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Abstract

Polyelectrolyte multilayer (PEM) assembly is a technology for building thin films with a
number of useful and novel functionalities. PEMs interact favorably with proteins and
other biomolecules making them potentially valuable as biomaterials. Many systems of
polymers have been studied for use in PEMEs, including weak polyelectrolytes such as
those containing poly(acrylic acid) (PAA) and poly(allyamine hydrochloride) (PAH),
which exhibit pH-dependent behavior.

Properties such as thickness, swellability, mechanical stiffness, porosity (and by
extention optical properties), and ability to adsorb small molecules are all controlled by
the charge density of these polymers in the film and their resultant binding state.
Patterning covalent binding through photo-crosslinking in addition to electrostatic
binding, can locally override the native tendency to change structure with changes in pH.
To achieve this, poly(acrylic acid) was chemically modified through a halide
esterification reaction to incorporate photo-crosslinkable vinylbenzyl side groups, making
poly(acrylic acid-ran-vinylbenzyl acrylate) (PAArVBA). The chemical modification
was characterized by nuclear magnetic resonance spectroscopy (NMR) and light
spectroscopy. NMR revealed that up to 6% of vinylbenzyl groups could be appended to
PAA while maintaining the viability of the crosslinking group and the solubility of PAA
in aqueous solution. Light spectroscopy indicated the location of the absorbance peak of
the vinylbenzy! groups at 254 nm and the generation of crosslinking radicals was
achieved with a quantum yield of 0.013. These parameters allow the polymer to be used
in PEM films and to be crosslinked with a standard UV lamp, useful for practical
applications.

The effects of crosslinking on film thickness, swelling in aqueous solution, and
mechanical stiffness were measured with ellipsometry, atomic force microscopy (AFM)
and nanoindentation. Crosslinking was observed to limit the degree of film swelling in
neutral and basic solutions. The patterning of swelling through UV exposure with
masking was achieved with a resolution demonstrated down to 3 ym feature sizes. The



mechanical stiffness of both crosslinked and as-built films was found to be less than that
for equivalent films built with PAA, attributed to charge effects from the quarternary
ammonium residue generated during the esterification reaction.

The ability of crosslinked PAH/PAArVBA films to locally suppress induced film
porosity was confirmed with ellipsometry, AFM and optical microscopy. The
suppression effect was used to build two types of films with patterned optical Bragg
reflection through alternation of porous and nonporous stacks in the direction normal to
the film plane. Maximum reflectivities higher than 70% were generated from 3.5 stack
films due to the unusually low refractive index in the porous regions, modeled as 1.09.

Patterned structures, both porous and nonporous, were used to control the location of
uptake of fluorescent dyes through increased affinity and surface area, as observed by
fluorescence microscopy. Porous channel structures were used to direct dye uptake by
controlling solvent transport through capillarity, enabling placement of two separate dyes
in close proximity on a film surface without mixing. Finally, bovine serum albumin was
used as a model protein to examine the effects of photocrosslinking and porosity on
uptake and immobilization of proteins within PEM structures via fluorescence
microscopy and radiolabeling. Porous thermally crosslinked films were found to adsorb
significantly more protein than most other processing conditions and all films
demonstrated retention of 80-95% of the adsorbed protein. Patterning of porosity gave
selective control of the location of protein uptake.
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Chapter 1. Motivation and Background

1.1 The importance of interfaces in biomaterials

There is an ever present need for materials in the biomedical and bioengineering
fields that exhibit useful behaviors when interacting with their environment. Many of the
biomedical technologies that we employ today take advantage of the bulk properties of
materials, a good example being arterial stents.

The basic operation of a stent is as such: When an artery becomes partially or
fully blocked due to arteriosclerosis or other conditions, it is necessary to remove the
blockage to prevent the death of surrounding tissue. The common procedure is to slide
an uninflated balloon within the metal stent to the blockage site and expand the balloon,
opening the artery, while simultaneously expanding the stent. The balloon is retrieved
leaving the stent to prevent re-collapse. Functionally, the stent material’s properties that
are most important for good function are flexibility, both to allow the stent to fit through
the artery and to enable its expansion and conformal fit; and strength, to keep the artery
open against the pressure exerted by the arterial walls. However, one of the biggest
problems with stents after implantation is restenosis or re-blocking of the artery caused
by ingrowth of smooth muscle cells onto the device, akin to a scar covering an injury.
The basic structural design of stents has not changed radically since its introduction, and
the majority of current research is focused on preventing restenosis, mainly through the
coating of stents with various drug-eluting films to inhibit cell growth. This coating is an
example of the surface modification of a biomedical device in order to simultaneously

exploit its bulk properties while mediating interaction with the body.



Figure 1.1. Schematic of stent function. (a) Blockage in a blood vessel caused by
arthlerosclerosis. (b) Stent is inserted endoscopically around an inflatable balloon. (¢) Balloon is
inflated, pushing the blockage out of the way and opening the stant. (d) The stent remains in place
preventing the vessel from closing. (d) Restenosis; smooth muscle cells migrate over the stent and
cause a second blockage.

Surface interactions are a function of many materials properties working in
concert. Physical interactions between materials, such as degree of adhesion, are
controlled by physical properties such as surface roughness and stiffness, and chemical
properties such as hydrophobicity/hydrophilicity and more explicitly the chemical
reactivity of the surface. Surface modification for biological applications has been
effected in a number of ways. One of the most common design strategies for controlling
cell-surface interactions has been to create a bio-inert surface that prevents non-specific
binding. Poly(ethylene oxide) brushes are the most employed polymeric material for
creating inert surfaces, formed by grafting adsorption or by controlled surface segregation
from bulk polymer mixtures [1-4]. Harder et al. linked it’s the favorable properties of
PEO to its helical structure which allows hydrogen bonding with water [5], and Szleifer

and others have shown that with sufficiently high packing densities, PEO will form a
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brush layer that resists protein adsorption due to the high energy required to displace the
bound water [2, 6]. Other successful methods for preventing cell adhesion take advantage
of similar material interactions with water to create “buffer” layers that reduce direct
interactions between the material and undesirable biological molecules [7, 8].

Often a biological application for a material surface requires promoting growth of
one class of organisms, such as eukaryotic cells, while preventing growth of another
class, such as bacterial contaminants. Tissue regeneration also requires the ability to
control the location and behavior of different types of cells, and this can be accomplished
through the introduction of specific signaling elements, both as soluble chemicals and
tethered ligands [9-11]. Polyelectrolyte multilayer assembly is a processing technique
with the ability to present a bio-inert surface along with patterned signaling elements onto
many substrates, and has thus emerged as a promising candidate for biomaterials

engineering.

1.2 Polyelectrolyte multilayer assembly as a biomaterials
platform

1.2.1 Assembly process

Polyelectrolyte multilayer (PEM) assembly is one of the most promising recent
technologies for making thin surface films. Originated by Decher and coworkers [12-14],
the process can create robust films and allows control over thickness and composition
down to the molecular level.

The fundamental idea behind the technique is the sequential adsorption of
oppositely charged species onto a charged substrate (Figure 1.2). Initially, a charged
substrate is held in a solution containing dissolved species of net opposite charge (al). In

15



appropriately designed systems, the species adsorbs to the surface to the extent that the
newly created film then displays the net surface charge of the deposited species. After
removal from solution and rinsing (a2), the sample can be placed into a solution
containing the oppositely charged species (a3), whereupon adsorption occurs in the same
manner as previously, yielding a new layer and another surface charge reversal. This
process can be repeated many times to yield films of the desired thickness (b), quantized
by the thickness of an individual layer or bilayer. Due to the method of layer addition,
the film can be constructed on any surface topography that can be reached by the polymer
molecules. Bruening, Schlenoff, Cohen and others have built onto membranes [15-17],
capillary tubes [18], and joint prostheses [19] on the macro scale, and many types of

organic and inorganic colloids on smaller length scales [20-29].
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charged

substrate polycation deposition

(b)

0 RS
t?ft!@r

Figure 1.2. The polyelectrolyte assembly process. A negatively charged substrate is placed in a
solution of polycation (al) that adsorbs to the surface. The substrate is rinsed several times in
water (a2) to remove loosely bound polymer, leaving only electrostatically bound material. The
substrate is placed in a polayanion solution (a3) that causes adsorption similar to the first step. A
second rinse removes loosely bound polyanion (a4) allowing the cycle to be continued. The
process can be repeated as many times as necessary (b) to build films of the desired thickness.

Initial systems were constructed with of strongly-charged polyanions like poly(4-

sodium styrene sulfonate) (SPS) paired either with strong or weak polycations such as

7



poly(diallyldimethyl ammonium chloride) (PDAC) and poly(allylamine hydrochloride)
(PAH). These systems displayed expected linear film thickness growth as a function of
number of deposition cycles |30, 31]. Korneev et al. used neutron scattering to reveal a
structure that consisted of highly locally interpenetrated layers that nevertheless remained
in their strata and did not move throughout the film [32]. This structure is common to
many other polyelectrolyte multilayer systems.

Some systems, such as poly(L-lysine)/hyaluronic acid(PLL/HA) have
demonstrated exponential film thickness growth per deposition cycle. Picart, Voegel and
coworkers have used optical waveguide light spectroscopy (OWLS) and quartz crystal
microbalance (QCM) measurements |33, 34] to show that the cause of this behavior is the
ability of one of the polymers to diffuse through the film during assembly. This permits
the polymer to concentrate at the film-solution interface and thereby increase the
available surface charge for the next adsorption. Arys et al. discovered that other
polymer systems such as those using ionenes demonstrate much more stratified films due
to ordering upon adsorption and resistance to full complexation with their corresponding
polyanion [35, 36]. Thus the type of polymer and the interactions between the polymer
pairs used for assembly have a great deal of influence on the behavior during assembly

and the final film structure.

1.2.2 Functional polymers in Polyelectrolyte multilayers

Essentially, the only major restriction for PEM assembly is the need for surface-
available charged groups on the components. The broader layer-by-layer assembly

process even extends to other types of binding. Rubner, Sukhishvili, Hammond and
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others have looked at hydrogen-bonding [37-45] systems. Caruso, Rubner, Cohen and
others have examined metal-polymer electrostatic interactions [46-48].

Many polymers with different functionalities have been studied to enable the
fabrication of films with different physical and chemical properties. Sukhorukov,
Schlenoff and coworkers have used temperature sensitive polymers to control film
permeability for drug release [49-51]. Electroluminescent polymers and small molecules
have been used for constructing light emitting films [46, 52]. Urban and others have
incorporated heparin into films that maintain its anti-coagulant function [53-55] and
proteins with enzymatic function have been shown to maintain activity within their
respective films [26, 56, 57]. Inorganic materials such as semiconductor nanoparticles
have been incorporated to create photoluminescent PEMs [27].

The most basic and important functionality is the charged nature of the polymers
for assembly and this can be manipulated to achieve foremost, control over the film
structure. This is often accomplished through modification of the charge interactions
between the assembly components, both during assembly and in the final state.
Controlling the ionic strength of the deposition solutions is one method of accomplishing
this. Charge screening caused by the presence of small ions during assembly has been
shown to affect film thickness |30, 58-60], and surface roughness [61]. Post-assembly,
film exposure to high ionic strength environments has also affected film properties, such
as porosity [62] and hydrated film thickness [61, 63]. The stability of the films is also
strongly affected by the ionic environment. Several groups have shown that at sufficient

salt concentrations, all polyelectrolyte multilayer films will eventually partially or
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completely dissolve [60, 64] unless some form of binding mechanism other than
electrostatics is used.

Another method for controlling available charge is by using weak polyelectrolyte
components that demonstrate pH-dependent charge density. By controlling the pH of the
polymer solutions during PEM assembly, the adsorption behavior of the polymer and in
turn, the final structure of the film, is modified. Poly(acrylic acid) (PAA) and
poly(allylamine hydrochloride) (PAH) are two of the most widely used weak synthetic
polyelectrolytes in studies pertaining to this field [46, 48, 65-74], although others have

also received attention, such as poly(ethylene imine) (PEI) [75, 76].

1.2.3 Multilayer films containing poly(allylamine hydrochloride) and
poly(acrylic acid)

The variable charge density on PAA comes from the phenomenon that at low pH,
the carboxylic acid groups on the chain become protonated, creating neutral carboxylate
groups. Correspondingly, positively charged amine side groups of PAH become de-
protonated at high pH. Detailed studies of thickness of PAA/PAH films as a function of
assembly pH for both polymers show in some cases non-intuitive morphology [68]. For
example, in pH-symmetric systems (where both polymer deposition solutions are at the
same pH) beginning from acidic conditions, the thickness of each of the layers follows
expected trends whereby the PAA layers decrease in thickness due to the increasing
charge, while the PAH layers do the opposite. This behavior abruptly changes after pH
4.5, where both polymer layer thicknesses increase significantly, and changes again after
pH 5.5, where layers shrink to what is essentially the thickness of the flattened polymer

chains [68]. This behavior has been ascribed to the tradeoff between the greater entropy
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but higher segment-segment repulsions of the extended brush-like chains and the lower
entropy but also lower interfacial free energy per chain of the flattened chains bonded
electrostatically at many discrete sites along the polymer backbone [69, 70]. Using
increasingly basic pH during assembly has similar effects on the morphology of these
films, as PAH becomes more weakly charged. Above pH 8, films show an abrupt
increase in assembled thickness, mirroring the trend with lower pH, until the solubility
limit of PAH is reached at pH above 9 [68].

The pH-influenced nature of PAH/PAA PEMs has led to a number of interesting
film properties and corresponding applications. The first is simply the variable degree of
swelling in aqueous solution. When assembled at acidic pH, many of the side groups in
PAA do not take part in the assembly process due to their protonation and so they remain
unpaired with a corresponding amine group. When appropriately immersed in neutral or
basic solution, these free carboxylate groups once again become carboxylic acids and
give the film a net charge, allowing it to attract small counter ions and water molecules to
cause film swelling. This effect is strongly related to, and easily controlled by, the
assembly solutions’ pH, giving differences in swelling. For example, from slightly
greater than 100% to close to 400% for PAH/PAA films assembled at pH 6.5 and 2.0
respectively [77]. One of the major differences in these films besides thickness is their
stiffness, which will be discussed later.

In order to codify the notation for pH-sensitive PEMs, films will be referred to by
their components in the manner (PX pH1/PY pH2), where PX and PY denote the
polycation and polyanion used, pH1, pH2 denote the pHs of the polymer dipping

solutions and z refers to the number of bilayers deposited. For example, (PAH 8.5/PAA
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3.5),05 would refer to a multilayer containing a PAH layer deposited from pH 8.5 solution
followed by a PAA layer deposited from pH 3.5 solution. This bilayer process would
have been repeated 10 times. The “0.5” in the bilayer number refers to the fact that the
film ends with a top surface of PAH deposited at pH 8.5, thus an additional half bilayer.
The similar way in which PAA and PAH behave in PEM assembly as their charge
densities decrease suggests that pH-asymmetric films with PAA built at low pH and PAH
built at high pH would possess very different structures from those with only one of the
polymer pairs partially charged. Studies by Mendelsohn et al. of (PAH 7.5/PAA 3.5)
films have shown them to respond very dramatically under the appropriate conditions.
When assembled films are subjected to pH < 2.5 followed by neutral pH they
spontaneously transition from uniform films to microporous ones {67]. This critical pH is
where a large percentage of the carboxylic acid groups on the PAA chains abruptly
become protonated, breaking enough electrostatic bonds with PAH to allow the film to
massively reorganize, resulting in spinodal decomposition of the polymers from the water
medium. It is only made possible because of the selected pH conditions during assembly.
Further studies of pH-asymmetric PAH/PAA films have extended the scale of
porosity achievable through controlling processing conditions. Along with the micro-
porosity of (PAH 7.5/PAA 3.5) films, Hiller and coworkers have observed nano-porosity
in (PAH 8.5/PAA 3.5) films when subjected to acidic pH followed by neutral or close to
neutral pH [78). This mechanism of transformation is believed to be the same as that for
the (PAH 7.5/PAA 3.5) system and has been exploited to make films that display both

tunable Bragg reflectivity [79] and controlled drug release [80].
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1.2.4 Cell interactions with multilayers

Biological interactions with many different PEM systems have been studied both
in vivo and in vitro. While in vivo research is still in the early stages, implanted devices
such as stents [81] and tracheal prostheses [82] have demonstrated increased
thromboresistance and anti-inflammatory behavior with PEM encapsulation and the
addition of appropriate chemical factors. In vitro cell interaction with PEM films has
been a growing area of research. Biomolecules such as polysaccharides and peptides
have been used as components in PEMs in order to promote and prevent the clotting
response of human blood [83], as well as for creating bio-inert and cell adhesive surfaces
[84]. Picart and coworkers have used poly amino acids such as poly(L-glutamic acid)
and poly(L-lysine) to control phenotype expression in film-adhered osteoblasts [85].
Purely synthetic systems include hydrogen-bonded layer-by-layer polyacrylamide
(PAAm)/PAA multilayers that show cytophobicity but not cytotoxicity [41].

An emerging understanding of cell interactions with surfaces places substrate
mechanical stiffness among the major factors in controlling behavior in anchorage-
dependent cells. Cell properties such as phenotype [86], cell motility [87], migration
direction [88], and cell adhesion and spreading [89] can be affected by the compliance of
the underlying substrate, independent of, or in addition to, chemical signals.

Mendelsohn et al. have demonstrated this compliance effect with PAH/PAA
multilayers through differing fibroblast adhesion behaviors to films constructed at
different pH [77]. More specifically, films with a high degree of swelling, assembled at
low pH, resisted cell adhesion, while films with lesser swelling promoted cell adhesion.

This occurred independent of several other film properties, such as wettability, degree of
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protein adsorption or surface charge [77]. Thompson et al. used nanoindentation
measurements of stiffness in these films to confirm the inverse correlation between
degree of swelling and modulus [90]. As well, the mechanical effects of ligand
attachment have been shown to affect cell behavior [90] separately from chemical
interactions. Picart and coworkers have shown that the system hyaluronic acid/poly(L-
lysine) in particular demonstrates tunable cytophobicity/cytophilicity depending on
degree of crosslinking (which affects mechanical compliance) and film thickness [91,

92].

1.2.5 Patterning and higher-level order in PEMs

Micro-contact printing, a technique first developed by Whitesides and coworkers
[93], is the most well-documented approach to laterally patterning multilayer films. A
stamp, usually made from crosslinked polydimethyl siloxane (silicone rubber), is covered
with polymer or small molecules and pressed onto a surface. The molecule is deposited
only where the stamp makes contact with the surface. This process has been used to
pattern multilayer deposition on many different types of surfaces by depositing a charged
polymer selectively onto a surface, only enabling assembly over those regions [94].
Hammond and coworkers have adapted the technique to deposit polyelectrolyte of
opposite charge onto already assembled multilayers. Known as polymer-on-polymer
stamping (POPS) |94, 95], this method is used to enable further assembly or reactivity
only in those areas,. Microcontact printing can also be used to guide deposition of other
components onto multilayers. Through control of charge, patterned deposition of
polymer colloids and magnetic particles [96-98] have been demonstrated. POPS of

biomolecules has been used for directed cell adhesion {99-101] and even multilayer films
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previously assembled on patterned stamps have been wholly transferred using this
technique [102, 103].

Other techniques have also been used to laterally pattern multilayer films. Lvov
and others have used deposition on a substrate with polymer solutions guided by
microfluidic channels [104, 105]. Wang et al. and Lu et al. have used patterned contact
compression of assembled films [106, 107]. Mirkin and coworkers utilized dip-pen
lithography to deposit charged molecules onto a surface with a nano-scale chemically
wetted tip to promote polymer deposition [108]. The deposition of multilayers on
lithographically patterned photoresist on silicon, followed by etching of the photoresist
has been reported by Caruso and coworkers [109]. Lithography on multilayers with
specialized photoactive components has also been employed for patterning, either by
rendering the exposed regions of the multilayer more soluble as demonstrated by Rubner
and coworkers [38, 41], or more often by creating covalent crosslinks to enhance

stability, as will be discussed below.

1.2.6 Crosslinking in polyelectrolyte multilayers

There are several methods for crosslinking PEM films, each with advantages and
disadvantages. For systems containing free amines and carboxylic acids, Bruening and
coworkers have extensively studied amide crosslinks created with heating [110, 111].
This process has been used to make ion-separating thin film nylon membranes [15, 16},
and to enhance film stability in various non-aqueous solvents [17, 112]. It has also been
used to preserve metastable microstructures such as nano- and micropores [79, 80]. The
disadvantage of this process is the need for temperatures close to 180 °C, which can

damage any thermally sensitive film components such as proteins. Alternatively, low
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temperature amide bonds can be formed using a crosslinking catalyst such as N-ethyl-N’-
(3-dimethylaminopropyl) carbodiimide (EDC) [21, 84, 91, 113-118]. PEM capsules have
been stabilized against dissolution with this process [21, 42] as well as planar films [91,
115]. Varying the quantity of catalyst controls the degree of crosslinking and this can
lead to control over mechanical properties such as film modulus [91]. Both of these
crosslinking methods rely on the presence of amines and carboxylic acid groups. As
well, any components with free amines such as proteins or peptides will be covalently
bound to the structure, which is not always desirable. Lastly, these techniques are not
feasible for nano- and microscale patterning, since controlling the spatial application of
thermal energy and/or small molecule diffusion in films on these scales is very difficult.

Photochemical crosslinking has been demonstrated as a route to patterning
multilayers following several approaches. Cao and coworkers pioneered the use of
diazo-resins (DARs), which are cationic and can covalently bind with sulfonate and
carboxylic acid groups [119, 120]. Multilayers built from these polymers have
demonstrated pattern-selective film etching [121], which has been used to guide colloid
adsorption and create freestanding films [122]. While DARs are strongly charged, pairing
with weak polyanions gives some of the pH-dependent behavior observed for fully weak
systems, such as pH-dependent assembly thickness [123]. However, DARs have poor
stability at high pH |124], which would make it difficult to build films using high pH
conditions, necessary to achieve certain pH-induced behaviors, such as micro- and nano-
porosity.

An alternative method for photo-crosslinking was developed by Advincula and

coworkers, through the covalent binding of photoactive benzophenone to PAA and PAH
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[125]. This method has the potential to address many of the problems associated with
other crosslinking techniques, including the ability to take advantage of pH-sensitive
behaviors of weak polyelectrolytes. Multilayers made from PAH-benzophenone and SPS

have been used to make hollow capsules for small molecule loading and release [126].

1.2.7 Protein and small molecule interactions with multilayers

One of the most active areas of investigation for PEMs is that of controlling
therapeutic drug interactions. Drug release mechanisms applicable to PEMs can be
separated into three types. Matrix-type and dissolution-type both begin with the drug
distributed within the film. The difference is that in matrix-type, the drug escapes by
diffusion from the film into solution while release in dissolution-type occurs by the
degradation of the polymer matrix, exposing the drug to solution. The third type,
reservoir-type, is a delivery approach in which the polymer acts as a diffusion barrier (or
membrane) for a separate large reservoir with a much higher diffusivity, thus controlling
the release rate. For matrix-type systems, simple uptake into assembled multilayer films
has been examined [71, 127, 128] as well as using the theraputic agent as a component in
the assembly, such as with DNA [14, 75, 129, 130]. Recently, Hammond and coworkers
have demonstrated pseudo-first order release from dissolution-type, hydrolytically
degradable multilayer films made from amino esters and polysaccharides [131], but
examples of this behavior in the field are rare.

Lvov, Caruso, Voegel, and others pioneered much of the initial investigation of
multilayer systems with proteins as components and studied the effects of incorporation
on structure [132-134], biological activity [135, 136], mobility [ 137, 138], and stability

[139]. The consensus findings are that for most systems, incorporated proteins maintain
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their solution state structure and function and can even demonstrate improved stability to
temperature and pH changes. As these systems demonstrate usefulness for biological
applications such as influencing cell behavior, patterning capability can further broaden

the utility of PEMs in chemical and biological sensing, and diagnostics.

1.3 Thesis Scope and Goals

The basis of this thesis is the control of the morphology of polyelectrolyte
multilayer films for various applications utilizing photoactive components. The nature of
the layer-by-layer technique allows for programmed film heterogeneity in the growth
direction through the choice of material incorporated into each layer. Through the layer-
selective incorporation of photoactive polyelectrolytes, and the use of photolithography,
control over structure in the plane normal to the film growth direction can be achieved,
leading to the ability to dictate the properties of the film in three-dimensions.

Chapter 2 of this thesis is concerned with synthesis of a polymer that can be
incorporated easily into the PEM assembly process, yet can enable localized patterning of
the final film structure. This is in contrast to a small molecule used for crosslinking such
as EDC [91, 116], that will travel throughout the assembled film. The reactivity of
poly(acrylic acid) side groups gives the opportunity to attach vinylbenzyl iodide, a
photoactive molecule, to this common PEM component, in quantities small enough to
maintain a high overall charge density, yet large enough to substantially modify the
physical properties of the final film. The photoactivity and solubility of the resulting
polymer poly(acrylic acid-ran-vinylbenzyl acrylate) (PAArVBA) as well as the efficacy

of the coupling reaction will be quantified.
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In Chapter 3, the properties of films made from the modified polymer will be
compared to those assembled with unmodified PAA, including film thickness,
hydrophilicity, and stability under various aqueous environments. The effects of photo-
crosslinking on the structure of assembled films will be observed, specifically the
mechanical properties and swelling characteristics of films in aqueous solution.

The internal structure of PAH/PAA pH-asymmetric films (PAH 7.5/PAA 3.5, PAH
8.5/PAA 3.5) can be modified by exposure to acidic and neutral aqueous solution, but
this can only occur because of the ability to break and reform electrostatic bonds between
polymer chains. By the insertion of PAArVBA containing photo-crosslinking groups we
can locally inhibit the reformation process in the layer plane because of the higher
stability of the resultant covalent bonds. In Chapter 4 we will examine the effects of this
covalent binding on the porosity transition observe the effects of two-dimensional
patterning on porosity.

The inherent control in layer-by-layer assembly over polymer composition also
enables control over porosity in the growth direction, through the insertion of PAArVBA,
and/or components such as strong polyelectrolytes without pH-dependent behavior. This
gives a degree of 3-dimensional control over the location of porosity within multilayer
films. In Chapter 5 this will be demonstrated through the patterning of porosity in
heterostructured polyelectrolyte multilayers (HPEMs) containing alternating stacks of
pH-insensitive PAH/SPS and PAH/PAArVBA. Similar to previous work [79], this
structure should lead to the ability to make Bragg-reflectors by inducing nanoporosity
only in the pH-sensitive stacks, but with the addition of lateral patterning functionality

obtained through the photocrosslinking inhibition of the porosity transition. The new
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properties of PAArVBA also enable the construction of a new Bragg structure with the
assembly of alternating PAH/PAA and PAH/PAArVBA stacks enabling patterning of
regions of alternating porous polymer stacks side by side with fully porous regions. The
reflectivity of these films is dependent on the stack thicknesses, the number of stacks and
the refractive index difference between the alternating stacks.

Loading and release of biologically active molecules from PEM films is a complex
process due to a number of factors. The molecule size, charge and hydrophilicity all
determine what PEM system will be ideal for its binding or entrapping. Also, the
incorporation method is important. Simple adsorption of the active molecule is the most
straightforward method, but achieving a release profile that is significantly different from
the adsorption profile requires either a strong interaction between the polymers in the
film and the target molecule, or some way to alter the structure post-adsorption. The
increased surface area presented by porous multilayers may enable enhanced adsorption
of guest molecules. Chapter Chapter 6 will examine the loading of model dyes into as-
built, crosslinked and porous (PAH 8.5/PAArVBA 3.5) multilayer films and the effects
of charge and hydrophilicity on binding. Patterning of the porous structure will be used
to demonstrate selective binding as well as the creation of capillary channels able to
independently load different molecules onto the same film. In addition, albumin will be
used as a model] protein to assess the ability of these films to load larger molecules and
their capability for release

Overall, this thesis will demonstrate the enhanced control that photocrosslinking
brings to the already versatile technique of polylelectrolyte multilayer assembly. This

should lead to new applications that take advantage of the many structures achievable in
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weak PEMs, especially their sensitivity to local environments and their compatibility

with biological and bioengineering systems.
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Chapter 2. Synthesis and characterization of
poly(acrylic acid-ran-vinylbenzyl acrylate)

The introduction of photo-crosslinking functionality into polyelectrolyte
multilayer assembly is not new, but commonly the purpose of such endeavors has been to
exploit the difference in robustness between the covalently and the electrostatically
crosslinked regions of assembled films, enabling such applications as microcapsules that
are stable in destructive environments [25, 126] or selectively etched films [122]. While
we also wish to exploit this difference, we are as much concerned with the ability of the
photo-crosslinking to control other aspects of film structure, especially for multilayer
films containing weak polyelectrolytes. In order to explore this structural control, we
require a polymer that is a weak polyelectrolyte with photo-crosslinking groups sufficient
to preserve film morphology. Another of our aims is to use assembled films to house
biological molecules, and as such a crosslinking mechanism that avoids direct interaction
with the carboxylic acid groups and primary amines abundant on peptides and
polypeptides is desired.

A straightforward method for photo-crosslinking is to use a polymer with
unsaturated double bonds. Exposure of these groups to ultraviolet light in a film should
promote the generation of tethered radicals that can readily attack other double bonds
present, creating dimers to link chains. In addition, the localization of the double bonds
to the polymer chains should prevent, or at least restrict, the migration of radicals from
the intended pattern region, in contrast with small molecule crosslinking agents that
would be expected to diffuse throughout the film, e.g. EDC [91]. To that end, we have

developed a method to utilize the chemical activity of poly(acrylic acid) towards
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appending groups with this crosslinking functionality. The chemical vinylbenzyl iodide
serves as a good candidate for fulfilling our requirements. If reacted with PAA ina
halide esterification reaction [140] in small quantities, the charge behavior of the polymer

should be preserved while adding control over structural transformations.
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Scheme 2.1. The synthesis of poly(acrylic acid-ran-vinylbenzyl acrylate) (PAArvVBA). (a)
Poly(acrylic acid) is charged by the presence of trithethylamine. (b) The vinylbenzyl iodide
couples to poly(acrylic acid) as long as the iodine can make a quarternary amine with the
triethylamine, thus replacing some of the acrylic acid side groups with vinylbenzyl acrylate
groups.

2.1 Materials

Vinylbenzyl chloride, sodium iodide, poly(allylamine hydrochloride) 70,000
g/mol (PAH), triethylamine (TEA), potassium iodate, poly(sodium-4-styrene sulfonate)
(SPS) 1,8-diazobicyclo[5.4.0Jundec-7-ene (Sigma-Aldrich), potassium iodide

(Mallinckrodt), poly(acrylic acid) 90,000 g/mol (PAA), 25 wt% aqueous solution
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(Polysciences), and sodium tetraborate decahydrate (Fluka) were used as received. All
aqueous solutions were prepared using Milli-Q Academic (Millipore) water with a total
organic content (TOC) of <15 ppb. Aqueous solution pH values were measured using
either a Beckman Coultier @360, or a Thermo Electron Orion 230A pH meter with

buffered calibration standards (VWR Scientific).

2.2 Synthesis of vinylbenzyl iodide precursor

To create the PAArVBA co-polymer, it is first necessary to synthesize the
precursor that couples to the PAA acid groups, vinylbenzyl iodide. Sodium iodide (98.5
g, 657 mmol) and 500 mL acetone were added to a flask and stirred until the salt was
completely dissolved. Vinylbenzyl chloride (21.48 g, 141 mmol) was added and the
solution refluxed at 54 °C under nitrogen for three days. The solution was then filtered to
remove precipitated sodium chloride and roto-evaporated until nearly dry. The recovered
product was re-dissolved in 60 mL of acetone and the resulting solution precipitated in 1
L hexane. The liquid portion was roto-evaporated to precipitate additional salt, decanted
and filtered in hexane through a silica column. The filtered liquid was roto-evaporated to
remove the remaining hexane, leaving the vinylbenzyl iodide (VBI) product. 'H NMR
spectra of vinylbenzyl chloride and vinylbenzy! iodide samples dissolved in deuterated
chloroform were measured on a Bruker Avance-400 NMR spectrometer (Figure 2.1).
Upon completion of the reaction, the vinylbenzyl chloride peak at 4.6 ppm, attributed to
the chloromethyl groups, was observed to shift to 4.5 ppm, corresponding to iodomethyl

protons.
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Figure 2.1. NMR spectra of vinylbenzyl chloride and the more reactive vinylbenzyl iodide in
deuterated chloroform (CDCl,;). The halide exchange is confirmed by the shift of the peak for
the protons nearest the halide from 4.6 ppm to 4.5 ppm.

2.3 Coupling of vinylbenzyl iodide to poly(acrylic acid)

2.3.1 Scheme 1

PAA (2.5 g) was dried from solution under vacuum overnight and added to a flask
containing 300 mL dimethylformamide (DMF). The solution was purged with nitrogen
and heated to 90 °C under stirring until the PAA dissolved. After lowering the
temperature to 30 °C, 2.6 mL triethylamine (TEA, excess) was added along with 2.2 mL
VBI (excess) and the mixture was stirred overnight. Progress of the reaction was
indicated by the solution changing color from clear to bright yellow. The mixture was
precipitated in 1.2 L tetrahydrofuran (THF) producing a pale yellow solid. The recovered
product was dissolved in 200 mL water, filtered to remove insoluble particulates of
polymer with too high of a VBA:AA ratio, then dialyzed using 3500 MWCO Snakeskin
dialysis tubing (Pierce) in 2 L of water exchanged once a day for three days. Subsequent
poly(acrylic acid-ran-vinylbenzyl acrylate) (PAArVBA) formulations were made from
diluted portions of this solution. The concentration was determined by weighing the

vacuum dried product from a 1 mL initial volume sample. Coupling was verified with 'H
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NMR in deuterated water, by observing the shift from 4.4 ppm (a5) to 5.0 ppm (b5’), and
broadening of the peak for the hydrogen pair adjacent to the iodide group (Figure 2.2).
Some formulations were recovered from the solid form, placed into a vacuum oven for at
least 24 hours and used subsequently without dialysis. 'H NMR was also used to verify
coupling in this case. Evident in Figure 2.2 are additional peaks at (6) 3.05 ppm, (9) 1.25
ppm, and (9) 1.12 ppm. These match the NMR signature of TEA. While the majority of
THF and DMF can be removed through the precipitation, vacuum drying and dialysis
processes, triethylamine persists. The peak at 3.2 ppm corresponds to the protons bound
to the carbons nearest the nitrogen center but the two peaks at 1.2 and 1.3 ppm are
believed to belong to the same chemical group, that of the protons in the three terminal
methyl groups as suggested by the 3:2 peak area ratio between the sum of those two
peaks and the first peak. The reason for the peak separation is possibly the two different
chemical environments that these protons experience, namely the charged and neutral
states of the central nitrogen. It is understandable that the charged TEA molecule would
electrostatically bind to free carboxylic acid groups along the polymer chain, making it
hard to remove. Less clear is the binding of the neutral TEA to PAArVBA. It may be
due to hydrogen bonding effects, or hydrophobic association with the coupled

vinylbenzyl groups.
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Figure 2.2. NMR of vinylbenzyl iodide in CDCI, (a) and PAArVBA in D,0. The iodomethyl
proton peak shift for vinylbenzyl iodide (4.5 ppm at a5 to 5.0 ppm at b5°) and the accompanying
broadening of the peak indicate coupling to the polymer. The (b7) peaks correspond to
triethylamine (TEA). D,O peak removed from (b) for clarity.

The presence of triethylamine in the polymer solution especially in the charged state
will have an effect on the assembly behavior and the final film structure in the same
manner that any additional ions in solution would. However, it should not affect the

ability of the polymer to create covalent bonds when exposed to UV irradiation.

2.3.2 Moaodifications to Scheme 1 to improve purity

In the latter stages of this research, a new protocol was developed for coupling
which results in higher purity material and more consistent polymer solubility in water
after drying. Triethylamine was replaced with 1,8-diazobicyclo|5.4.0Jundec-7-ene

(DBU), a stronger tertiary amine that enables greater reactivity of the esterification
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reaction [15]. With this new modification, it was no longer necessary to pre-dry the
polymer, making dissolution in DMF simpler. In addition, dialysis was more successful
at removing the amine post-coupling.

PAA 25 wt% in aqueous solution (10 g) was added to a flask containing 100mL
dimethyl formamide and stirred until dissolved. DBU (0.5 g) was added and allowed to
dissolve before adding 0.5g VBI. The flask was then sealed and purged with nitrogen for
5 min and allowed to stir overnight at room temperature. The solution was then
precipitated in 1.2 L THF, producing fine particulates. The precipitate was allowed to
settle/aggregate and the remaining liquid was decanted. The product obtained at this
point was a pale yellow viscous fluid. The polymer was allowed to dry until semi-solid
and then small amounts of sample were taken for NMR measurements and the remainder
was dissolved into 50 mL Milli-Q water. NMR samples were dissolved in deuterated
DMSO (DMSO,,) in order to compare peak locations exactly with VBI, which is also
soluble in DMSO. Shown in Figure 2.3 are the spectra of VBI and of DBU-catalyzed

PAATVBA taken from the sample produced before dialysis.
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Figure 2.3. NMR of VBI (a) and PAArVBA (b) in DMSO,. The broadening of all side group
peaks after synthesis is apparent. 1,8-diazabicyclo[5.4.0Jundec-7-ene and dimethyl formamide
peaks show up in the lower end of the spectrum of PAArVBA before purification.

The large peak shift for the iodomethyl protons (a5 to b5) is apparent, as is the lack of
residual VBI, since it is all consumed in the reaction. There is also residual DMF (2.7,
2.8, 8.0 ppm) and DBU (labeled in Figure 2.3). To purify the samples, the polymer water
solution was dialyzed following the same procedure as the previous section, except in a
solution of pH 3.5, below the pKa of PAA in solution, which should allow the charged
amine to decouple from the acrylic acid side groups. Shown in Figure 2.4 is the NMR of
samples taken at three time points for the dialysis. The large peak at 3.4 ppm is residual
water from drying the sample, but the peaks from DBU can be seen superimposing upon
them. After three days of dialysis, the contaminants are mostly removed. The small peak

at 2.5 ppm is from DMSQO,.
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Figure 2.4. NMR of PAArVBA purification in DMSO,,. The peaks attributed to DMF (2.6,
2.8, 8.0 ppm) and DBU (as noted in Figure 2.4) disappear from the spectrum after 3 days of
dialysis in aqueous solution at pH 3.5.

In all following sections, where this polymer synthesis was employed, it will be
denoted as DBU-catalyzed PAArVBA (DPAArVBA) and the previous synthesis product

will be referred to as TEA-catalyzed PAArVBA (TPAArVBA).
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2.4 Characterization of poly(acrylic acid-ran-vinylbenzyl
acrylate) in solution

2.4.1 Calculating ratio of acrylic acid to vinylbenzyl side groups in
PAArVBA

In order to control the nature of structural changes in multilayer films containing
PAATrVBA, it is necessary to characterize the behavior of the polymer when exposed to
activating radiation. Firstly, the available amount of crosslinking groups must be
determined. From NMR measurements we can estimate the percentage of pendant
vinylbenzyl acrylate groups in the copolymer (Figure 2.2). The most direct comparison
can be made between the (b5’) peak at 5.0 ppm, attributed to the proton pair between the
ester oxygen and phenyl group, and the peak at 2.17 ppm, attributed to the single proton
of the first carbon on the polymer main chain. From various syntheses, this value has
been calculated as between 3.1% and 6.0%. Of note is that this is not necessarily the
percentage for all polymer created in this coupling reaction, but rather the polymer that is
hydrophilic enough to precipitate in tetrahydrofuran and dissolve in water. It may be
possible to isolate polymer with a larger vinylbenzyl side group percentage, but
multilayer deposition would have to be carried out at least partially in non-aqueous or
semi-aqueous solution. Typical initial yields for TPAArVBA were ~60%. Typical yields

for DPAArVBA were 90% or higher.

2.4.2 Quantifying UV reactivity of PAArVBA

UV-vis spectroscopy measurements were made on a Cary SE Spectrophotometer

(Varian). Aqueous solution measurements were made using a quartz cuvette with a path
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length of 10mm. Solutions were crosslinked by exposure to a Model UVG-11 short wave
ultraviolet lamp transmitting at 254 nm and 4 W from a distance of 3 cm.

In order to determine the reactivity of the PAArVBA to UV light, it is necessary
to establish several parameters. The amount of light impinging on the sample must be
quantified, as well as several parameters relating to the interaction of the polymer with
light. The first is the molar absorptivity, which is used to relate the amount of adsorbed
light in a solution to the concentration of molecules in that solution. The second is the
quantum yield, which relates the amount of adsorbed light to the number of reactions that
take place.

For most solutions, where the solute is of low enough concentration, the ratio of
incident light to adsorbed light is related to the concentration in a prescribed fashion. The

Beer-Lambert law describes this relationship as

(2.1)

where 1, and ] are the intensities of the incident light on and transmitted light through the
sample, respectively, A is the absorbance, ! is the length of the light path through the
solution, c is the concentration of light adsorbing solute in the solution, and a is the
molar absorptivity. When the Beer-Lambert law applies, the molar absorptivity is a
constant and the absorbance is linearly related to the concentration of the solute. As the
concentration goes above a certain amount, the relationship becomes non-linear and the
absorptivity becomes a function of concentration.

The UV-vis spectrum of the TPAArVBA in aqueous solution between 200 and

300 nm reveals a significant peak with its maximum at 254 nm (Figure 2.5). This peak is
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attributed to the double bond located on the end of the pendant vinylbenzyl groups, which
are resonant with the nearby phenyl ring. The concentration of VBA groups was
determined through NMR by comparison of the areas of the VBA peak at 5.0 ppm, the
polymer backbone peak at 2.17 ppm and the TEA peak at 3.05 ppm. By determining the
molar ratios of these components in the solid, the concentration of VBA groups per unit

mass could be determined and subsequently the concentration in solution.
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Figure 2.5, UV-vis spectroscopy of PAArVBA in solution. (a) The photoactive side group peak
at 254 nm and (b) measurement of absorbance versus side group concentration showing a linear
relationship.

The absorbance at 254 nm was determined from concentration measurements to
obey the Beer-Lambert law up to 0.165 mM (of polymer repeat units) and within that
regime, the molar absorptivity was determined to be 5.30+0.08x10° L mol cm’.

The mechanism for crosslinking is assumed to be similar to that shown in Figure
2.6, where UV irradiation produces a triplet state and then free radicals at either end of

the former double bond. The terminal radical is much more reactive and can attack
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another double bond, or nearby polymer chains. This mechanism has been previously
proposed to explain the UV induced autopolymerization and grafting of styrene [141}].
Through the exposure of the solution to UV light at 254 nm, the crosslinking reaction can

be followed through the decrease in the peak at 254 nm upon the loss of vinyl groups.

—_— —_—
\g \@ | \gﬂ |
Figure 2.6. Possible mechanism for crosslinking. UV irradiation induces a singlet state leading

to a stable triplet state followed by two free radicals. The terminal radical attacks nearby double
bonds or other polymer chains.

Photon flux of the lamp was determined using the photoreaction of potassium
iodide as an actinometer along with potassium iodate as an electron scavenger as
described in the literature [142}]. Briefly, solutions of 0.6 M potassium iodide and 0.1 M
iodate in 0.01 M sodium tetraborate decahydrate buffer were measured with UV-vis and
then exposed to radiation from our UV light source at the same distance as our
crosslinking conditions for fixed amounts of time (30 seconds or one minute) and

measured again. The reaction is given by

8I' + 105 + 3H,0 + hv =2 31, + 60H". (2.2)

The quantum yield of the reactants is 0.75 and with knowledge of the iodate and

iodide concentrations, the number of photons directed at our samples was determined
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from the increase in the absorbance peak at 352 nm due to the formation of triiodide from

iodide (Figure 2.7).
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Figure 2.7. UV-vis spectroscopy of the photochemical formation of triiodide from iodide with
254 nm wvelength light. The increase in the adsorption peak of triiodide at 352 nm can be used
to quantify the amount of light adsorbed by the sample.

One of the more common methods for quantifying a photochemical reaction is the
quantum yield, which is calculated as the number of reaction events that occur per photon
adsorbed by the reactants. Looking at the change in absorbance for a solution of
PAArVBA before and after UV exposure, the number of reaction events N per unit

volume can be defined by

AA

where AC,, is the change in concentration of double bonds, AA is the change in

absorbance after exposure at 254 nm, and the path length / is 1 cm.
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Through the potassium iodate actinometry, we can determine the incident photon
flux at 254 nm for identical exposure conditions. By measuring the absorbance before
and after the UV exposure, we can determine, using the concentration calibration, the
change in the number of double bonds for any given exposure. From a series of one-

minute exposures using the experimental setup, a quantum yield of 0.013 was calculated.

Table 2.1. Crosslinking properties of PAArvBA

% of vinylbenzyl side groups l Molar absorptivity l Quantum yield

3.1-6.0 I 5.30+0.08x10° L mol” cm* l 0.013



Chapter 3. Structural characterization of poly(acrylic
acid-ran-vinylbenzyl acrylate) multilayers
Although the ability of multilayers to significantly change their structure with
small changes in assembly conditions is beneficial for their versatility, it also means that
unintentional or unavoidable changes in polymer composition can adversely influence
their assembly behavior. The addition of vinylbenzyl groups to PAA to enable photo-
activity can have unintended effects during assembly that must be characterized in order

to predict and control final film structure.

3.1 Multilayer film assembly

Solutions of 102 M PAA and PAH in water were made from received materials
(concentration based on the molecular weight per repeat unit). PAArVBA solutions of
0.375-0.400 mg/mL were made from the diluted aqueous product of the polymer
synthesis or from the solid form. Polymer solution pH values were adjusted to within
+0.05 units of the noted pH by adding either 1M aqueous NaOH or HCl.

Silicon 3” x 0.5” substrates cut from 8” diameter p-type test wafers (University
Wafer) were prepared by immersion overnight in chromic sulfuric acid while giass
(VWR) and fused quartz (Quartz Scientific, Inc.) 3” x 1” slides were sonicated in
detergent solution for 15-30 minutes. All substrates were then thoroughly rinsed with
and sonicated in deionized (DI) water for a minimum of 15 minutes. Films were then
assembled using an automated HMS series programmable slide stainer (Zeiss/Microm).
Substrates were immersed in polycation solution for 15 min followed by immersion in

three DI water rinse baths for 2, 1, and 1 min, respectively. Substrates were then



immersed in polyanion solution and rinse baths following the same pattern. This was

repeated until the desired number of bilayers was achieved.

3.2 Measuring film thickness

Film thickness measurements were performed on a Gaertner 126B ellipsometer
using a He-Ne 633 nm wavelength laser at an angle of incidence of 70°.

The most commonly measured property of multilayer films that is structure
dependent is film thickness. To that end (PAH/TPAArVBA) films were constructed
from pH-symmetric polymer solutions on silicon for ellipsometric thickness
measurements in order to compare to (PAH/PAA) films. Ellipsometric measurements
were taken of the (PAH/TPAArVBA) system for three separate samples at 15 and 16
bilayers each per pH assembly condition. Thickness was determined as the difference
between 15 and 16 bilayers. Shown in Figure 3.1 is the thickness per bilayer at various
pH, for the PAH/PAA system taken from Shiratori et al. [68], and the PAH/TPAArVBA

system.
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Figure 3.1. Thickness per bilayer versus assembly pH for the (PAH/TPAArVBA) system

compared to literature data for (PAH/PAA) [68]. The critical pH at which the thickness drops
discontinuously is lower for the (PAH/PAArVBA) system. Data measured from 15 and 16 bilayer
films.

Both systems demonstrate similar trends in that the thickness of the films
increases with increasing pH up to a critical point, where the thickness rapidly drops
down to values close to the chain cross-section. This is attributed to the transition from a

mismatch in charge density between the polycation and polyanion to a closely matched,

fully charged state for both polyelectrolytes. The slight mismatch at lower pH causes a

structure containing many internal loops, while the fully matched chains adopt a one-to-

one correlation between charged side groups, giving a flatter, ladder-like conformation
(Figure 3.2).
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(PAH 5.5/PAA 5.5) (PAH 6.5/PAA 6.5)

Figure 3.2. Simplified schematic of the difference in structure between (PAH 5.5/PAA 5.5)
and (PAH 6.5/PAA 6.5) films. AtpH 5.5, the polymer chains are slightly mismatched leading to
frustrated, loopy conformations and greater film thickness. AtpH 6.5, chain side groups are
bound one-to-one in a “ladder” conformation.

The main difference in the thickness trends between the two polymer systems is
that, for PAArVBA-containing films, the critical pH is lower than for those containing
PAA. For the PAH/PAA system, the transition occurs between pH 5.5 and pH 6.0, while
for the PAH/PAATVBA system the transition occurs between pH 5.0 and 5.5. This can be
explained by the difference in structure between the two polymers. The vinylbenzyl side
groups of PAArVBA, in addition to carrying no charge, are much larger than the acrylic
acid side groups on PAA and PAATVBA. As such, there is a greater free volume
associated with the polymer. Theoretical models have been developed to explain the
abrupt thickness transition of weak PEMs by comparing the free energy state of a
polyelectrolyte chain adsorbing in a loopy confirmation (entropically favorable) or in a

flat confirmation (enthalpically favorable) [69, 70]. The transition occurs at a polymer
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chain charge density where the former becomes greater than the latter. The adsorption

free energy is linearly dependent on the free volume described by Park et al. as [69]

F,=F, +F,, +F (3.1)

conf stick rep

where F,,is the conformational free energy, F, is the free energy from the summation
of all electrostatically paired segments, and F,,, is the segment-segment repulsive free
energy. The segment-segment repulsive free energy is composed of an electrostatic

contribution and a free volume contribution [69]
7# 2N l ¢ —2xH l
BF.., ~—K—3§fa—(e 2 —1+2KH)+—5N¢ (32)
where B = 1/kgT, Iy is the Bjerrum length, fis the ionization fraction, N is the number of

chain segments, ¢ is the segment (or loop) volume fraction and x is the Debye parameter

[69]

—a (f4 + f3)lsegment]+ [salt] A
3.04

K (33)

where f, and f; are the ionization fractions of the polyanion and polycation respectively,
and a is the segment size. Any increases in the segment-segment repulsive free energy
act to lower the critical pH at which the transition from a looped state to the fully flat
state occurs. Free volume increases in the model act to lower the entropic favorability of
the looped state, but the more significant influence is that of the electrostatic repulsion.
Due to the uncharged nature of the vinylbenzyl groups, the PAArVBA ionization fraction
at a given pH is effectively lowered relative to PAA. Thus fand x are similarly

decreased in the previous equation. The repulsive free energy is more strongly dependent
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on k, however, which should lead to an increase in F,,, for decreasing f, and a subsequent
decrease in the transition pH.

The other difference between the two systems is the thickness at pH = 6.0. The
PAH/PAArVBA system is slightly thicker in that pH regime and this is due to the TEA
residue during assembly. Adding salt to polymer solutions during assembly has been
shown to produce thicker films in strong polyelectrolyte films and this is likely what is

occurring here.

3.3 Determining degree of crosslinking in PAH/PAArVBA films

In Figure 3.3 is shown the UV-vis absorbance spectrum for a (PAH
6.5/TPAArVBA 6.5),, film built on quartz which is transparent to a minimum
wavelength of ~180 nm. When incorporated into multilayer films with PAH, the double
bond peak at 254 nm is still visible in the UV -vis spectrum. We can use the presence of
this peak to follow the progress of the crosslinking reaction. As the 254 nm peak
decreases from increased exposure, a separate peak at 209 nm shifts to the left. This peak
is attributed to the phenyl ring adjacent to the double bond on the side groups. The
hypsochromic shift is due to the loss of conjugation between the phenyl rings and the
vinyl groups, which are being consumed in the crosslinking reaction. From the graph, the
peak at 254 nm is no longer visible after 15 minutes of exposure. This exposure time or

longer was thus used to achieve full crosslinking of experimental samples.
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Figure 3.3. UV-vis spectrum of a (PAH 6.5/PAArVBA 6.5),, film on quartz. The photoactive
peak at 254 nm decrecases upon exposure to 254 nm wavelength light. The absorbance at 254 nm

1s almost flat at 15 minutes exposure (insct).

3.4 Crosslinking effects on swelling in PAH/PAArVBA films

3.4.1 Thickness measurements in aqueous solution

To determine the effects of crosslinking on the swelling ability of PAH/
PAArVBA films, multilayers were assembled at acidic pH, where PAH/PAA films are
known to swell significantly in neutral or near-neutral pH due to the de-protonation of
embedded carboxylate groups [127] (Figure 3.4). Fluid-cell ellipsometry was used to

determine thickness of films built on reflective silicon substrates.
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Figure 3.4. Simplified schematic of the swelling effect in (PAH/PAA) films assembled at low
pH when placed into neutral pH. (a) During assembly, many of the side groups of PAA are
protonated and uncoupled to a corresponding PAH side group. (b) In neutral water these groups
become charged and repulse each other along with solvating water molecules leading to swelling.

Ellipsometry exploits the polarization of most electromagnetic plane waves.
Light propagating in the z-direction of a Cartesian coordinate system will display a time

dependent intensity that precesses elliptically in the plane normal to z. This intensity £

eim(l—ln J} (3.4 )

where E, and E| are the x and y components of the intensity vector, Re is the real part of

can be described in vector form as

Xeid
Y

L.
() = (7

E (1)

=Re

the expression, X and Y are the maximum amplitudes of the wave in the x and y directions
respectively, ¢ is the time, w is the angular frequency and A is the relative phase of the

wave [143]. The parameters commonly described in ellipsometry measurements are A
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and v, where tany = y=X/Y, and the state of elliptical polarization of light can be

described by the Jones vector [143],

sinye™
[l ve (3.5)

cosy

By measuring the change in polarization of light after interacting with a sample,
various properties about the sample can be determined. For isotropic thin films deposited
on substrates of a known material, the refractive indices and thicknesses can be
measured. In addition, with the proper model, these properties can be determined for
more complex structures such as multi-stack films. While standard ellipsometry uses
monochromatic light, typically from a laser, spectroscopic ellipsometry measures light
from a wide range of the spectrum, giving greater accuracy.

Film thickness measurements were performed on a Gaertner 126B ellipsometer
using a He-Ne 633 nm wavelength laser at an angle of incidence of 70° as described in
section 2.4.2. For in situ aqueous measurements, samples were placed into a fluid cell
with quartz windows constructed in-house after a similar cell described in the literature
[144]. The windows for the cell were angled to be normal to the incident beam.
Additional in situ measurementé were performed with the same type of cell on a
spectroscopic ellipsometer (J.A. Woollam, M2000-D) using a spectral range from 190 nm
to 1000 nm.

Figure 3.5 shows the time dependent ellipsometric thickness for representative
(PAH 3.0/TPAArVBA 3.0),, samples in pH 7.0 aqueous solution, one as-built, and the

other UV exposed for 15 minutes. The degree of swelling AS is shown as
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(3.6)

where T,,, and T, are the thicknesses in solution and in the dry state, respectively.

While the crosslinked film swells, the thickness change reaches a plateau at 20%
of the dry film thickness. The as-built film shows a much greater degree of swelling,
equal to double the thickness of the crosslinked films after 90 minutes.

It is worth noting the choice of pH 3.0 as the film assembly pH. Assembly at
lower pH, which should result in a greater swelling differential, was not suitable for the
PAH/PAArVBA system, as the as-built films were unstable and had a tendency to
delaminate or disassemble in neutral pH aqueous solution. By contrast PAH/PAA films
have been shown to be stable at pH 2.0. The difference can be attributed to the lower

charge density of PAArVBA as compared to PAA.
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Figure 3.5. Ellipsometry of (PAH 3.0/TPAArVBA 3.0),, in water pH 7.0 crosslinked (®) and
uncrosslinked (O). The crosslinked film shows a plateau in swelling as compared to the
uncrosslinked film.

When assembled at a pH below the pKa of PAA, there are relatively few anionic
groups for binding. In addition, the residual presence of triethylamine in the polymer
when making solutions may influence the building behavior. If the TEA is fully charged
in solution, it can act in a similar way to a salt, causing charge screening of the
PAArVBA acrylic acid side chains, making the structure looser and more prone to
instability. From NMR on the polymer batch used for this experiment, the TEA
concentration is equivalent to 18% of the number of monomer units on the polymer. For
a typical 10 mM solution of polymer, this is equivalent to 2 mM of TEA groups that are

fully charged for these assembly conditions (pKb 11.01).
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A similar behavior to that of the pH 2.0 assembled films in water was apparent for
pH 3.0 assembled films in saline solutions. For biological applications, films are likely to
be exposed to environments that contain salts and other charged molecules, so it is
important that multilayer films remain stable under these conditions. To that end
phosphate buffered saline, a common buffer for biological studies, was used to assess
these effects on our system. Shown in Figure 3.6a is the y vs. wavelength data for a
(PAH 3.0/TPAArVBA 3.0),, uncrosslinked film in 1xPBS solution taken at various time
points. The spectrum is relatively unchanged between 5 and 60 minutes, indicating that

the majority of film swelling occurs within the first 5 minutes.
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Figure 3.6. Ellipsometric spectra for an uncrosslinked (a) and 5 minutes crosslinked (b) film
immersed in phosphate buffered saline. The uncrosslinked film begins to show an erratic
spectrum after 1 hour in solution, while the crosslinked film spectrum remains stable.

At 180 minutes, however, the spectrum becomes erratic, indicating partial loss of
film stability. For films UV exposed for 5 minutes, the ellipsometric data demonstrates

stability out to 180 minutes, the extent of the measurement time. However, this stability
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for lightly crosslinked films was not universal. We noted that in some cases, the stability

of films crosslinked for 5 minutes was shorter-lived than that for films crosslinked for

longer times (15 or 30 min).

Shown in Figure 3.7 is the time-dependent thickness for (PAH 3.5/TPAArVBA

3.5),, films in pH 7.1 aqueous solution for 3 different crosslink times as a function of

immersion time. The lightly crosslinked film (5 min exposure) loses stability after

approximately 20 minutes, while the other films remain stable.
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Figure 3.7. Ellipsometric thickness as a function of immersion time in pH 7 water, and

crosslink time. Values from films crosslinked for 15 and 30 minutes are stable, while those from

the film crosslinked for only 5 minute become erratic after 25 minutes.
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3.4.2 Surface topography of patterned PAH/PAArVBA films in aqueous

solution

To demonstrate patterning of the photo-crosslinkable PEMs in two dimensions,
(PAH 3.0/TPAArVBA 3.0),, films were exposed to UV light using a chrome-coated
quartz mask with regularly spaced 10 ym-diameter circular features. Atomic force
microscopy (AFM) measurements were made on samples deposited on glass coverslips,
attached by epoxy to Falcon 60 mm diameter polystyrene culture dishes and measured in
various aqueous solutions using an MFP-3D (Asylum Research) with an Olympus
Biolever gold-coated silicon nitride cantilever in both contact and AC (tapping) modes.

Contact mode images taken of a film surface in solution at pH 7.0 and pH 8.0 are
shown in Figure 3.8. The unexposed regions are visibly more swollen than the
surrounding crosslinked regions, confirming the results obtained from ellipsometry. For
20-bilayer films, the dry thickness is approximately 100 nm. The difference in height
between swollen crosslinked and unexposed regions is roughly 15 nm, or 15%, after
approximately 30 minutes in solution, consistent with swelling studies described in the
previous section. When subjected to higher pH, a greater differential swelling is
observed in the AFM cross-section. The swelling difference between crosslinked and

unexposed regions is 30 nm at pH 8, after a similar amount of time in solution.
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Figure 3.8. Atomic force microscopy top-down and profile images of a (PAH 3.0/
TPAArVBA 3.0),, film UV crosslinked with a positive dot-shape mask immersed in (a) pH7
and (b) pH 8 solution. The film swells to a greater degree at higher pH due to increased
deprotonation of acrylic acid side groups. Dot size is 10 ym.

The additional swelling at higher pH is consistent with the behavior of PAH/PAA

films assembled at low pH [77]. The higher pH results in a greater number of acrylate

groups on the PAArVBA chain becoming protonated, leading to greater chain-chain

repulsion as well as an influx of small counterions and water molecules into the film.

This is further evidence of unexposed PAArVBA behaving similarly to PAA. When

immersed in a solution above the pKa of PAH, the films undergo a dramatic swelling

transformation due to the sudden decrease in the number of amine binding groups.

Shown is an image of the same film at pH 9.0 (Figure 3.9). The difference in thickness

between the crosslinked and uncrosslinked regions increases to 1.05 ym-almost an order

of magnitude of the thickness difference at pH 7. The scan of the masked regions in this

case is only partial, as the extreme height of the sample caused difficulty in maintaining
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proper contact between the probe tip and the surface. In addition, the swelling patterns of
the film are the uncrosslinked regions. Ellipsometry suggests that these regions are
somewhat unstable after a period of time in solution. Hence the impinging motion of the
contact-mode tip may have been enough to pull the peaks off of the surface or tear the
film in those regions. The strange surface features or artifacts above the midpoint of the
top pair of dots supports this hypothesis, as this scan was taken by rastering upwards
from the bottom of the image. If the film were pulled off partially, one would expect the

flat surface of the crosslinked regions to be interrupted.
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Figure 3.9. AFM of (PAH 3.0/TPAArVBA 3.0),, UV crosslinked with a positive circle mask,
immersed in aqueous solution pH 9. (a) Top-down image (b) profile image, with pH 8 profile
offset below for comparison. Dot size is 10 ym.

A separate film in aqueous solution above pH 8 gives an example of an intact
pattern with swelling of the same order of magnitude as above (though lower), but
without film damage (Figure 3.10). The 3 um patterned dots swell significantly,
showing that it is possible to achieve micron scale topological features from a nanometer

thickness film simply through environmental pH changes.
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(b)

Figure 3.10. AFM image of UV-patterned (PAH 3.0/TPAArVBA 3.0),, in aqueous solution
pH > 8. (a) Top-down and (b) profile images. Dot size is 3 ym

3.4.3 Mechanical compliance of PAH/PAArVBA films in aqueous solution

The atomic force microscope is a useful tool for measuring local elastic properties
of surfaces and thin films due to its small measurement area (on the order of nanometers).
It is also well suited for polymer systems because of the ability to generate very small
forces and accurately record small deformations, which are necessary for materials with
elastic moduli in the mega- and kilopascal range and below. One of the novel methods
developed for determining elastic properties of thin polymer layers is direct indentation
with an AFM probe, monitoring the deflection of the cantilever as the probe is brought
into contact with the surface [145].

Using this technique with film thicknesses on the order of several hundreds of
nanometers to microns is straightforward. The measurement of thinner films, i.e., below
300 nm, brings to the fore a new set of concerns, namely, effects from having a probe tip

radius of the same scale as the film thickness, as well as the challenge of reaching an
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indentation depth sufficient to give signal above thermal noise without registering the
influence of the underlying substrate.

Several studies of indentation of nanometer-scale thickness polymer films have
been published including for polyelectrolyte multilayer films [146]. Almost all of these
begin from Hertzian contact models using a spherical geometry as an approximation of
the parabolic end of a pyramidal AFM probe tip. The basic setup is shown in Figure 3.11
for a cantilever indenting a compliant surface (diagram based on similar image from
[90]). The deflection is measured through the movement of the light spot reflected from
the back of the cantilever, measured by a photodetector. The cantilever can be moved up
or down through the actuation of a piezoelectric crystal located in the instrument head
and the displacement d is directly measurable as the crystal produces a well-characterized

movement based on input voltage for small enough actuation.

photodetector

'eam emitter
7

PEM film

Figure 3.11. Schematic of nanoindentation experimental setup.
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The Hertz model for a hard sphere impinging on a surface is derived from the
case of two spheres impinging on each other with the assumptions of the radius of the
surface “sphere” being much larger than the indentation sphere. Assuming that the
cantilever tip is much harder than the film, the relationship between the indentation depth

and the applied force is approximated as

4 E
P= Ea——vz_)Rmam (3.7)

where P is the force applied, E is the Young’s modulus of the material, R is the effective
radius of the indenter, & is the depth of indentation into the film and v is the Poisson’s
ratio of the film. The assumption for this model is that of a semi-infinite surface, which
begins to break down when the film is thin enough to be influenced by the underlying
substrate’s mechanical properties. Several studies have looked at the applicability of this
model to nanometer-scale films and the limitations on its accuracy [147, 148].
Dimitriadis et al. derived an extension of the Hertz equation for finite thickness samples

as

P= %ER”Zém[l +1.133x +1.283x%% + 0.769> + 0.0975x°] (3.8)

where x = (R8)"*/h (h is the film thickness) and the Poisson’s ratiov is assumed to be 0.5
for an incompressible material. This extension was assumed to be significant when the
first term was greater than 10% of the total force, or equivalently when s < 12.8R [148].
More recently, modulus measurements of weak PEM films of 200 nm or less have
been shown to be comparable to thicker systems under the right conditions of low strain

[90]. Finite element analysis of indenter size and film thickness effects on modulus
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accuracy have shown that for standard SPM indenter tip sizes (assumed to be 25 nm
radius), films below 320 nm begin to show substrate influence, both for the Hertzian
model and for the Dimitriadis extension. This overestimation of modulus for stiff
substrates was reported to maximize at 89% for 50 nm thick films, which is still of the
same order of magnitude [149].

A goal of this work was to determine whether the PAH/PAArVBA systems
showed modified mechanical properties upon UV exposure using nanoindentation on UV
exposed and unexposed films. Thompson et al. {90] have shown that the degree of
swelling in weak polyelectrolyte multilayer films is directly related to their indentation
modulus (which is in turn proportional to elasticity).

The actual parameters that are measured by the MFP3D for indentation are the
change in photodetector signal from the light beam reflection off of the back of the
cantilever versus sample z-displacement, which is separate from indentation depth d in
Figure 3.11. In order to translate those parameters into force (P) and J several
calibrations must be made prior to sample testing. The force on the cantilever is equal to
the spring constant k times the deflection, so to determine the spring constant, the well
known thermal fluctuation method is used [150]. Briefly, the cantilever at room
temperature will oscillate due to thermal excitation. It can be approximated as a one-

dimensional simple harmonic oscillator

ta
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~
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where k, is the Boltzmann constant, T is temperature and (g°), is the mean square

cantilever displacement. A typical thermal measurement is plotted in Figure 3.12. As
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shown, the MFP-3D software fits the first thermal resonance peak. The mean square
displacement is equivalent to the integral of that peak, except that the thermal fluctuations
are measured by the MFP-3D in (V¥Hz), which is the output from the photodetector
receiving light reflected from the back of the cantilever. To convert this spectrum to
(m?/Hz) requires knowledge of the inverse optical lever sensitivity (InvOLS), which is
the voltage change in the photodetector response per unit of cantilever deflection, a value
that changes from experiment to experiment. To determine the InvOLS, the cantilever is
brought into contact with a non-deforming surface such as glass or mica, which gives a
1:1 correlation between the directly measurable z-axis sample displacement and the
deflection. Measurement of the slope of the displacement-voltage curve gives the
InvOLS value, which in turn allows calculation of the spring constant. For the cantilever
used in these measurements, k was determined to be 0.01 N/m, 30% of the manufacturer

reported value of 0.03 N/m.
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Figure 3.12. (a) Thermal resonance spectrum for a cantilever in the MFP-3D and software
peaKk fit. (b) Calibration curve for determining InvOLS value. The thicker region of the curve
is the linear fitting region.
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The determination of the slope of the displacement-voltage curve, the integration
of the thermal resonance peak (through a Lorentzian peak fit of the data) and the
calculation of the spring constant are all semi-automated by the MFP-3D software
package, run within the IGOR v5 software package (WaveMetrics, Inc.).

Samples of (PAH 3.5/TPAArVBA 3.5),, were built on glass slides, then cut to fit
within and adhered by epoxy into Falcon 60 mm dia. culture dishes. Some samples were
exposed to UV in the same manner as previously described. Samples were then
immersed in PBS solution before and during indentation. The AFM probes used in these
measurements were MLCT-AUNM-type (Veeco Instruments, Inc.). The cantilever used
on the probe was the “D”-type, which has a V-shape and a vendor-estimated resonance
frequency of 10-20 kHz. The radius of the indenting tip was taken as the manufacturer
reported radius of 25 nm.

In order to avoid effects from the cantilever pressing against the surface before
taking force measurements, samples were “scanned” only for a few lines at the bottom of
the measurement field. This would produce a blank image field as the surface had not
been scanned, but the scan field would be defined while leaving the surface untouched.
For each measurement field, typically 20 um?, up to 60 points of contact were identified
and a single force pull was taken at each point sequentially. The minimum distance
between measurement points was 2 ym to insure that there was no influence of one
measurement on the surface for the next measurement. The instrument was programmed
to indent up to a cantilever deflection between 200 and 300 nm before withdrawing. All

samples were tested with the same cantilever. Separate scans were performed on
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identically built samples to determine the RMS surface roughness, which was calculated
as 2.53 nm or lower for all conditions.

As the z-range of the piezo actuator is several microns, we were able to capture a
large region of data before contact, which was used later for calibration of drift. Shown
in Figure 3.13 is a set of typical data curves measuring force versus displacement. This
data is converted from deflection versus LVDT, which is the signal from the piezo
actuator. The absolute displacement is the difference between the piezo value for the
movement d (Figure 3.11) and the deflection. The force acts as in a typical beam
cantilever, F = kd, where k is the cantilever spring constant. The indentation depth Jis
the difference between the displacement at any point and the displacement at the contact
point. All data fitted was within a voltage range of the photodiode of ~2V-0.7V. This is
well within the linear voltage rage of the photodiode, which has been determined for this

instrument to be approximately -6V-3V.
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Figure 3.13. (a) A typical set of MFP-3D nanoindentation curves for (PAH 3.5/PAArvBA
3.5)105 crosslinked for 15 min, (b) a single curve replotted on a log-log scale with “linear” fit
and (c) a single approach and retraction curve.

To obtain a measure of the indentation modulus for a data set, several steps were
necessary. Firstly, any drift in the cantilever deflection that showed up was corrected for
by performing a linear fit of that region before contact and adjusting the whole curve

under the assumption that the pre-contact region should have a zero slope. Secondly, the
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curve was converted to log force versus displacement in order to find the contact point
and fit for the modulus. The contact point was determined empirically by locating the
region on the curve where the noise of the cantilever deflection became suppressed. This
was in lieu of a jump to contact behavior, which was not observed. After this, the region
directly following the contact point was fit to determine if the slope was between 1.49
and 1.51 (the exponent of the displacement in the Hertz model). In order to remain
within the region of good agreement with the Hertz model, the fit was only extended to
20 nm past the contact point. After that, the probe tip cannot be reasonably modeled as a
sphere. If the data didn’t fit the slope, the fitting length was reduced until a fit was
determined, or the number of points was assessed as too small to obtain a reasonable
expectation of the behavior of the system. A minimum threshold of 60 data points was
required to give a good fit, which was for the data density used, usually 5-6 nm. If no
good fit was achieved at that point, the next point on the curve was named as the contact
point and the fitting routine was repeated. This cycle of moving the contact point
forward and performing a fitting routine was continued until a fit was achieved or until
the “assumed” contact point was far out of the region of determined contact. From the
fit, the value for the modulus was calculated. For the actual data sets, the minimum fit
length used was 10.1 nm. In order to prevent completely erroneous or coincidental fits,
all of the well-fitted curves were empirically compared for general shape and misshapen
curves or curves with a significantly displaced contact point were discarded. The whole
process for fitting and curve comparison was semi-automated using a function running in
IGOR originally developed within the research group of Professor Krystyn Van Vliet and

subsequently modified for increased automation. The system was assumed to be elastic

71



for the fitted region, though for the full indentation and retraction (which extend far
beyond the fitted region), there is some non-elastic behavior evident. An example of this
is shown in Figure 3.13c where the approach and retraction curves do not overlap
completely and there is some sticking of the tip to the surface indicated by the negative
force on retraction near the surface before a jump back to baseline. We assumed that the
fitted region was elastic due to the 1.5 power-law dependence of the force on 8.

The results for (PAH 3.5/TPAArVBA 3.5),, films are shown as a function of UV
irradiation time (Table 3.1). Each data value corresponds to two individual samples
measured at three sample sites. The first significant finding is that the modulus measured
for these films before crosslinking is significantly lower than for similar pH PAH/PAA
systems. From Thompson et al., the most compliant system that they examined (PAH
2.0/PAA 2.0) had a modulus more than an order of magnitude higher than our (PAH

3.5/PAArVBA 3.5) system.

Table 3.1. Modulus versus crosslink time for (PAH 3.5/ TPAArVBA 3.5),,s films. Data for
each exposure time is taken from three sample locations on two separate samples.

Uv exposure _Tota] n}lmber of Indentation Sta_ndard Ratio
time indentation curves modulus (kPa) deviation (kPa)

0 min 19 253 10.8 0.427

15 min 25 133.8 41.5 0.310

30 min 32 125.8 46.4 0.369

The modulus of films crosslinked for 15 minutes and 30 minutes shows a
significant increase over that of the uncrosslinked films, which supports the previous
observations of swelling reduction. An unpaired t-test showed that the difference
between 15 and 30 minute exposure times is statistically insignificant for a confidence

interval of p=0.57, while both of those conditions showed a difference from the as-built
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sample. For 15 min vs. as-built, p=5x10"* and for 30 min vs. as-built, p=7x10”, The
statistically equivalent values for the two exposure times supports the UV-vis data
showing that the majority of crosslinking occurs within the first 15 minutes. However,
the increase in modulus still puts the films in the range of the (PAH 2.0/PAA 2.0) system.
This is again likely due to the presence of TEA in the PAArVBA solution during
assembly. As the stability was affected for films assembled near this pH, the same
loosely bound together structure leads to softer films. The same effect would likely be
observed for (PAH 2.0/PAA 2.0) films assembled with added salt.

Weak polyelectrolyte multilayer assemblies exhibit significant variability in
properties as a function of assembly pH. This raises the possibility that films made using
other sets of assembly pH would be able to exhibit UV exposure-dependent elasticity
differences in other ranges. The large proportionate change in modulus is significant,
considering the small amount of crosslinking in the film. This suggests that our system

might restrain large-scale morphological changes in weak PEM systems.
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Chapter 4. Controlling porosity transitions in PAArVBA-
containing films with photocrosslinking

There are examples of polyelectrolyte multilayer films that undergo porosity
transitions due to environmental changes in ionic strength [62] and porosity created
through removal of sacrificial polymer [151]. The earliest method reported for inducing
porosity in multilayer films however, was through changing the environmental pH for
films constructed from weak polyelectrolytes [67].

Certain asymmetrically assembled weak PEM films are able to undergo a porosity
transition when exposed to acidic solution. Polycation deposited at neutral to high pH
assembled with polyanion deposited at low pH yields a film with a unique structure.
When depositing from solution, PAA is relatively uncharged, leading to large numbers of
loops and a rough surface. However, when PAH is depositing from solution, PAA is
fully charged with many unpaired AA groups to assemble with. PAH, which is relatively
charged in all cases, adsorbs strongly, with high interpenetration between chains. This
can be qualitatively seen in the change in surface roughness of dried films, depending on
which polymer is the top layer (Figure 4.1). This pattern of assembly also makes
possible structural rearrangements when these films are subjected to an environment
below the pKa of PAA within the film (pH < 2.5) [67]. This environment severely
reduces the number of charged acid groups available for binding, and if the pH is low

enough (<1.75), leads to the dissolution of the film [67].
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Figure 4.1. AFM images of (a) PAH-topped and (b) PAArVBA-topped (PAH 7.5/
TPAArVBA 3.5) films. The surface structure is highly dependent on which polymer is the top
layer. Height color bar for (a) 50 nm, (b) 150 nm.

In the pH regime between the pKa of PAA and the dissolution point, the
protonation of acrylic acid side groups breaks many of the PAA electrostatic binding
pairs with PAH, allowing much greater chain conformational freedom for both
polyelectrolytes. When returned to neutral pH, the film undergoes a water-polymer phase
separation that on short time scales creates a continuous microporous network and on
longer scales moves towards the thermodynamically stable dense film state (shown in

Figure 4.2 with some through-pore defects, from [67]).

i



o
100 nm

Figure 4.2. SEM of porous (PAH 7.5/PAA 3.5) film after annealing in water for 1 hour.
Image from reference [67].

Similarly, films assembled as (PAH 8.5/PAA 3.5) have exhibited nanoporous
transitions by the same mechanism when exposed to pH below the pKa of PAA [78].
Nanopore-forming systems for short enough exposures to low and neutral pH solutions,
can shuttle between open and closed pores over many cycles. The changes in structure
are accompanied by changes in film properties such as refractive index (n) [79], and
affinity for chemical adsorption [80].

Since it is the breaking of ionic bonds that prompts film reorganization, our
photo-crosslinking system should enable us to selectively inhibit the formation of pores
by forming covalent bonds. This may lead to applications that take advantage of locally

modified film porosity.
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4.1 Controlling porosity transitions in microporous multilayer

films

4.1.1 Experimental methods

Films were assembled on glass and silicon substrates in the same method as
described in section 3.1. (PAH 7.5/TPAArVBA 3.5),,5 films were exposed to UV
irradiation for 20 minutes using the setup described in Section 3.3. Films were then
immersed in aqueous solution pH-adjusted to 2.3 + 0.02 with HCl for varying lengths of
time, followed by a DI water immersion (pH ~5.5-6) for 10 s, and then blown dry in a
focused air stream. AFM surface measurements were taken in air in tapping mode using
a Veeco D3000 AFM with a TAP300 cantilever (Nanodevices, resonant frequency 300
kHz) both before and after acid exposure. Spectroscopic ellipsometry measurements in
open air were taken using the same apparatus described in Section 3.4.1, on films built on

Si substrates. Three samples were measured for each data point.

4.1.2 Results and discussion

Shown in Figure 4.3 are the thicknesses and refractive indices of crosslinked and
uncrosslinked films versus acid exposure time. The y-axis for the first and second graph
is the ratio between the film refractive index and thickness, respectively, as-built and
after the acid exposure; and between the films as-built and after the rinse, which are
plotted as separate data sets. For as-built films the thickness was 226.0 + 2.3 nm while

for crosslinked films, the thickness was 221.4 + 2.2 nm.
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Figure 4.3. Thickness and refractive index changes in (PAH 7.5/TPAArVBA 3.5),,; films as a
function of acid immersion time. All rinsed samples were rinsed for 90 s in deionized water.
The y-axes normalized to the pre-treated state of the sample films.

Like previous observations for (PAH 7.5/PAA 3.5) systems, the immersion in
acid does not immediately cause the microporous transition to occur. Under those
conditions, one would expect the thickness to increase and the refractive index to
decrease as the polymer film (n ~1.54) becomes a “composite” of polymer and air (n =
1.0). The acid-treated/initial thickness ratio values for both as-built and crosslinked films
(open and filled shapes, respectively) show rather, a nominal decrease, indicating either
film densification, or loss of material rather than pore formation. For densification, one
would expect an increase in refractive index, as more of the film is made of polymer and
less of air, but this does not appear to be the case. In fact, the refractive index stays close
to its original value, which suggests that there is some material loss. Previous studies of
(PAH 7.5/PAA 3.5) gave no evidence that immersion in pH 2.3 solution caused material
loss [67]. The explanation for the loss then must be linked to a difference between PAA

and PAArVBA in the multilayer structure.
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It was observed in Section 3.2 that for pH-symmetrically assembled
PAH/PAArVBA multilayers (PAH 3.0/PAArVBA 3.0, PAH 4.0/PAArVBA 4.0, and so
on), the lower charge density on the PAArVBA chain had an effect on the critical pH of
the thickness transition from loopy chains to tightly stitched chains. Here, the lower
charge density may have an effect on the overall stability of these films.

Nolte et al. have observed a phenomenon whereby PAH/PAA films will partially
dissolve or etch in high salt solutions and the percentage of dissolution has a strong
dependence on the solution ionic strength. The root cause of the partial dissolution is the
increased solubility of PAH-PAA complexes with high asymmetries in chain length, i.e.,
short PAA chains complexed with long PAH chains and vice versa. More closely
matched chains will remain stable within the film [Nolte, submitted]. This effect could
be especially significant for our system, as the commercial PAA used in this study for
synthesis of PAArVBA (Polysciences, 90.000 M,) has a polydispersity of ~6.2. Low pH
coupled with the reduced charge density on the PAATVBA chain as compared to PAA,
along with the effectively increased ionic strength from the presence of TEA, may act
equivalently to high ionic strength for PAA-containing films. This could result in partial
removal of (high M,, PAH)/(low M,, PAArVBA) complexes from the films. The (PAH
7.5/PAA 3.5) system behaves similarly to our (PAH 7.5/TPAArVBA 3.5) system in that
the porosity transition does not occur immediately upon treatment with acid, but only
after the neutral rinse step [67]. Whether this dissolution effect also occurs in that system
has not been documented.

The most dramatic difference in thickness for the displayed data is that for as-

built films after rinsing vs. before treatment. As expected for a microporous transition,
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the thickness increases, while the refractive index drops. In addition, although it does not
become apparent until after the rinse step, the duration of acid immersion has an effect on
the extent of the transformation. For longer times in pH 2.3, the thickness increases and
the refractive index correspondingly decreases, though this behavior reaches a plateau.
Below the pKa of PAArVBA ionically bound amine and acrylic acid side groups prevent
film dissolution while film reorganization is occurring.

UV-exposed films show a noticeably different behavior after rinsing in DI water.
The change in both the thickness and refractive index as compared to the non-crosslinked
films is almost negligible, due to the covalent bonds restricting segmental motion. This
change is not zero however, as the refractive index of these films does decrease. The
thickness ratio of rinsed films to before acid treatment films is less than one, but the
measure of porosity must take into account the partial dissolution during the acid
immersion. In examining the thickness increase from post-acid immersion to post-rinse
these films can be seen as displaying a small amount of porosity. For 180 s acid
immersions, the crosslinked films indicate a porosity of 2%, while the non-crosslinked
films show a porosity of 32%. AFM images of the films after rinsing show this
difference qualitatively in Figure 4.4 through the surface roughness.

As with the ellipsometry data, the un-crosslinked films’ surfaces show increasing
porosity with increasing acid immersion time. The crosslinked films show little change
in structure for the length of the acid treatment. This marked difference opens up the

possibility of lateral control of microporosity through photo-crosslinking.



Chapter 4 — Controlling porosity transitions in PAArVBA-containing films with photocrosslinking —

as-built crosslinked

.. 108
.- )

Figure 4.4. AFM images of (PAH 7.5/TPAArVBA 3.5),,; films exposed to pH 2.3 for varying
times and then rinsed in deionized water for 90 s. The uncrosslinked films show increasing
surface roughness, while the crosslinked films remain static. Each image is 5x5 ym? and the
height color bar is 50 nm.

4.2 Controlling porosity transitions in nanoporous multilayer
films

Studies of the (PAH 8.5/PAA 3.5) system have shown that the nanoporous
transition, like the microporous transition, requires sequential exposure of the film to
acidic and neutral or near-neutral pH solutions [78]. Furthermore, the pores once formed

can be closed reversibly through re-immersion of these films in acidic solution. Films of
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this type have demonstrated useful anti-reflection properties [78], as well as potential as
substrates for controlled drug release [80]. The ability to spatially control the formation
of nanopores holds the same promise as that for micropores, namely, spatial control of
film properties, possibly allowing selective drug release or patterned optical structures.
In order to assess the ability of our polymer system to control nanopore formation, we
seek to understand the basic effects of crosslinking on (PAH 8.5/PAArVBA 3.5) films.
While this study has similarities to that of the (7.5/3.5) system, in this case the reversible

pore expansion and collapse behavior also must be examined.

4.2.1 Experimental methods

Films were assembled as in section 3.1 and treated with acidic and neutral
aqueous solutions in the same manner as the previous section. (PAH 8.5/TPAArVBA),,s
films built on silicon were examined using spectroscopic ellipsometry. One sample for
each cycle time was measured, immersed in pH 2.3 solution, blown dry, and remeasured.
Samples were then immersed in pH 5.5-6 aqueous solution, blown dry, and again
remeasured. This cycle of immersion in pH 2.3 and immersion in pH 5.5-6 was repeated
several times to yield thickness and refractive index data on the reversibility of the films’

nanoporosity.

4.2.2 Results and discussion

As displayed in Figure 4.5, the nanoporous transition occurs readily in
uncrosslinked films (open shapes) only after exposure to acidic conditions followed by
rinsing in near neutral conditions. The porosity is evidenced by the increasing thickness
and the decreasing RI of the films. This behavior is in agreement with previous studies

on the (PAH 8.5/PAA 3.5) system. The nature of the transition is dependent on the acid
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exposure time as well as the number of acid-rinse cycles. For acid immersion times of 5
s (a), 15 s (b), 30 s (c), and 90 s (d), the films require multiple cycles to reach a point
where the porosity in the open pore state is constant with respect to cycling. This appears
to occur at the fifth cycle for all of these immersion times. The initial cycle is sufficient
to cause a drop in refractive index, however, for all of the immersion times studied.
There is also a difference in the amplitude of the thickness change as a function of
the immersion time in acid. For increasing acid immersion time, the thickness after a full
cycle increases, but the pores still collapse to the same level in acid. This implies that the
mechanism for the porosity transition is dependent on a transformation that is occurring
during the acid immersion, which correlates with our study of the (PAH 7.5/TPAArVBA

3.5) system.

83



(b)

(a) [&& .8 .o. 00009048, '&-8"""'“ o _a ® & o 1.6 m
S 89 8 8 ® LR e e e gy =y
500+ il '@' AN g v e R R%g o
~ 8% W Wy T g 14 2
£ 2
£ L, ®
— 400 -1.2 3
[7,] -
o ®
~ -1.0 G
L 300 2
£ (1]
- ‘_] 08 5
RO u _\ﬁ( y Y X ]
200 ' S PSS e Ve
06
T ) T I 1 L 1 1 ] T 1 I 1 T
01 2 3 45 6 7 8 01 2 3 45 6 7 8
number of acid/rinse cycles number of acid/rinse cycles
(C)I " (d) -
o & Q Q - = 1.
o T e w&& m
500 @ ¥ e o® Q @ g . E4Y §
~ 1@ Q
g ; ) 5.
~— & 0
@ 400 — Si,,
e 2
-~ ~
._&é 300 <
£ d
Q
200 2
] 1 T 7V q L) I | I i I 1 I LR
01 2 3 45 6 7 8 01 2 3 45 6 7 8
number of acid/rinse cycles number of acid/rinse cycles

Figure 4.5. Thickness and refractive index values from ellipsometry on films cycled between
pH 2.3 for (a) 5s, (b) 155, (¢) 30 s and (d) 90 s; and deionized water for 90 s. (filled shapes)
refer to crosslinked thickness and refractive index and (open shapes) refer to uncrosslinked
thickness and refractive index.

Crosslinked films (filled shapes) show a marked difference in the degree of
structural transformation vs. uncrosslinked films. The porosity for all of the immersion
conditions is suppressed, as evidenced by the lower thickness increases and the smaller
decreases in RI, though it is not completely inhibited. In fact, for the 90 s acid immersion

case (d), the crosslinked film reaches an equilibrium open porosity essentially equivalent
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to that of the uncrosslinked film. Only in the 5 s immersion case is there no significant
evidence of porosity after eight cycles.

Samples made using the purer synthesized polymer catalyzed with 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) (see section 2.3.2) were cycled through the pore
opening and closing to determine if there was a difference in behavior, in preparation for
their use in Bragg reflector films. Figure 4.6 shows the comparison between films made
with (a) TPAArVBA, and (b) DPAArVBA, cycled between pH 2.3 and DI water for 90 s
each. The films made with DPAArVBA are initially much thicker (150 nm for 10.5
bilayers to 200nm for 20.5 bilayers). In addition, there is a marked difference in the
ability of the two polymers to inhibit pore opening under these conditions. DPAArVBA-
containing films completely inhibit pore formation, while TPAArVBA-containing films
act as though uncrosslinked after a couple of cycles, as previously noted. In addition, the
DPAArVBA-containing as-built films show a slow increase in pore size per cycle as
compared to TEA-catalyzed. This suggests that DPAArVBA-containing films subjected
to shorter acid immersion times might require more cycles to achieve the same porosity

as their TPAArVBA-containing counterparts.
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Figure 4.6. Thickness and refractive index from films cycled between 90 s at pH 2.3 and 90 s
in deionized water. (a) TPAArVBA-containing system (b) DPAArVBA-containing system.

AFM measurements of these films show evidence of porosity as well as the effect
of rinse time on pore structure (Figure 4.7). Shown are 5x5 um? surface images of (PAH
8.5/TPAArVBA 3.5),,5 after immersion in pH 2.3 for 15 s and subsequent rinsing for 15
s, 1 min, and 3 min. There are clearly observable sub-micron scale pores throughout the
films, with some variation in size, though most are less than 100 nm. The overall effect
of longer rinse times appears to be the smoothing of the surface and reduction in the pore
size. There appears to be an overall reduction in the pore number, but as the pore size in
this case is close to or smaller than the radius of the AFM probe tip, it is hard to
definitively state that pores are disappearing. They may be simply unresolvable with the
instrument. In addition, it is uncertain whether the reduction in pores is occurring

through the bulk of the film, or is merely a surface phenomenon.
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Figure 4.7. AFM of (PAH 8.5/TPAArVBA 3.5),5 films immersed in pH 2.3 for 15 s and
deionized water for (a) 15 s (b) 1 min (c¢) 3 min. Longer rinse times reduce visible surface
porosity.

4.3 Lateral patterning of porosity in PAArVBA-containing
multilayer films

Spatial control of porosity in PEM films can be demonstrated by 2-dimensional
patterning through masked UV light exposure and subsequent porosity treatments for
both microporous and nanoporous films. By using a reflective substrate, changes in
thickness due to pore formation are readily observable by changes in the interference

colors generated by the film.

4.3.1 Experimental methods

Single samples of (PAH 7.5/TPAArVBA 3.5),, and (PAH 8.5/DPAArVBA 3.5),,
were assembled on glass and silicon according to the method described in Section 3.1,
covered with a photomask and exposed to UV for 15 minutes. (PAH 7.5/TPAArVBA
3.5) films were then immersed into pH 2.3 aqueous solution for 30 s followed by a 10 s
DI water rinse (pH 5.5-6.0) and blown dry in a directed air stream. Films were cycled
through pH 2.3 aqueous solution (5 s) and DI water (90 s) 5-10 times as in the previous
section and then thermally crosslinked at 180°C for 4 hours to stabilize the structure. The
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thermal crosslinking was necessary for later studies of patterned Bragg reflectors, so it
was employed here to provide a more direct comparison. Samples were examined using
optical microscopy, tapping mode AFM using the D3000, and profilometry with a P10

Surface Profiler (Tencor).

4.3.2 Results and discussion

Figure 4.8 shows an optical micrograph of a TEM grid used as a photomask (a)
and a representative (PAH 7.5/TPAArVBA 3.5),,film after treatment (b). Regions that
were blocked by the grid show the characteristic microporous morphology, while
exposed regions show no visible changes, consistent with ellipsometric measurements on
unmasked, exposed films. The image also reveals a difference in the width for the three
struts extending from each central node on the film. This is due to the particular shape of
the TEM grid, where although the strut thickness does not vary significantly, the structure
is not completely flat. The struts that yielded the thinnest pattern in the multilayer were

elevated slightly from the surface of the film during UV exposure while the thickest struts

were flush against the surface.

400.0 nm

200.0 nm

Figure 4.8. (a) Microscopy image of a TEM grid. (b) (PAH 7.5/TPAArVBA 3.5),, film UV
crosslinked with the TEM grid mask. (¢c) AFM of one node in the film. Color height scale bar
is 400 nm.
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AFM measurements of the same surface confirm this structure, and show the
effect of restricting the pore-forming region in the film (c). All of the pores in the
narrowest arms have edges that are nearly perpendicular to the arm length, rather than the
more random structure along the wider arms. However at the interface between the
porous regions and the nonporous regions, the pore edges all start normal or nearly
normal to the interface edge. The pore wall height varies depending on location within
the pattern. For the thinner struts, which we presume to have had some UV exposure, the
edge height rises up to 95 nm above the crosslinked film regions. This value is within
40% of the plateau value for the non-patterned, porous films (section 4.2.2). On the
wider struts, the pore edge thickness is closer to 145 nm, which is much greater than for

<

the non-patterned films (Figure 4.9).

(a)

Section Analysis

Figure 4.9. AFM of one node in TEM patterned (PAH 7.5/TPAArVBA 3.5),, film. Height
range is 200 nm. (b) The cross-section of one patterned arm shows the raised edge between the
porous and crosslinked film regions.

Films patterned with a different photomask show similarly influenced pore

structures. Shown in Figure 4.10a is an optical micrograph of a film patterned with a
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photomask containing circles of 5 ym diameter. Again the pore walls tend to begin
normal to the edge of the interfacial regions. The crosslinked regions maintain the
surface topography of the PAArVBA-topped (PAH 7.5/TPAArVBA 3.5) film (Figure

4.11).

Figure 4.10. Optical microscopy images of patterned (PAH 7.5/TPAArVBA 3.5),, films. (a)
Spm diameter circle negative mask. (b) Half masked film image.

The increase in thickness for the overall film is expected from the porosity
transition. When the pattern is not confining, as in the case of a half-masked film (Figure
4.10b), the same porous structure is evident, but without the raised edge separating
crosslinked from non-crosslinked regions. In that case, the pore edges run directly into
the crosslinked regions of the film and simply shrink in height. This can be seen by the
lack of abrupt color change at the edge between the two regions. In all of these cases, the
crosslinked regions remain nonporous, while the unexposed regions show the visible

lateral microporosity.
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Figure 4.11. AFM of dot-patterned, porous (PAH 7.5/TPAArVBA 3.5),, film showing the
raised edge around a crosslinked region of the film. (b) Closer scan shows the crosslinked
region maintains the surface topography of the PAArVBA-topped film.

Patterned films constructed of (PAH 8.5/DPAArVBA 3.5),,5 also demonstrate
selective porosity. For films built on glass, the difference in thickness can be visualized
by a change in the interference color of the film. Shown in Figure 4.12 is a sample film
with patterned 40 ym-wide porous lines. The apparent waviness of the lines is actually
due to the mask, which was based off of a transparency template. The minimum
resolution of this mask was 5-10 xm and as such, features at that scale can demonstrate
irregularities. To observe the extent of transformation, the thickness increase was

measured with profilometry.
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Figure 4.12. Optical microscopy images of patterned nanoporous (PAH 8.5/DPAArVBA
3.5),05 film at two different magnifications. The deliberate scratch at the lower right was used to
measure film depth with profilometry.

A sample profile of a (PAH 8.5/DPAArVBA 3.5),,5 film with a deliberate scratch
is shown in Figure 4.13(a), along with a five histograms of film depth taken from
different profiles (b). As measured, the thickness is between 155 and 165 nm, consistent
with ellipsometric measurements of 154 nm for as-built films. For the nanoporous
patterned films, the cross-sections of the lines are apparent as regularly spaced bumps (c).
From histogram data of five scans (d), the thickness of the film is between 147 and 152
nm, which is again consistent with previous measurements. The change in thickness for
the nanoporous regions is between 21 and 27 nm, which is only 30-50% of what would

be expected from ellipsometry data in Figure 4.6.
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Figure 4.13. Representative profilometry curves for (a) as-built and (c) patterned
nanoporous (PAH 8.5/DPAArVBA 3.5),,; films . Histograms for each type (b,d) show the
approximate film thickness through scratch depth and (d) the height of the uncrosslinked porous
regions of the films. Note log scale for histogram y-axes.

This discrepancy in nanoporous region thickness could have several causes. It
could be attributed to the thermal crosslinking. While the dense portions of the film
undergo covalent amide bond formation at elevated temperatures, since they are
already dense in the dry state, the change in thickness should be negligible. However
the pores in the film are filled with air and as such, will not strongly resist any
contraction forces exerted by the film. As the pores shrink, the overall thickness of
the film should decrease as compared to the cycled nanoporous films in section 4.2.2.
The other possible explanation is that the force exerted by the profilomter tip led to
partial collapse of the porous regions. This is supported by the features seen either
side of the porous lines. There is a slight dip, suggesting that if that was the
beginning of the porosity, that it was slightly collapsed there.

The ability to pattern porosity is promising in that porous structures have

interesting optical and physical properties that can be used to build more complicated
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structures. The high volume fraction of air in these films significantly lowers their
refractive index and also significantly increases their available surface area for

molecular adsorption.



Chapter 5. Patterning porosity in heterostructured
PAArVBA-containing films

The distributed Bragg reflector or Bragg stack structure consists of alternating
layers of material with different refractive indices. Depending on the thickness of each
layer, and differences in refractive index, incident light can be reflected at various
wavelengths and with varying efficiency [152].

The additive nature of the PEM assembly process makes it an ideal candidate for
the creation of these structures by controlling what materials are deposited when. There
have been several demonstrations of PEMs constructed specifically to act as Bragg
reflectors. Simply layered polyelectrolytes do not tend to have large refractive index (n)
contrast, and the interfacial mixing between layers for most systems also acts to prevent
the creation of optically distinct alternating layers; thus the creation of a Bragg reflector
without additional modification would involve an impractical number of bilayers to
create appreciable reflectivity. In order to make reflective films, some processing must
be performed on these systems to greatly increase or decrease the refractive index at
regularly spaced intervals.

The first PEM Bragg reflectors were achieved through increasing the refractive
index of specified layers. Films were made from stacks composed of 77 of bilayers of
PAH/SPS alternating with stacks of 24 PAH/PAA bilayers built at low pH [153]. In this
case, the interfacial mixing of polyelectrolyte layers of adjacent stacks was negligible
compared to the thickness of the stacks. To create a significant refractive index
difference, the chemical reactivity of unbound acrylic acid groups on PAA was exploited

by immersing the films in Ag’-containing salt solutions. The Ag* ions bound to unpaired



acrylic acid groups in the PAH/PAA stacks of the film and, after reduction in hydrogen
gas, formed nanoparticles selectively and uniformly within the PAH/PAA stacks,
increasing their effective refractive index. This process was repeated to grow more and
larger nanoparticles increasing the refractive index to as high as 2.3. This in turn lead to
films with reflectance of near 80% at their maximum for nine stacks [153]. This
nanoparticle growth technique along with the z-directional compositional control of PEM
assembly was further used to create variation in stack thicknesses to yield more complex
1-D optical structures, such as digital rugate filters that approximate a sinusoidal gradient
in refractive index [154].

Alternatively, PEM Bragg reflectors have been generated in an opposing manner
by reducing the refractive index of alternating stacks below that of the dense polymer.
HPEMs made from PAH/SPS stacks alternating with pH-asymmetric PAH 8.5/PAA 3.5
stacks have been exposed to cycles of low pH and near neutral pH to yield nanoporosity
only within the weak polyelectrolyte stacks [79]). These stacks have reduced refractive
indices due to their pores being filled with air (n = 1.0) rather than polymer. Along with
the reduction in refractive index, stacks undergoing the nanoporous transition
significantly incfease in thickness. This must be taken into account when deciding on the
number of layers in each stack, as the layer thickness significantly impacts the optical

properties.
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(b)

before after before after

Figure 5.1. Two method of creating refractive index differences in multi-stack films. (a)
Selectively filling stacks with silver nanoparticles to increase refractive index. (b) Selectively
inducing nanoporosity to decrecase refractive index.

The differences between these two HPEM systems are evident in their approach
to refractive index variation. However, they are also very similar in that they rely on the
alternation of a an “inactive” stack composed at least partially of strong polyelectrolytes
alternating with an “active” stack made fully from weak polyelectrolytes. In one case the
activity is chemical, promoting the binding and reduction of silver ions, and in the other
case the activity is structural, allowing reorganization of polymer chains in the stack to
make pores. The incorporation of PAArVBA into the nanoporous HPEM structure will
enable the creation of two distinct patternable versions of the active/inactive stack
structure.

In the first system (Figure 5.2a) PAArVBA can be substituted for PAA in
nanoporous Bragg reflector films to give rise to photo-crosslinking only within the active
stacks. As such, the crosslinked regions will not show reflectivity due to inhibition of the
nanoporous transition in selected regions of the PAArVBA/PAH stacks. In this case, the

lateral pattern is defined by fully dense regions adjacent to regions containing alternating
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porous/non-porous stacks. The reflective parts of the film are where the porous layer has

created a significant refractive index difference while the fully dense regions remain

transparent.
(a) BER
UV exposure pH 2.3, pH 5.5

UV exposure pH2.3,pH5.5

Figure 5.2. Two approaches to making patterned nanoporous Bragg reflectors. (a) Using
PAArVBA in the middle stack means that only the masked off regions of the film achieve
alternating refractive index differences. Crosslinked regions of the film do not change. (b) Using
PAArVBA in the outer stacks means that the UV-exposed regions of the film achieve alternating
refractive indices and the whole film changes in thickness.

In the second system, PAArVBA can be substituted for SPS in the “inactive”
stack (Figure 5.2b). This assembly changes the overall structure of the system. In this
case, the effect of the photo-crosslinking is reversed. Wherever the film is crosslinked, it
will have the reflective alternating porous/non-porous-stack structure while uncrosslinked
regions of the film will be completely porous rather than completely dense. The

completely porous regions of the film will transmit light based on the size of the pores,
remaining transparent in the nanopore case and scattering visible light in the micropore

case. This system is also notably constructed entirely of weak polyelectrolytes and has
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the ability to engage in chemistry using free acrylic acid groups through the entirety of

the film.

5.1 Patterned nanoporous Bragg-reflector films incorporating
strong and weak polyelectrolytes

5.1.1 Experimental methods
For film construction of PAH/SPS stacks and PAH/PAArVBA stacks, two

different solution formulations were used. For PAH/SPS, both polymers were dissolved
at 10 M concentration along with 0.1 M sodium chloride to increase overall film
thickness and stability. For PAH/PAATVBA, solutions were made as previously
described in section 3.1. All polymer solutions were pH adjusted as described in section
3.1. For this section, DPAArVBA was used.

Stacks were constructed to emulate the structure studied by Zhai et al. [79], with
50 bilayers of (PAH 4.0/SPS 4.0) followed by 5 bilayers (PAH 8.5/PAArVBA 3.5) and
finished with 50 bilayers of (PAH 4.0/SPS 4.0). Unlike previous assemblies, deposition
of the PAH/SPS stacks was carried out with polymer immersion times of 5 minutes and
rinse times of 2, 1, and 1 minutes, in that order. PAH/PAArVBA stacks were built with
immersion times of 15 minutes for polymer depositions and 2, 1, and 1 minute rinses.
Polymer layers were added continuously for the first stack and the second stack after
which a pause in building occurred for up to one hour for changing of solutions, during
which time the samples were immersed in DI water. After the change, the final stack was
added, or in the case of some samples, another bi-stack followed by another pause and
then the final stack. The last stack was in all cases (PAH 4.0/SPS 4.0), so we will refer to
assemblies by the number of active stacks or “A-stacks”. For example, a one A-stack
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film has one stack of PAH/PAArVBA and one stack of PAH/SPS above and below
(Figure 5.3a), while a two A-stack film is assembled as (PAH/SPS)s-(PAH/PAArVBA),-

(PAH/SPS)s,-(PAH/PAATVBA),-(PAH/SPS),, (Figure 5.3b).

(a)

before after before after

Figure 5.3. Illustration of a (a) one A-stack film and a (b) two A-stack film, before and after
nanoporosity. The number refers to the number of low refractive index stacks within the film.

The dipping pattern followed a standard bilayer pattern within each stack, but the
interface between stacks was not straightforward. When transitioning from a (PAH/SPS)
stack to a (PAH/PAArVBA) stack, the top polymer layer did not make a difference in the
quality of the films, but the inverse was not the case. When the salt-containing PAH at
pH 4.0 was assembled onto PAATVBA at pH 3.5, the resulting films were cloudy and
inhomogeneous, indicating poor adhesion between the stacks. In addition, the PAH
solution would become cloudy. The most likely explanation of this phenomenon is that
PAArVBA was being pulled off of the multilayer to complex with PAH in solution,
resulting in some precipitate and poor binding of the next film layer. While previously
the high charge density of PAH at low pH didn’t appear to affect assembly, the addition
of salt likely decreased the charge-charge interactions within the film, enabling its partial

dissolution. In contrast, if the last layer of the weak polyelectrolyte stack was PAH
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deposited at pH 8.5, there were no film clarity problems or solution precipitation
problems during SPS deposition. This is likely because within the SPS bath at pH 4.0,
the PAH on the surface is fully charged.

In order to obtain nanoporosity in the PAH/PAArVBA stacks, assembled films
were immersed in aqueous solution of pH 2.3, blown dry, immersed in Milli-Q deionized
water (pH 5.5-6), and blown dry with a filtered air stream for several cycles as in section
4.2.1. All films were thermally crosslinked at 180 °C for 4-5 hours after the porosity
treatment to create amide bonds between PAH and PAArVBA that preserve the final
structure. AFM on films was performed on a Nanoscope D3000 (Veeco) as described in
section 4.1.2.

UV-vis specular reflectance measurements were performed using a Cary 500i
spectrophotometer (Varian) with the double-bounce absolute specular reflectance
accessory at 7 ° incidence normal to the substrate surface. As our samples were typically
smaller than the sample window for both bounces in the light path, an aluminum mirror
of known reflectivity was used in conjunction with our measurements to act as the
reflector for the first bounce (Figure 5.4). This is the setup prescribed by the instrument
vendor. All sample substrates were sanded on the backside with a Dremel tool to

eliminate non-film-based reflections from the glass.
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Figure 5.4. Schematic of double bounce specular reflectance accessory beam path.

The complex composition of these films in the z-direction makes it difficult to
determine their thickness using ellipsometry, as the changes in refractive index for the
porous stacks are initially unknown. That paired with the alternation of dense polymer
stacks make profilometry and AFM more straightforward techniques for obtaining film
thickness measurements. It should be noted that care must be taken to sample multiple
spots on the film surface, as these techniques typically don’t cover a large enough areas
per spot to guarantee that the thickness is typical of the entire sample. AFM
measurements typically don’t sample areas larger than 100x100 zm?” and while
profilometry can cover distances on the order of millimeters, it is a one-dimensional
measurement. Profilometry was measured on a P10 Surface Profiler (Tencor).

In order to corroborate the film structure, simulations of the reflectivity were
generated using experimental data. Using a program developed by Adam Nolte for

MATLAB (***) and knowledge of the thickness and refractive indices of each stack, the



Chapter 5 — Patterning porosity in heterostructured PAArVBA-containing films —

reflectivity can be modeled with the transfer matrix method [155]. The specific
application of this method to PEM systems is well described in the literature [79, 154].
Briefly, the refractive index and thickness of each homogeneous stack of the multi-stack
structure is used to create a 2x2 matrix. The matrices are then multiplied together in
order, from top surface to substrate-adjacent surface, to yield a transfer matrix for the
total structure. This matrix can then be used to model reflectivity of the structure for a

selected range of incident wavelengths of light.

5.1.2 Results and discussion

We can immediately see the effects of UV crosslinking on the reflectivity of a one
A-stack film (PAH 4.0/SPS 4.0)5,-(PAH 8.5/DPAArVBA 3.5)5s-(SPS 4.0/PAH 4.0), .
Shown in Figure 5.5 is the reflectivity as a function of incident wavelength for a sample
film as-built and after 8 porosity treatment cycles. The treated sample was previously
UV-crosslinked on one half for 20 minutes and spectra for both regions are shown. The
porous region of the film shows a reflectivity peak at 547 nm while the reflectivity of the
crosslinked region of the treated film almost superimposes over that of the as-built film.
The undulations in the as-built film spectrum are presumed to be due to interference

fringes generated by the thickness of the film itself.
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Figure 5.5. Reflectivity spectra of one A-stack (PAH/SPS),-(PAH/PAArVBA), .-
(SPS/PAH),, s HPEM films for various processing conditions, along with a simulation of the
reflectivity spectrum of the porous film.

The lack of change in the crosslinked, treated film is promising, as it supports the
spectroscopic ellipsometric measurements of homogeneous (PAH 8.5/DPAArVBA 3.5)
films discussed in Section 4.1.2, wherein the short acid immersion caused a thickness
transformation in the non-crosslinked films without significantly affecting the crosslinked
films. The thicknesses and refractive indices of the PAH/SPS stacks were measured with
spectroscopic ellipsometry, while the thickness of the total film both before and after
porosity was determined with profilometry.

To find the other relevant physical parameters, several relations were used.

Firstly, the wavelength of the first order peak of a Bragg reflector can be related to

thickness and refractive index by [156]
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Am=2(dpnp+d n_) (5.1)

np-“np

where A, is the wavelength, d, and n, are the thickness and refractive index of the
porous regions and d,, and n,, are the thickness and refractive index of the nonporous
regions, respectively. In our case, n, is the only unknown. In addition we can
independently estimate n, by using a volumetric argument to relate the pore volume to
the refractive index. Assuming that the mass of the porous stack is conserved during the

transition, the new refractive index will be [157, 158]

np = fairnair + (1 - fair)nnp (5-2 )

where n, is the refractive index of the porous stack, f,;, is the volume fraction of the stack
occupied by the pores, and n,, is the refractive index of the solid (polymer) portion of the
porous stack and n,, is the refractive index of the air within the pores (n,,=~1). The
volume fraction of the pores is simply (H-H,)/H, where H is the final stack thickness and
H, is the initial stack thickness. Table 5.1 gives the relevant values determined
experimentally that were used to simulate the reflectivity of the porous film along with
directly related values and extrapolated values (grey cells).

Simulation accurately captures the behavior of the film using experimentally
determined thickness and n values as inputs. The porous stack refractive index n, in this
case from equation ( 5.1 ) is 1.085, which is much lower than the original polymer film
value of 1.53. In fact, deriving n, using equation ( 5.2 ) and the known H, gives a value
of 1.36; however this value gives a poor simulation fit to the reflectivity spectrum. Using

equation ( 5.2 ) with an input value of 1.085 for n, gives a value of 20.19 nm for H,,
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which does not fit with all other obtained data. A reasonable explanation for the drop in
refractive index while staying consistent with the measured thickness change is simply a
loss of material from the porous stacks. This is also consistent with measurement of the
homogeneous (PAH 8.5/DPAArVBA 3.5) films during the porosity treatment (section
4.2.2). In that case, films in the closed-pore state demonstrated thickness reduction,
while maintaining the as-built refractive index, indicating reduced material in the dense

state brought about by the porosity transition.

Table 5.1. Experimentally determined, derived and simulated values for one A-stack HPEM
films.

A H=d, H d d
0, max P 0 np tot
i (nm) M (nm) (nm) fny (nm) (nm)
Experimental 27.328 547 133.8 85.3 1.53 83.9 301
Extrapolation
From Ape 547 133.8 85.3 1.53 83.9 301
H, defined 133.8 85.3 1.53 83.9 301
nnp defined 133.8 1.53 83.9 301
From simulation 1.53 83.9 301

The reflectivity is also visually apparent in Figure 5.6 with 50 um wide porous
lines patterned in a one A-stack film. As with homogeneous (PAH 8.5/DPAArVBA 3.5)
patterned films, the edge between the porous and non-porous regions is not sharp, and in
this case is 5-10 ym. This is likely due to the increased overall film thickness, which

broadens any abrupt changes in film thickness such as in the case of pattern edges.
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