEC, while thermal treatment will affect the
interactions between water and the PEC. Thermal transition and mechanical properties of PECs
will be further influenced. Aim 111, Tailoring mechanical properties of the PEC using humidity
tempering. The effect of water was further studied quantitively. Tempering PECs under certain
relative humidity conditions causes molecular rearrangement and results in changing of
mechanical properties. Room-temperature and humidity-assisted approaches for mechanical

property manipulation can be developed based on this study.



1.2 Dissertation Outline

In Chapter 3, PDADMAC/PSS PEMs were assembled with different polycations as the first
layer material. The assembly process was tracked using QCM-D, with mass accumulation of each
individual layer recorded. Surface morphology and chemistry was characterized by AFM and
water contact angle measurements. Dry thickness of PEM was measured by ellipsometry. Those
properties were compared between PEMs with different first layer material and the influence of
the first layer materials was discussed.

In Chapter 4, mechanical properties of polyelectrolytes stored under different conditions
(ambient and desiccator) were characterized using DMA. Polyelectrolytes undergoes a heat-cool-
heat cycle and the thermal transitions under first and second heating step were compared. PECs
assembled with PDADMAC/PSS were also characterized by DMA. It was shown in this chapter
that water content of polyelectrolytes and PECs will affect the mechanical properties dramatically.
PECs of PDADMAC and PSS revealed a humidity history-dependent thermal transition

In Chapter 5, effect of humidity history on the structure and property of PECs was further
characterized. Humidity controlled DMA was used to track the mechanical response of PEC during
humidity change. Humidity tempering was done by keeping PEC under 50% relative humidity for
25 hours. Water content of PECs under different humidity conditions was also tracked to
quantitively study the relationships between water and PEC mechanical properties. A description
of the relationship between modulus and crosslink density was applied to describe the crosslink
density change during humidity tempering and the effect of water on crosslink density was
discussed based on this relationship.'** Flexural testing of PECs demonstrated a stiffness increase

after room temperature humidity tempering.



In Chapter 6, drug delivery materials based on bioderived polyelectrolytes were assembled and
characterized. Starch was used to fabricate oral drug delivery patches. Degradation behavior of
starch films were studied. Starch films were further functionalized with the goal of improving
adhesion property in all oral environment. Humidity controlled DMA was further applied to study
the mechanical response of gelatin films under humidity variation. Gelatins from different sources

were fabricated into thin films and characterized using humidity controlled DMA.
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Chapter 2: Introduction



2.1 Polyelectrolytes

Polyelectrolytes are polymers with ionically dissociable repeating units. Based on the type of
charges carried on the molecular chain after ionic dissociation, polyelectrolytes can be classified
into three groups: polycations, which carry positive charges; polyanions, which carry negative
charges; and polyampholytes, which bear both cationic and anionic repeating units.
Polyelectrolytes are described as either being “strong” or “weak” based on the degree of ionic
dissociation in solution. The counterions of strong polyelectrolytes fully dissociate in solution. On
the other hand, counterion dissociation is only partial for weak polyelectrolytes, with the degree
of dissociation dictated by polyelectrolyte isoelectric point and solution pH. Many
biomacromolecules are polyelectrolytes, such as proteins, polypeptides, glycosaminoglycans, and
DNA. Many synthetic polyelectrolytes are also commercially available. Two strong
polyelectrolytes are the primary materials used in this dissertation. Figure 1 gives the repeat unit
structures of these two common synthetic polyelectrolytes: poly(diallyldimethylammonium
chloride) (PDADMAC), which is a strong polycation, and poly(4-styrenesulfonate) (PSS), which
is a strong polyanion. These polyelectrolytes were chosen for investigation because they are the
canonical polycation and polyanion. Therefore, there is a wealth of literature to compare our

findings to, and our results will be broadly beneficial to the field.**
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Figure 1. Molecular structure of a) PDADMAC and b) PSS

In aqueous solutions, polyelectrolyte counterions dissociate. This, along with the greater
mobility achieved through solvation, allows for interactions between charges on a single chain,
interactions between different chains and between counterions. All of these interactions will affect
the molecular conformation of polyelectrolytes.® Under low ionic strength, the counterions
released from a polyelectrolyte chain tend to remain dissociated in solution while the charges along
the polyelectrolyte chain will repulse between each other because they all have the same charge.
As a result, the chain adopts a stiff expanded conformation. Under high ionic strength, the charge
repulsion along the chain is screened by counterions, which decreases the chain stiffness and lead
to a soft coil-like chain conformation.® Molecular conformation affects interactions between
polyelectrolytes which leads to differences in structure and performance of polyelectrolyte-based

materials.



2.2 Polyelectrolyte Multilayers (PEMS)
2.2.1 PEM assembly methods

PEMs are assembled through layer-by-layer deposition of oppositely charged polyelectrolytes.
Since they were first described in the early 1990’s, multi-functional polymer structures have been
prepared based on this layer-by-layer polyelectrolyte deposition techinique.® PEM coatings have
been applied as superhydrophobic’ and nano-patterned surfaces,®® as well as corrosion inhibition?©
and self-healing coatings.!! One important application of PEMs is controlled release of
biologically relevant molecules from PEM coatings or capsules.'?’

Layer-by-layer dip coating is a common method for PEMs fabrication. Solutions of polycations
and polyanions are prepared separately. The first layer is deposited by immersing the substrate into
one polyelectrolyte solution. After the first layer deposition, the substrate is rinsed by water to
remove the loosely attached molecules. The dipping and rinsing process is repeated with an
oppositely charged polyelectrolyte solution. Figure 2 shows a typical layer-by-layer dip coating
method. Other PEMs assembly methods have also been studied, including spin coating and spray

coating.8-%

l Polyelectrolyte multilayer
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Figure 2. Layer-by-layer dip coating of PEMs
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Two typical growth behaviors are observed in PEMs. One is linear growth, which means the
thickness and mass of the PEM increases linearly with deposited layer number.?! The other growth
behavior is exponential growth, which means that the thickness and mass of the PEM increase
exponentially with layer number.?>23 During linear growth of PEMs, the polyelectrolyte in solution
is adsorbed onto the previous polyelectrolyte layer via electrostatic force, which results in a charge
overcompensation and inversion on the PEM surface. The polyelectrolyte layers in linear growth
PEMs tend to interpenetrate only with neighboring layers.?* However, in exponential growth
PEMs, at least one polyelectrolyte is able to diffuse across layers during the deposition process.?®
The growth behavior of PEMs can be altered between those two categories by changing the
assembly parameters. For example, PEMs assembled from poly(allylamine hydrochloride) (PAH)
and PSS, or PDADMAC and PSS, which have typical linear growth behavior under room
temperature and low salt concentration, will have exponential growth behavior under high salt
concentration.?®?” PEMs with different growth behavior (linear or exponential) are expected to
have different internal structures and mechanical properties, which can affect their performance
and appropriateness for potential applications. lonic strength in the solution and the charge density
of polyelectrolytes are key factors that can affect polyelectrolyte adsorption, which is important in
layer-by-layer deposition of polyelectrolytes.?®2° A critical charge density is necessary to obtain

steady film growth during polyelectrolyte deposition.*

2.2.2 Mechanism of polyelectrolytes adsorption
Polyelectrolytes are adsorbed onto oppositely charged surfaces during the deposition process.

The surface charge is typically inversed after the adsorption of an additional layer, which is

11



important for the following layer deposition. The adsorption of a polyelectrolyte layer will lead to
a charge overcompensation. For polyelectrolytes adsorbed directly on the substrate surface, i.e. the
first layer of a PEM, the layer conformation is affected by charge density and flexibility of the
polyelectrolyte chain.3! For flexible chains, large charge overcompensation is provided by the
loops and tails of the chain. On the other hand, the adsorption of rigid chains will lead to a more
flat layer conformation, which results in a small charge overcompensation.®:? As discussed in the
previous section, the flexibility of polyelectrolyte chains can be affected by the ionic strength of
polyelectrolyte solutions. Thus, large charge overcompensation will be achieved under higher
ionic strength with more flexible chains, while small charge overcompensation will occur under
lower ionic strength with stiffer chains.

After the first layer adsorption, each additional polyelectrolyte layer will be deposited onto a
previous polyelectrolyte layer. Therefore, interlayer diffusion plays an important role in multilayer
deposition process. A model developed by Donath et al. described that, during the adsorption of
an addition polyelectrolyte layer, one third of the charges in the additional layer will diffuse in and
form ion pairs with the previous layer. The other two thirds of the additional layer will be
compensated by small counterions in solution, which can form ion pairs after adsorption of
following layer.3® However, this model can only be used to describe linear growth behavior, which
means thickness and mass of PEMs increase linearly with layer number. Other models that can be
used to describe exponential growth behavior of PEMs were developed as well.?63* Those models
described a molecular diffusion behavior during polyelectrolyte adsorption process. In the
exponential growth behavior, at least one kind of polyelectrolytes is able to diffuse across layers.
During the adsorption process, the excess polyelectrolytes in the entire PEM will diffuse across

the layers and reach the interface between the PEM and polyelectrolyte solution to compensate
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with newly adsorbed polyelectrolyte. With increasing layer numbers, the amount of excess
polyelectrolyte in PEM increases, so the PEM will be able to compensate more income
polyelectrolytes. This results in an increase of adsorption amount of polyelectrolyte with layer

number increase, which makes the growth behavior exponential.

2.2.3 Factors Controlling Growth Behavior of PEMs

PEMs exhibit two typical growth behavior: linear and exponential. Materials selection can
influence the growth behavior of PEMs. Under low salt concentration, PEMs assembled from
PAH/PSS, or PDADMAC/PSS, have typical linear growth behavior. However, PEMs assembled
from hyaluronic acid (HA)/poly-L-lysine (PLL) or poly-L-glutamic acid (PGA)/PLL grow
exponentially under the salt concentration. The exponential growth behavior of the PEM is related
with the diffusion of polyelectrolytes across the multilayers during deposition process.?***% For
PEMs with exponential growth behavior, at least one polyelectrolyte is able to diffuse across layers,
while for linear growth PEMSs, polyelectrolytes are not able to diffuse into the multilayers. During
the adsorption process, the excess polyelectrolytes within the multilayers will move to the PEM
surface and compensate with the newly adsorbed oppositely charged polyelectrolytes. With the
thickness increases, polyelectrolyte uptake capacity of the PEM increases as well, which results in
an exponential growth behavior.

Molecular weight can influence the diffusivity of polyelectrolytes through the PEM. For
example, low molecular weight PLL can diffuse through the entire multilayer construct during the
deposition of (HA/PLL) PEMs, while the diffusion of high molecular weight PLL is restricted.?

The stronger coiling of high molecular weight polyelectrolytes also makes the charges along the

13



chain harder to access compared to low molecular weight polyelectrolytes, which results in
a nonstoichiometry with excess amount of high molecular weight polyelectrolytes in the PEM.%®

Charge density of polyelectrolytes can affect the growth behavior of the PEM. A minimum
charge density is necessary to achieve continuous growth of the PEM. Below a certain charge
density, there are insufficient ion pairs to form stable PEMs.*® Beside charge density, charge
distribution along the polyelectrolyte chain also plays an important role. PEMs can be assembled
from a block-copolymer with a short strongly charged block, while the number of charged units
along the polyelectrolyte chains is only 10% of the total monomer number. The charge density of
this block-copolymer is lower than the critical charge density required for PEM formations when
using polyelectrolytes with evenly distributed charged units.®’

The formation of PEMs can be strongly influenced by the salt concentration in solution. The
counterions can screen the charge repulsion along the polyelectrolyte chains and results in a more
coiled structure. This will lead to a thicker PEM. Adding salt also reduces the number of ion pairs,
which decreases the stability of the PEM. However, this will increase the diffusivity of
polyelectrolytes within the PEM, as the interaction between polyelectrolytes are weakened.’
Increase of diffusivity can result in an exponential growth behavior, as discussed in the previous
section. For example, the growth behavior of PEMs assembled from PAH/PSS and
PDADMAC/PSS can be changed from linear to exponential when the salt concentration is

increased.26:27

2.2.4 Applications of PEMs
Since Decher’s pioneering research in the early 1990°s,%® PEMs have been extensively studied

and different applications of PEMs have been developed. PEMs are widely used for controlling
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and modifying the surface properties of bulk materials, especially in the field of implantable
biomedical materials.>*4° Examples of PEMs applications in the biomedical field
include controlling cell transfection or differentiation,*#? obtaining nanopatterned surfaces,
design of a superhydrophobic surface, and functionalization of living cells.****> PEMs can be used
to manipulate cell adhesion and growth behavior by changing the stiffness of the coating. For
example, the mechanical property of PEM coating assembled from poly(acrylic acid) (PAA) and
PAH can be tuned by varying the assembly pH. PAA/PAH PEMs have higher elastic modulus
with higher crosslink density, which results in better cell adhesion and growth.*® Stiffness of PEMs
can also be tailored by having different polyelectrolyte combinations in one PEM. PEMs
assembled from poly-I-lysine (PLL) and PAH can be stiffened by adding stiffer PSS/PAH bilayers
onto the film surface.*’

PEMs have also been applied as drug-eluting coatings for biomedical implants, due to the
ability to coat substrate with complex geometry and the capacity of loading and releasing drugs.
PEMs have previously been used for the controlled release of BMP-2 from orthopedic implant
surfaces. Macdonald et al. first demonstrated that PEMs are capable of control the release of BMP-
2, while the released BMP-2 maintained its ability to induce bone differentiation.*° Peterson et al
showed that growth factors adsorbed on PEMSs coated anodized titanium surface can achieve a
sustained release over 25 days.*® Salvi et al. demonstrated that the release behavior of BMP-2
covered by poly-L-histidine (PLH) and poly(methacrylic acid) (PMAA) multilayers can be

changed by varying the assembly pH of the PEM.*
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2.3 Polyelectrolyte Complexes (PECs)
2.3.1 Thermodynamics of PEC formation

PECs can be assembled by mixing aqueous solutions of oppositely charged polyelectrolyte,
which result in phases stabilized by electrostatic interactions between oppositely charged
polyelectrolyte chains.*®° Polyelectrolyte chains in solution are surrounded by a layer of small
counterions. This counter ion layer has a lower entropy than the free counterions in solution.
During complexation, the small counterions surrounding the polyelectrolyte chain are released into
solution, which increases system entropy.® Enthalpy change also plays a role in driving
complexation. While entropy change always contribute to the complexation by being positive,
complexation enthalpy can vary between positive and negative, as polyelectrolyte complexation
can be either exothermic or endothermic depending on salt concentration (Figure 3).>? Under low
salt concentration, the electrostatic energy difference between separate polyelectrolyte and
polyelectrolyte complexes is large enough to make the complexation exothermic. Under high salt
concentration, the energy released by forming new ion pairs between polyelectrolyte chains cannot
compensate for the energy gap created by the release of small counterions, which makes the

complexation endothermic.
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Figure 3. Qualitative picture of the effect of salt concentration of total complexation free energy

(AF), Coulombic energy (AE) and entropic contribution (-TAS). Adapted from ref [*?].

2.3.2 Factors controlling PEC assembly and properties
2.3.2.1 Effect of salt concentration

As discussed in previous sections, the counterions concentration in polyelectrolyte solutions
can affect the molecular conformation by screening charge interactions along polyelectrolyte
chains.> Upon increasing the ionic strength of polyelectrolyte solutions, polyelectrolyte chain
conformation can change from a stiff rod-like conformation to a soft coil-like conformation. This
change in molecular conformation will further affect the structure and properties of assembled
PECs. Wang et al. previously reported that by doping a PDADMAC/PSS PEC using KBr salt
solutions of different concentrations, PECs can be changed from solid complexes to liquid
complex coacervates.? Salt doping breaks the ion pairs between polyelectrolyte chains and
decreases the crosslink density of PEC network.

Pol*Pol™ + A* + B~ = Pol*B~ + Pol” A* (1)
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The doping process is illustrated in Equation 1, where salt ions are represented by A* and B,
polyelectrolyte ion pairs are represented by Pol™Pol". Salt doping was also used to improve the
processability of PECs. The Schlenoff group used salt water to plasticize as-assembled PECs and
then processed the PECs via extrusion.® Extrusion was possible under room temperature and in
aqueous environment. The extruded PECs exhibited tough and dense structures.
2.3.2.2 Effect of assembly pH

Strong polyelectrolytes will fully disassociate under most conditions, so varying pH value of
the solution will not dramatically affect the linear charge density on the molecular chain. However,
for weak polyelectrolytes, linear charge density can be varied a lot by changing the solution pH,
as their degrees of disassociation are pH dependent. For example, PAA, which is a weak
polyelectrolyte and has a pKa around 4.5, will depronated under low pH condition.>® This property
can be used to block the electrostatic interaction between oppositely charged polyelectrolytes and
prevent complexation under certain pH condition.>* Okeyo et al. developed a photo-directed
complexation method by using a photoacid generator that can change the local pH of the precursor
polyelectrolytes solution.> PSS and PAH were previously dissolved in basic solution together with
the acid generator, in which the protonation (disassociation) of PAH was prohibited. Under UV
initiation, pH value of the precursor solution was decreased, which caused protonation of PAH,
and resulted in complexation with PSS. This approach can be applied to photo-trigged 3D printing
of PEC micro-structure.
2.3.2.3 Other factors influencing PEC properties

Materials selection, including using polyelectrolytes with different molecular weights or chain
lengths, will affect the properties of PECs. For example, PECs assemble from chitosan and poly

(methacrylic acid) (PMAA), the molecular weight of PMAA will influence the stability of PEC.%
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By increasing the molecular length of PMAA, the PEC stability decreased, with increased
solubility in solution. This is due to the different chain conformation of polyelectrolyte with
different molecular weight, which affects the percentage of charge on molecular chain that
participated the complexation.

The mixing ratio of oppositely charged polyelectrolyte solutions can affect the stoichiometry
of PEC. Stoichiometric PECs are charge neutralized, as the polyelectrolyte are complexed in 1:1
charge ratio. For complexation between PSS and PDADMAC in pure water, mixing ratio does not
substantially affect the stoichiometry of assembled PECs.%° However, for PECs formed between
PSS and a PDADMAC-PAA copolymer, quasi-soluble PEC were formed under a non-
stoichiometric mixing ratio. PEC particles formed under this condition have a charge neutral core,
while the excess charges form an outer layer that stabilize the PEC particle through electrostatic

repulsion.®’

2.3.3 Thermal transitions in PECs

Similar to charge neutral polymers, glass transitions or glass-transition-like thermal transitions
exist in PECs as well. The relaxation of PEC networks under the influence of water was observed
decades ago by Michaels et al.>® However, the measurement of thermal transitions of PECs has
been complicated by their affinity to water. Shamoun et al. reported that no thermal transition was
observed for dried PECs assembled from PDADMAC and PSS.%® Under the plasticization of water,
the glass transition temperature (T4) of PECs can be lowered and observed.5%6!

Zhang et al. quantitively demonstrated the relationship between water molecules and the glass-
transition-like thermal transition temperature in recent studies.®>%® The inverse of transition

temperature 1/T has a linear relationship with In (Nwater/Nintrinsic ion pair), Where (Nwater/Nintrinsic ion pair)
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represents the number of water molecules surrounding each intrinsic ion pair of PEC. This
relationship was demonstrated to be applicable to PECs assembled from weak polyelectrolytes
combination of PAA/PAH under different pH conditions and strong polyelectrolytes combinations
of PDADMAC/PSS under different salt concentrations. This means the relationship can be
considered as a general rule for PEC systems. These studies indicate that the underlying
mechanism of thermal transitions in PECs is dominated by the weakening of intrinsic ion pairs via

water-ion pair interaction.

2.3.4 Biomedical Applications of PECs

As PECs have many similarities in structure and properties to natural biological tissues, they
are studied as tissue scaffold and drug delivery materials.®*% The properties of PECs are highly
responsive to environment change and assembly conditions, as discussed in previous sections. The
charged unit provided by polyelectrolytes can affect cell attachment and early stage proliferation.®’
The physical and chemical properties of PECs allow them to closely mimic the property of the
extracellular matrix (ECM). Because of the good biocompatibility under hydration state, hydrated
PECs can work as tissue scaffold.®

PECs have also been studied as drug encapsulation delivery materials in past decades. The
drugs or active substance can be incorporated within PECs by entrapping the solution-dissolved
drug during PEC precipitation, or by adsorbing the substance into as-synthesized PEC particles.®®-
"L Shiraishi et al. demonstrated that drug release rate can be manipulated by changing the molecular
weight of polyelectrolytes, and in vivo/in vitro drug release behavior was studied.”> Wen-Ching et

al. developed PEC micro-spheres that have drug delivery ability while having high resistivity
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under acidic conditions. These materials are designed for use as oral drug delivery systems when

intestinal absorption is preferred.”

Conclusions

In this chapter, the mechanisms of PEMs and PECs formation were discussed. Applications of
polyelectrolyte-based materials were introduced as well. The structure and properties of
polyelectrolyte-based materials can be affected by different factors including materials selection,
assembly conditions and post-assembly treatments. The functionality and performance of PEMs
and PECs in those applications are determined by their structure and properties. Those properties
include surface chemistry, topography, stiffness, glass transition temperature, etc. However, the
relationship between internal structures and properties are still not fully understood. The overall
goal of this research is to develop approaches to achieve fully tailorable properties of
polyelectrolyte-based materials. To achieve this goal, materials selection and post-assembly
treatment were applied to tailor the structure and properties of polyelectrolyte-based materials,

which will be discussed in following chapters.
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Abstract

In many applications of polyelectrolyte multilayers (PEMSs), a base polycation layer is adsorbed
to promote adhesion of the PEM to the substrate. In this report, the effect of the first polyelectrolyte
adsorbed in a PEM was investigated by assembling PEMs with first layer polycations of different
chemistries and molecular weights. In this study, quartz crystal microbalance with dissipation
monitoring (QCM-D) was used to monitor the PEM assembly process. First layer choice affects
the total mass accumulation of the PEM as well as the stoichiometry of the PEM, although linear
growth was observed in all cases. PEM thickness was also affected by first layer choice, although
not consistent with changes in mass. Combined with the stoichiometry results, these findings
indicate that the structure of a PEM is fundamentally different depending on first layer chemistry
and molecular weight. PEM topography is also affected by first layer choice. Selection of
appropriate first layer material is therefore an important consideration in the design of a PEM and

changing first layer material may be a facile way to tailor the structure and properties of PEMs.
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1. Introduction

PEMs are polymeric structures that are prepared via layer-by-layer assembly of polycations and
polyanions on a substrate. This technique, which was first described in the early 1990’s, provides
an approach to assemble multi-functional polymer structures.’* PEM coatings have been used for
obtaining superhydrophobic ° and nano-patterned surfaces,®’ as well as corrosion inhibition® and
self-healing.® One important application of PEMs is controlled release of biologically relevant
molecules from PEM coatings or capsules.0-%°

Although PEMs have demonstrated uses in a wide range of applications, controlling PEM
properties is challenging because of their sensitivity to many material and processing parameters.
As is described below, the structure and properties of a PEM are dependent upon many material
and assembly parameters including polyelectrolyte molecular weight,’®* pH,Y” and salt
concentration,8-20

Polyelectrolyte molecular weight has been shown to affect PEM assembly. In work from Sui et
al., lower molecular weight poly(sodium 4-styrenesulfonate) (PSS) stripped off polyanions instead
of adsorbing to the PEM during the assembly step.'® Greater stripping was observed with
increasing salt concentration, as salt increases polyelectrolyte mobility. Lower molecular weight
poly(methacrylic acid) (PMAA) within a PMAA/poly-L-histidine PEM was shown to reduce the

amount of burst release and increase sustained release of negatively charged model polypeptides.?
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Assembly pH is a simple parameter to adjust that changes weak polyelectrolyte solution
conformation, leading to differences in the resulting PEMs. Shiratori and Rubner observed that the
thickness of weak polyelectrolyte PEMs decrease with increasing assembly pH.1” We previously
reported that assembly pH affects surface energy and the release rate of bone morphogenetic
protein 2 (BMP2),*? with the greatest cumulative BMP2 release occurring from PEMs assembled
at pH=4 and lowest cumulative release at pH = 6-7. Total surface energy decreased with increase
of assembly pH. However, statistically significant changes in roughness and peak-valley height
were not observed in these PEMs, which all used BMP2 as the first layer.

Salt concentration, both as an assembly condition and in a post-assembly annealing, can affect
PEM surface morphology as well. Interdiffusion in PEMs assembled from poly
(diallyldimethylammonium chloride) (PDADMAC) and PSS was enhanced after annealing in a
salt solution.'® PEMs assembled from PDADMAC and PSS solutions with high salt concentrations
exhibited greater surface roughness as compared to PEMs assembled under low salt concentration
conditions.?

While PEM properties can be modulated by changing assembly conditions and materials, the
internal structure of PEMs and how this structure affects bulk material properties are still not fully
understood. Within a PEM, electrostatic interactions between oppositely charged polyelectrolytes
lead to interpolymer ionic condensation. Hydrogen bonding, van der Waals forces, hydrophobic
interactions and dipole interactions are non-Coulombic interactions that are also involved in their
assembly.?>2  Additionally, the relative rigidity and flexibility of polyelectrolytes affects
interdiffusion.?* All of these interactions will affect the assembly process and internal structure of

the final PEM film.
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Buron et al. demonstrated that different functionalization of a substrate can dramatically change
PEM structure and properties.?® The density and distribution of functional groups on a substrate
affect initial polyelectrolyte adsorption and thus influence subsequent polyelectrolyte adsorption
and the final PEM structure. Precursor layer surface charge has been shown to affect PEM
assembly.?® Peng et al. used four bilayers of PEI/PSS as the precursor layer and the surface charge
could be tuned with assembly pH. By tuning the surface charge of precursor layer from negative
to positive, the following layers will have a slower growth rate at the initial state. The substrate
has also been shown to affect polyelectrolyte adsorption.?’ At the initial adsorption stage,
polyelectrolytes tend to form islands if there are locations with a high concentration of local
charges like scratches, holes, edges, and foreign particles on the substrate surface. Additionally, a
PEI anchoring layer has been reported to enhance PEM film amount adsorbed, regardless of
substrate material and heterogeneity.?®?° It was also shown that PEMs deposited from different
salt concentration solutions will have different surface wetting ability, and tend to be independent
of substrate material after a certain layer number was reached.*°

The first layer of a PEM functions as a contact layer between the substrate and the rest of the
PEM film; thus, the composition of the first layer may have an impact on the properties of the
entire film. Peterson et al. reported a change of surface roughness when poly-L-histidine
hydrochloride (PLH) was used as the first layer material instead of BMP2 in PEMs assembled
from poly(methacrylic acid) (PMAA) and PLH.2 Interestingly, differences in pre-osteoblast
proliferation and alkaline phosphatase (ALP) enzyme activity, a marker of osteoblastic
differentiation, were also observed that were not consistent with BMP2 release, i.e. cells on some
of the BMP2 eluting PEMs exhibited less ALP enzyme activity than non-BMP2 eluting PEMs.

These unexpected results highlight the importance of surface topography on cell fate, and also
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suggest that changes in the first layer of a PEM could affect surface topography, and potentially
other surface properties.

In this study, we explore the role of first layer material selection on PEM assembly, structure
and a range of PEM properties. First layer chemistry and molecular weight is shown to affect PEM
mass, stoichiometry, thickness, roughness, and water contact angle. These results are discussed
within the context of the effect of first layer material selection on PEMs structure and properties
and mechanisms are proposed. This is the first time quartz crystal microbalance with dissipation
monitoring (QCM-D) has been applied to study the influence of first layer material on PEM
assembly. Using QCM-D, mass accumulation was tracked during assembly process, and it was

also possible to study the adsorption behavior of PSS and PDADMAC separately.

2. Experimental
2.1 Materials

Polyethylenimine (PElI 600K, branched, M, 600,000-1,000,000), Poly(allylamine
hydrochloride) (PAH, My ~17,500), PDADMAC (Myw 100,000-200,000, 20 wt.% in water), PSS
(Mw ~200,000, 30 wt.% in water) and PLH (molecular weight > 5000) were purchased from
Sigma-Aldrich. Polyethylenimines (PEI 10K, branched, molecular weight 10,000, and PEI 70K,
branched, molecular weight 70,000) were purchased from Alfa-Aesar. Polyethylenimines (PEI
Linear, molecular weight ~25,000) was purchased from Polysciences. All chemicals were used
without additional modification.
2.2 Polyelectrolyte Multilayer Preparation

PEMs were prepared on gold substrates (Q-Sense gold-coated sensors, QSX 301, and gold-

coated quartz, purchased from PHASIS). The QSX 301 sensor is comprised of a thin quartz disc
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coated with a 100 nm thick gold layer. Quartz substrates were coated with 100 nm of gold to
maintain the same structure and properties as the QSX 301 sensor, while providing the necessary
thicker quartz substrate for ellipsometry. PEIs with different molecular weights (10K, 70K and
600K), PAH, PLH, and PDADMAC were deposited as the first layers. PSS and PDADMAC were
alternatingly deposited after the first layer. When coating PHASIS gold-coated quartz glass, each
layer was prepared by immersing the substrate in a 1 mg/mL polyelectrolyte solution for 15
minutes followed by three rinses in 60ml DI water for 1 min each. In total, 11 polyelectrolyte
layers (5.5 bilayers) were deposited. When using Q-Sense gold sensors as the substrate, each layer
was coated by flowing polyelectrolyte solutions across the sensor as described below.
2.3 QCM-D Analysis

QCM-D was used to characterize the adsorption of each layer during the PEM assembly process.
QCM and QCM-D are common analytical techniques used to monitor changes in mass during thin
film deposition process.'?3132 A quartz crystal with electrodes on two sides is used as the sensor.
Applying a voltage over the electrodes causes the quartz to vibrate at its resonance frequency.
When the voltage is removed, the oscillation starts to decay. The resonance frequency and energy
dissipation factor are extracted from this decay.

QCM-D records shifts in the sensor’s resonant frequency and energy dissipation. Changes in
the resonant frequency are related to mass changes at the sensor surface. This relationship is
described by the Sauerbrey Equation, when the film is considered as rigid, evenly distributed, and

sufficiently thin layers:3*

22
W
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where fo is the resonant frequency, uq and pq are the shear modulus and density of the quartz crystal,
A is surface area of the crystal, Af and Amare frequency change and mass change of the deposited
film, respectively. As the film mass increases, the frequency decreases. Energy dissipation (D)
represents the energy loss per oscillation period divided by the total energy stored in the oscillator,
which is related to the viscoelastic properties of the film. For soft films, the amplitude of oscillation
decreases faster than rigid films after the applied voltage on the sensor is removed.

The crystal can be excited to oscillate under different harmonics, or overtones. The number of
overtones indicates the number of nodal plans that are parallel to the sensor surface. Only odd
overtone numbers, n=1, 3, 5..., are available for the crystal to oscillate. Af and AD are collected
under multiple overtones. The frequency and energy dissipation can be described as functions of
overtone number, thickness, density, viscosity and elasticity. By fitting the frequency and
dissipation data under multiple overtones, variables including film thickness, density, viscosity
and elasticity can be extracted.>% In this research, mass accumulations and viscoelastic properties
of PEMs were studied based on Af and AD under the 3™ overtone.

By recording the frequency change during the deposition process, the total mass of the PEM
film and mass accumulation per layer can be measured. VVogt et al. showed that frequency change
could be simply related to mass change using the Sauerbrey equation for films that are sufficiently
thin (t < 40 nm), which is consistent with the reported PEM films.3” During the measurement,
frequency change of each individual layer (Af value after rinsing step) was recorded and then
converted to mass change using Equation 1.

In this study, QCM-D was performed using a Q-Sense E4 (Biolin Scientific) on QSX 301 gold
sensors. 1 mg/mL polyelectrolyte solutions were flowed at a constant flow rate of 50 pl/min

through the QCM-D for the same amount of time as the dip coating process (15 min), with a rinsing
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step of 10 min in DI water added between each deposition step. Four measurements were taken
for each condition.
2.4 Ellipsometry Analysis

Film thickness was characterized using a multi-wavelength Spectroscopic Ellipsometer (SE)
system (J. A. Woollam Co.). Ellipsometry measurements were performed on PEMs deposited on
gold-coated quartz. The gold layer on quartz has a thickness of 100 nm. The incident beam
wavelength is 300 - 800 nm. Within this range, the incident beam penetration depth is
approximately 13 nm, so no backside reflection will occur. PEM thickness was measured at
incident beam angles of 65°, 70° and 75°. For each condition, three samples were prepared and
measurements were collected at three data points per sample (9 data points in total). Thickness
values were fitted using dedicated J.A. Woollam software, with fitting parameters Psi and Delta.
The fitting model is a gold substrate with one Cauchy layer on top.
2.5 Atomic Force Microscopy

PEM surface topography was characterized using a Nanosurf NaioAFM instrument.
Measurements were taken under constant-force contact mode with HQ:CSC17 cantilevers (length:
450 pm, width: 50 um, thickness: 2 um). Root mean square (RMS) roughness (Rq) values were
calcuated from the AFM results. Samples for AFM were prepared on QCM-D sensors. An area of
12.5 pmx12.5 pm was scanned for each location and three locations were characterized for each
sample.
2.6 Water Contact Angle

Water contact angles were measured on PEM surfaces using a contact angle goniometer
(Ramé-Hart). Contact angles were recorded at three locations for each sample and three samples

were prepared for each condition.
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3. Result and Discussion
3.1 QCM-D Analysis

QCM-D was performed to evaluate the effect of first layer selection on the assembly process.
Results for mass accumulation during PEM assembly are shown in Figure 1. Each material
investigated creates a first layer of a different mass, with all PEIs adsorbing far more than other
first layers. PDADMAC, a strong polycation, adsorbs an intermediate amount, which is greater
than the common weak polycation (PAH), less than the collection of PEIs, and about the same as

the polypeptide weak polycation (PLH).
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Figure 1. a. Mass accumulation of PEMs with different first layer materials. b. Mass accumulation
vs. number of bilayers. All procedure and materials were remained consistent after the deposition

of first layer. Error bars indicates standard deviation.

Impact on the total mass of the PEM can also be observed, with PEI first layers resulting in
much more massive PEMs. As see in Figure 1b, linear growth is observed for PDADMAC/PSS,
regardless of first layer material, which is consistent with previous studies of this PEM.2038
Interestingly, the first layer selection changes the rate of PEM growth. PEMs with PEI as first layer
material have higher growth rates as compared to other conditions, while PEMs assembled on
PDADMAC, PLH and PAH exhibit indistinguishable growth rates (Supporting Information). This
difference in growth rate between PEI and other polycations may result from the different

molecular structure (branched/linear) or from differences in chemistry. PEI used as a first layer
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acts as a uniform anchoring network for the formation of consecutive layers; therefore, higher rate
of layer growth can be observed. Meanwhile, strong polyelectrolyte like PDADMAC will be
affected by the lateral repulsion between same molecules when adsorbed as first layer, a dense
layer is not attained, which could be the reason of lower adsorption amount of PDADMAC when
using as first layer material compared to PEI.?® Certain level of charge density is necessary to
achieve homogenous deposition and the continuous growth of the PEM.*° It should be noted that
linear and branched PEI differ in chemistry as well as structure: linear PEI contains only secondary
amines, while branched PEI contains a mix of primary, secondary, and tertiary amines. As
discussed in previous chapter, difference in molecular structure can affect the inter-layer diffusion
ability of first layer, which influence the adsorption of following layers. Therefore, this comparison
cannot completely isolate the effects of chemistry from structure. These results suggest that a
combination of chemistry and structure are responsible for the difference in PEM assembly on
PEIs as compared to other polycations.

As was noted previously, the use of a PEI as the first layer results in more massive PEMs.
Adsorption of PEI, regardless of type, is also greater than other first layer materials, which provide
a more massive and potentially more homogeneous base layer for the PEM. Similar growth
behavior was observed between PSS/PAH PEMs and PSS/PDADMAC PEMs assembled on the
same first layer material, indicating that these results may be extended to other PEM systems
(Supporting Information). The mass of PEI layers decreases with increasing molecular weight. As
molecular weight increases so do chain length and occupied volume of the macromolecule. These
larger PEIs will occupy larger volume in solution and thus occupy a larger surface area per
macromolecule after adsorption onto the surface. This may lead to a lower layer density, since for

the same substrate surface, less material will be adsorbed. |AD/Af | for a layer of PEI 10K
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(0.042+10%/Hz) is smaller than a layer of PEl 70K (0.063+10%/Hz) or PEI 600K (0.053+10%/Hz),
showing that PEI 10K layer is stiffer than PEI 70K and PEI 600K. These results support the
hypothesis that higher molecular weight results in a less densely packed layer. (Note that the AD/Af
values mentioned here are for the first layer only). However, the magnitude of AD/Af for a layer
of PEI 70K layer is smaller than PEI 600K, indicating that other factors are also important.
Interesting, pH value of PEI solution is similar, regardless molecular weight (Table 1), indicating
a similar degree of deionization. This indicates that other factors like chain conformation and

molecular weight might play a more important role.

Table 1. pH value of different 1mg/ml polycations solution.

Polyelectrolyte | pH
PDAMDAC 7.35
PEI 10K 10.45
PEI 70K 10.37
PEI 600K 10.32
PAH 6.73
PLH 3.60
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layers of the PEM. Error bars indicates standard deviation.

The cumulative adsorptions of PSS and PDADMAC were further calculated, both on weight
and molar bases. In all cases, the amount of PDADMAC adsorbed was similar, and no statistically
significant differences were observed at a 90% confidence interval. However, stark differences in
PSS adsorption were observed. Significantly less PSS was adsorbed with PDADMAC, PAH, or
PLH as the first layer, as compared to PEI (10K, 600K) as the first layer (p < 0.05). In general,
PSS adsorption was greater for systems with PEI as the first layer material. This difference

adsorption amount of PSS will lead to a different internal structure of PEMs.
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As the molecular weight of PEI layer increases, difference between PSS and PDADMAC mass
increase. Twice as much PSS was adsorbed as PDADAMC on PEI 600K first layers, while more
PDADMAC is adsorbed than PSS under other first layer conditions. Interestingly, PAH and PLH
(pKa of PAH =8.7, pKa of PLH =6.0), which are both weak polyelectrolytes, have the same effect
as first layer materials in terms of amount of PDADMAC and PSS adsorbed.

The deposition rates (average of 5 layers) of PSS and PDADMAC for the first 5 minutes of
adsorption were also calculated based on the QCM-D profile of each single layer. The average
deposition rate of each polyelectrolytes was shown in Table 2. Generally, higher deposition rates
of PDADMAC and PSS were observed when using PEI as the first layer materials. The deposition
rate of PSS when using PEI 10K as the first layer is more than 5 times higher than the deposition
rate when using PDADMAC as the first layer.

According to the zone model proposed Ladam et al.,*° the whole PEM can be divided into three
zones. The first zone is the initial layer that is adjacent to the substrate; the second zone is the bulk
film, which is less affected by the substrate; the third zone is the one that is close to the surrounding
environment. It is commonly observed that the initial adsorbed polyelectrolyte in the first zone has
a heterogeneous conformation.®#* For example, the initial PDADMAC layer adsorbed is not
evenly distributed on the substrate surface and may have many voids due to lateral electrostatic
repulsion. The subsequent PSS layer is only formed on the locations where PDADMAC is
adsorbed, which results in heterogeneous adsorption and low average deposition rate. However,
this is not the case when PEI is used as the first layer. Compared to non-PEI first layer
polyelectrolytes, PEI can form a uniform anchoring network as the first layer, which facilitates
homogeneous adsorption from the very first layers.? So, for the same area on the substrate surface,

more materials are adsorbed and higher average deposition rates are achieved when using PEI as
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the first layer. This also results in a higher total mass accumulation when using PEI as first layer

materials, as shown in Figure 1a.

Table 2. Average deposition rates of PSS and PDADMAC for the first 5 minutes of adsorption

Deposition Rate of Deposition Rate of
First Layer Materials PSS PDADMAC

(ng * cm™? e min't) (ng * cm™?+ mint)

PDADMAC 3.1+03 5.9+19

PEI 10K 16.4+49 105+4.3

PEI 70K 92+24 115+23

PEI 600K 129+6.2 8.6+3.7

PAH 6.1+4.7 54+14

PLH 49+22 76+1.2

During the PEMs assembly process, charge overcompensation has been shown to occur with
each layer, so the following layers can be adsorbed in sequence due to the excessive charge.*? The
different surface charge densities of the first layer materials may account for differences in
adsorption since the degree of charge compensation of the subsequent layers would then also be
changed.

Intrinsic charge compensation is defined by electrostatic bonding between polyelectrolyte ion
pairs, e.g. bonding between a sulfonate group on a PSS chain and a dimethylammonium group on
a PDADMAC chain.?*#? Complete intrinsic charge compensation requires interdiffusion between

polyelectrolyte layers. The alternative to intrinsic charge compensation is extrinsic charge
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compensation, which occurs between a polyelectrolyte charged species and a counterion. Energy
dissipation, which is shown in Figure 3, is related to the viscoelastic character of the film. Smaller
dissipation values indicate a denser and stiffer film. AD values during adsorption are consistently
lower when a PSS layer is adsorbing than when the previous layer (PDADMAC) is adsorbing.
This also happens when using other polyelectrolytes as first layer material (Supporting
Information). This indicates that, during the deposition process, as PSS adsorbs onto the previous
PDADMAC layer, a stiffer structure was formed, since low AD indicates high stiffness. These
results are consistent with intrinsic charge compensation between adsorbing PSS and the
PDADMAC layer because stoichiometric PSS/PDADMA is glassy at room temperature .
PDADMAC tends to adsorb to the surface of the existing PEM and form a less dense layer,
indicating that its chargers are compensated mostly by the small counterions. These results are
consistent with the findings of Ghostine et al.?* It was shown in their study that PEMs terminated
with PDADMAC have excess PDADMAC that is compensated by small counterions on the
surface, while PEMs terminated with PSS only have a slightly negative surface charge, with most
PSS diffused in to the previous layer. This result is consistent with QCM-D result in this paper, as

the low energy dissipation of the PSS layers indicate more interdiffusion to form a more rigid layer.

47



AD (10°)
w

P N S R SR S VI S
SHER R S R\ SR SR\ SR R\
& N s N

5 O
& 0@"'
& \a v \a 5 \a

<& e e L e L

Figure 3. Representative QCM-D energy dissipation vs. layer plot during PEM assembly. PEI

600K was used as the first layer material.

3.2 PEM Thickness

Film thicknesses for PEMs consisting of a designated first layer and five bilayers of
PSS/PDADMAC are reported in Figure 4a. There is a statistically significant difference (p < 0.05)
between thickness of PEMs with PEIs is as the first layer and those using other polycations. The
variations in PEM thickness is mainly contributed after the first layer, since no significant
thickness differences are observed across the first. While there is a general trend of greater mass
accumulation correlating with thicker films, this is not always the case. For example, while PEIs
gives both higher thickness and total mass accumulation, the highest mass accumulation condition
does not have the highest thickness. These results indicate differences in film density and suggest
different internal structures of the PEMs, due to different first layer materials. As discussed
previously, lower MW PEI may form a denser first layer and thus have a higher charge density.
This could provide the following layer with a more homogeneous substrate and allow for the
assembly of a denser PEM. The results in Figure 4b support that assertion, since the PEI 10K PEM

has the highest relative density, which is almost twice that of the PEMs assembled on PEI 70K
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and PDADMAC. It is important to note that the relative density presented in Figure 4b is not a
true density, since QCM-D measurements were performed in an agqueous environment, while
ellipsometry was performed on dried films in air.

As discussed previously, the ratio AD/Af can be used to evaluate the stiffness of a film. The
results in Table 3 indicate that the PEM with PEI 10K as the first layer material is the stiffest film
among PEMs with different PEI as first layer. PEMs assembled on PAH and PLH are somewhat
stiffer and exhibit similar relative densities to the PEI 10K PEM. Overall, AD/Af and relative
density are highly correlated, suggesting that water plays similar roles in all PEMs prepared.
Differences in first layer water content could affect the assembly of subsequent layers. Although
water content could be correlated to QCM-D results, further characterization of water content in
PEM system, especially for the first layer, was difficult due to the small thickness and mass scales

of PEMs.
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Table 3. Change in energy dissipation over change in frequency when using different polycations

as first layer material.

First Layer |AD/Af | of total mass
Material accumulation (10%/Hz)
PDADMAC | 0.056%0.012

PEI 10K 0.041+0.021

PEI 70K 0.075+0.017

PEI 600K 0.062+0.012

PAH 0.027+0.010

PLH 0.035+0.023
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Figure 4. a) Thickness of 5.5 bilayer PEMs for different first layers. Error bars indicates standard
deviation. b) Relative density when using different first layer materials calculated from QCM-D

mass accumulation and ellipsometry thickness.

3.3 PEM Surfaces

Topography is important to PEM performance for applications including self-cleaning,***° anti-
fouling,*5~*® biomedical,**° and adhesive coatings.®* AFM was performed on PEMs assembled on
different first layers, and root mean square roughness was calculated. Results are shown in Figure
6. The roughness of all coatings is very low because the substrate is quite smooth (1.28+0.04 nm).
While using PEI as first layer, the coatings have higher roughnesses than with PAH or PLH as the

first layer (p < 0.05), indicating a more heterogeneous surface. The higher surface roughness can

51



be explained by the higher mass accumulation rate when using PEI as first layer materials. As
shown in Table 2, higher deposition rates of polyelectrolytes were observed when using PEI as
first layer material. There is no sufficient time for the deposited materials to diffuse
homogeneously across the surface, which result in a surface with higher roughness. No significant
differences were measured between the coatings not using PEI as first layer material. Combined,
the roughness, thickness and mass accumulation results indicate that, although PEI provides a
homogeneous and dense first layer, the growth of following layers become more rapid and less

homogeneous.
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Figure 6. a) Representative AFM images of 5.5 bilayer coating with different first layer material.
b) Surface roughness of 5.5 bilayer coating with different first layer material. Error bars indicates

standard deviation.

Water contact angle data is shown in Figure 7. All PEMs have a total layer number of 11 and

were terminated with PDADAMC, so similar values were anticipated. The small differences are
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perhaps due to variations in surface topography. In work from Katarzyna et al., the water contact
angle of polyelectrolyte-coated  silicon  wafers  terminated with PDADMAC
(Si/PEI/PSS/PDADMAC) was measured to be 38+1°,°% which is in good agreement with Figure 7.
These results indicate that the water contact angle is mainly determined by the top layer

polyelectrolyte, while the first layer does not have significant effect.
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Figure 7. Water contact angle of film surface when using different first layer material.

4. Conclusion

A range of polycations - including strong, weak, branched, and polypeptide — was used to
investigate the role of the first layer on assembly and properties of a model PEM. PEls, which are
commonly used to promote adhesion in PEM assembly, were shown to provide a thick base layer
as well as thick and massive PEMs. Although all PEI samples showed an increment in total PEM
mass, PEI molecular weight could be used to modulate PEM internal structure as well as the ratio
of PSS:PDADMAC in the PEM. Non-PEI polyelectrolytes tended to behave similarly, suggesting
that the mix of primary, secondary, and tertiary amines that PEIls provide offer a unique

opportunity for controlling structure and properties.
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During the deposition process, PDADMAC and PSS are not adsorbed in equal amounts, and
the difference can be affected dramatically by changing the first layer material. This effect can be
observed throughout the entire film. The internal structure also changed, as the density and
viscoelastic behavior of PEMs varies when using different first layer material.

These results could have significant implications in the design of PEMs, giving a facile
approach to obtain PEMs with tunable properties by changing just the first adsorbed layer. This
strategy could be used in nanostructured coatings for medical devices, energy, anti-fouling, and

beyond.
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Abstract

Dynamic mechanical analysis (DMA) was used to explore the thermomechanical properties of
dried polyelectrolytes and polyelectrolyte complexes (PECs) with different thermal and humidity
histories. Although differences in the amount of water remaining in polyelectrolytes and PECs
were small for ambient vs. desiccator storage, the properties of polyelectrolyte-based materials
were drastically different for different humidity histories. Glass transition temperatures (Tgs) of
poly(diallyldimethylammonium chloride) (PDADMAC) were shown to vary by 100°C, depending
on humidity and thermal histories. These parameters also change glassy storage modulus values
by 100%. Furthermore, we observe that dried PDADMAC is highly lossy. DMA of dried
poly(styrene sulfonate) (PSS) was more complex and did not exhibit a glass transition in the tested
range. DMA of a PEC of PDADMAC and PSS revealed a humidity history-dependent water melt
in the first heating cycle, as well as storage modulus values of dried and annealed PECs that only
varied by 17-26% over a 275°C temperature range. Based on these results, we report for the first-

time humidity history as controlling structure and properties of polyelectrolyte-based materials
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1. Introduction

Polyelectrolyte-based materials, such as polyelectrolyte complexes (PECs) and polyelectrolyte
multilayers (PEMs) have found use in medical, anticorrosion, non-flammable, anti-fog, and
numerous other applications. PECs are polyelectrolyte structures formed through the mixing of
polyanions and polycations and PEMs are formed through layer-by-layer (LbL) adsorption of
polyanions and polycations. Coulombic interactions between oppositely charged polyelectrolytes
lead to interpolymer ionic condensation in PECs and PEMs, while hydrogen bonding, van der
Waals forces, hydrophobic interactions and dipole interactions are also involved in assembly.2

For many years, PECs were known to be very difficult to process and prepare consistently,
which limited their use.®* Recently, there has been renewed interest in PECs due to new fabrication
techniques. Porcel and Schlenoff reported on compact PECs formed through ultracentrifugation
and demonstrating properties similar to those of tissue.> When these PECs are soaked in NaCl
solutions, they become extrudable, tough polymers.® Alternatively, PEC capsules can be created
by ultrasonic spraying.” Additionally, PEC films were formed by Ball et al. through a single
sedimentation of PECs from solution.® PECs have found use as hydrogels and tissue engineering
scaffolds,® ! drug and protein delivery systems,*'* conductive membranes,'® pervaporation
membranes,'® and underwater adhesives.'’

LbL assembly of polyelectrolytes to form PEMs has found a wide range of applications since
Decher first described this technique in the early 1990°s.131° PEMs require a substrate, so they
have often been used as coatings. PEM coatings have been used for obtaining nano-patterned
surfaces,? design of superhydrophobic surfaces,?! and controlled release of biologically relevant

molecules?>-2* and corrosion inhibitors.? Since PEM growth is on the range of 1-10s of nm per
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bilayer, preparing large amounts is difficult. Caruso and Mdéhwald pioneered the formation of
hollow microspheres through PEM assembly on dissolvable microparticles that were subsequently
dissolved.?®?” This advance opened up PEMs to areas including drug delivery,?2° nanomaterial
microreactors,%3! and multicompartment capsules.*

Despite the wide range of applications of polyelectrolyte-based materials, measurement of
thermal transitions and mechanical properties has been complicated by their affinity for water.
Nolte and Rubner observed that poly(allylamine hydrochloride)/poly(acrylic acid) (PAH/PAA)
PEMs assembled under certain conditions display “remarkable resistance to swelling and
plasticization at low humidity (12-36% RH).” In fact, in one case increasing humidity to 48% RH
increased the Young’s modulus of a PAH/PAA film from ~8GPa to ~10GPa, followed by
decreasing Young’s modulus with increasing RH above 48%.3

DMA is a popular technique for measuring the thermomechanical properties of polymer
composites. DMA is 10-100 times more sensitive to changes occurring at the glass transition than
DSC, making this a useful technique with which to explore thermal transitions in polyelectrolyte-
based materials. Jaber and Schlenoff demonstrated that PEMs offer enhanced damping vs. other
hydrogels.® Lutkenhaus et al. used DMA on hydrogen bonded LbL films.*®

In this work, the role of humidity and thermal histories on thermal transitions in polyelectrolytes
and PECs were characterized for the first time using DMA. By maintaining an inert, dry
atmosphere, thermomechanical behavior was characterized in two polyelectrolytes and their

complex.
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2. Experimental
2.1 Materials

Poly(diallyldimethylammonium chloride) (PDADMAC, 20 wt.% in water) and poly(sodium 4-
styrenesulfonate) (PSS, Mw ~200,000, 30 wt.% in water) were obtained from Sigma-Aldrich and
used as received. The as-received stability of both polyelectrolytes was characterized with solid
PDADMAC and PS: PDADMAC-s (Mw ~240,000, powder, Polysciences) and PSS-s (Mw ~70,000,
powder, Sigma-Aldrich).
2.2 Sample Preparation

Polyelectrolyte samples were prepared by solvent casting of polyelectrolyte water solutions on
low surface energy surface. 300 pL PDADMAC or PSS solutions were evaporated under ambient
conditions (22.8 £ 1.1°C, 50-60% RH) for at least 3 days on petri dish surfaces. Some samples
were subsequently stored in a desiccator (22.8 + 1.1°C, 10% RH) for an additional 48 hours.

Polyelectrolyte complex (PEC) samples were prepared by mixing equal amounts of 20 mg mL"
1 PDADMAC and 20 mg mL™ PSS aqueous solutions with a magnetic stir bar. The mixture was
centrifuged for 30 seconds at 6000 RPM and the sedimented PEC was then dried under ambient
conditions for at least 3 days. Some samples were subsequently stored in a desiccator for an

additional 48 h. Images of representative samples are shown in Figure 1.
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Figure 1. Polyelectrolyte and PEC samples prepared as described in the Experimental section and

stored under ambient conditions. a. PDADMAC; b. PSS; c. PEC.

2.3 Dynamic mechanical analysis (DMA)

DMA was performed using a Netzsch DMA 242E (Netzsch, Germany). A compression
geometry was used, with a push rod diameter of 1 mm, at a frequency of 1 Hz. Testing was
performed in a closed chamber through which N2 (<5 ppm H20) was flowed. The chamber
temperature was controlled with liquid nitrogen cooling and electrical heating. Samples were
initially cooled to -50°C, then heated to 120°C, followed by annealing at that temperature for
different lengths of time (0 min, 30 min, 60 min and 90 min), cooling to -20°C and subsequent
heating to 250°C. Temperature heating and cooling occurred at a rate of 2°C min™. This
temperature protocol was determined to be sufficiently low/high in each cycle to capture major
thermal transitions regardless of sample preparation/annealing conditions, while simultaneously

avoiding degradation and minimizing testing time.
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2.4 Thermogravimetric analysis (TGA)

TGA was performed with a Netzsch TG 204 under house N2. To monitor water content, testing
was performed on samples of the same thickness as those for DMA. Samples were put through the
same first heating cycle protocol as in the DMA, omitting the cooling step.

2.5 Differential Scanning Calorimetry (DSC)

DSC was performed with a Netzsch DSC 214 Polyma at a heating/cooling rate of 10°C min™.

The first heating cycle increased the temperature to 100°C, followed by 30 min of isothermal

annealing, cooling to 25°C, and two heat/cool cycles between 25°C and 225°C.

3. Results and Discussion
3.1TGA

TGA was used to monitor both water loss and thermal degradation of PDADMAC, PSS, and
their complex. As-received PDADMAC powder degrades at 300°C (onset) and as-received PSS
powder degrades at 445°C (onset). Results are provided in the Supporting Information and were
used to set the upper limit for DMA testing. TGA of polyelectrolyte and PEC samples of the same
thickness as DMA samples was performed to measure the amount of water that would be lost
during the heating and annealing cycles.

Results for ambient and desiccator PDADMAC are shown in Figure 2 and are compared to the
results for PDADMAC-s (PDADMAC that was received and characterized in powdered form)
undergoing the same temperature protocol. Prepared samples contained approximately the same
amount of water as PDADMAC-s, with ambient samples containing slightly more and desiccator
samples containing less. 92% of water in PDADMAC-s is lost in the initial healing, while most of

the water (68% for ambient, 65% for desiccator) is lost in the initial heating to 120°C. This result
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indicates that both types of prepared sample have the same proportion of bound vs. unbound water.
The percentages are based on the assumption that all possible water that could be lost has

evaporated after 90 min at 120°C, which is discussed in greater detail below.
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Figure 2. TGA of PDADMAC undergoing the annealing temperature protocol under a N2

atmosphere.

Results for ambient PSS are compared to PSS-s in Figure 3. Prepared samples stored under
ambient conditions contained more water than the as-received powder (PSS-s) and lost more water

during the annealing step than as-received powder, suggesting the presence of more bound water.

Approximately 58% of the water is lost in the initial heating to 120°C for ambient PSS.

69



100 i T T T T ]
As-Received
— — —Ambient

90 +

Mass (%)

80 - pre-annealing post-annealing

70

g T E T E T g T g
0 100 200 300 400 500
Temperature (°C)

Figure 3. TGA of PSS undergoing the annealing temperature protocol under a N2 atmosphere.

In the case of PEC samples, very little water is lost during annealing, either as compared to total
PEC mass (2.3 £ 0.2 wt.% for ambient samples, 1.9 + 0.4 wt.% for desiccator samples) or as
compared to total water loss (17.7 + 4.5% for ambient samples, 26.3 + 6.3% for desiccator
samples). More of the water is unbound in the PECs than in the individual polyelectrolytes, most
likely because the charged species within a PEC can electrostatically bind with one another. The

thermal stability of the PEC is greater than either individual polyelectrolyte, also a result of

electrostatic bonding.
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Figure 5. Isothermal mass loss at 120°C.

The amount of water lost during annealing is, in general, limited, as shown in Figure 5. In all
cases, less than 5 wt.% is lost during annealing. In all cases, ambient-stored samples lose more
water during annealing than desiccator-stored samples of the same material. The fraction of water

remaining is based on the assumption that all possible water that could be lost has evaporated after
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90 min at 120°C. After 30 min, all samples are losing water at a rate of less than 20 pg min! mg*
sample, which is on the same order as the noise in the DTGA signal is (x 0.05 %/min). Therefore,
the initial assumption is reasonable.

TGA results are summarized in Table 1. Samples stored in a desiccator consistently contain less
water, although the ratio of bound to unbound water is maintained between ambient and desiccator
samples of the same polyelectrolyte. As discussed above, this behavior is not observed in the PEC.
Results for low RH PSS are summarized in Table 1, but were not discussed above, since PSS
stored in a desiccator was not characterized via DMA. TGA of PSS stored in a desiccator is

provided in the Supporting Information.
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Table 1. Summary of TGA results, including amount of unbound and bound water for

polyelectrolytes and their PEC for ambient (50-60% RH) and desiccator (10% RH) storage at 22.8

+1.1°C.
Storage Unbound Bound
Material
RH (%) water (wt.%) water (wt.%)

PDADMAC 50-60 9.1 4.3
10 6.5 3.4
PDADMAC-s 50-60 12 1.0
PSS 50-60 7.1 4.3
10 3.1 2.3
PSS-s 50-60 8.9 0.25
PEC 50-60 12 2.3
10 6.1 1.9

3.2DMA

3.2.1 PDADMAC behavior

Storage environment can significantly affect thermomechanical properties of polyelectrolytes.
PDADMAC was characterized with DMA after storage under ambient conditions and after storage
in a desiccator. Representative first heating cycle results are shown in Figure 6. Storage modulus
decreases gradually with increasing temperature up to the onset of the glass transition, at which
point there is a sharp drop off in storage modulus concurrent with a peak in tan 6 — this behavior
is consistent with a glass transition and will be referred to as such. Samples stored in a desiccator

exhibit a much higher glass transition temperature (Tq = 59.5°C vs. 23.6°C based on inflection in
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storage modulus, 70.4°C vs. 42.9°C based on tan d peak); however, they are less stiff at both the
same pre-Tg temperatures and the same temperature below Tq (Table 2). These results indicate that
PDADMAC has a different structure when stored under ambient and desiccator conditions, even

though the water content is similar.
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Figure 6. DMA of PDADMAC stored under ambient conditions and in a desiccator. Storage

modulus values are solid points and tan 6 values are hollow.

Table 2. Comparison of Tq and glassy storage modulus values for PDADMAC. Given values are

averages, standard deviations are provided in parentheses.

Storage Storage
Storage Conditions T4 (°C) modulus at 0°C | modulus at Tgq -
(MPa) 50°C (MPa)
Ambient 23.6 6700 7760
Desiccator 59.5 5630 5380
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Instead of a post-Tg rubbery plateau, an increase in storage modulus is observed above 90°C
for ambient PDADMAC and 115°C for desiccator PDADMAC as temperature increases in Figure
6, related to the evaporation of water. To determine dry thermomechanical behavior, after a first
heating cycle (Figure 6), samples were annealed at 120°C for different amounts of time to remove
any remaining water, then cooled and re-heated while DMA measurements were recorded.
Isothermal DMA results show storage modulus increasing and plateauing with time during
annealing (Supporting Information).

Figure 7 shows the post-annealing, second heating cycle DMA results for PDADMAC, which
highlight the effect of annealing time for both ambient and desiccator storage conditions. Tg
increases with increasing annealing time, up to 153°C for ambient samples and 125°C for
desiccator samples. For comparison, DSC shows a thermal transition in PDADMAC of 113°C
(Supporting Information).

PDADMAC Tgvalues vary greatly in the literature, ranging from 24°C to 170°C, depending on
water content.®-38 It has been observed that increasing water decreases the T4 due to water acting
as a plasticizer. The values reported in Figures 6 and 7 span the majority of this range (24-153°C)
and demonstrate the importance of both thermal and humidity history.

Several interesting characteristics are observed in dried and annealed PDADMAC, which
confirm that PDADMAC exhibits humidity history-dependent structure. Samples stored under
ambient conditions are capable of higher T4s upon annealing than desiccator-stored samples for
all but the 0 min annealing condition. Glassy storage modulus values decrease with increasing
annealing time for samples stored under ambient conditions, while glassy storage modulus values

increase with increasing annealing time for samples stored in a desiccator.
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Figure 7. Second heating cycle DMA of PDADMAC after heating to 120°C and annealing for 0—

90 minutes. PDADMAC stored a. under ambient conditions; b. in a desiccator. Storage modulus

= solid points, tan & = unfilled points.

Ambient samples show a residual stress peak in storage modulus on the second heating cycle
for the 60- and 90-min annealing conditions, while desiccator samples do not. We attribute this to
the stresses frozen in during annealing of the ambient sample. Since desiccator samples have less
water, there is less mobility at the start of annealing.

For all non-zero annealing times of ambient samples, tan & does not decrease after the glass

transition. This is very different from the pre-annealing behavior of PDADMAC, indicating that
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the loss of water results in higher Ty materials with lossy rubbery phases that are not able to
rearrange to reduce their viscous response to an applied force. This is particularly intriguing
because 9.1 wt.% of water is lost prior to annealing, as compared to 4.3 wt.% water during
annealing, suggesting that this small amount of bound water is essential for structural
rearrangement.

Based on these results, it is clear that water content plays a significant role in the
thermomechanical properties of PDADMAC. However, it should not be overlooked that the
protocol for removing water in situ requires heating above the initial measured glass transitions of
PDADMAC for both storage conditions. The annealing process removes water and also provides
an opportunity for polymer rearrangement. Imré et al. observed that thermal history affected PEC
conductivity, and Kohler et al. found that thermal history affects thermally induced
shrinkage/expansion of PEM capsules.®4° Therefore the effect of annealing temperature may be
significant in the final thermomechanical properties, independent of water content, and is an area

for further research.

3.2.2 PSS Behavior

PSS samples stored under ambient conditions were also characterized with DMA in a dry, inert
atmosphere. A significant drop in storage modulus consistent with a glass transition (T¢g=-41.0 +
2.2°C based on storage modulus inflection point) was observed for the first heating cycle (Figure
8a). After the transition, there is a rise in storage modulus, consistent with a drying process. TGA
of PSS prepared under ambient conditions shows that heating PSS to 120°C removes 7.1 wt.%
water.

PSS exhibited no glass transitions in the second heating cycle, regardless of annealing time
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(Figure 8b). Instead, there is a trough in storage modulus in the range 125-150°C, where storage

modulus values drop to 62-78% of the initial value, followed by full (98-103%) recovery of

storage modulus at 250°C. The gradual decline in storage modulus corresponds with an increase

in tan 6, with tan 6 values tending to plateau around 150°C and converging to a value of 0.075. As

compared to PDADMAC, dried and annealed PSS is less lossy. There does not appear to be a

relationship between storage modulus and annealing time. Far less water is lost during annealing

that in the initial process, so there is less water-related change in stiffness in PSS than PDADMAC.

Storage Modulus (MPa)

Storage Modulus (MPa)

9000

)
8000 -
-

-
70004 @

5 8 3
(=3 (= o
o o o

n L

3000 4

2000

\ Fo.12

0.16

F0.14

r0.10

+0.08

tan &

t0.06
+0.04

0.02

1000
-50

T

0.00

5000 4

4000 4

3000 4

n

o

(=3

o
1

1000 ==

-0.15

010,

tan

[0.05

F0.00

T
50

T T T
100 150
Temperature (°C)

T
200

2350
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The lack of measured glass transition in the second heating cycle is consistent with the PSS-
water interaction reported by Yildirim et al. that results in a lower critical solution temperature-
like transition thermal transition in the range of 70-75°C.*! This thermal transition is related to
water’s transition from a hydrogen bonder to a plasticizer, resulting in more mobile water above
70-75°C. Without water, the thermal transition does not occur. However, we do not observe a
thermal transition at 70-75°C in the first heating cycle, where there is still 9 wt.% water presents.
Since DMA in the current work was performed under high dry nitrogen flow rates, water is purged

from the testing environment instead of staying within the sample and acting as a plasticizer.

3.2.3 Polyelectrolyte Complex Behavior

Representative first heating cycle results for ambient and desiccator PEC samples are shown in
Figure 9. Unlike the DMA scans of the individual polyelectrolytes, both ambient and desiccator
samples show a clear drop in storage modulus around 0°C, consistent with water melting. The size
of this peak decreases with increased storage time, indicating that water content has yet to reach
equilibrium. Pre-melt storage modulus values decrease with decreasing water content under
ambient conditions, highlighting the different roles that water can play in polyelectrolyte structures.
However, even though ambient-stored PEC has greater water content and a larger percentage of
unbound water according to TGA (Table 1), the observed effect of water melting is greater in
desiccator-stored PEC. This, combined with the lack of correlation between water content and pre-
melt storage modulus, suggests that the desiccator-stored PEC has a different structure than PEC
stored under ambient conditions, and that water interacts with this material in a different way.

Probing these interactions is an area of future investigation.

79



Water melting in PSS and PDADMAC may be obscured by other transitions. Additionally,

more water is unbound in the PEC than in the individual polyelectrolytes, as is discussed above.

The dip in storage modulus assigned to water melting is recovered by 30°C, which would not be

the case if 1) it were not a solvent melting and 2) the solvent did not evaporate rapidly. These

results lend support to the previous assertion that a lower critical solution temperature-like

transition is not observed in PSS because the water is rapidly purged from the system.
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Post-annealing DMA results for PEC are shown in Figure 10. The results are very similar to
PSS (Figure 8), although the drop in storage modulus is far less pronounced. PEC samples stored
under ambient conditions exhibit minima in storage modulus in the range 133-147°C, where
storage modulus values drop to 77-87% of the initial value, followed by more than full (98-115%)
recovery of initial values at 250°C. In comparison, PEC samples stored in a desiccator exhibit
minima in storage modulus in a broader range (123-150°C), where storage modulus values drop
to 75-85% of the initial value, followed by full (93-110%) recovery of initial values at 250°C.

The tan & curves are relatively indistinguishable from one another, regardless of humidity
history, increasing with increasing temperature and plateauing at 0.04. No trends are observed in
storage modulus values as a function of annealing time, perhaps because approximately 2 wt.%
water is lost during 90 min annealing (Figure 5). However, samples stored under ambient
conditions exhibited much less variation in storage modulus than desiccator samples. One
explanation for the difference in variation could be that humidity history affects the pre-annealing

structure and how water interacts with the PEC, which can affect the final structures.
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Figure 10. Second heating cycle DMA of PEC after heating to 120°C and annealing for 0-90
minutes. PEC stored a. under ambient conditions; b. in a desiccator. Storage modulus = solid points,

tan 6 = unfilled points.
Under both storage conditions, storage modulus does not change more than 26% over 275°C,

which is highly atypical and offers the potential to use PECs as high stiffness materials with

consistent properties over a large operating temperature range.
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4. Conclusions

DMA was used to explore the thermomechanical properties and structures of polyelectrolytes
and PECs, and TGA was used to correlate changes in properties with water content. Substantial
differences in thermomechanical behavior were seen between the polyelectrolytes and were
observed as a function of storage conditions and, in some cases, annealing/drying time.

Tgs of PDADMAC were observed to vary by 100°C, depending on storage environment and
drying/annealing time. These parameters also change glassy storage modulus values by 100%.
Dried PDADMAC is highly lossy.

While the initial samples of PSS, which contained 11.4 wt.% water, exhibited a transition
consistent with a glass transition at -41°C, dried PSS did not exhibit a clear glass transition in the
tested range. Instead, storage modulus gradually decreased, reaching a minimum around 125-
150°C, then increased to recover its initial value.

DMA of the PEC revealed a humidity history-dependent water melt in the first heating cycle,
as well as storage modulus values of dried and annealed PECs that only varied by 17-26% over a
275°C temperature range. Based on these results, we report for the first time humidity history as
controlling structure and properties of polyelectrolyte-based materials. Ongoing work is focused
on understanding humidity hysteresis and continuing to explore the role of water in physical and

mechanical properties of polyelectrolyte-based structures.
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Abstract

Water plays an important role in the structure and properties of polyelectrolyte-based materials.
In this study, the effect of humidity history on the structure and properties of dried polyelectrolyte
complexes (PECs) was studied. PECs were assembled from poly(diallyldimethylammonium
chloride) and poly(sodium 4-styrenesulfonate) solutions, then dried under controlled humidity
conditions. After exposure to higher humidities (humidity tempering), both room temperature
storage modulus and flexural modulus of the resulting PEC increased. Water from the humid air
plasticized the PEC, increasing mobility and facilitating chain reorganization during humidity
tempering, which resulted in a structure with more intrinsic electrostatic bonds (cross-links) and
higher moduli. Humidity tempering can achieve a 35% increase in PEC stiffness during room
temperature processing with water as the only solvent. Based on these results, humidity tempering

is presented as a novel approach to tailoring the structure and mechanical properties of
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polyelectrolyte-based materials under mild conditions, which makes this approach very appealing

to biomaterials and controlled release.

1. Introduction

Polyelectrolyte complexes (PECs), which are formed through electrostatic interactions between
oppositely charged polyelectrolytes, have garnered sustained interest for their interesting
properties and range of potential applications. For example, PECs have been found to have self-
healing, anti-corrosion, and biocompatible abilities, among other capabilities.1 Applications of
PECs include ion exchange membranes,* flocculants,® drug delivery materials,®’ injectable
hydrogels, and tissue engineering scaffolds.®°

Polyelectrolyte-based materials can take many forms. The simplest organization of a PEC is
achieved through mixing of oppositely charged polyelectrolyte solutions, which results in random
ionic condensation. Under high ionic strength conditions, PECs can form a polyelectrolyte-rich
liquid phase known as a complex coacervate.’® Polyelectrolyte multilayers (PEMs), another
category of PECs, are formed through alternating layer-by-layer (LbL) deposition of oppositely
charged polyelectrolytes on a substrate.

Given the wide range of structures and properties that can be achieved by PECs, PEC assembly
and processing are important areas of investigation. The formation of PECs is affected by many
material and assembly parameters, including ionic strength, polyelectrolyte molecular weight, pH,
and polyelectrolyte choice.!*%° In order to achieve homogeneous materials and more desirable
properties, PEC processing techniques have also been studied. Homogeneous PEC films can be
formed through single-step sedimentation.?® The sedimentation rate can be varied by changing

ionic strength and salt type in polyelectrolyte solutions. Alternatively, PECs plasticized with a salt
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solution can be extruded to form a denser, tough material.?* PECs assembled from poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA) exhibited self-healing abilities after treatment
with a salt solution.?>?3 While NaCl solutions can introduce self-healing ability by increase chain
mobility, salt solutions containing multivalent metal ions like CuClz can increase the rigidity of
those PECs by forming additional cross-links.

Since polyelectrolytes have strong affinities for water, water plays an important role in the
structure and properties of polyelectrolyte-based materials. Hariri et al. showed that water
functions as a plasticizer in PECs and PEMs, since the elastic moduli of both increase after
dehydration under defined osmotic stress.?* Post-assembly treatment also affects the structure and
properties of PEMs. PEMs assembled from PAH and PAA exhibit thickness hysteresis during
swelling and deswelling using humidified air, which indicates a change in the internal structures
of PEMs.? Viscoelastic properties of PEMs assembled from PAH and PAA were affected by
swelling in an organic solvent/water solution.?® While PEM exhibited a large swelling ratio in pure
water, exposure to organic solvent can lead to a densification increases in rigidity. Thermal
behavior of hydrated PECs, including transition temperatures, is also affected by the presence of
water.2"-3!

Although properties of polyelectrolyte-based materials depend on assembly conditions and
post-assembly treatment, the relationship between internal structure and bulk material properties
is still not fully understood. Within a PEC, many types of interactions affect bulk material
properties, including hydrogen bonding, van der Waals forces, hydrophobic interactions, and
dipole interactions.>>3® For examples, hydrogen bonds in poly(ethylenimine) (PEI)/ PAA
complexes are weakened when heated above 60 °C, which allows for increased water uptake.®*

Previously, we reported that storage conditions and thermal annealing strongly affect the thermal
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and mechanical properties of polyelectrolytes and their complexes.?” By changing the storage
conditions and thermally annealing, glass transition temperature (Tg) values of
poly(diallyldimethylammonium chloride) (PDADMAC) were shown to vary by 100°C and storage
modulus varied by 100%. PECs of PDADMAC and poly(sodium 4-styrenesulfonate) (PSS)
showed a storage condition-dependent water melt in the first heating before thermal annealing for
both storage conditions (ambient and desiccator). However, PECs stored in a desiccator exhibited
a larger drop in storage modulus than PECs stored in ambient during the water melt, which
indicates that humidity history can dictate structure and properties of polyelectrolyte-based
materials.

In this paper, the role of water in PECs and its influence on mechanical properties and internal
structure are explored using dynamic mechanical analysis (DMA) and mechanical testing. DMA
in a humidity-controlled environment allowed for in situ monitoring of changes in viscoelastic
behavior during drying and humidification cycles. Humidity history is shown to have a significant
impact on PEC structure and properties. Based on these results, we propose humidity tempering

as a gentle, room temperature processing method for tailoring of PECs.

2. Experimental
2.1 Materials.
PDADMAC (Mw 100,000-200,000, 20 wt.% in water) and PSS (Mw ~200,000, 30 wt.% in water)
were obtained from Sigma-Aldrich and used as received.
2.2 Sample preparation.
PECs were prepared by mixing 25 mL each of 20 mg/mL PDADMAC and 20 mg/mL PSS in a

100 mL borosilicate glass beaker with magnetic stirring. After the PEC precipitated from solution,
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the mixture was transferred into a 50 mL Falcon tube and settled for 24 hours. The supernatant
was then poured out and the sedimented PEC was transferred from the tube to a polystyrene petri
dish for further drying. PECs were dried under ambient conditions [24+1°C (room temperature),
~50% relative humidity (RH)] for at least 3 days, then stored in a desiccator (room temperature,
RH < 10%) for an additional 48 hours prior to any characterization or tempering.

Unless otherwise specified, humidity tempering of PECs refers to the following humidity
protocol: 6 h at 10% RH, 6 h at 30% RH, 6 h at 50% RH, 6 h at 30% RH, and 6 h at 10%.
2.3 Water uptake measurements

To determine equilibrium water uptake at different RHs and to investigate the kinetics of water
uptake in PECs, samples were stored under different RHs in a chamber with a humidity controller
(MHG32, ProUmid, Deutschland) that operated by flowing humidified air under constant flow rate
(120 mL/min). Masses were recorded regularly using a scale until equilibrium water uptake was

observed. Water uptake was calculated according to Equation 1:

M¢—My
M

Mass change (%) = X 100% 1)

where M is the mass of the PEC after storage under a specified RH for time t and Mo is the
initial PEC mass. Thickness of flat PEC pieces during storage under different humidity conditions
was also tracked using a micrometer. All measurements were performed at room temperature.
2.4 Dynamic mechanical analysis

DMA was performed using a Netzsch DMA 242E (Netzsch, Germany) with a MHG32 modular
humidity generator (ProUmid, Deutschland), using the same humidity-controlled environment as
water uptake measurement. A compression geometry push rod of 1 mm diameter was used for
mechanical analysis. PEC samples were placed on a rigid platform, while the compression was

applied at a frequency of 1 Hz and a target amplitude of 5 um. The small diameter geometry and
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low target amplitude were selected to avoid any potential confinement issues related to PEC
swelling as well as to limit the effect of DMA testing on water uptake. DMA was performed at
25°C and RH was varied between 10% and 70%, with RH deviation from the set value of + 0.5%.
2.5 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed with a Netzsch TG 204 under N2. To
determine water content, testing was performed on PEC samples before and after 50% RH
humidity tempering. Samples were put through a heating cycle from 25 °C to 400 °C with a heating
rate of 10 K/min.
2.6 Modulated Differential Scanning Calorimetry

Modulated Differential Scanning Calorimetry (MDSC) was performed on PECs after humidity
tempering with a heat-cool-heat cycle. PEC was heated from 80°C to 300°C at a heating rate of 2
K/min with an amplitude of 1.272 K and a period of 60 s. Samples were then cooled to 80°C at 5
K/min, followed by a second heating with the same conditions as the first heating. Inflection points
of the reversing heat flow curves from the second heating cycle were taken as the Ty.
2.7 Flexural testing

Flexural testing was conducted on an Instron 5567A using a 3-point bend geometry in
accordance with ASTM D790-17. PEC samples prepared using the method described above were
fabricated into bars with rectangular cross section (thickness: 3.2+0.1 mm, width: 10.0+0.1 mm).
A 0.01 mm/mm/min strain rate was used for flexural testing. Flexural modulus (Ebend) Was
calculated based on the initial linear region of the stress-strain curve. Other mechanical properties
including ultimate flexural stress (omax) and ultimate flexural strain (emax) Were also calculated in

accordance with ASTM D790-17.
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3. Result and Discussion
3.1 Water uptake

Water uptake kinetics at constant RH is shown in Figure 1. After humidity tempering at 70%
RH, PECs exhibited the highest mass change of 19.2%, while PECs under 30%, 50% and 60% RH
increased in mass by 2.3%, 4.7% and 9.7%, respectively. Water uptake rate under all RH
conditions decreased significantly after 10 hours. The absolute humidities that correspond with
70%, 60%, 50% and 30% RH at 25°C are 0.016 kg/m?, 0.014 kg/m?, 0.012 kg/m3and 0.007 kg/m?,
respectively. Although the relationship between relative and absolute humidities at this
temperature is approximately linear, the initial rate of water uptake at 70% RH (3.74%/hour) was
substantially greater than at 50% (0.61%/hour) and 30% RH (0.59%/hour). Since water has been
shown to act as a plasticizer for PECs, the absorption of a larger amount of water may enable extra
free volume within a PEC network, facilitating even greater water uptake in the high RH
condition.®® The water absorption behavior under different RH conditions was fit to an empirical
equation: My/M. = kt", to further explain the diffusion mechanism.33" M; and M. are water
absorbed at time t and at saturation, respectively. k is constant, and n is the exponent to describe
the diffusion mechanism. When n = 0.5, diffusion follows the Fickian diffusion mechanism, which
occurs when the chain relaxation time is much shorter than the water diffusion. When 0.5 < n <1,
anomalous transportation happens, in which the chain relaxation time is similar to the water
diffusion. The fitting results showed that n = 0.5 under 70% RH, while 0.5< n <1 under RH
condition of 60% and 50% (Appendix 3, Table 1S). This further demonstrates that PECs are more
plasticized under 70% RH condition than lower RH conditions, which affect the diffusion
mechanism by enabling extra free volume within a PEC network. Interestingly, n =0.52 under 30%

RH, which is close to Fickian diffusion. Similar results were previously observed by Kigler et al.
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A possible explanation is that Fickian-like behavior is observed at lower humidities due to a
relative increase in diffusion time as compared to chain relaxation time due to the low
concentration gradient.® As a result, the chain relaxation time remains shorter than the diffusion

time, giving an n value close to 0.5.

25 -e-70% RH
-m-60% RH
20 {1 _+-50%RH

-+-30% RH

Mass change (%)
o &

o

0 5 10 15 20 25
Time (Hour)
Figure 1. PEC water uptake (wt.%) under 30%, 50% and 70% relative humidity at 25°C calculated

based on Equation 1. Error bar represents standard deviation.

To study the effect of RH on PEC structure and properties, water uptake and loss during
stepwise RH changes was also measured and is shown in Figure 2a. Each RH condition was held
for six hours. After the first six hours at 10% RH, less than 0.5 wt.% water was taken up, which is
consistent with the testing conditions being very close to the initial storage conditions (<10% RH).
As RH increased stepwise, the amount of absorbed water also increased. However, there was no
obvious difference between water loss when RH decreased from 50% to 30% and from 30% to
10%. When compared to the PEC after hydrating steps at a given RH, the PEC after dehydrating

steps had a higher water content. The relative thickness, shown in Figure 2b, exhibited a trend
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similar to the mass change in Figure 2a, but at a much smaller scale. The maximum thickness
change (between the initial 10% RH and 50% RH) was less than 2%. Combined, these mass uptake
and thickness results demonstrate hysteresis in the response of PECs to

humidifying/dehumidifying conditions, similar to the hysteresis in PEMs observed by Secrist and

Nolte.?®
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Figure 2. a) PEC water uptake (wt.%) calculated based on Equation 1 b) PEC thickness change
vs. relative humidity during stepwise changes in relative humidity. The left y-axis corresponds to
water uptake or relative thickness, while the right y-axis corresponds to RH. Error bars represent

standard deviation.

3.2 DMA characterization
To further investigate the effect of RH on PEC structure and properties, PECs were
characterized using DMA. Figure 3 shows PEC room temperature storage modulus as the RH was

increased and decreased in a stepwise manner. The stepwise RH conditions for DMA were the
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same as for water uptake and thickness measurements. During the first 6 hours (RH = 10%),
storage modulus increased slightly, then reached equilibrium. Since the PEC was previously stored
in a desiccator (RH < 10%), the small changes observed are likely due to re-equilibration at 10%
RH after loading into the DMA under ambient (RH = 50-60%) conditions. When RH was increased
to 30%, storage modulus decreased immediately, presumably due to the plasticizing effect of water
that diffused into the system. After the initial modulus drop, storage modulus began to increase.
This behavior was repeated in a more drastic way when RH was increased from 30% to 50%. This
behavior may be explained by the formation of additional electrostatic bonds between PDADMAC
and PSS due to increased chain mobility facilitated by higher water content. These bonds, which
will be discussed in greater detail below, act as noncovalent cross-links and increase the stiffness
of the PEC. When RH decreased from 50% to 30%, PEC storage modulus increased because of
the removal of water, a plasticizer, from the system. When RH decreased from 30% to 10%,
storage modulus decreased first, then increased slightly. The final storage modulus of the PEC
under 10% RH was 52+20% higher than storage modulus at the beginning of the test, which
demonstrates hysteresis in the response of PECs to humidity and further indicates that humidity
tempering can be used to tailor the structure and properties of PECs.

Storage modulus increased at a higher rate at 50% RH than at 30% RH. As shown in Figure 2,
the PEC had a higher water uptake amount under 50% RH than the water uptake under 30% RH.
The rate of storage modulus increase under 50% RH was higher than the rate of change under 30%
RH. This correlation suggests that the increases in storage modulus during humidification are tied

to PEC water content and the increased mobility that water provides.
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Figure 3. PEC storage modulus during stepwise humidification and dehumidification. Each step

had a duration of six hours. Error bars represents standard deviation.

DMA calculates moduli based on the sample’s initial thickness, so substantial changes in
thickness during humidification and dehumidification could lead to inaccurate modulus values.
However, as seen in Figure 2b, the highest thickness change was 1.4%, which occurred upon
humidification from 10% to 50% RH. This is substantially smaller in magnitude than the changes
in storage modulus, which increased as much as 50%. Combined, these results indicate that the
effect of thickness on measured storage modulus was negligible.

PECs were also tempered for longer periods of time at a single RH (30%, 50%, or 70%). Figure
4 shows the PEC’s response to tempering at 30% and 50% RH. PECs tempered at 70% RH tended
to crack during testing due to the drastic change in humidity, which made it difficult to obtain

reliable results (Appendix 3, Figure S1).
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PECs were equilibrated at 10% RH (the initial storage condition) for 6 hours, followed by
tempering at a higher RH for 25 hours, and dehumidification at 10% RH for 24 hours. Results for
tempering at 30% and 50% RH are shown in Figure 4. The initial equilibration resulted in an
increase in storage modulus, which plateaued after approximately 5 hours, presumably due to re-
equilibration and loss of water after the PEC was exposed to ambient RH during loading in the
DMA (Appendix 3, Figure S2). When RH increased from 10% to 50%, storage modulus initially
decreased sharply due to plasticization with water, then started to increase, similar to the behavior
seen in Figure 3. After 18 hours at 50% RH, storage modulus began to reach equilibrium (storage
modulus rate of change < 50 MPa/h). Based on the results shown in Figure 1, the rate of water
uptake at 50% RH was quite low after 10 hours (0.068 wt.%/h), while the storage modulus still
had a relatively high rate of change at this point (341.8 MPa/h). These results indicate that storage
modulus increases were primarily driven by changes in the internal structure that facilitated more
intrinsic electrostatic bonding within the PEC.

Storage modulus values at 30% and 50% RH followed similar paths for the first 9 hours of
tempering. However, after that point, PEC storage modulus under 50% RH continued to increase,
while PEC storage modulus under 30% RH leveled off. The final storage modulus at 50% RH was
on average 53% higher than the final storage modulus at 30% RH and was 70+14% higher than
the untampered storage modulus. These results provide additional evidence that the primary role
of water in humidity tempering is to facilitate greater bonding with the PECs. Additionally, the
similar initial behavior indicates that electrostatic bonding is kinetically limited for the first 9 hours

of tempering but becomes thermodynamically limited at longer tempering times.
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Figure 4. PEC storage modulus under extended humidity tempering at 50% RH (solid line) and

30% RH (dotted line). Error bars represents standard deviation.

Storage modulus changes after humidity tempering are proposed to be caused by changes in the
internal structure of the PEC. When RH increases from 10% to 50% at 25°C, the absolute humidity
increases from 0.002 kg/m® to 0.012 kg/m®. As humidity increases, more water is available to
diffuse into the PEC. Water can disrupt the intrinsic electrostatic bonds between polyelectrolytes
and decrease the cross-link density of the PEC.?* This may explain the initial drop in storage
modulus upon increasing RH from 10% to 50%, which lasted for 1.2 hours. However, water uptake
results did not equilibrate until ~10 hours of humidification had passed, indicating that water
diffusion and storage modulus increase occurred simultaneously after the initial modulus drop. We
propose the following explanation for the longer tempering time storage modulus increase: As
mobility increases, chains can rearrange with greater ease. Within the PEC, some charges along
the polyelectrolytes were initially compensated by small counterions. During the rearrangement

process, counterion-compensated repeat units start to form ion pairs, which act as electrostatic
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cross-links. This increase in PEC cross-link density leads to the observed increase in storage
modulus.

The number of electrostatic bonds between oppositely charged polyelectrolytes directly
contributes to the stiffness of the PEC, while the plasticizing effect of water will decrease the
stiffness. As discussed above, after plasticization by water, polyelectrolyte mobility increases,
facilitating more electrostatic bonding between polyelectrolyte chains. However, the rate of water
uptake is initially faster than that of electrostatic bonding between polymer chains, so plasticization
dominates at the start of each humidification step. During humidity tempering, the number of
intrinsically compensated electrostatic bonds (cross-links) increases over time, and their
contribution to stiffness eventually surpasses the plasticizing effect. According to Figure 4, this
transition occurs after approximately 4 hours at 50% RH, at which point storage modulus started
to increase in a non-linear behavior consistent with more traditional cross-linking mechanisms.3%4°

A description of the relationship between modulus and cross-link density was developed by

Smith and applied in previous research by Hariri et al. and Jaber and Schlenoff:244142

vRT

1 6Cp,
G @ 5q27 (2)

G can be estimated from the number of moles of sub chains per unit volume (v), which is
proportional to the cross-link density ¢ (v = 3c). n is the geometric mean number of bonds in the
network chain, Ch is a characteristic ratio given by Cn = n®*’, and g, a dimensional factor which
for backbone with carbon—carbon single bonds, is equal to 0.83. E=3G when assuming Poisson’s
ratio is 0.5, so G in the equation can be substitute with E/3, while values of ®, Cy, g, and n were
determined in previous research.*

In considering the effect of water plasticization on PEC mechanical properties, the relationship

between plasticizer and elastic modulus can be expressed using an empirical equation:*3
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E=E,e *m (3)
Eo is the modulus without plasticizer and E is the actual modulus. k is a constant represents
plasticizer efficiency. rp is the molar ratio of the plasticizer, so in this case it is the molar ratio of
water to PEC. Eo is affected by cross-link density, while E is affected by both cross-link density
and plasticizer ratio. Eo of PEC can be determined from previous research, in which the same PEC
was annealed at 120 °C for an extended period of time in an N2 environment to full remove water.?’
For the PEC before humidity tempering, r, and E can be determined from Table 1 and Figure 4,
respectively. With known rp, Eo, and E, the plasticizer efficiency k can be calculated and assumed
to remain constant.
Combining Equation 2 and 3, the relationship between cross-link density ¢, modulus E and

plasticizer ratio rp can be expressed as:

9cRT 1 6Cy

E/fe®™ ~ @ 5q2m (4)

During humidity tempering, rp can be determined based on Figure 1 and Table 1, so cross-link
density c can be calculated using experimentally determined values of E and rp. Cross-link density
as a function of time during tempering at 30% RH and 50% RH are shown in Figure 5. While the
PEC has a higher cross-link density at the end of humidity tempering under 50% RH than 30%
RH, cross-link density of PEC increased at a similar rate under 50% and 30% RH at the beginning
of humidity tempering. This finding is consistent with the similar storage moduli shown in Figure
4 for the first ~10 hours of humidity tempering. While cross-link density levels out for 30% RH
tempering, it appears to continue to increase approximately linearly for 50% RH tempering. These
results suggest that the kinetics of cross-link formation are diffusion limited for the 8-10 hours of
tempering. At later time points, cross-link kinetics appears to be modulated by water content;

however, since water act as a plasticizer and a cross-linking agent (through hydrogen bonding), a

103



more precise analysis cannot be provided based on the current data. The decrease in cross-link
density upon humidification provides strong support for hydrogen bonding between water and
polyelectrolytes. Therefore, the increase in cross-link density during humidity tempering was not

only caused by increases in intrinsic ion pairs, but also by the formation of hydrogen bonds.
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Figure 5. Calculated cross-link density in PECs during humidity tempering at 30% RH and 10%

RH, and after dehumidification at 10% RH.

When plasticized by water, polyelectrolytes within the PEC gain extra mobility to reorganize
into structures with higher electrostatic cross-link density and higher modulus. This requires
movements between neighboring intrinsic sites and the combining of extrinsic sites, as shown in
Figure 6. As discussed previously, while water uptake under 30% and 50% RH are different,
increase rate of cross-link density at the beginning of 30% and 50% RH are similar. These results
indicate that the reorganization process is limited by the exchange rate of polyelectrolyte sites,

rather than the diffusion of water. Recent work from Fares et al. proposed a self-exchange behavior
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between neighboring polyelectrolyte ion pairs under limited chain mobility conditions, which is
consistent with humidity tempering results.*

Multiple exposures to higher humidity were also investigated, to determine if equilibrium
swelling and reorganization can be achieved in a single humidification/dehumidification cycle.
Specimens were exposed to two cycles of 50% RH for 24 hours and 10% RH for 24 hours. Upon
re-exposure to 50% RH, the PEC recovered to the same E’ level 2 hours faster than the initial
exposure. PECs also exhibited faster water uptake up re-exposure to 50% RH. However, the
maximum water uptake is the same with first time exposure (Appendix 3, Figure S3). This
indicates that PEC structural rearrangements reached an equilibrium during the first exposure to

50% RH, as re-exposure did not change the final E’ or the maximum water uptake.

H,0

@]

/g\/ PDADMAC

Figure 6. Proposed mechanism: Increases in environmental water content during humidity

tempering facilitate polyelectrolyte chain mobility and the formation of additional electrostatic
bonds between polyanions and polycations in the PEC. Extrinsically bound counterions omitted

for clarity.
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3.3 PEC Thermal Transitions

Zhang et al. recently demonstrated that the Tg4 of polyelectrolyte-based structures is controlled
by the number of water molecules surrounding an intrinsically bonded ion pair.*° Specifically, 1/Tq
was found to be proportional to the natural log of the ratio of water molecules to intrinsic ion pairs.
As the ratio of water molecules to intrinsic ion pairs increase in the PEC, T4 decreases. Based on
this approach, Ty values were calculated based on the water content from TGA. Humidity
tempering was performed under 25°C, which means PECs were glassy under all humidity

tempering conditions.

Table 1. Water content and calculated T4 of PEC before, during and after humidity tempering

under 50% RH

25 hours at 50%
Before humidity After 50% RH
RH humidity
tempering humidity tempering
tempering
PEC water
8.0+29 15.1+0.9 83+05
content (wt.%)
Calculated Tg (°C) 248 133 242

Interestingly, humidity tempered PECs exhibited a T4 of 225+8°C (Figure 7), which is
substantially lower than the calculated T4 based on water content (242°C). Thermal transitions in
PECs relate to the lifetime of hydrogen bonds between water and PSS.3! The lifetime of hydrogen
bonds can be defined as the time period between bond formation and breakage.* The lifetime of

hydrogen bonds between water and extrinsically bonded PSS has been shown to be temperature
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insensitive, while hydrogen bond lifetime between water and intrinsically bonded PSS decreases
with increases temperature, indicating that water bonding with intrinsically bonded PSS dominates
the thermal transition.®® Based on this framework, we propose that humidity tempering shifts T
values away from the relationship reported by Zhang et al. because tempering facilitates the
formation of additional intrinsic ion pairs. Given the same water content, PECs with higher
intrinsic ion pair density will be more sensitive to increases in temperature, which results in a lower

Tg.
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Figure 7. Representative reversing heat flow curve of PEC after humidity tempering under 50%
RH. Dotted line represents trend of the curve before and after the inflection point. Replicas of data

included in Appendix 3.

3.4 Flexural testing
Static mechanical properties of PEC were also characterized by flexural testing to further
demonstrate the effect of humidity tempering. Flexural test results for the as-prepared PEC and

humidity tempered PEC are shown in Figure 8. Table 2 compares the mechanical properties of
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humidity tempered and untempered PEC. After humidity tempering under 50% RH as shown in
Figure 4, Epeng Of the PEC increased by 35.4%. Humidity tempered PECs also exhibit higher omax.
These increases Epend and omax result from the increase in cross-link density facilitated by the
humidity tempering process. Both humidity tempered and untempered PECs had brittle fracture

behavior, with <4% ultimate flexural strain before and after humidity tempering.

Table 2. Mechanical properties of tempered and untempered PEC

Untempered
Tempered PEC
PEC
E (MPa) 2318 £+ 205 3138 + 146
omax (MPa) 71.6+£229 105 + 10.6
&max (%0) 3.65+1.37 3.54 £ 0.57
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Figure 8. Results of flexural testing of humidity tempered and untempered PEC.

Conclusions

PECs were assembled through mixing aqueous solutions of PDADMAC and PSS. DMA and
flexural testing were used to measure the effect of humidity history on mechanical properties of
PEC. After humidity annealing, the PEC showed improvements in storage modulus, flexural
modulus, and flexural strength. During humidity tempering, polyelectrolyte chains within a PEC
gain extra mobility due to the plasticization by water, which allows them to rearrange and form a
structure with more intrinsically compensated electrostatic bonds. Humidity tempering results in
a more highly cross-linked structure that has mechanical properties consistent with the increase in
cross-link density yet has a lower Tg. This anomaly is explained by the existing theory regarding
the source of the glass transition in polyelectrolyte-based structures.

Based on these results, we report for the first time that humidity tempering can be used to
control the mechanical properties of PEC. These results highlight the potential of polyelectrolyte-
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based materials for new applications where tailoring of mechanical properties is desired, yet mild
processing conditions are necessary. Humidity tempering offers room temperature processing with
water as the only necessary solvent, which makes it a low energy, green approach to polymer
processing. Potential applications such as drug-/biologic-eluting structures will be further studied.
While this material can potentially be used in implanted devices, further research is needed to
study the mechanical response of this material to exposure to salt buffered environments. Future
works will include humidity tempering of PEMSs, which are more kinetically trapped structures
than PECs due to their layer-by-layer assembly. Investigation of PEMs will help to discover the
driving forces for chain rearrangement during humidity tempering and could provide further
insight into the structural differences between PEMs and PECs. Effect of salt will be studied in
future work as well. Including salt in the initial PEC formation will not only change the ratio
between intrinsic and extrinsic ion pairs in the PEC’s initial state, but also could improve the ability
of PECs to uptake water. PEC assembled under different salt concentration will be tested under

different RH conditions to study the effect of salt on humidity tempering.
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Chapter 6: Polyelectrolyte-based materials for drug delivery
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Abstract

Two charged biopolymers, starch and gelatin, were investigated for drug delivery applications.
Starch (amylose and amylopectin) was used to fabricate thin films for drug delivery through the
buccal mucosa. Starch was gelatinized with plasticizer added to form flexible thin films. Swelling
and degradation behavior of starch films under simulated saliva environment was studied. Starch
film can swell up to 295% in 60 min under simulated saliva environment. During degradation
studies, starch films started to fell apart after 20 min and almost complete degraded in 60 min. A
two-step functionalization method was also studied by using Carbonyldiimidazole (CDI) and L-
lysine to introduce charged functional group to starch films. By introducing positively charged
function group to starch molecules, adhesion property with negatively charged buccal mucosal
mucin could potentially be improved, as shown in the following diagram. Results showed that
starch films were successfully activated by CDI, and L-lysine functionalization introduced
positively charge functional group. Gelatins for capsules were fabricated into thin films and
characterized under humidity controlled DMA. Gelatins from different resources showed large
modulus variation under humidity change. Short time aging under 40°C did not show substantially

affected mechanical properties of gelatin films.
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6.1 Starch Film for Oral Adhesive Drug Delivery Patches
6.1.1 Motivation

Oral drug delivery methods have the potential to provide relief to large group of patients with
higher efficiency. With the rapid drug absorption through the buccal mucosa, sleep aids could be
delivered by oral adhesive patches. However, for drug delivery through buccal mucosa,
unidirectional delivery is preferred. This is due to the common bitterness of many common active
ingredients. Therefore, the patches need to adhere to the buccal mucosa effectively during drug
release, as shown in Figure 1. Also, to avoid a choking hazard, the patch needs to degrade in soon

after the drug release.

Oral environment

Mucin layer

Mucosa cells

Figure 1. Functionalized drug delivery patch in oral environment

6.1.2 Methodology
Starch film fabrication

5 wt% of starch [mixture of amylose and amylopectin (Ratios: 100% amylose, 50% amylose +
50% amylopectin, 100% amylopectin)] and 2 wt% of glycerol were dispersed in water. Glycerol
was added as plasticizer. The mixture was heated up to 90 °C in water bath under magnetic stirring

for 30 min to get complete gelatinization. After gelatinization, the solution was cooled down to
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room temperature and defoamed using Thinky mixer. The solution was then poured into a petri
dish and dry under 60 °C for 24 hours to get starch films.
Swelling and degradation study

Swelling and degradation behavior of as-prepared starch films was studied using simulated
saliva fluid (SSF) and simulated saliva fluid with a-amylase (SSF-A), respectively. SSF was
prepared using the following formulations, while SSF-A was prepared by adding 125 U/ml of a-

amylase (1500 U/mg) into SSF. 12

Table 1. Components in simulated saliva fluid without a-amylase

Components Concentrations
Sodium carboxymethyl cellulose 10.0 g/L
KCI 8.3 mM
MgCl2+6H20 0.29 mM
CaCl2+2H20 1.13 mM
K2HPO4 4.62 mM
KH2PO4 2.40 mM

In swelling study, as-prepared starch films were immersed in SSF under 37 °C for 1 hour, mass
change of starch films were tracked every 10 min. In degradation study, as-prepared starch films
were immersed in SSF-A under 37°C for 1 hour, degradation behavior of starch films were

recorded every 10 min.
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Starch film functionalization

As buccal mucin is negatively charged, introducing positively charged function group to starch
molecules could potentially improve adhesion.® L-lysine was selected to functionalize starch films
and carbonyldiimidazole (CDI) was used to activate imidazole carbamate intermediate for L-lysine

functionalization.* The reaction mechanism of L-lysine functionalization is shown in Scheme 1.
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Containing Molecule R T R

Carbamate Linkage
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N
(/
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0

NH
Imidazole Carbamate =S
Active Intermediate

Scheme 1. L-lysine functionalization reaction mechanism (adjusted form Ref. 4)

As-prepared starch film was washed in 25 wt%, 50 wt%, 75 wt% and 100 wt% of DMF in water.
Then starch films were added to a 50 mg/mL CDI in DMF solution, reacted under room
temperature for 2 hours. Starch film were then removed from solution and washed 3 times in pure
DMF (Half of starch film was cut off and kept for further FTIR characterization). 10 mg of L-
lysine was dissolved in water and starch films were added into L-lysine solution, reacted under
room temperature for 2 hours. Starch film were removed from solution and washed 3 times in

water, then dried under ambient condition and kept for further FTIR characterization.
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6.1.3 Result and Discussion
Starch film fabrication

After drying for 24 hours, starch films were removed from substrates. Images of starch films
with and without glycerol as a plasticizer are shown in Figure 1. Starch films without plasticizer
are easy to break and hard to peel off substrate while starch films with glycerol is flexible and easy
to peel off substrate. Starch film with glycerol added are also less transparent than starch film

without glycerol.

o)
®WPI

Xuejian Lyu

” \\VPI

Xuejian Lyu

Figure 1. As prepared starch film (100% amylose) a) and b) without glycerol, ¢) and d) without

glycerol.

Swelling and degradation study

As shown in Figure 2, mass of starch film gradually increased and reached 266 % in the first
20 min. Figure 2 also indicates that the swelling behavior will reach equilibrium when mass change
reached 295% in 1 hour. Figure 3 showed the degradation behavior of starch films in SSF-A under
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37 °C. a-amylase has a drastic impact on starch films. All starch films were not able to remain
original shape after 20 min and almost fully degraded in 60 min. Although starch films were
assembled with different ratio of amylose and amylopectin, based on the results of degradation

study, there is no obvious change in degradation rate between different starch films under current

a-amylase concentration.

350 -

w
[=]
o

N
v
o

e

Mass chnage (%)
= N
3 8

=
o
o

v
o
1

o

0 10 20 30 40 50 60
Time (min)

Figure 2. Swelling behavior of starch films (100% amylose) in SSF under 37 °C.

122



0 min 10 20 30 40 ‘ 50 60

Figure 3. Degradation behavior of starch films in SSF-A under 37 °C. a) 100 % amylose, b) 50%

amylose + 50% amylopectin, c) 100% amylopectin.

Starch film functionalization

Figure 4 shows the FTIR spectra of starch and CDI activated starch films. After CDI activation,
an obvious ester C=0 stretch peak appears, which indicates that -OH on starch was successfully
activated by CDI and formed an imidazole carbamate intermediate. As illustrated in Scheme 1, the
primary amide group on L-lysine will then react with the intermediate and form a carbamate
linkage. Figure 5 shows the FTIR spectra of L-lysine functionalized starch films after CDI
activation. An amide | C=0 stretch peak was observed when the L-lysine concentration is 10mg/ml.
This indicated that the formation of carbamate linkage, which means that L-lysine successfully
reacted with CDI activated starch. However, no carbamate linkage peak was observed when the
L-lysine concentration of Img/ml. This means that, in order for the reaction to occur, a higher L-

lysine concentration is necessary.
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Figure 4. FTIR result of unfunctionalized starch film, CDI activated starch film and L-lysine

functionalized starch film.
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Figure 5. FTIR result of L-lysine functionalized starch film after CDI activation.

6.1.4 Conclusion
Starch film was assembled with glycerol as plasticizer. Degradation study showed that the films
will degrade in 60min in simulated saliva environment, which means starch film can be applied as

choking-hazard-free drug delivery patches. In order to improve the adhesive ability to negatively
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charged buccal mucin, starch films were functionalized by I-lysine to introduce positively charged
group on starch molecules. Future study will be focused on quantitively characterize mucoadhesive
ability of functionalized starch film. The surface of starch film also needs to be modified to achieve

unidirectional drug release.
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6.2 Dynamic Mechanical Property Analysis of Gelatin for Capsules
6.2.1 Motivation

Gelatin, which is a mixture of peptides and proteins produced by partial hydrolysis of collagen
extracted from various animal resources, represents a desirable form for oral delivery when made
into capsules. However, current gelatin formulations demonstrate poor mechanical property and
shelf stability in regions with warm climates. Thus, exploration of gelatin formulations with better
mechanics and stability is necessary. Humidity controlled DMA has been demonstrated to be
effective on studying the mechanical response of materials under humidity variation. Gelatin films
with glycerol as plasticizer were fabricated using a solvent casting method, and characterized with
humidity controlled DMA. By studying the mechanical properties of gelatins from different
resources, gelatin capsule formulations with better performance under humidity variation can be

developed.

6.2.2 Methodology
Gelatin film fabrication

Gelatins from different sources (pork skin, fish, animal bone) were used to fabricate thin films.
4 wt% of gelatin and 2 wt% of glycerol were dissolved in DI water under 40°C water bath. The
solution was cooled down to room temperature poured into a petri dish. The solution was dried for
48 hours in ambient condition to get gelatin films.
Dynamic mechanical analysis

DMA was performed using a Netzsch DMA 242E (Netzsch, Germany) with a MHG32 modular
humidity generator (ProUmid, Deutschland) at room temperature with a tensile geometry. RH was

varied in a sequence of 30%-50%-70%-90%-30%, with each humidity condition lasting for 1 hour.
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6.2.3 Result and Discussion

Humidity controlled DMA result of gelatin films from different sources was shown in Figure
6. Different gelatin films showed similar response to humidity change. Gelatin films from pork
skin have the highest modulus while gelatin films from animal bones have the lowest modulus
under same humidity condition. Storage modulus of gelatin films decreased with humidity increase.
When relative humidity decreased from 90% back to 30%, modulus of gelatin films starts to
recover. However, the modulus is not fully recovered in 1 hour. The modulus drop with humidity

increase is due to the plasticizing effect of water, as water is a good solvent for gelatins.

2500 - i
30% RH 50% RH 70% RH | 90%RH 30% RH

2000 - | ——Porkskin Gelatin + Glycerol

Bone RXLR2 Gelatin + Glycerol

| | —rish Gelatin + Glycerol
1500 - i H

E' MPa

0 50 100 150 200 250 300
Time Min

Figure 6. Humidity controlled DMA of gelatin films fabricated from pork skin, bone and fish.

Gelatin films fabricated from pork gelatins were stored at 40°C for 1 week to study the effect

of aging. DMA result of gelatin films before and after aging are shown in Figure 7. Based on the
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results, 1 week of aging at 40°C showed no obvious effect on modulus and humidity response of

gelatin films. Longer aging time or higher aging temperature will be explored in future research.
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Figure 7. Humidity controlled DMA of gelatin films before and after aging.

7.2.4 Conclusion

Gelatin films were assembled using gelatins from different sources. Although the humidity
response of different gelatin films is similar, the storage modulus is different under same relative
humidity. Humidity change has drastic influence on modulus of gelatin films, due to the
plasticization effect of water in humid air. Short time aging (1 week) did not show an obvious
effect on mechanical property of gelatin films. Future study will include fabrication and
characterization of gelatin films with different formulations, and exploration of film formulation

with optimized performance and stability.
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Chapter 7: Conclusions and Future Directions
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In this dissertation, polyelectrolytes including PDADMAC and PSS were used to assemble
PEMs and PECs. In chapter 3, PEMs from PDADMAC and PSS were assembled using LbL dip-
coating method with different polyelectrolytes as first layer materials. Strong or weak polycations
with different molecular weight and structure were selected as the base layer of PEMs. The
deposition process was tracked using QCM-D. It was shown that PEMs with different first layer
materials have different total mass accumulation and single layer mass. The total mass
accumulation even showed a first-layer molecular weight dependent behavior when using different
PEls as the first layer material. Surface morphology of PEMs also showed first layer material
selection dependent behavior, with higher surface roughness observed when using PEI as first
layer material. However, the water contact angle of PEMs is not influenced by different first layer
materials. This indicates that changing first layer material affects internal structure and surface
morphology of PEMs, while maintaining other surface properties like surface chemistry constant.
This PEM system with different first layer materials could be applied to model the surface property
of substrate for cell culturing to better understand the role of surface properties on cell adhesion
and proliferation.

In Chapter 4, thermal mechanical behavior of PDADMAC and PSS was studied using DMA
after storage under ambient condition and in a desiccator. PECs assembled from PDADMAC and
PSS were also characterized by DMA. Tg of PDADMAC showed ~100°C increase after annealing
under 120°C for different time. The water content of PDADMAC decreased with increase
annealing time, which indicated that Tg increased with decreasing of water content. Tg of PSS was
also observed during first heating cycle. However, after thermal annealing, no detectable glass
transition behavior was observed for PSS. PEC from PDADMAC and PSS showed storage-

condition-dependent/humidity-history-dependent thermo mechanical behavior under DMA

131



characterization as well. These results reveled the importance of water in physical and mechanical
properties of polyelectrolyte-based structures.

In Chapter 5, PECs were assembled from PDADMAC and PSS using the same method
described in Chapter 4. Humidity controlled DMA was used to characterize the influence of
relative humidity on mechanical behavior of PECs under room temperature. Water content of
PECs was characterized using TGA and thermal transition temperatures of PECs was characterized
by M-DSC. Modulus of PECs decreased at the beginning of humidity tempering, which is due to
the plasticization effect of water. After the initial decrease, modulus of PEC started to increase.
This is due to the reorganization of PEC network and the formation of additional crosslinks under
water plasticization. After humidity tempering, PEC achieved a stiffness increase of 35%, which
is confirmed by flexural test. These results highlighted the potential of polyelectrolyte-based
materials for new applications where tailoring of mechanical properties is desired, yet mild
processing conditions are necessary.

In Chapter 6, humidity tempering approach was further applied to other bioderived
polyelectrolytes, and their application as drug delivery materials was studied. Oral drug delivery
patches were assembled based on starch films. Degradation study on starch films showed that the
materials will fully degrade in an oral environment, which can prevent choking hazards. Starch
films were further functionalized using L-lysine to obtain positively charged surfaces, which can
possibly improve adhesion between the film and buccal mucosa. Gelatin from different resources
were fabricated into thin films and characterized by humidity controlled DMA as well. Humidity
variation showed a huge impact on mechanical property of gelatin films.

In summary, we designed a PEM model system that can be applied to tune the surface

morphology while maintaining the surface chemistry by only changing the first layer materials.
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This allowed us to achieve tailorable surface properties in PEM assembly. By studying the
fundamental relationship between water and the PEC system, we demonstrated that water can
enable the chain rearrangement of polyelectrolytes by providing extra mobility. Water not only
works as a plasticizer, but also forms hydrogen bonding in the PEC system. This revealed the
importance of humidity history, which has typically been neglected in the PEC processing. It also
allowed us to apply humidity tempering as a novel processing technigue to increase the storage
modulus of the PEC.

The QCM-D work in this research demonstrated that the mass accumulation behavior of PEMs
is first layer material dependent. However, polyelectrolytes selected as the first layer materials in
this study have different structures and chemistry at the same time, which makes it difficult to
completely isolate the effects of different factors. New materials selection strategy could be
applied for future work, such as including linear polyelectrolytes with only different chain lengths
or molecular weights. It is possible that there is more information buried in the QCM-D profile.
Developing more QCM-D raw data interpretation strategies is also necessary to improve our
understanding of the internal structure change during polyelectrolyte adsorption.

Cell proliferation and differentiation are shown to be impacted by the surface properties of
culturing substrates.>® PEMs can be applied for modifying surface properties of the substrates for
cell culture. Tailoring topography of PEMs while maintaining the surface chemistry was achieved
in this research. This provided an opportunity to study the effect of surface roughness on cell
proliferation and differentiation independently.* Continuous work can focus on tailoring properties
of PEMs assembled from weak polyelectrolytes. Applying current strategy to weak polyelectrolyte
combinations can potentially tailor the properties of PEMs more substantially, as the weakened

bonding between polyelectrolyte layers assists the interlayer diffusion of polyelectrolytes.
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Prior to the work presented in this thesis, there had been little exploration of low water content
PECs, and reported properties varied significantly. The inconsistency of properties is largely due
to the Kkinetic limitations and history-dependent variables during their formation. Our study
revealed the influence of storage conditions and humidity history on the structure and properties
of PECs, which is crucial for understanding the path-dependent behavior of PECs. Humidity
tempering was demonstrated to increase the storage modulus of the PEC up to 70%. The storage
modulus increase is explained by the formation of extra crosslinks under water plasticization.
Water not only provides extra mobility for polyelectrolyte chains, but also forms hydrogen bonds
within the PEC system. This understanding of the influence of water in PEC systems is valuable
for developing room temperature, solvent-free processing techniques for PECs. During humidity
tempering, storage modulus of the PEC changes with time. The modulus increased more
substantially when the PEC was tempered under higher humidity condition. This is the first time
that humidity was applied to tailor the mechanical properties of PECs. In future work, modulus of
the PEC can possibly be tuned more precisely by controlling the tempering time and humidity.
Although humidity tempering of PECs has proved that PECs have humidity history dependent
structure and mechanical properties, the interaction between water molecules and the PEC network
is still not fully understood. Further exploration on water-polyelectrolytes interaction could
represent future research.

Similar to humidity tempering of unmodified PEC, humidity tempering of PEC assembled
under different salt concentrations could be studied. While salt ions can improve the processability
of PECs by reducing the amount of intrinsic ion pairs, there will be space for extra water in PEC
after salt doping. PECs can be extruded under salt annealing, which an effective approach to

improve the processability of PECs.> However, ion-pairs of PECs are broken under salt doping,
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which decreases the mechanical property of PECs. Applying humidity tempering to extruded PECs
provides a potential approach to achieve high processability PEC without sacrificing the
mechanical properties. Including effect of salt in PEC humidity study could help to develop
potential application of PECs in implanted devices, as exposure to salt buffered environments is
necessary for those applications.

Different approaches to tailor the mechanical properties of other bioderived polyelectrolyte
systems should be studied as well. Humidity tempering was applied to gelatin films in this research.
Gelatin films showed a substantial modulus change under humidity variation. However, the
mechanical properties of gelatin films were not improved after humidity tempering. This indicates
a different mechanism of interaction between water and gelatin, compared with the interaction
between water and the PEC system. Future work could focus on assembling novel materials by
combining gelatin and polyelectrolyte complexes to achieve improved performance under
humidity variation.

The results in this thesis not only demonstrate that the structure and properties of
polyelectrolyte-based materials can be tailored by different approaches, but also expanded the
potential applications of those materials. More fundamental mechanism research is necessary to
achieve fully tailorable structure and properties of those materials. Based on the information and
techniques gained in this study, we can achieve a better understanding of relationship between
structure and functionality of those materials, and continue to develop novel structures for use in

biomedical applications.
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Table 1s. Growth rate of PEMs (ng/cm? per bilayer) when using different first layer materials.

First Layer Growth Rate
Material (ng/cm? per bilayer)
PDAMDAC 61.36
PEI 10K 154.39
PEI 70K 110.45
PEI 600K 148.08
PAH 71.51
PLH 77.24
: PDADMAC z PEI 10K
4 a n
g noog’ ary \f\f\
WL i WY
[} 50 100Time15(l;mnu:eo)0 250 300 60» 50 100 Tin::O‘Minil::) 250 300
: PEI 70K 5 PEI 600K
I f..f"(\ﬂ o3 Y ,P'.
§2 q ﬂﬂﬂ-}wb §2» ‘,,..-m‘,ﬂj‘ H U
":J \ﬂuhh' q:r\ﬁﬂ\u“ubu“
0 50 100 Timiﬁ;)Mlnui:;l 250 300 0 50 100 Timel?':limneiﬂﬂ 250
: PAH : PLH
; s
elefapl P

Time (Minute)

Time (Minute)

Figure 1s. Energy dissipation curves of PEMs with different first layer material

138



PDADMAC PEI 10K

0 ok
10 -10 ‘
20 -20

_ N
N T
?: 30 : 30 A
< 40 -40 e

-60 60

70 70

[ 50 100 150 200 250 300 o 50 100 150 200 250 300
Time (Minute) Time (Minute)
10 10
PEI 70K PEI 600K

o
10 -10 k\‘
» m 2 L_,\*

30 “"\_L_’\‘ﬂ
-40 -40
e W
50 -50
-80 -60

-70 -70
0 50 100 150 200 250 300 [ 50 100 150 200 250 300

Time (Minute) Time (Minute)

f (Hz)
af (Hz)
8

PAH PLH

i -30 E 30
5 -40 g4
-50 50
60 -60
-70 70
[ 50 100 150 200 250 300 o 50 100 150 200 250 300
Time (Minute) Time (Minute)
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Thermogravimetric analysis (TGA)
Results show that PDADMAC-s retains 2.5 wt.% water under ambient conditions and
degrades at 300°C (onset) and PSS-s retains 8.5 wt.% water under ambient conditions and

degrades at 445°C (onset).
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Figure S1. TGA of as-received powdered PDADMAC and PSS.
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Figure S2. Isothermal DMA of PDADMAC at 120 °C. PDADMAC sample was prepared under

ambient conditions.
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Differential Scanning Calorimetry (DSC)

Results for the second and third heating cycles showed a PDADMAC thermal transition of
113°C and 109°C, respectively (Figure S4). Cooling cycles did not show any thermal transitions.
For PSS, a thermal transition is observed at 117°C for both the second and third heating cycles.
The endothermic peak following the thermal transition is larger in the second heating cycle than

the third. An additional thermal transition is observed at 278°C in the second heating cycle, but

not in the third.
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Figure S3. DSC of PDADMAC. Exo down.
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Figure S4. DSC of PSS. Exo down.

It is important to note that the DSC results are from samples in which the polyelectrolyte
solution was pipetted directly into the DSC pan (i.e., no solid sample was prepared). The first
heat and hold at 100°C is designed to remove water, but the majority of the initial sample is
water. When solid polyelectrolyte and PEC samples were prepared as described above under
ambient conditions and tested, no thermal transitions were observed, even in temperature
modulated DSC. Therefore, we hypothesize that water plays an important role in the thermal

transitions observed in Figures S3 and S4.
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Figure S1. PEC storage modulus under 70% RH highlighting the inconsistent results caused by

PEC cracking.
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Figure S2. Mass loss of PEC under 10% RH after exposure to ambient conditions for 5 min.

Table 1S. Exponent fitting of water diffusion mechanism (My/M = kt") under different RH

conditions.

RH 30% 50% 60% 70%

n 0.52 0.68 0.62 0.50
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Figure S3. a) Storage modulus and b) water uptake of PEC during re-exposure under 50% RH
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Figure S4. Reversing heat flow curves of PEC after humidity tempering under 50% RH
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